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Partial Torelli groups and homological stability

ANDREW PUTMAN

We prove a homological stability theorem for the subgroup of the mapping class
group acting as the identity on some fixed portion of the first homology group of
the surface. We also prove a similar theorem for the subgroup of the mapping
class group preserving a fixed map from the fundamental group to a finite group,
which can be viewed as a mapping class group version of a theorem of Ellenberg,
Venkatesh and Westerland about braid groups. These results require studying various
simplicial complexes formed by subsurfaces of the surface, generalizing work of
Hatcher and Vogtmann.

57K20

1 Introduction

Let Ei’, be an oriented genus-g surface with b boundary components. The mapping
class group Mod(Eg) is the group of isotopy classes of orientation—preserving homeo-
morphisms of Eb that fix 82b pointwise. Harer [11] proved that Mod(Z ) satisfies
homological stablhty More prec1sely, an orientation-preserving embedding Eb — Eb
induces a map Mod(Eb) — Mod(Eb ) that extends mapplng classes by the 1dent1ty,
and Harer’s theorem says that the mduced map Hy (Mod(E )) — Hg (Mod(Eb )) is
an isomorphism if g > k.

Torelli The group Mod(Elg,) acts on H; (Eg). For b < 1, the algebraic intersection
pairing on H; (22’,) is a Mod(Ei’,)—invariant symplectic form. We thus get a map
Mod(Zi’,) — Sp,4(Z) whose kernel I(Zg) is the Torelli group. The group I(Eg)
is not homologically stable; indeed, Johnson [16] showed that H; (I(Eg)) does not
stabilize. Church and Farb’s work on representation stability [4] connects this to the
Spyg (Z)-action on Hy (Z (Eg)) induced by the conjugation action of Mod(Eg). Much
recent work on Hy (Z (Eg)) focuses on this action; see Boldsen and Hauge Dollerup [2],
Kassabov and Putman [18] and Miller, Patzt and Wilson [21].

© 2023 MSP (Mathematical Sciences Publishers). Distributed under the Creative Commons Attribution
License 4.0 (CC BY). Open Access made possible by subscribing institutions via Subscribe to Open.
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3418 Andrew Putman

Partial Torelli We show that homological stability can be restored by enlarging the
Torelli group to the group acting trivially on some fixed portion of homology. As an
illustration of our results, we begin by describing them in a very special case. Fix a

symplectic basis {ay, by, ... ,ag,bg} for H; (Zél,) in the usual way:
Va1 S‘.Iag g“'ag
by by bg

For 0 < h < g, define Z(Z., h) to be the subgroup of Mod(Z ;,) fixing all elements
of {ay,b1,...,ay, by}. These groups interpolate between Mod(Eé) and I(Ei,) in the
sense that

I(Sy) =IL(24.8) CL(S4. g — 1) CL(S. g —2) C--- CL(T4.0) = Mod(Zy).

They were introduced by Bestvina, Bux and Margalit [1]; see especially [1, Conjec-
ture 1.2]. For a fixed & > 1, we have an increasing chain of groups

(1-1) I(S)h) CI(Z)4 . h) CI(Sh, 5. h) Coee

where Z(X 1, i) is embedded in I(Z;_H ,h) via
vai \az \"ag vai \az \"ag \\‘ \'ag+1
by b be by b be \/  bes

Our main theorem shows that (1-1) satisfies homological stability: for 4, k > 1, we have
Hi (Z(Sg. h) = Hp(Z(Z g1y, 1))

for g > 2h + 2)k + (4h +2).

Homology markings To state our more general result, we need the notion of a

homology marking. Let 4 be a finitely generated abelian group. An A-homology

marking on X ; is a homomorphism w: Hy (2 21;,) — A. Associated to this is a partial
Torelli group

I(Sg. 1) = {f € Mod(Zg) | w(f(x)) = pu(x) forall x € Hy (Zy)}.

Example 1.1 If A =H;(Z}) and 1 = id, then Z(2}, ) = Z(Z}).

Algebraic & Geometric Topology, Volume 23 (2023)



Partial Torelli groups and homological stability 3419

Example 1.2 If A = H;(Z}:7Z/¢) and pu: Hi(Sy) — A is the projection, then
Z(2L, ) is the level-£ subgroup of Mod(Z ), ie the kernel of the action of Mod(E )
onH{(ZL:Z/0).

Example 1.3 Let 4 be a symplectic subspace of Hy (X i,), ie a subspace with H; (2 ;,) =
AD AJ-, where L is defined via the intersection form. Such an 4 is of the form A4 =~ 72"
for some /1 > 0, called the genus of A. If w:H; (2 ;,) — A is the projection, then

I(Sg. 1) = {/ €Mod(Zy) | f(x) = x forall x € A}.
If A has genus /, then I(Eé, w) =Z(xL, h).
Stability Our first main theorem is a homological stability theorem for the groups
Z(2!, u). Define the stabilization to El , of an A-homology marking x on X é to

be the following A-homology marking u on %! g+1° Embed Zl in E}g 41 Just like we
did above:

O O cee O —_ O O cee O

Q

This identifies H; (Eél,) with a symplectic subspace of HI(E 1)> SO H;(Z!
Hl(Ei,) & H; (Zél,)J-. Let u': HI(E1 +1) — A be the compos1t10n

gr1) =

Hi(Z}, ) =H(Z)) @H(Z)" > H(Z) 5 4,

where the first arrow is the orthogonal projection. The map Mod(E ) — Mod(Z! +1)
induced by the above embedding restricts to a map Z(X!, ) - 7 (E; L1 M N, called
the stabilization map. For a finitely generated abelian group A, let rtk(A4) denote the
minimum size of a generating set! for 4. Our main theorem is as follows:

Theorem A Let A be a finitely generated abelian group, p an A—homology marking
on Zl and ' its stabilization to El . The map Hk(I(E , ) — Hy, (I(Eg+1, w'))
1nduced by the stabilization map I(E1 L) = I(Zg_i_1 , ') is an isomorphism if

g > (rk(A) +2)k 4+ (21k(A) + 2) and a surjection if g = (rk(4)+2)k + (21k(A)+1).
IEquivalently, rk(A) is the maximum # > 0 such that A is the direct sum of n cyclic subgroups. There are
several different commonly used definitions of the rank of an abelian group, and we emphasize that our

rk(A) is not the maximum # such that A contains a subgroup isomorphic to Z". In particular, tk(Z /) = 1
for £ > 2, and rk(A4) = 0 if and only if A = 0.

Algebraic & Geometric Topology, Volume 23 (2023)



3420 Andrew Putman

Closed surface trouble Harer’s stability theorem implies that the map Mod(Z é) —
Mod(X) arising from gluing a disc to 0% 51’, induces an isomorphism on Hy, for g > k.
One might expect a similar result to hold for the partial Torelli groups. Unfortunately,
this is completely false. In Section 7, we will prove that it fails even for H; for
A-homology markings satisfying a mild nondegeneracy condition called symplectic
nondegeneracy. One special case of this is the following. For 1 </ < g, define
Z(Zg, h) just like Z(XL, h), so we have a surjection Z(Z}, i) — Z(Zg, h).

Theorem B Forh < g with g >3 and h > 2, the map H, (Z(Z., h)) — H{ (Z(Zg, h))
is not an isomorphism.

The proof uses an extension of the Johnson homomorphism to the partial Torelli groups
that was constructed by Broaddus, Farb and Putman [3].

Multiple boundary components In addition to Theorem A, which concerns surfaces
with one boundary component, we have a theorem for surfaces with multiple boundary
components. The correct statement here is a bit subtle, since the phenomenon underlying
Theorem B also obstructs many obvious kinds of generalizations. The purpose of having
a generalization like this is to understand how the partial Torelli groups restrict to
subsurfaces, which turns out to be fundamental in the author’s forthcoming work on the
cohomology of the moduli space of curves with level structures [23]. Here is an example
of the kind of result we prove; in fact, this is precisely the special case needed in [23].

Example 1.4 Consider an A-homology marking p on X ;. For some /1 > 1, let
w' be its stabilization to E}g - Consider the following subsurfaces S = X i,"'h and

I~ s 142h 1.
S =Eg 0ng+h.

g
[
U

G G
1
)

oo
Xg

- -

a
a
Q
Q

Both S and S’ include the entire shaded subsurface (including X }g). The inclusions
S — Z;Jrh and S’ — E;Jrh induce homomorphisms ¢: Mod(S) — Mod(2;+h)
and ¥ : Mod(S’) — Mod(E;_’_h). Then define Z(S, 1) = qﬁ_l(I(E;_’_h,u’)) and
(S, )y = ¢! (I(Z;Hz’ w1')). Be warned: while it turns out that Z(S, ') can be
defined using the action of Mod(S) on H;(S), the group Z(S’, i) cannot be defined
using only H; (S”). Then our theorem will show that the map

Hi (Z(S. 1) — He (Z(S", 1))

Algebraic & Geometric Topology, Volume 23 (2023)



Partial Torelli groups and homological stability 3421

is an isomorphism if the genus of S (namely g) is at least (rk(A4) +2)k + (2rk(A) +2).
However, except in degenerate cases, the maps

Hy(Z(Sg, 1)) = Hi(Z(S, 1)) and  Hy(Z(S, 1)) = Hi(Z(Z 44 1)

are never isomorphisms, no matter how large g is.

In the above example, we defined the partial Torelli groups on surfaces with multiple
boundary components in an ad hoc way. Correctly formulating our theorem requires
a more intrinsic definition, and we define a category of “homology-marked surfaces”
with multiple boundary components that is inspired by the author’s work on the Torelli
group on surfaces with multiple boundary components in [22].

Nonabelian markings We also have a theorem for nonabelian markings, whose
definition is as follows.? Fix a basepoint * € BE;,. For a group A, a A—marking on E}g
is a group homomorphism j: 71 (ZL, %) — A. If A is abelian, then this is equivalent
to a A—homology marking on . Given a A—marking jt: 71 (S, %) — A, define the
associated partial Torelli group via the formula

I(Sg. 1) = {f € Mod(Zp) | 1/ (x)) = pu(x) for all x € 71 (S, %)}
Again, this reduces to our previous definition if A is abelian.
Nonabelian stabilization Let i be a A—marking on X él,. Due to basepoint issues,

stabilizing u to Eél, 4 is alittle more complicated than the case of homology markings.
Let x € 8251, and *’ € 82;4_1 be the basepoints. Embed Z}g into E;,_H as in

Q

21 am not sure who first defined this concept. Related things appear eg in work of Dunfield and Thurston [6]
and Ivanov [13].

Algebraic & Geometric Topology, Volume 23 (2023)



3422 Andrew Putman

Letting *”/ € 0.5 be the basepoint of S as above, the paths A and 7 induce injective
homomorphisms

T (Z), %) <—>n1(2i,+1, ') and 7((S,*") <—>7r1(251,+1,*’)

taking x € 71 (Sg. %) to A-x-A~" Enl(Z;H,*/) and y e (S, ") ton-y-nle

b3 (Z;H, +'). Identifying 71 (3} . *) and 71 (S, %) with the corresponding subgroups

of 4 (Eé 41 *"), we have a free product decomposition

1

TSy %) = 11 (Sg. %) * 71 (S, 7).

Then define the stabilization pu': JTI(E;_H, ) —> A of u: 711(2;, x) — A to be

the composition

m(Eél,H,*/) = 711(2&1,,*)*711(5,*”) -1 (T, %) & A,

where the first arrow quotients out by the normal closure of 7w (S, *”). As in the abelian
setting, the map Mod(Z}) — Mod(E}g +1) induced by our embedding X; <> Z; "
restricts to a map Z(XL, u) = 7 (E; +1» /), which we will call the stabilization map.

Nonabelian stability Our main theorem about this is as follows. It can be viewed
as an analogue for the mapping class group of a theorem of Ellenberg, Venkatesh and
Westerland [7, Theorem 6.1] concerning braid groups and Hurwitz spaces.

Theorem C Let A be a finite group, 1 a A—marking on X1, and y/ its stabilization
to Z;H. The map Hy (Z(Z}, n)) — Hk(I(Zi,Jrl , ")) induced by the stabilization
mapI(Eél,, W) —>I(E;+l,p/) is an isomorphism if g > (|A| 4+ 2)k + (2|A| + 2) and

a surjection if g = (|A|+2)k + 2|A|+1).

Remark 1.5 Ellenberg, Venkatesh and Westerland’s main application in [7] of their
stability result concerns point-counting in Hurwitz spaces via the Weil conjectures.
Unfortunately, the vast amount of unknown unstable cohomology precludes such
applications here.

Remark 1.6 If A is a finite abelian group, then Theorems A and C give a similar kind
of stability, but the bounds in Theorem A are much stronger.

Remark 1.7 Because of basepoint issues, stating a version of Theorem C on surfaces
with multiple boundary components would be rather technical, and unlike for Theorem A
we do not know any potential applications of such a result. We thus do not pursue this
kind of generalization of Theorem C.

Algebraic & Geometric Topology, Volume 23 (2023)



Partial Torelli groups and homological stability 3423

Proof techniques There is an enormous literature on homological stability theorems,
starting with unpublished work of Quillen on GL,(IF,). A standard proof technique has
emerged that first appeared in its modern formulation in work of van der Kallen [17].
Consider a sequence of groups

(1-2) GoCGyCGyC---

that we want to prove enjoys homological stability, ie Hg (G,—1) = H (G,) for n > k.
To compute Hy (G,), we would need a contractible simplicial complex on which G,
acts freely. Since we are only interested in the low-degree homology groups, we can
weaken contractibility to high connectivity. The key insight for homological stability
is that since we only want to compare Hy (G,,) with the homology of previous groups
in (1-2), what we want is not a free action but one whose stabilizer subgroups are
related to the previous groups.

Machine There are many variants on the above machine. For proving homological
stability for the groups G, in (1-2), the easiest version requires simplicial complexes
X, upon which G, acts with the following three properties:

¢ The connectivity of X} goes to oo as n +— oo.

e For 0 <k <n—1, the G,—stabilizer of a k—simplex of X}, is conjugate to
Gp—k—1-

e The group G, acts transitively on the k—simplices of X}, for all kK > 0.

Some additional technical hypotheses are needed; we will review these in Section 3.1.
Hatcher and Vogtmann [12] constructed such X}, for the mapping class group. Our
proof of Theorem A is inspired by their work, so we start by describing a variant of it.

Subsurface complex For /1 > 1, the complex of genus-h subsurfaces of 2, denoted
by Sy, (Eg), is the simplicial complex whose k—simplices are sets {i¢, . . ., tx } of isotopy
classes of orientation-preserving embeddings ¢; : E}I — Ei’, that can be isotoped so
that, for 0 <i < j < k, the subsurfaces L,‘(E}ll) and (; (E}l) are disjoint. The group
Mod(Ei’,) acts on Sh(Eg). However, it turns out that this is not quite the right complex
for homological stability.

Tethered subsurfaces Let T(E}Z) be the result of gluing the interval [0, 1] to 2/11 by
identifying 1 € [0, 1] with a point of 82}1’. The subset [0, 1] C I(Z}l) is the tether and
0el0,1] C ‘L’(E}ll) the initial point of the tether. Let I C 822 be a finite disjoint
union of open intervals. An [—tethered genus-h subsurface of Eg is an embedding

Algebraic & Geometric Topology, Volume 23 (2023)
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L: ‘[(E}ll) — Eg taking the initial point of the tether to a point of / whose restriction to
E}l preserves the orientation. For instance, here is an /—tethered genus-2 subsurface:

Tethered subsurface complex The complex of I-tethered genus-h subsurfaces of X5,
denoted by 7S8,(X5, I), is the simplicial complex whose k—simplices are collections
{to, ..., } of isotopy classes of I—tethered genus-/ subsurfaces of Ei’, that can be
realized disjointly. These isotopies are allowed to move the images of the initial points
of the tethers within 7, so the tethers can be slid past each other and made disjoint. For
instance, here is a 2-simplex in 7S; (2}, I):

High connectivity The complexes S (Eg) and TS1(Z5, I) are closely related to
complexes that were introduced by Hatcher and Vogtmann [12], and it follows easily
from their work that they are %(g—3)—connected (see Putman and Sam [24, proof of
Theorem 6.25] for details). We generalize this as follows:

Theorem D Considerg > h > 1and b > 0.
e The complex Sh(Zg) is (g—(2h+1))/(h+1)—connected.

e Assume thath > 1, and let I C 82’;, be a finite disjoint union of open intervals.
The complex TSy (=2, I) is (g—(2h+1))/(h+1)—connected.

Remark 1.8 Our convention is that a space is (—1)—connected if it is nonempty.
Using this convention, the genus bounds for (—1)—connectivity and 0—connectivity in
Theorem D are sharp. We do not know whether they are sharp for higher connectivity.

Remark 1.9 Hatcher and Vogtmann’s proof in [12] that 31(22) and 7S, (X8, 1)
are %(g—3)—connected is closely connected to their proof that the separating curve
complex is %(g—3)—connected. Looijenga [20] later showed that the separating curve
complex is (g—3)—connected. Unfortunately, his techniques do not appear to give an
improvement to Theorem D.

Algebraic & Geometric Topology, Volume 23 (2023)



Partial Torelli groups and homological stability 3425

Remark 1.10 In applications to homological stability, we will only use complexes
made out of genus-1 subsurfaces. However, the more general result of Theorem D will
be needed for the proof even of the & = 1 case of Theorem E below.

Mod stability Consider the groups
(1-3) Mod(2}) C Mod(Z)) c Mod(2}) C -+
Let I C0X ;, be an open interval. The group Mod(Z;) acts on 7S (!, 1), and this
complex has all three properties needed by the machine to prove homological stability
for (1-3):
o As we said above, TS (X!, 1) is %(g—S)—connected.
e The Mod(Z;,)—stabilizer of a k—simplex {tg, ..., t;} of TS; (2}, I) is the mapping
class group of the complement of a regular neighborhood of

0%y Uto(t(Z]) U+ Uy (1(3))).
See here:

i
|
[}
[l
[l
1
\
\

regular \
_ \
nbhd T N ot

This complement is homeomorphic to E;—k—l’ so this stabilizer is isomorphic to
Mod(E;_ «—1)- All such subsurface mapping class groups are conjugate; this follows
from the change of coordinates principle of Farb and Margalit [8, Section 1.3.2].

¢ Another application of the change of coordinates principle shows that Mod(X ;,)
acts transitively on the k—simplices of 7S (X!, I).

Partial Torelli problem A first idea for proving homological stability for the partial
Torelli groups Z(X él,, 1) is to consider their actions on 781 (X}, I). Unfortunately, this
does not work. The fundamental problem is that Z(X ;, w) does not act transitively on
the k—simplices of TS (Zl , I); indeed, it does not even act transitively on the vertices.
For A-homology markings u, the issue is that, for an /—tethered torus ¢: 1(21) > }g
and f € Z(Z!, ), the compositions

Hi(S)H, (S S H (EH 5 4, Hi(ShH (r(h) L5 H (5 4 4

will be the same, but the functions p o tx: Hy (1(21)) — A need not be the same for
different tethered tori. A similar issue arises in the nonabelian setting. To fix this, we
use a subcomplex of 7S (Z., I) that is adapted to .

Algebraic & Geometric Topology, Volume 23 (2023)
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Remark 1.11 The stabilizers are also wrong, but fixing the transitivity will also fix this.

Vanishing surfaces For an A-homology marking p on X1, define 7S, (2L, I, i) to
be the full subcomplex of 7Sy (X}, I') spanned by vertices ¢ such that the composition

Hi(z(Z)) &> H(3}) & 4

is the zero map. We will show that Z(X 51,, \) acts transitively on the k—simplices of
TS1(ZL, 1, 1), at least for k not too large. However, there is a problem: a priori the
subcomplex 7S (X!, I, 1) of TS1(ZL, I') might not be highly connected. Our third
main theorem says that in fact it is ( g—(2 rk(A)—|-3)) /(tk(A)+2)—connected. More
generally, we prove the following:

Theorem E Let A be a finitely generated abelian group, let . be an A—homology
marking on !, and let I C 0% ; be a finite disjoint union of open intervals. Then the
complex TSy, (Ei,, I, ) is (g—(2 rk(A)+2h+ 1))/(rk(A) +h+1)—connected.

We also prove a similar theorem in the nonabelian setting.

Outline We start in Section 2 by proving Theorem D. We then prove Theorems A, C,
and E in Section 3. Next, in Section 4 we define a category of homology-marked
surfaces with multiple boundary components. In Section 5 we use our category to
state and prove Theorem F, which generalizes Theorem A to surfaces with multiple
boundary components. This proof depends on a stabilization result which is proved in
Section 6. We close with Section 7, which proves Theorem B.

Conventions Throughout this paper, A denotes a fixed finitely generated abelian group
and A is a fixed finite group. We also fix a basepoint * € 9% él,.
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2 The complex of subsurfaces

This section is devoted to the proof of Theorem D, which asserts that Sh(Eg) and
TS,(Z2, I) are highly connected. There are three parts: Section 2.1 contains a
technical result about fibers of maps, Section 2.2 discusses “link arguments”, and
Section 2.3 proves Theorem D.
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2.1 Fibers of maps
Our proofs will require a technical tool:

Homotopy theory conventions A space X is said to be n—connected if, for k < n, all
maps Sk — X extend to maps D¥*t! 5 X, Since S™' =@ and D is a single point, a
space is (—1)—connected precisely when it is nonempty. A map ¥ : X — Y of spaces is
an n—homotopy equivalence if, for all 0 < k < n, the induced map [S¥, X] — [S¥, Y]
on unbased homotopy classes of maps out of .S kisa bijection. This is equivalent to
saying that the induced map on 7y, is a bijection for each choice of basepoint.

Relative fibers If y: X — Y is a map of simplicial complexes, o is a simplex of Y,
and o’ is a face of o, then denote by Fiby, (o, o) the subcomplex of X consisting of
all simplices 1’ of X such that

e Y (n) is a face of ¢/, and

* there exists a simplex n of X such that n’ is a face of n and ¥ (n) = 0.

For instance, consider the following map, where ¥ takes each 1-simplex o} to o’ (with
the specified orientation) and each 2—simplex o; to o:

v
o1 (op) 03
7 7 7 7 7 7
61 04 02 (75 (73 o

The relative fiber Fiby (0, o) then consists of o7 and o} and o7 (but not o, or o%).

Fiber lemma With these definitions, we have the following lemma:

Lemma 2.1 Lety: X — Y be a map of simplicial complexes. For some n > 0, assume
the space Fiby, (o', o) is n—connected for all simplices o of Y and all faces o’ of o.
Then v is an n—homotopy equivalence.

Proof Replacing Y by its (n+1)-skeleton Y, 1 and X by ¥ ~!(Y,,41), we can assume
that Y is finite dimensional. The proof will be by induction on m = dim(Y'). The base
case m = 0 is trivial, since in that case Y is a discrete set of points and our assumptions
imply that the fiber over each of these points is n—connected. Assume now that m > 1.
The key step in the proof is the following claim:

Claim Assume that Y is the union of a subcomplex Y’ and an m—simplex o with
oNY' = do. Define X' = 1 (Y’'), and assume that : X — Y restricts to an
n—homotopy equivalence y': X' — Y'. Then y is an n—homotopy equivalence.
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Proof Let X" = Fiby (0,0). In other words, X” consists of all simplices of X
mapping surjectively onto o, along with their faces. We thus have X = X’ U X”.
By assumption, X"’ is n—connected, which implies that v restricts to an n—homotopy
equivalence ¥": X" — o. Define Z = X' N X”. The map ¢ restricts to a map
Yz:Z — d0.

We now come to the key observation: the space Z is precisely the subcomplex of
X consisting of the union of the subcomplexes Fiby, (0/,0) as o’ ranges over all
simplices of do. Moreover, for all simplices o’ of do and all faces ¢ of o”, we have
Fiby,, (0", 0") = Fiby,(¢”, 0), and thus by assumption Fib,, , (6", 0”) is n—connected.
We can therefore apply our inductive hypothesis to see that z: Z — do = S™ ! is
an n—homotopy equivalence.

Summing up, we have X = X’ U X” and Y = Y’ Uo. The map y restricts to
n—homotopy equivalences

v X' -Y, ¢v":X"—>o0, and y¥z:X'NX"=Z->00=YnNo,

and induces a map between the Mayer—Vietoris exact sequences associated to the
decompositions X = X'UX"” andY =Y’ Uo:

---—)Hk(X/ﬂX”)—)Hk(X/)EBHk(X”)—>Hk(X)—)---

| l l

o ——Hy (Y No) —— Hy(Y)®Hi(0) —— Hi (Y) —— - --

Other than the maps Hy (X) — Hy (Y), the vertical maps in this commutative diagram
are isomorphisms for k < n, so by the five lemma the maps Hy (X) — Hy (Y) are
also isomorphisms for k& < n. This implies in particular that the map X — Y is
O0—connected, and thus induces a bijection between path-components. If n > 1, then
a similar argument on each path component using the Seifert—-van Kampen theorem
shows that the map ¥ : X — Y induces an isomorphism on ; for each choice of
basepoint. This allows us to identify local coefficient systems on Y with local coefficient
systems on X, and for each local coefficient system A on Y we can run the above
Mayer—Vietoris argument on homology with coefficients in A to prove that the map
¥ Hp(X; A) - Hi(Y; A) is an isomorphism for k& < n. Applying the nonsimply
connected version of Whitehead’s theorem [5, Theorem 6.71], we deduce that the map
X — Y is an n—homotopy equivalence, as desired. a

Repeatedly applying this claim, we see that the lemma holds for m—dimensional Y
with finitely many m—simplices.
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The general case reduces to the case where Y has finitely many m—simplices as follows.
Consider some 0 <k <n. Our goal is to prove that the map [.S k x =[S k. Y] induced
by ¥ is a bijection. The proofs that it is injective and surjective are similar compactness
arguments, so we give the details for surjectivity and leave injectivity to the reader.

Consider a map f: S¥ — Y. By compactness, /(S¥) lies in a subcomplex of Y’
of Y containing the (m—1)-skeleton and finitely many m—simplices. Letting X' =
v~ (Y"), we know that the map [S*, X'] — [SX, Y] is a bijection, so there exists
some f:S¥ — X’ such that ¥ o f: S¥ — Y’ is homotopic to 1. It follows that the
map [S¥, X]— [S*, Y] induced by ¥ is surjective, as desired. a

Corollary 2.2 Let ¥: X — Y be a map of simplicial complexes. For some n > 0,
assume

e Y isn—connected, and
e all (n+1)-simplices of Y are in the image of , and

e for all simplices o of Y whose dimension is at most n and all faces o’ of o, the
space Fiby, (o”, o) is n—connected.

Then X is n—connected.

Proof Let Y’ be the n—skeleton of ¥ and X’ = ¢~ 1(Y’), so X’ contains the n—
skeleton of X. Let ¢': X’ — Y’ be the restriction of ¥ to X’. Our assumptions
allow us to apply Lemma 2.1 to ¥/, so ¥ is an n—homotopy equivalence. Since Y
is n—connected the space Y is (n—1)—connected, so this implies that X’ and thus X
are (n—1)—connected. We also know that the induced map ¥': 7, (X') — 7, (Y’) is
an isomorphism. Since Y is n—connected, attaching the (n+1)—simplices of ¥ to Y’
kills 7, (Y”). By assumption, for each of these (n+1)—simplices o of Y there is an
(n+1)-simplex & of X such that ¥ (6) = o. It follows that the element of 7, (Y”)
represented by do — Y lifts to the element of 7, (X”) represented by 06 — X'. We
conclude that attaching to X’ the (n+1)-simplices of X that do not already lie in X’
Kills 7, (X"), which implies that 7,(X) = 0, as desired. a

2.2 Link arguments

Let X be a simplicial complex and let Y C X be a subcomplex. This section is devoted
to a result of Hatcher and Vogtmann [12] that gives conditions under which the pair
(X,Y) is n—connected, ie m;(X,Y) = 0 for 0 < k < n. The idea is to identify a
collection B of “bad simplices” of X that characterize Y in the sense that a simplex
lies in Y precisely when none of its faces lie in 5. We then have to understand the local
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topology of Y around a simplex of B. To that end, if 5 is a collection of simplices of X
and o € B, then define G(X, g, B) to be the subcomplex of X consisting of simplices
o’ satisfying:

e The join 0 % o’ is a simplex of X, ie 0’ is a simplex in the link of 0.

e If o’ is a face of o * o’ such that 0” € B, then 0" C o.

Hatcher and Vogtmann’s result is then as follows.

Proposition 2.3 [12, Proposition 2.1] Let Y be a subcomplex of a simplicial complex
X and assume that there exists a collection B of simplices of X satisfying, for some
n=>0:

(i) A simplex of X lies in Y if and only if none of its faces lie in B.

(ii) If 01,0, € B are such that o1 U o, is a simplex of X, then 01 Uo, € B. Here 04
and o, might share vertices, so o1 U 0, might not be the join o1 * 0.

(iii) For all k—dimensional o € B, the complex G(X, o, B) is (n—k—1)—connected.

Then the pair (X, Y) is n—connected.

As an illustration of how Proposition 2.3 might be used, we use it to prove the following
result (which will in fact be how we use that proposition in all but two cases).

Corollary 2.4 Let X be a simplicial complex and let Y,Y’ C X be disjoint full
subcomplexes such that every vertex of X lies in either Y or Y'. For some n > 0,
assume that for all k—dimensional simplices o of Y’ the intersection of Y with the link
of ¢ is (n—k—1)—connected. Then the pair (X, Y) is n—connected.

Proof We will verify the hypotheses of Proposition 2.3 for the set B of all simplices
of Y’. Since Y is a full subcomplex of X and all vertices of X lie in either Y or Y,
a simplex of X lies in Y if and only if none of its vertices lie in Y’. Hypothesis (i)
follows. Hypothesis (ii) is immediate from the fact that Y is a full subcomplex of X.
As for hypothesis (iii), it is immediate from the definitions that, for a simplex o € B,
the complex G (X, o, BB) is precisely the intersection of the link of o with Y. O

2.3 Subsurface complexes

Proof of Theorem D The proofs for Sh(Zg) and TS, (22, I) are similar. Keeping
track of the tethers introduces a few complications, so we will give the details for
TS;,(E?, I) and leave 8;,(22,) to the reader.
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The proof that 7S, (25, I) is (g—(2h+1))/(h+1)—connected will be by induction
on /. The base case & = 1 is [24, Theorem 6.25], which we remark shows how to
derive it from a closely related result of Hatcher and Vogtmann [12]. For the inductive
step, assume that 7S ;,(Eg, I)is (g—(2h+1))/(h+1)—connected. We will prove that
T8h+1(2b, I) is (g—(2h+3))/(h+2)—connected.

Let t(Z!, E}) be the space obtained from r(E}l) L E{ by gluing in an interval [0, 1]
with 0 being attached to a point of 82}1 different from the attaching point of the tether
in I(E}l) and 1 being attached to a point of 82{:

free
tether

attaching
tether

\__—/

The tether in r(E}l) will be called the free tether and the interval connecting t(Z}l) to
Ei will be called the attaching tether. The points 0 of the two tethers will be called
their initial points and the points 1 will be called their endpoints.

Given an embedding (X!, Ei) — Eg taking the initial point of the free tether to a

1.
h+1°

point of 7, thickening up the attaching tether gives an /—tethered X

In fact, there is a bijection between isotopy classes of orientation-preserving /—tethered

1
Zh—}-l
E}l and Ei preserve the orientation and which take the initial point of the free tether to

in Eg and isotopy classes of embeddings (X!, Zi) — Eg whose restrictions to

a point of 1. For short, we will call these orientation-preserving I—tethered t(Z !, Ei)
in Elg,. We remark that this is slightly awkward terminology, since the free tether is part
of (X, %}), while on the other hand we previously talked about /—tethered X, , |
with the tether implicit. By the above, we can regard TS;,H(E’;,, I) as being the
simplicial complex whose k—simplices are collections {tg, ..., t;} of isotopy classes
of orientation-preserving I—tethered (X!, E%) in Eg that can be realized so that their

images are disjoint.

We now define an auxiliary space. Let X be the simplicial complex whose k—simplices
are collections {tg, ..., } of isotopy classes of orientation-preserving [/—tethered
(=, Ei) in Eé’, that can be realized so that, for all distinct 0 < i, j < k:

¢ Either L,'|,E(E}1,) = |r(2}1)’ or the images under ¢; and ¢; of ‘L’(E}ll) are disjoint.
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o If Ll‘|r(>:p1,) = |f(>3;1,)’ then the images under ¢; and ¢; of E% together with the
attaching tether are disjoint, except for the initial point of the attaching tether.

e If the images under ¢; and ¢ of 1(2}1) are disjoint, then the images under ¢; and
tj of r(Z}l, Z%) are disjoint.

For instance, here is a 3—simplex of X for g =9,b=1and h = 2:

We have 7541 (22, 1) € X. The next claim says that X enjoys the connectivity
property we are trying to prove for 7Sy (=2, 1):

Claim X is (g—(2h+3))/(h+2)—connected.

Proof Lety: X —7S,(X2, I') be the map that takes a vertex 1: (X}, E%) — Eg of X
to the vertex L|T(E’11) : ‘L’(E}ll) — Zg of TS,(Z2, I'). We prove that y: X — TS, (28, 1)
satisfies the conditions of Corollary 2.2 for n = (g — (24 4+ 3))/(h + 2). Once we have
done this, Corollary 2.2 will show that X is n—connected, as desired.

The first condition is that 7S, (X2, I) is n—connected. In fact, our inductive hypothesis
says that it is (g—(2h+1))/(h+1)—connected, which is even stronger.

The second condition says that all (n41)—simplices of 7Sy, (=5, I are in the image
of . The map v is Mod(Eg)—equivariant, and by the change of coordinates principle
from [8, Section 1.3.2] the actions of Mod(Zg) on TS;,H(Z[’, I)and TS,(28, 1)
are transitive on k—simplices for all k. To prove the second condition, therefore, it is
enough to show that 7Sy (2, 1) c X contains an (n+1)-simplex. Such a simplex
contains 7 + 2 disjoint copies of 7(Z!, Ei). Since
g—Q2h+3) g—Q2h+3)
m+2)(h+1)= (T—FZ)(}H— 1) = (W)(}H_ D+2(h+1)
<(g—Qh+3)+2h+1)=g-1<g,

there is enough room on Eg to find these n + 2 disjoint copies of (X}, Ei).

The final condition says that, for all simplices o of 7S, (=5, I') whose dimension is at
most 7 and all faces ¢’ of o, the space Fib,, (0’,0), defined right before Lemma 2.1,
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is n—connected. Recall that Fiby, (0, 0) is the subcomplex of X consisting of all
simplices 1’ of X such that

(i) ¥ (1) is a face of o/, and
(ii) there exists a simplex 1 of X such that 1’ is a face of n and ¥ () = o.

Write
o' ={tg,....tw} and o ={lo,....lm/s- s lm}s

so 0 < m’ < m < n. We will illustrate all our constructions here with the following
running example, where 6’ = {19, (1} and 0 = {19, (1, (2}:

The left side of the following depicts a 2—simplex of X lying in Fiby (¢/, o) and the
right side depicts a 2—simplex of X that does not lie in Fiby, (0", 0):

The issue with the simplex 1’ on the right is that there is not enough genus remaining
on the surface to find a simplex 1 of X satisfying condition (ii) above. For the simplex
" on the left, the desired simplex 7 is as follows:

To understand the connectivity of Fiby, (¢, 0), we must relate it to a complex we
already understand. Let X be the surface obtained by first removing the interior of

(2 U Uim(Z))
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from Eg and then cutting open the result along the images of the tethers. In our running

example, X is obtained as follows:

~ Tb
We thus have ¥ =~ Eg—(m+l)h'

L,«(az;l) containing the image of the point on BE}Z to which the attaching tether is
attached when forming (X!, E%). Set J =JiU---UJpy.

For 0 <i <m/’, let J; C X be an open interval in

The complex Fiby, (0", o) is isomorphic to a subcomplex 7S (X, J) of TS((Z. J).
In our running example, the simplex of Fiby, (0, o) on the left-hand side corresponds
to the simplex of 7S1(X, J) on the right-hand side:

The different tethers in a simplex of Fiby, (0, 0) C X that meet at a point of ¢; (0 E}l) are

“spread out” in J; so as to be disjoint. The reason that Fib,, (¢/, o) is only isomorphic
to a subcomplex 7S (X, J) of TS{(X,J) and not the whole thing is that it only
corresponds to simplices where there is enough genus remaining to ensure condition (ii)
above holds.

Recall that m’ and m satisfy 0 < m’ < m < n. As we noted in the first paragraph, the
connectivity of 7S1(XZ, J) is at least

Lg—(m+1h—3)=Lg—(n+ Dh—3).

To prove that connectivity of 7S’ (X, J) is at least n = (g — (2h + 3))/(h + 2), it is
enough to prove that

© 3 (g—(+1)h—3)=n,and
* TS (X, J) contains the (n4-1)-skeleton of 7S (X, J).
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For the first fact, we calculate as follows:

—(2 In2—h-3 g—2n—
g=Ch+3)  \,3) =812 8§23
h+2 h+2 h+2

Here the final inequality follows from %hz —h > —2h, which holds for & > 0.

1 1
He—r+ =3 =3 (o

For the second, consider a simplex { jo, ..., j¢} of the (n+1)-skeleton of TS (X, J).
Let ¥’ be the surface obtained by first removing the interior of

Jo(E) U+ U je (1)

from ¥ =~ ¥t ; and then cutting open the result along the images of the tethers.

g—(m+1)
It follows that

e Zg—(m+1)h—(£+1)'
In the worst case, where the corresponding simplex 1’ of X maps to a vertex of o”, we
need at least m genus remaining to complete 1’ to a simplex mapping to o. In other

words, what we must prove is that
g—(m+Dh—L+1)>m.

Since our simplex lies in the (n+1)—skeleton, we have £ <n + 1. Also, m <n. It
follows that it is enough to prove that

g—m+Dh—m+2)=>n.

Rearranging this, we get
g—h—2>

h+2 ="
This follows from the fact that n = (g — (2h + 3))/(h + 2). ad

We now use this to prove the desired connectivity property for 7Sy 41 (Eé’,, I).
Claim 7Sj4, (=, 1) is (g—(2h+3))/ (h+2)—connected.

Proof We prove that 7Sy, (Ef,, I) is n—connected for —1 <n < (g—(2h+3))/(h+2)
by induction on n. The base case n = —1 simply asserts that 7Sy (Eg, 1) is nonempty
when (g — (22 +3))/(h+2) = —1. This condition is equivalent to g > & + 1, in which
case TSy (Eg, I) # & is obvious.

Assume now that 0 < n < (g — (2h 4+ 3))/(h 4+ 2) and that, for all surfaces Eg/,
and all finite disjoint unions of open intervals I’ C 82’;,, the space 7S+ (Egi, 1)
is n’—connected for n’ = min{n — 1, (g’ — (2h + 3))/(h + 2)}. We must prove that
Y :=TSp41 (Eg, I) is n—connected.
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We know that X is n—connected, so to prove that its subcomplex Y is n—connected
it is enough to prove that the pair (X, Y) is (n+1)—connected. We do this using
Proposition 2.3. For this, we must identify a set 3 of “bad simplices” of X and verify
the three hypotheses of the proposition. Define 5 to be the set of all simplices o of X
such that, for all vertices v of o, there exists another vertex v’ of o such that the edge
{v,v'} of o does not liein Y = TS;,H(E{;, I).

We now verify the hypotheses of Proposition 2.3. The first two are easy:

(i) A simplex of X liesin Y = TSy, (Zg, I) if and only if none of its faces lie
in B, which is obvious.

(1) If 01,07 € B are such that o7 U 03 is a simplex of X, then oy U o, € B, which
again is obvious.

The only thing left to check is (iii), which says that, for all k—dimensional o € B, the
complex G (X, o, B) has connectivity atleast (n + 1) —k —1=n—k.

Write 0 = {19, ..., }. Let X’ be the surface obtained by first removing the interiors of
W(ZLUZD U Uy (S UX))

from Eg and then cutting open the result along the images of the free and attaching

tethers:

The surface ¥’ is connected, and when cutting along the free and attaching tethers the
open set I C 82? is divided into a finer collection I’ of open segments (as in the above
example). Examining its definition in Section 2.2, we see that

G(X,0,B) = TSp1 (X, 1).

We must prove that 7S, 1 (X', I') is (n—k)—connected. Let g’ be the genus of X'.
Since k > 1, we have n—k < n, so our inductive hypothesis will say that 7Sy, 4 (X', I’)
is (n—k)—connected if we can prove that n —k < (g’ — (2h + 3))/(h + 2).

This requires estimating g’. The most naive such estimate of g’ is

g>g—(k+Dh+1).
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This is a poor estimate since it does not use the fact that o € B, which implies that
every genus-/1 surface contributing to this estimate is at least double-counted. Taking
this into account, we see that in fact

gzg—3k+Dh—(k+1)=g—3(k+1)(h+2).
This implies that
, 1
g—Q2h+3) _g-Qh+3) k+D(R+2)

n—1(k+1)>n—k,

h+2 - h+2 h+2 -
where the final inequality uses the fact that k > 1. O
This completes the proof of Theorem D. O

3 Stability for surfaces with one boundary component

In this section we prove Theorems A and C. The outline is as follows. In Section 3.1,
we discuss the homological stability machine. In Sections 3.2 and 3.3 we prove a
number of preliminary results needed to apply this machine. Our proof of Theorem E
(and its nonabelian analogue) is in Section 3.3.2. Finally, in Section 3.4 we prove
Theorems A and C.

3.1 The stability machine

We now introduce the standard homological stability machine. This is discussed in
many places, but the account in [12, Section 1] is particularly convenient for our
purposes. We remark that our results could also be proved using the framework of [19]
(which generalizes [25]), but since it would not simplify our proofs we decided not to
use that framework.

Semisimplicial sets The natural setting for the machine is that of semisimplicial sets,
whose definition we now briefly recall. For more details see [9], which calls them
A-sets. Let A be the category with objects the sets [k] = {0,...,k} for kK > 0 and
whose morphisms [k] — [£] are the strictly increasing functions. A semisimplicial set
is a contravariant functor X from A to the category of sets. The k—simplices of X
are the image X}, of [k] € A. The maps X; — X} corresponding to the A—morphisms
[k] — [£] are called the face maps.

Geometric properties A semisimplicial set X has a geometric realization | X'| obtained
by taking standard k—simplices for each element of X} and then gluing these simplices
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together using the face maps. Whenever we talk about topological properties of a
semisimplicial set, we are referring to its geometric realization. An action of a group G
on a semisimplicial set X consists of actions of G on each X, that commute with the
face maps. This induces an action of G on | X|.

The machine The version of the homological stability machine we need is as follows.
In it, the indexing is chosen so that the complex X; upon which G acts is connected.

Theorem 3.1 Let
GoCcGiCGyC---

be an increasing sequence of groups. For each n > 1, let X;, be a semisimplicial set
upon which G, acts. Assume, for some ¢ > 2, that the following hold:

(1) The space Xy, is (n—1)/c—connected.

(2) For all 0 <i < n, the group G,—;—1 is the Gyp—stabilizer of some i—simplex
of X,,.

(3) Forall 0 <i < n, the group G, acts transitively on the i —simplices of X,.

(4) Forall n>c+1 and all 1-simplices e of X; whose boundary consists of vertices
v and V', there exists some A € G, such that A(v) = v’ and such that A commutes
with all elements of (Gy,)e.

Then, for k > 1, the map Hy, (Gy,—1) — Hy (Gp,) is an isomorphism forn > ck + 1 and
a surjection forn = ck.

Proof This is proved exactly like [12, Theorem 1.1]. O

3.2 Stabilizing and destabilizing markings

We next discuss the process of stabilizing and destabilizing markings. Recall that A is
a fixed finitely generated abelian group and A is a fixed finite group.

Stabilizing and destabilizing, abelian If u is an A-homology marking on ¥ ;, and
E;, — Zi,/ is an embedding, then we can define the stabilization to Z;,/ of 1 just
like we did in the introduction. Namely, H; (2¢) can be identified with a symplectic
subspace of H; (X4), so

Hi(3¢) =H (T @ H(TH,
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where the | is with respect to the algebraic intersection pairing. Define the stabilization
w'Hy (E;,) — A of u to be the composition

H|(Z}) =H|(Zp) @ Hi(Z)T > Hi(Z)) & 4,
where the first arrow is the orthogonal projection. We also say u is a destabilization of |/

Stabilizing and destabilizing, nonabelian Now let © be a A—marking on X ;, and
)y ;, — E;,/ be an embedding. Defining the stabilization of u to E}g, is subtle since
there is not a canonical® way to stabilize. We thus need to make some auxiliary choices.

Let x € 02 ;, and " € 82;/ be the basepoints. Let S be a subsurface of Ei,/ \Int(E}g)
with § = E;,,_ g Choose a basepoint x” € 9, and let A and n be embedded paths in
E;, \ Int(E; U S) connecting * to ' and *”, respectively. Assume that A and 7 are
disjoint aside from their initial points:

The paths A and 7 induce injective homomorphisms
m(E;, *) 711(2&1,,, ') and m(S,*") — nl(Eél,,, ')
taking x € 7 (Z), %) toA-x-A71 e nl(E;,, *')and y € m1(S,*")ton-y-n7l e
T (Zi,,, *'). Identifying 771 (X1, %) and 7 (S, ") with the corresponding subgroups
of m; (E}g,, *"), we have a free product decomposition
T (By. %) = my(Sg. %) * 1 (S, ).

Define u': (Z;,,, *") — A to be the composition

T (Zy . #) = w1 (S, %) * 11 (S, #") > 11 (Sg. %) B A,
where the first arrow quotients out by the normal closure of 1 (S, *”).

A different choice of n would change the subgroup (S, *”) of nl(E;,, %') to a
conjugate subgroup, so would not change p’. It follows that " only depends on the
pair (S, A), and we will call i’ the (S, A)—stabilization of i to E;,,. If we do not want
to specify (S, ) we will just say that ' is a stabilization of u, but be warned that
different choices of (S, A) will lead to different stabilizations. We will also say that w
is a destabilization of ' with destabilization data (S, 1.).

1

3In the introduction, we made a very specific choice when we stabilized a A—marking on % 51{ to ¥ g+l
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Remark 3.2 The choice of S is more important than the choice of A. Indeed, changing
A would have the effect of conjugating 1" by an element of A. This would not affect
the associated partial Torelli group Z (Zél,,, w).

Maps between partial Torelli groups Let p be either an A-homology marking or a

A-marking on £}, let &} < E;,, be an embedding, and let 1’ be a stabilization of u

g
to Ei,,. The embedding T} < E;,, induces an injective map Mod(Zg) — Mod(Eél,,)
on mapping class groups, and from our definitions it is clear that this restricts to a map

(= }g, uw)—1T (Z;,, 1) between the associated partial Torelli groups. In fact:

Lemma 3.3 Suppose that 11 is either an A—homology marking or a A—marking on X!,
that Ei, > E;, is an embedding, and that | is a stabilization of u to E}g,. Let
L: Mod(Z;,) — Mod(E;,) be the map induced by Eél, > E;,/. Then

I(Sg. 1) = {¢ € Mod(Zy) | () € Z(Z g, 1)}
Proof This is immediate. O

Vanishing surfaces Recall that the rank rk(A) of the finitely generated abelian group
A is the minimum size of a generating set for A. Consider a subsurface S of X ;. For
an A-homology marking p on X!, we say that y vanishes on S if yu vanishes on the
image of H(S) in H{ (X2 ;,). Similarly, for a A—marking p, we say that p vanishes
on S if p(x) =1 for all x € m; (X!, ) that are freely homotopic to a loop in S. Here
* € 0% is our fixed basepoint.

Proposition 3.4 Consider some g,h > 1.

e Let it be an A—homology marking on X!, and assume that g > rk(A) + h. Then
there exists an embedding S «— X ;, with S = E}l such that p vanishes on S.

o Let j1 be a A—marking on X!, and assume that g > |A| + h. Then there exists
an embedding S — Eél, with S =~ E}l such that u vanishes on S.

Proof of Proposition 3.4 for A—~homology markings Consider a symplectic subspace
U of HI(E;,), ie a subgroup such that H1(E£,) = U @ U™, where the L is with
respect to the algebraic intersection pairing. Such a U is of the form U =~ 7.2k for an
integer k > 0, called the genus of U. Every genus-4 symplectic subspace U of H; (E}),)
can be written as U = H; (S) for some subsurface S of X ;, satisfying S 2 X!: see eg
[15, Lemma 9]. The proposition is thus equivalent to the purely algebraic Lemma 3.5. O
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Lemma 3.5 Let V = Z?¢ be a free abelian group equipped with a symplectic form
w(—,—)andlet yt: V — A be a group homomorphism. Assume that g > rk(A)+h for
some h > 1. There then exists a genus-h symplectic subspace U of V such that |y = 0.

Proof Without loss of generality, u is surjective and 4 # 0. Also, increasing / if
necessary, we can assume that g = rk(A4) + 4. We will prove the “dual” statement that
there exists a genus-rk(A4) symplectic subspace W of V' such that |1 = 0. The
desired U is then U = W, The proof will be by induction on rk(A4). The base case
istk(A) =1, so A is cyclic. We can factor u as

V2,7 4.

By definition, w( —, —) identifies V with its dual, Hom(V, Z). There thus exists some
a € V such that ji(x) = w(a, x) for all x € V. Pick b € V with w(a,b) = 1 and let
W = (a,b). Then W is a genus-1 symplectic subspace and

W C ker(w(a, —)) = ker(j1) C ker(p),
as desired.

Now assume that rk(A4) > 1 and that the lemma is true for all smaller ranks. We can
then find a short exact sequence

04 —-4% 4" >0

such that 0 <rk(A”) <rk(A) and rk(A”)+1k(A4") =rk(A4). By our inductive hypothesis,
there exists a genus-rk(A4") symplectic subspace W of V' such that (¢ o 1) |y = 0.
Set V! = (W")L, so V' is a symplectic subspace of V and the image of i/ := |y lies
in A’. Our inductive hypothesis implies that there is a genus-rk(A4”) symplectic subspace
W' of V' such that u'| (1 = 0. Setting W = W’ @ W”, we have that W is a genus
k(A’) +1k(A”) = rk(A) symplectic subspace of V' such that |y, =0, as desired. O

Proof of Proposition 3.4 for A—markings The proposition is a small variant of a
result of Dunfield and Thurston [6, Proposition 6.16] — the only difference is that their
result is for closed surfaces, while we need to deal with X ;,. However, the exact same
proof works, so we omit the details. |

Deeply destabilizing Proposition 3.4 has the following corollary:

Corollary 3.6 Consider some g’ > 1.

e Let i’ be an A-homology marking on E;,,. Assume that g’ > rk(A), and let
g =1k(A). Then there exists an embedding X él, < Zél,, and an A—homology
marking | on X é such that ju is a destabilization of i'.
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e Let u' be a A—marking on E;,,. Assume that g’ > |A|, and let g = |A|. Then
there exists an embedding S —> E;, and a A—marking ju on X such that 11 is
a destabilization of i’.

Proof The proofs for A—homology markings and A—markings are similar, so we give
the details for A—markings (which are slightly more complicated). Let *’ € 82;, be
the basepoint. By Proposition 3.4, we can find a subsurface S — E;, with S =~ Ei,/_ g
such that ' vanishes on S. Pick

e an embedding ¥ ;, — E;,, that is disjoint from S, as well as a basepoint * € 9%},

e an embedded path A in Zél,, \Int(E;, U S) connecting * to .
Define p: 71 (21, %) — A via the formula
ux)=pw (h-x-2A"1 for x € 711(2;, *).

It is immediate from the definitions that u’ is the (.S, A)—stabilization of p to Z‘;/. O

3.3 Vanishing surfaces

This section constructs the semisimplicial sets we need to apply Theorem 3.1 to the
partial Torelli groups.

3.3.1 Vanishing surfaces: definition and basic properties We define the complexes
separately for A—~homology markings and A—markings.

Vanishing subsurfaces, abelian We start by recalling the definition of the complex
of vanishing subsurfaces for a homology marking from the introduction. Let x be an
A-homology marking on X ;,. Then define S, (= é, W) to be the full subcomplex of
Sp(Z él,) spanned by vertices ¢: E}ll - X él, such that p vanishes on Z}l in the sense of
Section 3.2. The group Z(Z!, ) acts on S, (X!, i). Similarly, if 7 C 82;, is a finite
disjoint union of open intervals, then define 7S, (!, I, i) to be the full subcomplex
of TS,(X!, I') spanned by vertices ¢: r(E}l) — X i, whose restriction to Z}l is a vertex
of Sh(Ei,, W). Again, the group I(Z‘i,, w) acts on TSy(ZL, 1, ).

Vanishing subsurfaces, nonabelian Let i be a A—marking on X él,. Then define
Sp(Sg. 1) to be the full subcomplex of S;(X}) spanned by vertices t: ) —
such that p vanishes on E}l in the sense of Section 3.2. The group Z(X é, L) acts
on Sj(X ;,, ). Similarly, if I C 0% é is a finite disjoint union of open intervals, then
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define 7S, (XL, I, 1) to be the full subcomplex of 7S, (XL, I') spanned by vertices
1: 7(3,) — T whose restriction to X is a vertex of Sy (. it). Again, the group
Z(ZL, ) acts on TSK(ZL, I, ).

Semisimplicial In the rest of this section, let i be either an A-homology marking
or a A—marking on ¥; and let / C 9% be a single interval. We claim then that
TS,(Z), I, ) is naturally a semisimplicial set. The key point here is that its simplices
{to, ..., } possess a natural ordering based on the order their tethers leave /.

Stabilizers The Mod(XZ ;,)—stabilizers of simplices of Sy, (= ;,) are poorly behaved. The
issue is that mapping classes can permute their vertices arbitrarily (which is not possible
for TS, (2L, I) since mapping classes must preserve the order in which the tethers
leave I'). This prevents their stabilizers from being mapping class groups of subsurfaces.
For TS,(2 ;, I), however, this issue does not occur, and the Mod(E;,)—stabilizer of a
simplex {tg, ..., 1} of TS,(XL, I) equals Mod(X), where ¥ is the complement of
an open regular neighborhood of

0Ty Utg(T(ZR) U+ Uig(t(S))).

We will call the complement of this open neighborhood the stabilizer subsurface of the
simplex. See here, where the stabilizer subsurface is the complement of the shaded
region:

regular :

U homotope
—_ =l | — |
nbhd / /

The Z(X ), i) version of this is the following lemma:

Lemma 3.7 Let p be either an A—homology marking or a A—marking on X }g, let

I C 82;, be an open interval, and let o be a k—simplex of TS,(X!, I, 1). Let
PR~ E;_(k 1)k be the stabilizer subsurface of o. Then there exists a marking (Lo of
the same type as | (either an A—homology marking or a A—marking) on ¥ such that
o is a destabilization of jv and such that the Z(X L, u)—stabilizer of o is Z(X, o).

Proof The proofs for A—~homology markings and A—markings are similar, so we will
give the details for A—markings. Let * € 82;, and xo € 0% be basepoints. Write
o={tg,...,l}. For0<i <k,letS; = Li(E}ll). Let S be a subsurface of E;, \ Int(X)
such that S contains each S; and § = ¥ (lk RS and let A be an embedded path in
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T \Int(T U S) connecting * to *o:

Define (g: 71 (2, *g) — A via the formula
po(x) = ph-x-A71)  for x € 71 (T, %0).

It follows from the definitions that w is the (S, A)—stabilization of pg. Since the
Mod(XZ él,)—stabilizer of ¢ is Mod(X), it follows that the Z(X ;,, u)—stabilizer of o is
Mod(X) N I(E;,, 1), which by Lemma 3.3 is Z(X, o). a

3.3.2 Vanishing surfaces: high connectivity The following theorem subsumes
Theorem E:

Theorem 3.8 Fixg>h>1andlet I C0X él, be a finite disjoint union of open intervals.

e Let 1 be an A—homology marking on 2&1,. The complexes S(XL, 1) and
TS;,(Z;,, 1, ) are both (g—(2 rk(A)+2h+1))/(rk(A)+h+1)—connected.

e Let y be a A—marking on Ei,. The complexes Sy (XL, ) and TS,(ZL, I, 1)
are both (g—(2|A|+2h+1))/(|A|+h+1)—connected.

Proof The proofs for A—~homology markings and A—markings are identical, so we will
give the details for A—markings. Also, the proofs that Sy, (=b, w)and TSy, (=b,1, W) are
(g—Q2|A|+2h+1))/(JA|+h+1)—connected are similar. Keeping track of the tethers
introduces a few complications, so we will give the details for 7T Sh(Zléi, I, ) and
leave Sh(Eg, 1) to the reader.

We start by defining an auxiliary space. Let X be the simplicial complex whose vertices
are the union of the vertices of the complexes 7S, (Z. 1. it) and TS|a44(Sy. 1)
and whose simplices are collections {tg, ..., t;} of vertices that can be isotoped so
that their images are disjoint. Both 7S, (2., I, ) and T8|A|+h(22,, I) are thus full
subcomplexes of X.

We now prove that X enjoys the connectivity property we are trying to prove for
TSh(Z5. 1, p):

Claim The space X is (g—(2|A|4+2h+1))/(JA|+h+1)—connected.
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Proof Setn = (g— QIA|+2h+1)/(Al+h+1), Y =TSz 44(S}. 1) and
Y' =TS8,(2L, I, t). Theorem D says that Y is n—connected, so it is enough to prove
that the pair (X, Y) is n—connected. To do this, we apply Corollary 2.4. This requires,
letting o be a k—dimensional simplex of Y’ = 7S,(Z!, I, 1) and L be the link of o
in X, showing that L NY is (n—k—1)—connected.

Write 0 = {1g, ..., }. Let ¥’ be the surface obtained by first removing the interiors of
W(Z U Ui(Z))

from X él, and then cutting open the result along the images of the tethers:

The surface ¥’ is connected, and when cutting along the tethers the open set I C 0% ;,
is divided into a finer collection I’ of open segments (as in the above example). Then

LNY x~ TS|A|+h(Z,, I,
so we must prove that 78|54 (X', I') is (n—k—1)—connected. Letting g’ be the genus
of X', Theorem D says that 7S|z|4+4(2', I') is (g'—Q2|A|+2h+1))/(|A|+h+1)-
connected, so what we must prove is that
g — QA +2h+1)

IA|+h+1
Examining the construction of X', we see that g’ = g — (k + 1)h. We now calculate that
"—QIA|+2h+1 —QIAl+2h+1 k+1)h
g—QAI+2h+1)  g-QAI+2h+1)  (k+1) cn—k+1). O
IA|+h+1 Al +h+1 Al +h+1

n—-k—-1<

To complete the proof, it is enough to construct a retraction r: X — TSy (X él,, 1, 1).
For a vertex ¢ of X, we define r (1) as follows. If ¢ is a vertex of 7S, (L, I, 1), then
(1) = . If instead ¢ is a vertex of TS| 5|44 (Z ;, I), then Proposition 3.4 implies that
we can find a subsurface E;l > 1(Z|A|+#) such that u vanishes on E}l. Define r(¢) to
be the vertex of 7S, (X é, 1, ;1) obtained by adjoining the tether of ¢ and an arbitrary

: 1 : 1.
arc in L(E| Al+ ;) connecting the boundary to X
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Of course, 7 (t) depends on various choices, but we simply make an arbitrary choice. It is
clear that this extends over the simplices of X to give aretractr: X — T S,(2 él,, I,n). O

3.3.3 Vanishing surfaces: transitivity The last fact about the complex of vanishing
surfaces we will need is as follows:

Lemma 39 Fixg>h>1landlet I C0X i, be an open interval.

e Let i be an A—homology marking on ¥ é. The group Z(X ;,, L) acts transitively
on the k—simplices of TSy(ZL, I, ) if g > 2h +21k(A) + 1+ kh.

o Let u be a A—marking on E;,. The group I(Ei,, W) acts transitively on the
k—simplices of TSy(Sy. 1, ) if g > 2h +2|A|+ 1+ kh.

Proof The proofs for A—homology markings and A—markings are identical, so we
will give the details for A—markings. The proof will be by induction on k. We start
with the base case k = 0.

Claim Ifg > 2h+2|A|+ 1, then I(Eél,, JL) acts transitively on the O—simplices of
TSH(Zg. 1. ).

Proof In this case, Theorem 3.8 says that 7S, (X i,, I, 1) is connected, so it is enough
to prove that if (g and ¢; are vertices of 7S, (X ), I, i) that are connected by an edge,
then there exists some f € Z(X!, ) taking tg to ¢;. Let X be the stabilizer subsurface
of the edge {t¢, (1}, and let Sy = L()(E;ll) and S| = Ll(E}l). Let S, 1, no and n; be as
follows:
e S is a subsurface of X ;, \ Int(X) containing Sy and S; and satisfying S =~ E; -
e 7 is an embedded path in X i, \ Int(X U S) connecting a point of / to a basepoint
of S lying in 9.
e Fori =0, 1, we have that »; is an embedded arc in S \ Int(Sy U S;) connecting
the basepoint in 4.5 to a basepoint in S; lying in d.5;.
e Fori =0, 1, the path - n; is isotopic to the tether of ¢; while keeping its initial
point in / and its terminal point fixed.

See here:*

O O
Y

“4In this figure o and 7; are disjoint, aside from their initial points. This can always be achieved, but is
not needed for our proof.
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It follows that there exists a A—marking @y on X and some A such that p is the
(S, A)—stabilization of L.

Using the change of coordinates principle from [8, Section 1.3.2], we find F € Mod(S)
taking So U 1o to something isotopic to S7 U ;. This isotopy will fix the common
initial point of ny and n;. Let f € Mod(E(lg) be the image of F under the map
Mod(S) — Mod(Z‘é). Since f is supported on S, we have f € Z(X!, ), and by
construction we have f(to9) = (1. |

Now assume that k¥ > 0 and that the theorem is true for simplices of dimension k£ — 1.
For some g > 2h + 2|A| 4+ 1 + kh, let u be a A—marking on Eél, and I C 82;, be
an open interval. Consider k—simplices o and ¢’ of 7S, (L, I, ). Enumerate these
simplices using the natural ordering discussed above:

(3-1) o={t,....y and o' ={1g, ..., 0}

We want to find some f € Z(X!, ) such that f(0) = ¢’. By the base case k = 0,
there exists some fj € I(Ei,, ) such that f(19) = 1. Replacing o by f(0), we can
assume that 1y = 1.

Define

o1 ={t1,....1x} and o] ={£/1,...,L;€}.

Both oy and o7 are (k—1)-simplices in the link of the vertex ¢o, and our goal is to find
an element f; in the Z(X!, 1)—stabilizer of ¢ such that fi(o;) = ol

Let X’ be the stabilizer subsurface of ¢y and let u’ be the A—marking on X’ given
by Lemma 3.7, so the Z(Z ;, w)—stabilizer of 1g is Z(X/, u’). The surface ¥’ can be
constructed by removing the interior of Lo(z;l) and then cutting open the result along
the tether:

We thus have ¥/ =~ Eél,_ 5+ Cutting along the tether divides the interval / C 9% él’, into two
disjoint intervals I’, I C 3X’, and the link of ¢ in 7S,(ZL, I, v) can be identified
with TS, (X', I'UI", i'). Identifying oy and o] with simplices in 7S, (X', I'UI”, 1),
the key observation is that, since we enumerated the simplices in (3-1) using the order
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coming from I, we have (possibly flipping I’ and 1”) that 0,07 C TSy(X', I', 11').
Since ¥/ =~ E;_h and

g—h>Qh+2|A|+1+kh)—h=2h+2|Al+1+(k—1)h,

we can apply our inductive hypothesis and find some f; € Z(X', u') with fi(o1) = o7,
as desired. a

3.4 Proof of stability for surfaces with one boundary component

Proof of Theorems A and C The proofs of the two theorems are identical, so we will
give the details for Theorem C. We start by recalling the statement and introducing
some notation. Let A be a nontrivial finite group, let 12 be a A—marking on ., and let
1 be the stabilization of u to Z}g 41 in the sense of the introduction.’ Setting

c=|Al+2 and d=2|A|+2,

we want to prove that the map Hk(I(Ei,, w) — Hk(I(E;H’“/)) induced by the

stabilization map Z(Z!, u) — I(E;_H , ') is an isomorphism if ¢ > ck + d and a
surjection if g = ck +d —1. We will prove this using Theorem 3.1. This requires fitting
I —1 (Z; i1 w') into an increasing sequence of group {G,} and constructing

appropriate simplicial complexes.

Corollary 3.6 says that there exists an embedding E|1 Al by i, and a A—marking 4|4
on E|1A| such that 5| is a destabilization of . The embedding E|1A| — 3 ;, can be
factored into a sequence of embeddings

1 1 1
§||;)§|| 1;)...;)§g’
which can then be continued to

1

1 1 1
E|A|;>E|A|+1L>---;>Eg;>2g+l

1
;)Eg-l-Z;)”"

As in the following figure, we can break up the destabilization data (S, A) for the
destabilization 1t|5| of u into stabilization data (Sy, Aj) for |[A|+1 </h < g, where
(Sh.Ap) allows us to stabilize from £, | to ;:

5This uses a specific choice of stabilization data (S, 1).
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Starting with p1|5|, for 241 < |A| < g inductively let 1, be the (Sp, A;)-stabilization
of p—1 on 2,11_1 to iy on E}l. By construction, (g = p. Continue stabilizing (now

using the choice of stabilization data from the introduction) to define w; on 2/11 for
/

h>g+1,50 gy =p'.
We have thus fit our partial Torelli groups into an increasing sequence of groups
I(2|1A|’ KiAp) C I(EIIAI—H’ MiAl+1) C I(EIIAI-I-Z’ HiAj+2) C e

For h > |A|,let I}, C 32}1 be an open interval. Theorem 3.8 says that 7S (X}, I, us)
is (h—(d+1))/c—connected, where ¢ and d are as defined in the first paragraph.

Forn > 0, let
Gn =IL(Zg+n, hd+n) and  Xp =TS (Zg4ns Ld+n Kd+n)-
For this to make sense, we must have d +n > |A |, which follows from
d+n=2|Al+2+n=>]A|
We thus have an increasing sequence of groups
GoCGiCGyC---

with G, acting on X},. The indexing convention here is chosen so that X is O—connected,
and more generally so that X}, is (n—1)/c—connected, as in Theorem 3.1. Our goal is
to prove that the map Hy (G,—1) — H (G4) is an isomorphism for n > ck + 1 and a
surjection for n = ck, which will follow from Theorem 3.1 once we check its conditions.

e The first is that X, is (n—1)/c—connected, which follows from Theorem 3.8.

¢ The second is that, for 0 <i < n, the group G,—;_1 is the G,—stabilizer of some
i—simplex of X}, which follows from Lemma 3.7 via the following picture:

stabilizer

Q
Q

>
subsurface

e The third is that, for all 0 <i < n, the group G, acts transitively on the i —simplices
of X}, which follows from Lemma 3.9. For transitivity on the i—simplices this lemma
requires that the genus g = d + n used to define G, = Z(Xg45, Ld+n) satisfies
g >3+ 2|A| +i, which follows from the fact that

d+n=QA+2)+n>QIAI+2) + G +1)=3+2|A| +i.
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e The fourth is that, for all # > ¢ + 1 and all 1-simplices e of X, whose boundary
consists of vertices v and v’, there exists some A € Gy, such that A(v) = v’ and such that
A commutes with all elements of (G,),. This actually does not require the condition
n > c¢ + 1. Let ¥ be the stabilizer subsurface of e, so by Lemma 3.7 the stabilizer
(Gpn)e consists of mapping classes supported on X. The surface E;l on \Int(X) is
diffeomorphic to Z% (as in the picture above), and in particular is connected. The
change of coordinates principle from [8, Section 1.3.2] implies that we can find a
mapping class A supported on ani +n \Int(2) taking the tethered torus v to v’. This A
clearly lies in G, and commutes with (G)e. O

4 Homology-marked partitioned surfaces

We now turn to partial Torelli groups on surfaces with multiple boundary components.
Unfortunately, this introduces genuine difficulties in the proofs, so quite a bit more
technical setup is needed. This section contains the categorical framework we will
need to even state our result.

Let Surf be the category whose objects are compact connected oriented surfaces with
boundary and whose morphisms are orientation-preserving embeddings. There is a
functor from Surf to groups taking X € Surf to Mod(X) and a morphism ¥ < X’
to the map Mod(X) — Mod(X’) that extends mapping classes by the identity. In this
section, we augment Surf to construct a new category PSurf on which we can define
partial Torelli groups. This is done in two steps: in Section 4.1 we define the category
PSurf along with a “partitioned homology functor”, and in Section 4.2 we discuss
homology markings and construct their associated partial Torelli groups.

4.1 The category PSurf
We start with the partitioned surface category, which was introduced in [22].

Motivation This category captures aspects of the homology of a larger surface in
which our surface is embedded. For instance, consider the following embedding of a
genus-3 surface X with six boundary components into E%:
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For f € Mod(X), the action of f on H;(X) does not determine the action of f on
H; (E%). The issue is that we also need to know the action of f on [x], [y], [z] € H4 (Z%).
The portions of these homology classes that live on X are arcs connecting boundary
components, so we must consider relative homology groups that incorporate such arcs.
However, we do not want to allow all arcs connecting boundary components, since
some of these cannot be completed to loops in the larger ambient surface.

Category To that end, we define a category PSurf whose objects are pairs (X, P):

e > is a compact connected oriented surface with boundary.

e P is a partition of the components of d%.
The partition P tells us which boundary components are allowed to be connected by
arcs. The morphisms in PSurf from (X, P) to (X/, P’) are orientation-preserving
embeddings X < ¥’ compatible with the partitions P and P’ in the following sense.
For a component S of X'\ Int(X), let Bg (resp. B') denote the set of components of 93
(resp. 0X’) that lie in S. In the degenerate case where S = S! (so S is a component
of 0¥ and 0%’), we have Bg = Bg. Our compatibility requirements are then that

e each Bg is a subset of some p € P, and

s forall p’€ P andall 9}, 9, € p such that 9} € B and 0, € By, with Sy # S5,

there exists some p € P such that Bg, U Bg, C p.

Example 4.1 Let ¥ = X8, P = {{0,,0,,03,04},{05,06}}, ¥/ = Eg and P’ =
{{07.0,}.{0}}}. Here are two embeddings (X,P) < (X', P’) that are not PSurf—
morphisms and one that is:

We remark that the difference between the second and third embedding is the labeling
of the boundary components.

Partitioned homology Consider some (X, P) € PSurf. Say that components d;
and d, of 0% are P—adjacent if there exists some p € P with d;,0d, € p. Define
H?(Z, dX) to be the subgroup of the relative homology group H; (X, d¥) spanned
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by the homology classes of oriented closed curves and arcs connecting P—adjacent
boundary components. The group Mod(X) acts on Hf(E, a%).

Remark 4.2 This is slightly different from the partitioned homology group defined
in [22], which was not functorial. The Torelli groups defined via the above homology
groups are thus different from those in [22].

Functoriality The assignment
(Z,P) —HJ(Z,0%)

is a contravariant functor from PSurf to abelian groups. To see this, consider a PSurf—
morphism ¢: (X,P) — (X', P). Identify ¥ with its image under «. We then have
maps

H; (¥, 9%) > Hy (¥, '\ Int(X)) S H; (2, 0%),
where the second map is the excision isomorphism. From the definition of a PSurf—
morphism, it follows immediately that this composition restricts to a map

FHY (2, 0%) — HY (2, 03).

Example 4.3 Let ¥ = Eg and ¥/ = Ei. Let P (resp. P’) be the partition of the
components of 3% (resp. dX’) consisting of a single partition element containing all the
boundary components. The following picture shows a PSurf-morphism ¢: (2, P) —
(X', P’) along with x1, x5 € HY (X, 9%’) and ¢*(x1),1* (x2) € HY (2, 93):

To simplify the picture we do not indicate the orientations of the curves/arcs. The above
picture also shows an element y € H?(E, dX) that is not in the image of ¢*.

Example4.4 LetX = Eg and ¥’ =X,. Let {d1,..., d4} be the boundary components
of X, andlet P ={{0d1, 02}, {03, d4}} and P’ = &. The following picture shows a PSurf—
morphism ¢: (2, P) — (X', P') along with x € HY' (X', 3%’) and 1*(x) € HY (2, 3%):
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As it is initially drawn, ¢*(x) does not appear to be in HT(E, 0X) since it is a pair
of arcs connecting boundary components that are not P—adjacent; however, as the
figure shows, this pair of arcs is homologous to a pair of arcs connecting boundary
components that are P—adjacent.

Action on partitioned homology The mapping class group is a covariant functor
from Surf to groups, while the partitioned homology group is a contravariant functor
from PSurf to abelian groups. They are related by the following “push-pull” formula:

Lemmad4.5 Let:: (X, P)— (X, P') be aPSurf-morphism, t,:Mod(X) — Mod(X’)
be the induced map on mapping class groups and (*: H?(E’, X)) — H?(Z, %) be
the induced map on partitioned homology groups. Then

K ()(X)) = £ *(x) for f €Mod(X) and x" € Hf/(E/, ax).
Proof This is obvious. O

4.2 Homology markings on PSurf
Recall that 4 is a fixed finitely generated abelian group.

Markings and partial Torelli groups Consider (X, P) € PSurf. An A-homology
marking on (X, P) is a homomorphism g : Hf(E, dX) — A. The associated partial
Torelli group is

Z(E,P,u) ={f eMod(2) | u(f(x)) = u(x) for all x € H?(E, 0X)}.
Stabilizations If:: (X, P) — (X/, P’) is a PSurf-morphism and p is an A-homology
marking on (X, P), then the stabilization of u to (X', P’) is the composition

HY' (2, 0%") 5 H (3, 03) & 4.
Lemma 4.6 Let(: (Z,P) — (X', P') be a PSurf-morphism, i1 be an A—homology

marking on (X, P), i’ be the stabilization of  to (X', P’), and tx:Mod(X) —Mod(X')
be the induced map. Then 1x(Z(Z, P, 1)) CZ(Z', P, u').

Proof Let t/* : H?(E/, d%’) — HT (X, 0%) be the induced map. For f € Z(Z,P, u)
and x" € HY (X', 9%’), we have

1 (D) = 1@ (NHEN) = n(f(F () = @ () = W' ().
Here the second equality follows from Lemma 4.5 and the third from the fact that
f €Z(X,P, n). The lemma follows. O
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5 Stability for surfaces with multiple boundary components

In this section, we state our stability theorem for the partial Torelli groups on surfaces
with multiple boundary components and reduce this theorem to a result that will be
proved in the next section using the homological stability machine. The statement of
our result is in Section 5.1 and the reductions are in Sections 5.2, 5.3 and 5.4.

5.1 Statement of result

To get around the issues with closed surfaces underlying Theorem B from Section 1,
we will need to impose some conditions on our stabilization maps.

Support If p is an A-homology marking on (X,P) € PSurf, we say that u is
supported on a genus-h symplectic subsurface if there exists a PSurf-morphism
(X',P") - (£, P) with ¥’ = =] and an A-homology marking 1/ on (£’,P’) such
that u is the stabilization of u’ to (X, P). If there exists some /4 > 1 such that u
is supported on a genus-2 symplectic subsurface, then we will simply say that p is

supported on a symplectic subsurface.

Remark 5.1 Not all A-homology markings are supported on a symplectic subsurface.
Indeed, letting 9, and d, be P—adjacent boundary components of X, this condition
implies that we can find an arc o connecting d; to d, such that p(ja]) = 0; see here:

0205

\ support
O O O/

It is easy to construct A-homology markings not satisfying this property; for instance,
let A = Hy(0%) and let u: HY (Z,9%) — A be the restriction to HY (Z,9%) of
the boundary map H;(Z, %) — Ho(dX). We will later show that this is the only
obstruction; see Lemma 6.2 below.

Partition bijectivity Consider a PSurf—-morphism (X, P) — (X', P’). Identify X
with its image in X’. We will call this morphism partition-bijective if the following
holds for all p € P:

e Let S be the union of the components of X’ \ Int(X) that contain a boundary
component in p. Then there exists a unique p’ € P’ such that p’ consists of the
components of S NI,
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This condition implies in particular that S contains components of d¥’. It rules out
two kinds of morphisms:

e The first is morphisms where, for some p € P, the union of the components of
3"\ Int(X) that contain a boundary component in p contains no components of 9%’.
See here:

Here p = {01, 0,}.

¢ The second is morphisms where a single p € P “splits” into multiple elements of

P’ like this:
\‘I a/
J —> i )
; a5

Here p = {3} and P’ contains both {9} } and {0, }.

Main theorem With this definition, we have the following theorem:

Theorem F Let i1 be an A—homology marking on (2, P) € PSurf that is supported
on a symplectic subsurface. Let (X,P) — (X, P’) be a partition-bijective PSurf—
morphism and let |1/ be the stabilization of j to (X',P"). Then the induced map
Hy (Z(Z, P, n)) - H (Z(X', P/, ') is an isomorphism if the genus of X is at least
(rk(A4) +2)k + (2rk(A4) +2).

Remark 5.2 Theorem F does not assert that the map is a surjection if the genus
of ¥ is at least (rk(A4) + 2)k + (2rk(A) + 1). We do not know if this is true —
while an appropriate surjectivity statement will follow from our invocation of the
homological stability machine, this will only cover certain special kinds of morphisms
(2,P) = (X', P), the “double boundary stabilizations”, and the general case will be
reduced to these special morphisms in a fairly involved way.

Counterexamples We do not know whether or not the condition in Theorem F that p
be supported on a symplectic subsurface is necessary. However, the condition that the
morphism be partition-bijective is necessary. Indeed, in Section 7 we will prove the
following theorem. The condition of being symplectically nondegenerate in it will be
defined in that section; it is satisfied by most interesting homology markings.

Theorem 5.3 Let u be a symplectically nondegenerate A—homology marking on
(X, P) € PSurf that is supported on a symplectic subsurface. Let (X, P) — (X', P')

Algebraic & Geometric Topology, Volume 23 (2023)



3456 Andrew Putman

be a non-partition-bijective PSurf-morphism and let (i’ be the stabilization of [ to
(X', P"). Assume that the genus of X is at least 3rk(A) + 4. Then the induced map
H{(Z(Z,P, n)) - H{(Z(X', P/, 1)) is not an isomorphism.

Remark 5.4 The map is frequently not an isomorphism, even when the genus of X is
smaller. We use the genus assumption in Theorem 5.3 so we can apply Theorem F to
change ¥ and X’ so as to put ourselves in a situation where the phenomenon underlying
Theorem B occurs.

5.2 Reduction I: open cappings

In this section, we reduce Theorem F to certain kinds of PSurf-morphisms called open
cappings, whose definition is below.

Open cappings An open capping is a PSurf-morphism (X, P) — (X, P’) such that
the following holds for all p € P:

e Let S be the union of the components of ¥’ \ Int(X) that contain a boundary
component in p. Then S is connected and S N3’ consists of a single component.

Unraveling the definition of a PSurf—morphism, this implies that P’ is the discrete
partition, that is, the partition P’ = {{d'} | 9’ is a component of dX’}. See the following
example, where P = {{01, 02}, {03, 04}}:

01 83

— oo ()

02 ‘ 04
By definition, an open capping is partition-bijective.

Remark 5.5 1In [22], a capping is defined similarly to an open capping, but where ¥’
is closed and 9 is simply an element of P.

Reduction The following is a special case of Theorem F:

Proposition 5.6 Let (1 be an A—homology marking on (X, P) € PSurf that is sup-
ported on a symplectic subsurface. Let (X, P) — (X', P’) be an open capping and let
w' be the stabilization of u to (X', P’). Then the induced map

Hi (Z(2, P, 1)) — Hi (Z(Z', P, 1)
is an isomorphism if the genus of ¥ is at least (rk(A) + 2)k + (2rk(A) + 2).

The proof of Proposition 5.6 begins in Section 5.3. First, we use it to deduce Theorem F:
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Proof of Theorem F, assuming Proposition 5.6 We start by recalling the statement
of the theorem. Let ; be an A~homology marking on (X, P) € PSurf that is supported
on a symplectic subsurface. Let (Z,P) — (X’,P’) be a partition-bijective PSurf—
morphism and let 4/ be the stabilization of u to (¥/,P’). Assume that the genus of
¥ is at least (rk(A4) + 2)k + (2rk(A) + 2). Our goal is to prove that the induced map
Hy (Z(Z, P, n)) — Hi (Z(Z', P’, 1)) is an isomorphism.

Identify X with its image in X’. The proof has two cases. Recall that the discrete
partition of the boundary components of a surface S is {{d} | d is a component of 9.5}.

Case 1 P is the discrete partition of X.

Let Sy, ..., Sp be the components of X'\ Int(X). For each 1 <i < b, let Bg; be the
components of dX that are contained in S; and let Bfgi be the components of 9%’ that
are contained in S;. Then:

» Since P is the discrete partition, each Bg; is a one-element set containing a
single boundary component of X, and P = {Bg,,..., Bs, }.

e Since the morphism (X,P) — (X',P’) is partition-bijective, each Bfgi is a
nonempty set of boundary components of X', and P’ = { B/, e ng}.

See the following figure, where X = E? with the discrete partition P ={{d1},{0d2},{d3}}
and ¥/ >~ 26 with the partition P’ = {{d! }, {0}, 03}, {0/, 05, 0¢}}:

Gy
5 capplng
0

As in that figure, let (X', P’) — (X”,P”) be an open capping and let ;" be the
stabilization of u’ to (X", P”). It follows from the above that the composition

(E, P) — (E,, Pl) — (Z”, 7)//)

is also an open capping. We remark that this can fail if P is not the discrete partition.
For instance, consider the morphisms (X, P) — (X, P’) and (X', P') — (£”,P”) in
the following figure, where P = {{0;,02}}, P’ = {{9/}} and P" = {{0]}}:

' y a/ e éaﬁ
—
cappmg
’ (o)

Algebraic & Geometric Topology, Volume 23 (2023)



3458 Andrew Putman

We have maps
He (Z(2. P, 1)) » He(Z(Z'. P, 1) — B (Z(Z", 7, 1")).
Proposition 5.6 implies that
He(Z(2. P, ) - He(Z(Z". P", 1)), Hp(@(Z" P w))) — He (T (2", P", 1))
are isomorphisms. We conclude that the map
He (Z(2. P, ) — He (Z(Z', P 1))

is an isomorphism, as desired.
Case 2 P is not the discrete partition of 0X.

Since p is supported on a symplectic subsurface, we can find a PSurf—morphism
(X", P") — (%, P) with £ = ] and an A-homology marking 1" on (£, P") such
that u is the stabilization of u” to (X, P). We can factor (X", P”) — (£, P) as

(E//, P//) N (E///, 7)///) N (E, P)

so that X" has the same genus as X, P” is the discrete partition of dX"’, and
(X", P") — (=, P) is partition-bijective; see here:

In this example, P consists of three sets of boundary components (the ones on the left,
right, and top). Let "’ be the stabilization of u” to (X", P""). We have maps

He (Z(Z", P" ") = Hi(Z(2. P, 1)) = Hi(Z(Z', P, 1)),
Case 1 implies that the maps
Hi(Z(Z" P i) > He(T(2, P, ), He(@(E", P, u")) = H(Z(X', P, 1))
are isomorphisms. We conclude that the map
Hy (Z(S. P, ) — Hy (Z(E P, 1))

is an isomorphism, as desired. |
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5.3 Reduction II: boundary stabilizations

In this section we reduce Proposition 5.6 to showing that certain kinds of PSurf—
morphisms, called increasing boundary stabilizations and decreasing boundary stabi-
lizations, induce isomorphisms on homology.

Increasing boundary stabilization Let (X, P) € PSurf. An increasing boundary
stabilization of (X, P) is a PSurf—morphism (X, P) — (X', P’) constructed as follows.
Let 0 be a component of 0% and let p € P be the partition element with d € p. Also,
let 828 =1{07.0,,0%}.

e X' is obtained by attaching 23 to by gluing 8, C =3 to d C .

 P'is obtained from P by replacing p with p’ = (p \ {0}) U {9}, 9} }.

g Sl

In Section 5.4, we will prove the following.

See here:

Proposition 5.7 Let ;1 be an A—homology marking on (X, P) € PSurf that is sup-
ported on a symplectic subsurface. Let (X, P) — (X', P’) be an increasing boundary
stabilization and let |’ be the stabilization of j to (X', P"). Then the induced map
Hy (Z(Z, P, n)) - H (Z(X', P’, 1)) is an isomorphism if the genus of X is at least
(rk(A4) +2)k + (2rk(A4) +2).

Decreasing boundary stabilization Let (X, P) € PSurf. A decreasing boundary
stabilization of (X, P) is a PSurf—morphism (X, P) — (X’, P’) constructed as follows.
Let d; and d, be distinct components of dX that both lie in some p € P, and let
82(3) =1{07.05.,0%}.
e X'is obtained by attaching X3 to 3 by gluing 9 and 9, to d; and 95, respectively.
 P'is obtained from P by replacing p with p’ = (p \ {91.92}) U{d}}.

See here:

In Section 5.4, we will prove the following:
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Proposition 5.8 Let i be an A—homology marking on (X, P) € PSurf that is sup-
ported on a symplectic subsurface. Let (X, P) — (X', P’) be a decreasing boundary
stabilization and let 1’ be the stabilization of i to (X', P"). Then the induced map
Hy (Z(Z, P, ) — Hi (Z(X', P, 1)) is an isomorphism if the genus of ¥ is at least
(rk(A4) +2)k + (21k(A4) +2).

Deriving Proposition 5.6 As we said above, we will prove Propositions 5.7 and 5.8
in Section 5.4. Here we will explain how to use them to prove Proposition 5.6.

Proof of Proposition 5.6, assuming Propositions 5.7 and 5.8 It is geometrically clear
that an open capping (X, P) — (X’, P’) can be factored as a composition of increasing
boundary stabilizations and decreasing boundary stabilizations. For instance,

can be factored as

The proposition follows. a

5.4 Reduction III: double boundary stabilizations

In this section, we adapt a beautiful idea of Hatcher and Vogtmann [12] to show how
to reduce our two different boundary stabilizations (increasing and decreasing) to a
single kind of stabilization called a double boundary stabilization.

Double boundary stabilization Let (X, P) € PSurf. A double boundary stabilization
of (X,P) is a PSurf-morphism (X, P) — (X', P’) constructed as follows. Let d;
and d, be components of d¥ that lie in a single element p € P. Also, let 823 =
{0.05.05.0,}.
» X' is obtained by attaching X4 to X by gluing 9| and 0, to d; and 9,
respectively.

» P'is obtained from P by replacing p with p’ = (p\ {91, d2}) U {9}, )}
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See here:

In Section 6, we will use the homological stability machine to prove the following:

Proposition 5.9 Let i be an A—homology marking on (X, P) € PSurf that is sup-
ported on a symplectic subsurface. Let (X,P) — (X’,P’) be a double boundary
stabilization and let 1’ be the stabilization of u to (X', P’). Then the induced map

He(Z(2. P, ) — He (Z(Z', P 1))

is an isomorphism if the genus of X is at least (tk(A) 4+ 2)k + (2rk(A) 4+ 2) and a
surjection if the genus of X is (tk(A) + 2)k + (2rk(A4) + 1).

Deriving Propositions 5.7 and 5.8 As we said above, we will prove Proposition 5.9
in Section 6. Here we will explain how to use it to prove Propositions 5.7 and 5.8.

Proof of Proposition 5.7, assuming Proposition 5.9 We start by recalling the
statement. Consider an increasing boundary stabilization (X,P) — (X/,P’). Let
1 be an A-homology marking on (X,P) that is supported on a symplectic sub-
surface and let u’ be the stabilization of u to (X/,P’). Assume that the genus of
¥ is at least (rk(A4) + 2)k + (2rk(A4) + 2). We must prove that the induced map
Hy (Z(Z, P, n)) - Hi (Z(Z', P’, ') is an isomorphism.

The first observation is that the map Z(X, P, u) — Z(X’', P/, u’) is split injective via a
splitting map Z(X/, P’, u') = Z(X, P, u) induced by gluing a disc to one of the two

components of %'\ dX:
deformat10n
retract o

The map Hy (Z(Z, P, 1)) — Hi(Z(X', P/, i1')) is thus injective, so it is enough to
prove that it is surjective.

O X

Q

Combining the fact that i is supported on a symplectic subsurface with Corollary 3.6, we
see that u is in fact supported on a symplectic subsurface of genus at most rk(A). Since
the genus of ¥ is greater than rk(A), this implies that we can find a decreasing boundary
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stabilization (X", P”) — (X, P) and an A-homology marking " on (X", P”) that is
supported on a symplectic subsurface such that u is the stabilization of u” to (X, P)
and such that the composition

(EN,PH) N (E,P) - (E/,P/)

is a double boundary stabilization; see here:

Q
™
td
v

The genus of X" is one less than that of 3, and so is at least (rk(4)+2)k +(2rk(A)+1).
We can thus apply Proposition 5.9 to deduce that the composition

Hi (Z(Z", P". 1)) = Hi(Z(Z, P. ) = Hi (Z(Z", P, 1))

is surjective, and thus that the map Hy (Z(X, P, n)) — Hi (Z(X/, P/, i) is surjective,
as desired. |

Proof of Proposition 5.8, assuming Proposition 5.9 We start by recalling the
statement. Consider a decreasing boundary stabilization (Z,P) — (X/,P’). Let
i be an A-homology marking on (X, P) that is supported on a symplectic sub-
surface and let u’ be the stabilization of u to (X/,P’). Assume that the genus of
Y is at least (rk(A) + 2)k + (2rk(A4) + 2). We must prove that the induced map
Hy (Z(Z, P, n)) = Hi (Z(Z', P’, 1)) is an isomorphism.

Let 0’ be the component of 0%’ that is not a component of dX. As in the following
picture, we can construct an increasing boundary stabilization (X', P') — (X", P")
that attaches a 3-holed torus to @’ such that the composition

(E, P) — (E/, Pl) — (Z”, 7)//)

is a double boundary stabilization:

) —

Let " be the stabilization of p’ to (£”,P”). We then have maps

(5'1) Hk (I(E ’ P’ /’L)) - Hk (I(Z/a P/’ /’L/)) - Hk (I(E//’ P//’ /’L//))'
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Proposition 5.9 implies that the composition (5-1) is an isomorphism, and Proposition 5.7
implies that Hy (Z(X', P', ') — Hy (Z(Z”, P”, u”)) is an isomorphism. We conclude
that Hy (Z(2, P, 1)) — Hi (Z(X', P’, 1)) is an isomorphism, as desired. O

6 Double boundary stabilization

Adapting an argument due to Hatcher and Vogtmann [12], we will prove Proposition 5.9
by studying a complex of “order-preserving double-tethered loops” whose vertex-
stabilizers yield double boundary stabilizations:

We will require that the homology classes of both the loop and the “double-tether”
arc vanish under the homology marking. Getting the loop to vanish will be an easy
variant on the argument we used for vanishing surfaces in Section 3.3.2, but getting
the double-tether to vanish is harder and will require new ideas. We will build up the
complex in three stages (tethered vanishing loops, then double-tethered vanishing loops,
and then finally order-preserving double-tethered vanishing loops) in Section 6.3-6.7.
These five sections are preceded by two technical sections: Section 6.1 gives a necessary
and sufficient condition for an A—homology marking to be supported on a symplectic
subsurface, and Section 6.2 is about destabilizing A—homology markings. After all this
is complete, we prove Proposition 5.9 in Section 6.8.

6.1 Identifying markings supported on a symplectic subsurface

Consider some (X, P) € PSurf. In this section, we give a necessary and sufficient
condition for an A-homology marking on (X, P) to be supported on a symplectic
subsurface. This requires some preliminary definitions (which will also be used later).

Intersection map Let g be a finite set of oriented simple closed curves on ¥ and
let Z[q] be the set of formal Z-linear combinations of elements of ¢g. Define the
g—intersection map to be the map iy : H?(Z, 0%) — Z|q] defined as follows. Let

wy H{(Z,0X)xH{(X) > Z
be the algebraic intersection pairing. For x € H?(E, d%), we then set

ig(x) =) wsx.[y)-y.

Y€q
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Total boundary map For a set ¢ as above, define

Bl ={ X v v e 2lal| ey =0}.

Y€q v€q
Consider p € P. Each boundary component d € p is a simple closed curve on X,
and the orientation on X induces an orientation on 0 such that Int(X) lies to the left
of 0. We thus have the map i,: HT(E, d%) — Z[p). Since Hf(E, 0X) is generated
by the homology classes of oriented loops and arcs connecting P—adjacent boundary
components, the image of i, is Z[ p]- Define
Zp=EPZlpl.

DEP
The total boundary map of (X, P) is the map ip: Hf(E, 0X) —> Zp obtained by taking
the direct sum of all the i, for p € P.

Remark 6.1 Each Z[ p] naturally lies in Ho(9), and the total boundary map can be
identified with the restriction to H713(E, 0%) of the usual boundary map H; (X, 0¥) —
Ho(3Y).

Symplectic support Now consider an A-homology marking u on (X, P). Back
in Remark 5.1, we observed that a necessary condition for p to be supported on a
symplectic subsurface is that ip(ker(i)) = Zp. The following lemma says that this
condition is also sufficient:

Lemma 6.2 Let i be an A-homology marking on (X,P) € PSurf. Then p is
supported on a symplectic subsurface if and only if ip(ker(n)) = Zp.

Proof The nontrivial direction is that if ip(ker(n)) = Zp, then W is supported on a
symplectic subsurface, so that is what we prove. Write

P={{0],.... 0 {07, .... 0%, ... (0T, ... 0% 1)
Below we will prove that, forall 1 <i <n and 1 < j < k;, we can find embedded arcs
«;; satisfying
* «;j connects aj. to 8§+1,
e the o;; are pairwise disjoint, and

e p([ojj]) =0foralli and ;.
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Letting g be the genus of 3, we can then find a subsurface X/ of X that is homeomorphic
to X i, such that ¥’ is disjoint from 03 and the o; 75 see here:

Let P’ = {0X'}, so (X', P") — (X, P) is a PSurf-morphism. It is easy to see that we
can find an A-homology marking i’ on (X', P’) such that p is the stabilization of © to
(X2, P); see Lemma 6.3 for a more general result that implies this. The lemma follows.

It remains to find the o;;. The assumptions in the lemma imply that, for 1 <i <n
and 1 < j < k;, we can find arcs «;; (not necessarily embedded or pairwise disjoint)
satisfying

* «;j connects aj. to 8;'. and

+1°
e p([oij]) =0foralli and j.

Homotoping the «;;, we can assume that their endpoints are disjoint from each other,
their interiors lie in the interior of X, and all intersections and self-intersections are
transverse. Choose these «;; so as to minimize the number of intersections and self-
intersections. We claim that the «;; are then all embedded and pairwise disjoint from
each other. Assume otherwise. Let «;, j, be the first element of the ordered list

11,012, -+, 01 k1 —1,0215+ -+, QD fp—1, X315 ..., Uy, —1

that intersects either itself or one of the other «;;. As in the following picture, we
can then “slide” the first intersection of «;, j, off of the union of the 8;-" and o, j
with j < jo:

slide
—

Xip,3

Since the homology classes of all the 8;. are in the kernel of p, this does not change the
value of any of the u([e;;]), but it does eliminate one of the intersections, contradicting
the minimality of this number. O
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6.2 Destabilizing homology-marked partitioned surfaces

Consider (X, P) € PSurf. This section is devoted to “destabilizing” A-homology
markings on (X, P) to subsurfaces.

Existence Let yu be an A-homology marking on (X, P) and let (X', P’) — (X, P) be
a PSurf-morphism. One obvious necessary condition for there to exist an A—~homology
marking ¢’ on (¥’, P’) whose stabilization to (X, P) is u is that x must vanish on
elements of HT(E, dX) supported on X\ ¥’. This condition is also sufficient:

Lemma 6.3 Let p be an A—homology marking on (X, P) € PSurf and let (X', P') —
(2,P) be a PSurf-morphism. Then there exists an A—homology marking (' on
(X', P’) whose stabilization to (X, P) is 4 if and only if ju(x) =0 forall x e HY (Z,0%)
supported on T\ X',

Proof The nontrivial assertion here is that, if w(x) = 0 for all x € HT(E, %)
supported on X\ X/, then u’ exists, so this is what we prove. Let ¢ (X, P') — (2, P)
be the inclusion. We want to show that p: H?(E, d%) — A factors through
*HT (3, 03) — HY (%, 0%)).
The cokernel of ¢* is obviously free abelian. It is thus enough to prove that y vanishes
on ker(t*). To do this, we will show that ker(t*) is generated by elements supported
on X\ ¥’. The map ¢* is the restriction to Hf(E, 0%) of the composition
H (2,0%) L Hy (2, =\ Int(2')) 2 H, (T, 05).

It is thus enough to show that all elements of ker( /') are supported on X\ ¥’. The long
exact sequence in homology for the triple (X, X \ Int(X’), 9¥) implies that ker( /') is
generated by the image of

H;(Z \Int(E’), 0X) > H (2, 0%).

The desired result follows. O

P-simple subsurfaces We now study when destabilizations of markings supported
on symplectic subsurfaces are supported on symplectic subsurfaces. Rather than prove
the most general result possible, we will focus on the case of P—simple subsurfaces
of X, which are subsurfaces ¥’ satisfying (see Example 6.4 below):

e Y’ is connected.

e The closure S of X\ X’ is connected.

Algebraic & Geometric Topology, Volume 23 (2023)



Partial Torelli groups and homological stability 3467

¢ The set of components of dS can be partitioned into two disjoint nonempty
subsets ¢ and ¢’ as follows:
— The elements of ¢’ all lie in the interior of X, and are thus components
of 9%, These will be called the interior boundary components.
— The elements of g are components of X \ X’ lying in a single p € P.
These will be called the exterior boundary components.

Given a P-simple subsurface X’ of X, the induced partition P’ of the components
of 0%’ is obtained from P by replacing p with (p \ ¢) Uq’, where p, ¢ and ¢’ are as
above. The map (X', P’) — (X, P) is clearly a PSurf-morphism.

Example 6.4 Let X = Eg and P = {{01, 02, 93}, {34, 95}}. Consider the following
shaded subsurface X’ of X:

,,,,,

i O g O

\ O :
85 'O O a1

[
’

The subsurface ¥’ is a P—simple subsurface with interior boundary components ¢’ =
{07, ). 03}, exterior boundary components ¢ = {91, 5}, and induced partition P’ =
{101, 05, 05, 03}, {94, 9s}}-

Closed markings and intersection maps We now introduce some notation needed to
state our result. Let (X, P) € PSurf and let u be an A-homology marking on (X, P).
The associated closed marking on (X, P) is the map ft: H{(X) — A defined via the
composition

H(Z) - HY(Z,0%) & 4.

Also, for a finite set ¢ of oriented simple closed curves on X, define the closed g—
intersection map to be the map {q: H(X) — Z]q] defined via the composition

H,(Z) - HP(Z,0%) % Z[q].

If the elements of ¢ are disjoint and their union bounds a subsurface on one side (with
respect to the orientations on the curves of ¢), then the image of i, lies in Z[q].

Destabilizing and symplectic support With the above notation, we have the following
lemma:
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Lemma 6.5 Let u be an A—homology marking on (X, P) that is supported on a
symplectic subsurface. Let ¥’ be a P—simple subsurface of ¥ with induced partition
P’ and let u’' be an A—homology marking on (¥, P’) whose stabilization to (X, P)
is . Assume the following:

e Let g’ be the interior boundary components of X’ and let f1: H{(X) — A be the
closed marking associated to j. Orient each 0’ € ¢’ so that ¥’ lies to its lefft.
Then {q/(ker(,&)) =7Z[¢)

Then ' is supported on a symplectic subsurface.

Proof By Lemma 6.2, we must prove that the map
ip HY (2,0%) — Zpr
takes ker(u’) onto Zp/. Below we will prove two facts:
o Zlg'| C ipr(ker(u).
o Letting:: (3, P') — (Z, P) be the inclusion and * :H] (2, %) — H] (X, 9%)
be the induced map, there exists a surjection §: Zp — Lp / Z[q/ ] such that the
diagram

HP (S, 03) i Zp

1) l lﬁ

HY'(2,0%") —" Lp —"» L/ Z1q']

commutes.

Assume these, for the moment. Since Z[g'] C ips(ker(i')), to prove ips(ker(i)) = Zpr
it is enough to prove that n(ip/ (ker(u’ ))) =Zp / Z[q/ ]. Since p is supported on a
symplectic subsurface, Lemma 6.2 says that ip(ker(u)) = Zp, s0
(6-2) 7 (ip (¢ (ker(w)))) = B (ip (ker(w)) = B(Zp) = Zp'/Zl4']
Since u is the stabilization of u’ to (X, P), by definition we have u = u’ o t*, so
*(ker(u)) C ker(u’). Plugging this into (6-2), we get that

7 (ip (ker(u)) = Zp' /ZI4"),
as desired.

It remains to prove the above two facts. We start with the first. Since elements of
H; (%) can be represented by cycles that are disjoint from all components of 0%, the
image of the composition

H,(2) - HP(Z,9%) S HY (2,0%)) 25 Zp
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must lie in Z[q/ ]1C Zpr. From its definition, it is clear that this composition in fact
equals ig. Our hypothesis about i,/ thus implies that

ZIg'| C ip (¢ (ker(p))) C ipr(ker(u')),

as desired. Here we are using the fact (already observed in the previous paragraph) that
*(ker(p)) C ker(u).

We now construct §: Zp — Zp/ / Z[q’ ]. Let g be the exterior boundary components
of X'. Write P = {py...., pr} with ¢ C p;. Setting p} = (p1 \ ¢) Uq’, we then have

Pl = {p/lvpz’ LR ’pk} Thus
k k
Zp=Zlp @ @PZlpi] and Zp/Zlg'1=Z[p})/Zlg" & P ZIpi]
i=2 i=2
On the Z|p;] summand for 2 < < k, the map B is the identity. On the Z[p;] summand,
the map B is the restriction to Z[p;] of the map

ZIpi] = ZIpi \ q1® Zlg) — ZIp1 \ g1 ® ZIq')/ ZIq'| = Zp})/ Z1q']

that is the identity on Z[p; \ ¢] and takes every element of ¢ to the generator of
Zlq'l/ Z[q’ | = Z. This map B is clearly a surjection. The fact that (6-1) commutes
follows from the fact that an arc in X from a component d; of X to a component d,
of 03X with d; and d, both lying in some p; has the following algebraic intersection
number with the union of the components of g:

e 0ifi >2,ifi =1and d,0, € p; \¢q,orifi =1and d¢,0d;, €4,
e 1ifi=1,0; € py\qandd;, €q,
o —1] ifi=1,82€qand81€p1\q.

The reason for this is that each time the arc crosses from X’ to S it adds +1 to its
total intersection with ¢, while each time it crosses from S to ¥’ it adds —1 to its total
intersection with ¢. See the following figure, where X is shaded and S is unshaded:

The lemma follows. O
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6.3 The complex of tethered vanishing loops

We now begin our long trek to the complex of order-preserving double-tethered vanish-
ing loops, starting with the complex of tethered vanishing loops. The definition takes
several steps.

Tethered loops Define t(S!) to be the result of gluing 1 € [0, 1] to a point of S'.
The subset [0, 1] € T(S1) is the tether and 0 € [0, 1] C ©(S?) is the initial point of the
tether. For a surface X € Surf and a finite disjoint union of open intervals / C %, an
I—tethered loop in T is an embedding ¢: 7(S') — X such that

¢  takes the initial point of the tether to a point of 7, and

e orienting ((S') using the natural orientation of S, the image ¢([0, 1]) of the
tether approaches ¢(S!') from its right.

Complex of tethered loops For a surface ¥ € Surf and a finite disjoint union of open
intervals I C 0%, the complex of I[—tethered loops on X, denoted by TL(XZ, I), is the
simplicial complex whose k—simplices are collections {tg, ..., t;} of isotopy classes
of I—tethered loops on ¥ that can be realized so as to be disjoint and not separate X:

This complex was introduced by Hatcher and Vogtmann [12], who proved that if ¥ has
genus g then TL(X, 1) is %(g—3)—connected; see [12, Proposition 5.1].

Complex of tethered vanishing loops Let & be an A-homology marking on (X, P) €
PSurf and let / C 0% be a finite disjoint union of open intervals. Define 7L(X, I, P, 1)
to be the subcomplex of 7L(X, I) consisting of k—simplices {i¢, ..., ty } satisfying
the following conditions. For 0 <i < k, let y; be the oriented loop (:;)|g1. Set
I' = {yo,...,Yx}. As in Section 6.2, let fi: H{(X) — A be the closed marking
associated to u and let {p: H;(X) — Z[I'] be the closed I'-intersection map. We then
require that [1([y;]) = 0 for all 0 <i < k and that ir (ker(i1)) = Z[T'].

Remark 6.6 This last condition might seem a little unmotivated, but is needed to
ensure that the stabilizer of our simplex is supported on a symplectic subsurface (at least
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in favorable situations). It clearly always holds when u is supported on a symplectic
subsurface that is disjoint from the images of all the ¢;. This is best illustrated by an

example:

v O
i support

If T' = {yo, 1. Y2} and 8¢, 81, 6, are as shown, then [i([5;]) = 0 and {I‘ ([6;]) = y;i for
0 <i <2, which implies that ip (ker(2)) = Z[T.

High connectivity Our main topological theorem about 7 L£(X, I, P, ) is as follows:

Theorem 6.7 Let & be an A—homology marking on (X, P) € PSurf, I C 0X be a
finite disjoint union of open intervals, and g be the genus of . Then TL(X, I, P, i)
is (g—(2 rk(A)—|-3))/(rk(A) +2)—connected.

Proof The proof is very similar to that of Theorem 3.8. We start by defining an
auxiliary space. Let X be the simplicial complex whose vertices are the union of the
vertices of the spaces TL(Z, I, P, u) and T Sy (4)+1(X., 1) and whose simplices are
collections o of vertices such that:

e The vertices in o (which are embeddings of either 7(S!) or r(Erlk( 4) 41) into %)
can be homotoped so that their images are disjoint and do not separate 3.

e Let o/ C o be the subset consisting of vertices of TL(Z, I, P, 1). Then o’ is a
simplex of TL(X, 1, P, ).

Both TL(X, I, P, u) and T S(4)+1(X, I) are subcomplexes of X

The subcomplex 7 S (4)+1(Z, 1) of X is (g—(2 rk(A)+3))/(rk(A)—|—2)—connected
by Theorem D. An argument using Corollary 2.4 identical to the one in the proof of
Theorem 3.8 shows that this implies that X is ( g—(21k(A) +3)) /(rk(A)+2)—connected.
As in the proof of Theorem 3.8, this implies that it is enough to construct a retraction
r: X ->TLEZE,I,P,u).

For a vertex ¢ of X, we define r(¢) as follows. If ¢ is a vertex of TL(X, I, P, i), then
r(1) = v. If instead ¢ is a vertex of T Sy(4)+1(X, 1), then we do the following. Let
ft: Hy(X) — A be the closed marking associated to u. Define u': Hy (EEk(A)H) — A
to be the composition

Hi (S 41) = Hi(@(Sh 4 ) <> Hi(D) & 4.
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Proposition 3.4 implies that there exists a subsurface S C Erlk( A+ with §' = E% and

W' u, (s) = 0. Let o be a nonseparating oriented simple closed curve in S. Define r (1)
to be the vertex of TL(X, I, P, t) obtained by adjoining the tether of ¢ and an arbitrary

arc in L(Erlk(A)+l) to ¢(a); see here:

To see that this is actually a vertex of 7 L(X, I, P, it), observe that by construction

AR@D =0, e(H(S) Cker(@) and gy (e(Hi (5)) = 1(@).
Of course, r(t) depends on various choices, but we simply make an arbitrary choice.

To complete the proof, we must show that » extends over the simplices of X. Let o
be a simplex of X. Enumerate the vertices of o as {tg, ..., (k, LE), R L%}, where the ¢;
are vertices of 7L(X, I, P, i) and the t} are vertices of TSy (4)+1(Z, 1). We must
prove that

r(o) = {Lo,...,tk,r(tg),...,r(t/e)}

is a simplex of 7 L(X, I, P, t). The images of the vertices in r (o) can clearly be homo-
toped so as to be disjoint, so the only thing we must prove is the following. For 0 <i <k
and 0 < j </, letA)/,- =tj|g1 and )/]f = L}|S1. Setting I' = {0, ..., Vks Vg - - - » Vg }» WE
have to show that ir (ker(j2)) = Z[T']. Setting T'y = {yo, ..., yx}and T2 ={yg, ..., ¥}
we will show that T'; and T, are both contained in ip (ker(j1)).

We start with I'. By construction, for 0 < j < £ there exists a subsurface S; of X with
Sj = Z} such that

* y;CSj,and

e the S are disjoint from each other and from all the y;, and

* regarding H;(S;) as a subgroup of H; (X), we have H; (S;) C ker(/1).
Since ir(H; (Sj) = )/j’, we have )/J{ € ir(ker(j1)), as desired.
It remains to show that T'; Cip (ker(jt)). Since {tg,...,t }isasimplex of TL(Z,1,P, 1),
by definition we have {Fl (ker(ft)) = Z[I'1]. For some 0 <i <k, let x € ker(fi) be

such that {pl (x) = y;. We then have ir (x) = yi 4+ z with z € Z[TI';]. Since we already
showed that Z[I",] C ir (ker(f1)), we conclude that y; € ir (ker(f1)), as desired. ad
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6.4 The complex of double-tethered vanishing loops
The definition of the complex of double-tethered vanishing loops takes several steps.

Double-tethered loops Define t2(S) to be the result of gluing 1 € [0,2] to S'. We
will call [0,2] C 72(S!) the double tether; the point 0 € [0, 2] is the double tether’s
initial point and 2 € [0, 2] is its terminal point. For a surface ¥ € Surf and finite
disjoint unions of open intervals I, J C X with I NJ = &, an (I, J)—double-tethered
loop in ¥ is an embedding ¢: 72(S') — ¥ where

¢ | takes the initial point of the double tether to a point of I and the terminal point
of the double tether to a point of J, and

o orienting ((S!) using the natural orientation of S, the image ¢([0, 1]) approaches
t(S1) from its right and the image ¢([1, 2]) leaves ((S') from its left.

See here:

We remark that right now we allow boundary components that contain components of
both I and J, but later when we discuss double-tethered vanishing loops our hypotheses
will exclude this possibility.

Complex of double-tethered loops For a surface ¥ € Surf and finite disjoint unions
of open intervals I, J C 0% with I N J = &, the complex of (I, J)—double-tethered
loops on X, denoted by DT L(X, I, J), is the simplicial complex whose k—simplices
are collections {tg, ..., ;} of isotopy classes of (/, J)—double-tethered loops on X
that can be realized so as to be disjoint and not separate . See here:

This complex was introduced by Hatcher and Vogtmann [12], who proved that if 3 has
genus g then, like 7L(X, I), it is %(g—3)—c0nnected; see [12, Proposition 5.2].

P-adjacency Consider (X, P) € PSurf and let /, J C X be finite disjoint unions of
open intervals with 7 N J = &. Recall that components d and 0’ of dX are said to be
P-adjacent if there exists some p € P such that d,9" € p. We will say that I and J are
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‘P—-adjacent if, for all components d; and dy of 0% such that d; contains a component
of I and d; contains a component of J, the components dy and d; are distinct and
‘P-adjacent.

Complex of double-tethered vanishing loops Let i be an A—homology marking
on (X,P) € PSurf and let /, J C dX be P-adjacent disjoint unions of open intervals
with I N J = . In particular, there are no boundary components of ¥ containing
components of both / and J. Define DT L(X, I, J, P, i) to be the subcomplex of
DTL(X, 1, J) consisting of k—simplices {i¢, ..., tx} satisfying the following condi-
tions. Let i: H;(X) — A be the closed marking associated to j.

e For 0 <i <k, let y; be the oriented loop (t;)|g1 and «; be the oriented arc
(ti)[0,2]- We then require that {([t;]) = 0 and j4([o;]) = 0. This second condition
makes sense since / and J are P-adjacent.

e SetI' ={yo,...,Yr} We then require that i (ker(fr)) = Z[T'].

Identifying 7(S!) with the union of [0, 1] and S! in 72(S!), these conditions imply
that {(t0)|z(s1), - - - » (k)| z(s1)} is @ simplex of TL(X, I, P, ).

6.5 The complex of mixed-tethered vanishing loops

Our main theorem about the complex of double-tethered vanishing loops says that it is
highly connected. We will prove this in Section 6.6 below. This section is devoted to
an intermediate complex that will play a technical role in that proof.

Complex of mixed-tethered vanishing loops Let 1 be an A-homology marking on
(X,P) € PSurf and let I, J C 0¥ be P—adjacent disjoint unions of open intervals
with I NJ = @. Let i: H;(X) — A be the closed marking associated to . De-
fine MTL(X,1,J,P, 1) to be the simplicial complex whose k—simplices are sets
{tg,...,t}, where each (; is the isotopy class of either an /—tethered loop or an
(1, J)—double-tethered loop and where the following conditions are satisfied:

e The (; can be realized so that their images are disjoint and do not separate X.
e For0=<i <k,]lety; be the oriented loop (:;)| g1. We then require that {([y;]) =0.

e For 0 <i <k such that; is an (/, J)—double-tethered loop, let z; be the oriented
arc ()|[o,2)- We then require that 1 ([er;]) = 0.

e SetI' ={yo,...,Vr} We then require that {p (ker(i1)) = Z[T'].

These conditions ensure that both DT L(X, 1, J, P, u) and TL(XZ, I, P, i) are full
subcomplexes of MTL(XZ,1,J,P, 1).
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Links Our first task will be to identify links in MTL(Z, 1, J, P, u).

Lemma 6.8 Let yu be an A—homology marking on (X, P) € PSurf. Let I,J C 0%
be P—adjacent finite disjoint unions of open intervals with I N J = @. Finally, let o
be a k—simplex of MTL(X, 1, J, P, ). Then there exists some (X', P') € PSurf, an
A-homology marking ' on (X', P’), and P’-adjacent finite disjoint unions of open
intervals I', J' C 0%’ with I’ N J' = & such that:

e The link of o is isomorphic to MTL(X',I',J’,P’, u’). Moreover, the in-
tersections of the link of o with TL(X,1,P,u) and DTL(X,1,J,P, n) are
TLE,I',P',i)and DTLZ,I', J', P, 1), respectively.

o If X is a genus-g surface, then ¥’ is a genus-(g — k — 1) surface.

e If u is supported on a symplectic subsurface, then so is .

Proof It is enough to deal with the case where o has dimension 0; the general case
will then follow by applying the dimension 0 case repeatedly. We thus can assume that
o = {t}, where ¢ is either an /—tethered loop or an (/, J)—double-tethered loop. The
two cases are similar, so we will give the details for when ¢ is an (/, J)-double-tethered
loop. Let X/ be the result of cutting X open along the image of ¢:

We remark that the fact that 7 and J are P—adjacent implies that the initial and terminal
points of the double tether are on distinct boundary components.

By isotoping X’ into the interior of X, we can regard ¥’ as a P-simple subsurface of X:

Let P’ be the induced partition of the components of d%’. By Lemma 6.3, there exists
an A-homology marking ' on (X, P’) such that u is the stabilization of " to (X, P).

As is clear from the above figure, when forming X’ the sets I and J are divided into
finer collections I’ and J' of open intervals in X’ such that the link of o is isomorphic
to MTLX,I',J', P, ii'). By construction, ¥’ has genus g — 1. The only thing that

Algebraic & Geometric Topology, Volume 23 (2023)



3476 Andrew Putman

remains to be proved is that if p is supported on a symplectic subsurface, then so
is ', Letting ft: H{(X) — A4 be the closed marking associated to p and ¢ be the
interior boundary components of X’ (as in the definition of a P—simple subsurface in
Section 6.2), Lemma 6.5 says that it is enough to prove that {q (ker(f1)) = Z[q].

Let y =t|g1. Since ¢ is a vertex of MT L(X, 1, J, P, j¢), there exists some x € ker(/t)
such that {y (x) = y. By construction, we have ¢ = {y1, y»}, where y; (resp. y,) is
obtained by band-summing y with a component of % containing a component of /
(resp. J). The orientations on the y; are such that y; is homologous in H; (2, 9X) to
y and y; is homologous to —y. It follows that {q (x) = y1 — y2, which generates Z[q]
The lemma follows. d

Completing a tethered loop to a double-tethered loop As a first application of
Lemma 6.8 (or, rather, its proof), we prove the following:

Lemma 6.9 Let i be an A—homology marking on (X, P) € PSurf that is supported
on a symplectic subsurface. Let I, J C % be P—adjacent finite disjoint unions of open
intervals with I N J = @. Then, for all vertices t of TL(X, I, P, u), there exists a
vertex L of DTL(Z, I, J, P, ) such that i|;(g1y = t.

Proof Let (X/,P’) and I’, J' and i be the output of applying Lemma 6.8 to the
O-simplex {¢} of TL(X,I,P, ) CMTL(XE,I,J,P, ). The A-homology marking
p on (X, P’) is thus supported on a symplectic subsurface. As in the following figure,
it is enough to find an embedded arc « in ¥’ connecting the endpoint pg of the tether
of ¢ to a point of J such that u/([e]) = 0:

Since p is supported on a symplectic subsurface, Lemma 6.2 implies that there exists
an immersed arc o (not necessarily embedded) connecting pg to a point of J such that
1 ([a]) = 0. Choose « so as to have the fewest possible self-intersections. Then « is
embedded; indeed, if it has a self-intersection, then as in the following figure we can
“comb” its first self-intersection over the component of ¥’ containing pg:

7
%
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This has the effect of removing a self-intersection from «, but since w1’ vanishes on all
components of %’ it does not change the fact that /' ([«]) = 0. The lemma follows. O

High connectivity We close this section by proving that MTL(X, 1, J, P, 1) is
highly connected.

Theorem 6.10 Let u be an A—homology marking on (X, P) € PSurf. Let [,J C 0%
be P-adjacent finite disjoint unions of open intervals with I N J = & and let g be the
genus of £. Then MTL(E,1,J, P, ) is (§—(2rk(A4)+3))/(tk(A)+2)—connected.

Proof Setn = (g— (21k(A4) + 3))/(tk(4) + 2) and
X=MTLEZ,I1,J,P.n), Y=TLEZ,I,J,P.,n) and Y'=DTL(Z,I,J,P,un).

Theorem 6.7 says that Y is n—connected, so it is enough to prove that the pair (X, Y)
is n—connected. To do this, we will apply Corollary 2.4. This requires showing the
following. Let o be a k—dimensional simplex of Y’ and let L be the link of o in X.
Then we must show that L NY is (n—k—1)—connected.

Lemma 6.8 says that LNY =~ TL(X', I',J", P, '), where X/, I, J', P’ and pu' are
as follows:
e (¥',P’) € PSurf with X’ a genus-(g—k—1) surface.
e 1/ is an A-homology marking on (X’, 7).
e [I',J’ C 0% are P’—adjacent finite disjoint unions of open intervals satisfying
I'nJ =g.
Theorem 6.7 thus says that L N'Y is n’—connected for

,_g—QikA)+3) _g-Qk()+3)  k+1
T k()2 k(A +2 k(A)+2

—k—1. O

6.6 High connectivity of the complex of double-tethered vanishing loops

In this section, we finally prove that the complex of double-tethered vanishing loops is
highly connected:

Theorem 6.11 Let & be an A—homology marking on (X, P) € PSurf that is supported
on a symplectic subsurface. Let I, J C 0% be P—-adjacent finite disjoint unions of open
intervals with I N J = @& and let g be the genus of . Then DT L(X,1,J, P, 1) is
(g—(2 rk(A)+3))/(rk(A)—i—Z)—connected.
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The proof of Theorem 6.11 requires the following lemma. Say that a simplicial map
f M — X between simplicial complexes is locally injective if f|s is injective for all
simplices o of M.

Lemma 6.12 Let M be a compact n—dimensional manifold (possibly with boundary)
equipped with a combinatorial triangulation, let X be a simplicial complex, and let
f: M — X be a simplicial map. Assume

e flaar is locally injective,
e for all simplices o of X, the link of o in X is (n—dim(o)—2)—connected.

Then after possibly subdividing simplices of M lying in its interior, f is homotopic
through maps fixing dM to a simplicial map f’: M — X that is locally injective.

Proof We remark that the proof of this is very similar to Hatcher and Vogtmann’s
proof of Proposition 2.3 above, though it seems hard to deduce it from that proposition.
This result is also related to [10, Theorem 2.4].

The proof will be by induction on n. The base case n = 0 is trivial, so assume that
n > 0 and that the result is true for all smaller dimensions. Call a simplex o of M a
noninjective simplex if, for all vertices v of o, there exists a vertex v’ of o with v # v’
but f(v) = f(v). If M has no noninjective simplices, then we are done. Assume,
therefore, that M has noninjective simplices, and let o be a noninjective simplex of M
whose dimension is as large as possible. Since no simplices of M are noninjective,
the simplex o does not lie in dM . Letting L C M be the link of o, this implies
that L o= §"~9m(@)—1 T etting L’ be the link of f(c) in X, the maximality of the
dimension of o implies two things:

e f(L)CL'.
e The restriction of f to L is locally injective.
Our assumptions imply that L” has connectivity at least
n—dim(f(0))—2>n—(dim(c)—1)—2 =n—dim(c) — 1.
Here we are using the fact that f|5 is not injective. We can thus extend f|z to a map
F: Dn—dim(o) Ny
that is simplicial with respect to some combinatorial triangulation of D”~4m(®) that
restricts to [ oz §"~4m(@)=1 op 9 pr=dim©) Since dim(c’) > 1 and F|ypn—dgimer = f|L

is locally injective, we can apply our inductive hypothesis to F and ensure that F is
locally injective. The star S of o is isomorphic to the join o * L. Subdividing M
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and homotoping /', we can replace S C D"~4m(®) with do + D"~4m(®) and f|g with
flas * F. Here are pictures of this operation for » = 2 and dim(o) € {0, 1, 2}; on the
left-hand side is S, and on the right-hand side is do s D" ~dim(@);

O-P - A-A

In doing this, we have eliminated the noninjective simplex o without introducing any

new noninjective simplices. Repeating this over and over again, we can eliminate all
noninjective simplices, and we are done. O

Proof of Theorem 6.11 We will prove by induction on n that DT L(X, I, J, P, i) is
n—connected for —1 <n < (g— (2rk(A)+ 3))/ (rk(A)+2). The base case simply asserts
that DT L(X, I, J, P, u) is nonempty when (g —(21k(4) +3))/(k(4) +2) > —1. In
this case, Theorem 6.7 asserts that 7 L(X, I, P, ) # &, and thus Lemma 6.9 implies
that DTL(XZ, I, J, P, u) # &, as desired.

Assume now that 0 < n < (g — (2rk(4) + 3))/(tk(4) + 2) and that all complexes
DTLE, I',J',P', i) as in the theorem are n’—connected for
g —Q2rk(4) +3) }
tk(A4) +2 '
where g’ is the genus of X’. We must prove that DT L(X, I, J, P, ) is n—connected.
Set X =MTL(X,I,J,P, ). The complex DT L(X, I, J, P, 1) that we want to show

is n—connected is a subcomplex of X, and Theorem 6.10 says that the connectivity
of X is at least

n = min{n -1,

g—(21k(4) +3)
> n
tk(4)+2 -
Define Y to be the subcomplex of X consisting of simplices containing at most one
vertex of TL(X,1,P, i), so

DTL(E,I.J,P.n) Y CX.

The first step is as follows.
Claim 1 The complex Y is n—connected.

Proof We know that X is n—connected, so to prove that its subcomplex Y is n—
connected it is enough to prove that the pair (X, Y) is (n+1)—connected. We will do
this using Proposition 2.3. For this, we must identify a set B of “bad simplices” of
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X and verify the three hypotheses of the proposition. Define B to be the set of all
simplices of TL(X, I, P, u) C X whose dimension is at least 1.

We now verify the hypotheses of Proposition 2.3. The first two are easy:

(i) A simplex of X lies in Y if and only if none of its faces lie in 53, which is
obvious.

(1) If 01,07 € B are such that o7 U 03 is a simplex of X, then oy U o, € B, which
again is obvious.

The only thing left to check is (iii), which says that for all k—dimensional o € B, the
complex G(X, g, B) has connectivity at least (n +1)—k—1=n—*k.

Let L be the link of o in X. Examining its definition in Section 2.2, we see that
G(X,0,B) = LNDTL(Z,I,J,P, 1.

Lemma 6.8 says that LN DT L(X,1,J,P,pu) =DTLE,I',J',P',u), where ¥/,
I', J’, P and yu' are as follows:
e (¥',P’) € PSurf with X’/ a genus g’ = g — k — 1 surface.

e ' is an A-homology marking on (X, P’) that is supported on a symplectic
subsurface.

e [',J’ C 0% are P’—adjacent finite disjoint unions of open intervals satisfying
I'nJ =g.

Our goal is thus to show that DT L(X', I, J',P’, i) is (n—k)—connected. Our induc-
tive hypothesis shows that DT L(X', I’, J', P’, u’) is n’—connected for

g’—(2rk(A)+3)}_min{n_1 g§—Qrk(4)+3) k+1 }
rk(A) 42 N ©ork(A4) +2 rk(A) 42
Zmin{n—l,n—%(k—i— 1)} >n—k.

n = min{n— 1,

Here we are using the fact that, by the definition of B, we have k > 1, and thus
k> 3(k+1). O

This allows us to fill n—spheres in DT L(X, I, J, P, ) with (n+1)—discs in Y. We
will modify these (n+1)—discs so that they lie in DT L(X, I, J, P, u). For technical
reasons, we will need our spheres and discs to be locally injective. That this is possible
is the content of the following two steps.
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Claim 2 Equip the n—sphere S" with a combinatorial triangulation and let f: S" —
DTL(X,1,J,P, i) be a simplicial map. Then after possibly subdividing S", the map
f is homotopic to a locally injective simplicial map.

Proof By Lemma 6.12, this will follow if we can show that, for all k—simplices o of
DTL(X,1,J,P, ), the link L of ¢ is (n—k—2)—connected. Applying Lemma 6.8,
we see that L = DT L(X, I',J',P', /), where X', I, J’, P’ and 1 are as follows:
e (X',P’) € PSurf with X’ a genus g’ = g — k — 1 surface.
e 1 is an A-homology marking on (X', P’) that is supported on a symplectic
subsurface.
e [',J' C 0% are P'-adjacent finite disjoint unions of open intervals satisfying
I'nJ' =o.
Our inductive hypothesis thus says that L DT L(X/, I’, J', P, i) is n’—connected for
g’—(2rk(A)+3)} mi {n—l, g§—@rk(4A)+3) k+1 }

n' = min{n -1,

rk(A4) +2 rk(A4) +2 rk(A4) +2
k+1
> min n—l,n—; >n—k-2,
rk(A4) +2
as desired. O

Claim 3 Equip the n—sphere S" with a combinatorial triangulation and let f:S" —Y
be a locally injective simplicial map that extends to a simplicial map of a combinatorial
triangulation of D"*!. Then there exists a combinatorial triangulation of D" that
restricts to our given triangulation on dD"*! = §" and a locally injective simplicial
map F: D" — Y such that F|ypn+1 = f.

Proof By Lemma 6.12, this will follow if we can show that, for all k—simplices o of ¥,
the link L of o is (n—k—1)—connected. As temporary notation, write Y (X, I, J, P, )
for Y. By Lemma 6.8, we have either
L=D7LE 17, Py or LY, I',J. P W),

depending on whether or not o contains a vertex of 7£(X, I, P, ). Here X', I, J’,
P’ and p’ are as follows:

e (X',P’) € PSurf with X/ a genus g’ = g —k — 1 surface.

e 1 is an A-homology marking on (X', P’) supported on a symplectic subsurface.

e I',J" C 0% are P’-adjacent finite disjoint unions of open intervals satisfying
I'nJ' =@.

Algebraic & Geometric Topology, Volume 23 (2023)



3482 Andrew Putman

Applying either our inductive hypothesis or Claim 1, we see that L is n’—connected for

g’—(2rk(A)—i—3)}zmin{n_1 g§—@rk(4)+3)  k+1 }

n' = min{n -1,

rk(A4) +2 rk(A4) +2 rk(A4) +2
k+1
> min n—l,n—; >n—k—1,
rk(A4) +2
as desired. O

We now finally turn to proving that DT L(X, I, J, P, i) is n—connected. Our induc-
tive hypothesis says that it is (n—1)—connected, so it is enough to prove that every
continuous map f:S" — DTL(X,1,J, P, 1) can be extended to a continuous map
F: D"\ - DTL(Z,1,J,P,1). Using simplicial approximation, we can assume
that f is simplicial with respect to a combinatorial triangulation of S”. Next, using
Claim 2 we can ensure that f is locally injective. The complex DT L(X, 1, J, P, i)
is a subcomplex of Y and Claim 1 says that Y is n—connected, so we can extend
f to a continuous map F: D"t! — Y, which by the relative version of simplicial
approximation we can ensure is simplicial with respect to a combinatorial triangulation
of D™T1 that restricts to our given triangulation on S”. Finally, applying Claim 3 we
can ensure that F is locally injective.

If F does not map any vertices of D" to TL(Z,1,P, 1), then the image of F
lies in DT L(X, 1, J, P, ) and we are done. Assume, therefore, that x is a vertex of
D"+ such that F(x) is a vertex ¢: t(S!) = X of TL(Z,1,P, ). Let L C D"*!
be the link of x and let £ C Y be the link of : = F(x). Since F is locally injective,
we have F(L) C L. Also, since simplices of Y can contain at most one vertex of
TLXE,I,P, 1), wehave LCDTL(X,I,J, P, 1.

By Lemma 6.9, we can find a vertex {: t2(S') — X of DTL(Z, I, J, P, 1) such that
lly(s1) = t. Let L be the link of { in DTL(E,1,J, P, 1), so L C L. As we said
above, we have F(L) C L. If F(L) C L, then we could redefine F to take x to {
instead of ¢. Repeating this process would modify F so that its image would lie in
DTL(Z,1,J,P, 1), and we would be done.

Unfortunately, it might not be the case that F(L) C L. We will therefore have to
perform a more complicated modification to F. Since L C D"*! is the link of the
vertex x and x does not lie in dD"*!, we have L = S”. Recall that

F(L)C LCDTL(S.1.J.P. ).
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Among all simplicial maps
G:L—>LCDTL(ZE, L, J,P, 1)

that are homotopic to F|r through maps S” — DT L(X, I, J, P, ju), pick the one that
minimizes the total number of intersections between the image of 7: t2(S!) — X and
the images of G(y): t2(S') — ¥ as y ranges over the vertices of L.

Below in Claim 4 we will prove that with this choice there are in fact no such intersec-
tions, and thus the image G (L) lies in the link L offin DTL(XE,1,J,P, ). Letting
* denote the join, we can then replace the restriction of F to the subset

x% L ptxS" >~ p't!

of D"*! with the following two pieces:

e The first is an annular region that is a combinatorial triangulation of S” x [0, 1],
both of whose boundary components are L. On this region, F' maps to a
homotopy from F|r to G.

e The second is the cone x * L = pt * S” = D"T1 on which F is defined to equal
G on L and to take x to [.

See the following figure, where the shaded region is the homotopy from F|z, to G

FlL

L %
—>
\A/ L

This redefines F so that F(x) = { without introducing any other vertices mapping to

vertices of TL(X, I, J, P, i), completing the proof.
It remains to prove the aforementioned claim about G: L — L C DT L(X,1,J, P, ).

Claim4 For all vertices y of L, we can choose a representative of G(y):t%(S!) — X
whose image is disjoint from the image of i: t>(S') — X.

Proof Assume otherwise. Since the image of G lies in the link £ of ¢, we can
choose representatives of the G(y) for y € L that are disjoint from the image of
1: 7(S1) = . Pick these representatives so that their intersections with the image of
Ulr1,21:[1, 2] — X are transverse and all distinct. Let y be the vertex of L such that the

Algebraic & Geometric Topology, Volume 23 (2023)



3484 Andrew Putman

image of n:= G(y): t2(S!) — ¥ intersects the image of U|r1,27: [1, 2] = X in the first
of these intersection points (enumerated from (1) to £(2)).

The argument is slightly different depending on whether this intersection point is
contained in the image under n: t2(S') — X of [0, 1], S' or [1,2]. We will give the
details for when this intersection point is contained in n(S!); the other cases are similar.

As in the following figure, let n’: 72(S!) — X be the result of “sliding” the intersection
point of 7 in question across ¢(S!) via the initial segment of ¢([1, 2]):

The image of 1’ intersects the image of ¢ in one fewer place than the image of 1. Define
G:L—>LCDTLZE,1,J,P,

to be the map which equals G except at the vertex y, where G’(y) =’ instead of 7.
It is easy to see that G’ is indeed a simplicial map. Since the image of 7’ intersects
the image of ¢ in one fewer place than the image of 7, to derive a contradiction to the
minimality of the total number of these intersections it is enough to prove that G and
G’ are homotopic through maps landing in DT L(XZ, I, J, P, ).

Define L’ =~ S""! to be the link of y in S”, define £, to be the link of 7 in
DTL(X,1,J, P, n), and define L, to be the link of ' in DTL(X, I, J, P, ). We
have G|r, = G'|1/, and the image G(L') = G'(L’) lies in £, N L,. Below we will
prove that the map G|z : L — £, N L, can be homotoped to a constant map. This
will imply that G and G’ are homotopic through maps lying in DT L(X, I, J, P, i)
via a homotopy like the one in this figure:

ywith G(y) =1 via homotopy like this:

y with G'(y) =/
This figure depicts the case n = 1; pictured is a fragment of L =~ S, along with the
vertex y and L’ =~ S°.
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Since L’ = 8™~ to prove that the map G|r/: L' — Ly N Ly can be homotoped to
a constant map, it is enough to prove that £, N L,y is (n—1)—connected. Define ¢ to
be the union of n(r2(S1)), ((S'), and the portion of the arc of ¢([1,2]) connecting
1(0) € «(S) to a point of n(S1); see here:

The images of both 1 and " are contained in a regular neighborhood of ¢. Let X/ be the
surface obtained by cutting open X along ¢. The surface X’ thus has genus g’ = g — 2.
Moreover, an argument identical to that in the proof of Lemma 6.8 shows that there
exist a partition P’ of the components of d%’, an A-homology marking ' on (X', P’),
and P’-adjacent finite disjoint unions of open intervals I/, J' C ¥’ with I'NJ' = &
such that

° En mﬁn/ ;MTE(E/, [/, J/, P/, /"L/)’
e ' is supported on a symplectic subsurface.

Our inductive hypothesis thus says that £, N L,y = MTL(E', I, J", P, ') is n'-
connected for

;o g'—(2rk(4) +3) , g — (2rk(4) +3) 2
n =min{n—1, =minin—1, —
rk(A4) +2 rk(A4) +2 rk(A4) +2
2

> 1 — 1’ _— = — 1’

> mm{n n K(A) £ 2} n
as desired. d
This completes the proof of Theorem 6.11. O

6.7 The complex of order-preserving double-tethered vanishing loops

We finally come to the complex of order-preserving double-tethered vanishing loops.

Complex of order-preserving double-tethered loops Let ¥ € Surf be a surface
and let 1, J C 0% be disjoint open intervals. Orient / so that X lies on its right and
J so that ¥ lies on its left. These two orientations induce two natural orderings on
simplices of DT L(X, I, J). The complex of order-preserving (I, J)—double-tethered
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loops, denoted by ODT L(X, I, J), is the subcomplex of DT L(X, I, J) consisting of
simplices such that these two orderings agree. Here is an example of such a simplex:

The complex ODT L(X, I, J) was introduced by Hatcher and Vogtmann [12], who
proved that if ¥ has genus g then (like T£(X, /) and DT L(X, I, J)) it is %(g—?»)—
connected; see [12, Proposition 5.3].

Complex of order-preserving double-tethered vanishing loops Let 1 be an A—
homology marking on (X, P) € PSurf and let /,J C 9% be disjoint P—adjacent
open intervals in 0X. Define the complex ODT L(XZ, I, J, P, j4) to be the intersection
of DTL(X,1,J,P, ) with ODTL(X, I, J). The orientations on / and J endow
ODTL(XZ,1,J,P, ) with a natural ordering on its simplices, and thus with the
structure of a semisimplicial set.

High connectivity The following theorem asserts that ODT L(X, I, J, P, ) has the
same connectivity that Theorem 6.11 says DT L(X, I, J, P, () enjoys.

Theorem 6.13 Let p be an A—homology marking on (3, P) € PSurf that is supported
on a symplectic subsurface. Let I, J C 0% be P—adjacent disjoint open intervals and
let g be the genus of . Then ODT L(X,1,J,P, 1) is (g—(2 rk(A)+3))/(rk(A)+2)—
connected.

Proof 1In[12, Proposition 5.3], Hatcher and Vogtmann show how to derive the fact that
ODTL(Z,1,J) is %(g—3)—connected from the fact that DT L(X, 1, J) is %(g—3)—
connected. Their argument works word-for-word to prove this theorem. |

Stabilizers In the remainder of this section, we will be interested in the case where
I and J are open intervals in distinct components d; and d; of ¥ (much of what
we say will also hold if d; = dy, but the pictures would be a bit different). The
Mod(X)-stabilizer of a simplex o = {i¢, ..., of ODTL(XZ, I, J) is the mapping
class group of the complement ¥’ of an open regular neighborhood of

Uy Uig(z2(SH)U-- Ui (z2(S1)).
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We will call this the stabilizer subsurface of o. See here:

regular \/
—_—

nbhd

E/

If d; and 0y are P-adjacent, then the surface X’ is a P—simple subsurface of X, and
thus has an induced partition P’. The following lemma records some of its properties
if o is a simplex of ODT L(X, I, P, i) for an A-homology marking @ on (X, P):

Lemma 6.14 Let i be an A—homology marking on (X,P) and let I and J be
open intervals in distinct P—adjacent components of 0%. Let o be a simplex of
ODTL(Z,1,J,P, ), let ¥’ be its stabilizer subsurface, and let P’ be the induced
partition of dX'. Then there exists an A—homology marking ' on (X', P’) such that
is the stabilization of j'. Moreover, if  is supported on a symplectic subsurface then
sois .

Proof The proof is identical to that of Lemma 6.8. |
Transitivity The final fact we need about these complexes is as follows:

Lemma 6.15 Let y be an A-homology marking on (X, P) € PSurf that is supported
on a symplectic subsurface and let I and J be open intervals in distinct P—adjacent
components of d¥. The group Z(X,P, iu) acts transitively on the k—simplices of
ODTL(XZ,1,J,P, ) if the genus of X is at least 2rk(A) +3 + k.

Proof Just like in the proof of Lemma 3.9, this will be by induction on k. In fact, once
we prove the base case k = 0, the inductive step is handled exactly like Lemma 3.9, so
we will only give the details for k = 0.

Assume that the genus of X is at least 21k(A) + 3. Theorem 6.13 then implies that
ODTL(X,1,J,P, 1) is connected, so to prove that Z(X, P, ) acts transitively on its
vertices it is enough to prove that if 1y, ¢;: 72(S') — X are vertices that are joined
by an edge, then there exists some f € Z(Z, P, i) such that f(i9) = t;. Let ¥’ be
the stabilizer subsurface of {tg,¢;} and let P’ be the induced partition of d%’. By
Lemma 6.14, there exists an A-homology marking 1’ on (¥, P’) that is supported on
a symplectic subsurface such that u is the stabilization of ' to (X, P). Let S = E}l
be a subsurface of X’ on which p’ is supported.
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The change of coordinates principle from [8, Section 1.3.2] implies that there is a
mapping class f/ on '\ Int(S) with f/(19) = t1. Let /' € Mod(X) be the result of
extending f” over S by the identity. Since y is supported on S, we have /' € Z(X, P, 1)
and f(t9) = t1, as desired. |

6.8 The double boundary stabilization proof
We now prove Proposition 5.9.

Proof of Proposition 5.9 We start by recalling the statement and introducing some
notation. Let 1 be an A-homology marking on (X, P) € PSurf that is supported on a
symplectic subsurface. Let (X, P) — (X', P’) be a double boundary stabilization and
let 1’ be the stabilization of u to (X/, P’). Setting

c=1k(A)+2 and d =2rk(4)+2,

we want to prove that the induced map Hy (Z(Z, P, n)) — Hp(Z(Z/, P', 1)) is an
isomorphism if the genus of X is at least ck + d and a surjection if the genus of X is
ck +d — 1. We will prove this using Theorem 3.1. This requires fitting Z(X, P, ) —
Z(X',P’, i) into an increasing sequence of group {G,} and constructing appropriate
simplicial complexes.

As notation, let (Sg, Pg) = (2, P), g =, (Sg+1.Pg+1)= (X', P')and g1 =p'.
In a double boundary stabilization like (Sg,Pg) — (Sg41,Pg+1), two boundary
components of Eg are glued to two boundary components of Sg to form Sg 1. We will
call the two boundary components of S to which Zg is glued the attaching components
and the two components of 823 N 3Sgy1 the new components.

By assumption, pg is supported on a genus-/ symplectic subsurface for some /£, ie
there exists a PSurf—morphism (7', Pr) — (Sg, Pg) with T = E}l and an A-homology
marking pr on (7', Pr) such that g is the stabilization of pr to (Sg, Pg). Applying
Corollary 3.6 to pr, we can assume without loss of generality that 2 < rk(A4). We can
then factor (7', Pr) — (Sg, Pyg) into an increasing sequence of subsurfaces

(T1 73T) — (Sh’ Ph) - (Sh+1 ) 7Dh-l—l) > > (Sg’ 7Dg)
such that
(i) each S, has genus r,
(i) each (Sy,Pr) = (Sy+1,Pr+1) is a double boundary stabilization, and

(iii) for r > h, the attaching components of (S, P») — (Sy+1, Pr+1) equal the new
components of (S,_1,P,—1) = (Sr, Py).
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See here:

This can then be continued indefinitely to form an increasing sequence of subsurfaces
(T, Pr) — (Sp.Pp) = -+ — (Sg. Pg) — (Sg—i-lapg—i-l) = (Sg42,Pgy2) —> -+

satisfying (i)—(iii). Here (Sg41,Pg+1) is as defined above. For r > h, let , be
the stabilization of p7 to (S;, ). This agrees with our previous definitions of jg

and Mg+1-
We thus have an increasing sequence of groups
Z(Sh. P h) CZ(Sht1. Pha1- ht1) CL(Shyn Phgas hg2) Coov.

For r > h, let I,,J, C dS, be open intervals in the two attaching components for
(Sr,Pr) = (Sy+1,Pr+1). According to Theorem 6.13, ODT L(Sy, I, Jr, Py, hy) i
(r—(d+1))/c—connected (where ¢ and d are as defined in the first paragraph).

Forn = 0, let
Gn=IZ(Sd+n: Pa+n:d+n) and Xp=ODTL(Sq+n.Lla+n: Ja+n:Pa+n:Ld+n)-
For this to make sense, we must have d + n > &, which follows from
d+n=2rk(4)+2+n>rk(A4) > h.
We thus have an increasing sequence of groups
GoCcGiCGyC---

with G, acting on X},. The indexing convention here is chosen so that X is 0—connected,
and more generally so that X}, is (n—1)/c—connected, as in Theorem 3.1. Our goal
is to prove that the map Hy(G,—1) — Hg(Gy) is an isomorphism for n > ck + 1
and a surjection for n = ck, which will follow from Theorem 3.1 once we check its
conditions:

(1) The first is that X3 is (n—1)/c—connected, which follows from Theorem 6.13.

(2) The second is that, for 0 <i < n, the group G,_;_ is the G,—stabilizer of some
i—simplex of X}, which follows from Lemma 6.14 via the following picture:

Algebraic & Geometric Topology, Volume 23 (2023)



3490 Andrew Putman

stabilizer
—_—
subsurface /4

(3) The third is that, for all 0 <i < n, the group G, acts transitively on the i —simplices
of X},, which follows from Lemma 6.15.

(4) The fourth is that, for all # > ¢ 4+ 1 and all 1-simplices e of X, whose boundary
consists of vertices v and v’, there exists some A € Gy, such that A(v) = v” and such
that A commutes with all elements of (G).. Let S’ be the stabilizer subsurface of e,
so by Lemma 6.14 the stabilizer (G,), consists of mapping classes supported on S’.
The surface Sy, \ Int(S’) is diffeomorphic to 2‘1‘ (as in the picture above), and in
particular is connected. The change of coordinates principle from [8, Section 1.3.2]
implies that we can find a mapping class A supported on Sy, \ Int(S’) taking the
double-tethered loop v to v". Lemma 6.14 implies that j¢;4, can be destabilized to an
A-homology marking on S’ (with respect to an appropriate partition) that is supported
on a symplectic subsurface. This implies that A lies in G, = Z(Sg4n. Pa+ns hd+n)
and commutes with (G,)e. |

7 Nonstability

This section concerns situations where homological stability does not occur. The
highlights are the proofs of Theorems B and 5.3.

Disc-pushing subgroup Let X € Surf be a surface and let d be a component of dX. Let
S be the result of gluing a disc to d. The embedding ¥ — % induces a homomorphism
Mod(X) — Mod(fl), which is easily seen to be surjective. Its kernel, denoted by
DP(d), is the disc-pushing subgroup and is isomorphic to the fundamental group of
the unit tangent bundle U > of f); see [8, Section 4.2.5]. Elements of DP(d) “push” 0
around paths in S while allowing it to rotate.

Disc-pushing and partial Torelli If 9 is the single component of 82;,, then DP(d) C
Mod(Eél,) is contained in the Torelli group Z(X ;,), and thus is also contained in
(= é, W) for any A-homology marking p on X é. he following lemma generalizes this
to the partial Torelli groups on surfaces with multiple boundary components:
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Lemma 7.1 Let p be an A—homology marking on (X, P) € PSurf and let d be a
component of d% such that {3} € P. Then DP(d) C Z(X, P, ).

Proof Let f € DP(0) and let x € H?(E, d%). It is enough to prove that f(x) = x.
Let S be the result of gluing a disc to d and let P = P\ {{d}}. We thus have a PSurf—
morphism ¢: (X,P) — (f], 73) Since the homology classes of arcs connecting d to
other components of 33 do not contribute to HP(E 0X), the map *: Hﬁ(i Bf]) —
HP(E dX) is a surjection (in fact, it is an 1som0rphlsm but we will not need this). We
can thus write x = (*(x) for some X € HP(E 82) Since

f € DP(9) = ker(Mod(X) > Mod(%)),
we clearly have 1. ( f)(X) = X, so Lemma 4.5 implies that

x =0(R) =" (NHE) = ST R) = f(x),

as desired. O

Johnson homomorphism Fix some g > 2 and let H = HI(Z;,). The Johnson
homomorphism [14] is an important homomorphism 7: Z(X ;,) — N'H. Letting d be
the single component of 3!, it interacts with the disc-pushing subgroup DP(9) =
m1(U Zy) in the following way. Let w € A’ H be the symplectic element, ie the element
corresponding to the algebraic intersection pairing under the isomorphism

(NH) = NH*=NH
where we identify H with its dual H* via Poincaré duality. We then have an injection
H— NH taking & € H to h A w. The restriction of t to DP(8) is the composition

DP(3) = 7 (UZg) = m1(Zg) > H =% —he, N3

Symplectic nondegeneracy Let & be an A-homology marking on (¥, P) € PSurf.
The p—symplectic element w,, € N> A is as follows. Let H be the quotient of Hy (X) by
the subgroup generated by the loops around the boundary components. Since H is the
first homology group of the closed surface obtained by gluing discs to all components
of 0%, there is a symplectic element w € A?H. The closed marking fi: H{(X) —> 4
factors through a homomorphism H — A, and w, is the image of € A’ H under the
induced map A H — A?A. We then have a map A — A’ A taking a € 4 to a A Wy
We will say that u is symplectically nondegenerate if this map is nonzero.

Example 7.2 Let V be a symplectic subspace of H; (Eé) so Hy (Eél,) =Va@VL and
let w: H;y (E ) — V be the orthogonal projection. We claim that u is symplectlcally
nondegenerate if and only if V' has genus at least 2. Indeed, w, € /\ V' equals the
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symplectic element arising from the symplectic form on V, and the map V — NV
taking v € V' to v Awy, is nonzero precisely when V' has genus at least 2. We remark that
if V has genus 0 or 1 then AV =0, so the map V — NV is automatically the zero map.

Partial Johnson homomorphism The homomorphism given by the following lemma
is a version of the Johnson homomorphism for the partial Torelli groups:

Lemma 7.3 Let u be an symplectically nondegenerate A—homology marking on
(X,P) € PSurf and let d be a component of 0% such that {0} € P (and thus by
Lemma 7.1 such that DP(d) C Z(X, P, u)). Then there exists a homomorphism
T: (2, P, n) = H3(A) whose restriction to DP(9) is nontrivial.

Remark 7.4 The target group H3(A4) contains N A4, though sometimes it is a bit larger.

Proof of Lemma 7.3 Let X’ be the result of gluing discs to all components of 9%
except for 9, let P’ = {{d}}, and let i’ be the stabilization of u to (X’, P’). From their
definitions, the p/—symplectic element w;’ € /\2A is the same as the pu—symplectic
element w, € N A4, so w' is symplectically nondegenerate. In [3, Theorem 5.8],
Broaddus, Farb and Putman construct a homomorphism

(X, P, 1) — H3(A).
We remark that their notation is a little different from ours —the group W in the
statement of [3, Theorem 5.8] should be taken to be W = ker(u/). Let DP/(0) be
the disc-pushing subgroup of Z(X', P/, i), let S’ be the result of gluing a disc to the

component d of %', and let ji’: H;(X') — A be the closed marking associated to u'.
One of the characteristic properties of t’ is that its restriction to DP’(9) is

DP'(3) = 1, (US) — 1, (5) = Hy (2) = Hy (Z) &5 4 2295 NP 4 <5 Hy(A).

In particular, since p’ is symplectically nondegenerate, the restriction of t/ to DP’'(d)
is nontrivial. Let t: Z(Z, P, u) — H3(A) be the composition of 7/ with the map
Z(Z,P,u) — Z(X', P, ). The restriction of this latter map to DP(9) is a surjection
DP(d) — DP’(d), so the restriction of t to DP(d) is nontrivial, as desired. m|

Closing up surfaces and nonstability In light of Example 7.2 above, the following
theorem generalizes Theorem B:

Theorem 7.5 Let u be a symplectically nondegenerate A—homology marking on
(2,P), let (X,P) — (X, P') be aPSurf-morphism, and let |’ be the stabilization
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of u to (X', P’). Assume there is a component d of ¥ with {3} € P whose image in
Y bounds a disc. Then the map H{ (Z(Z, P, u)) — H{(Z(X', P’, u')) is not injective.

Proof Lemma 7.1 implies that DP(d) C Z(X, P, u), and Lemma 7.3 implies that
there exists a homomorphism from Z(X, P, i) to an abelian group whose restriction
to DP(3) is nontrivial. Since

DP(d) C ker(Z(Z, P, u) — Z(X', P, 1)),
this implies that the induced map on abelianizations is not injective, as desired. |

General nonstability We now prove Theorem 5.3.

Proof of Theorem 5.3 We start by recalling what we must prove. Let i be a sym-
plectically nondegenerate A—homology marking on (X, P) € PSurf that is supported
on a symplectic subsurface. Let (X, P) — (X/, P’) be a non-partition-bijective PSurf—
morphism and let " be the stabilization of u to (¥’,P’). Assume that the genus of
3 is at least 3rk(A4) + 4. We must prove that the induced map Hy (Z(Z, P, n)) —
H{(Z(X',P’, 1)) is not an isomorphism. We will ultimately prove this by reducing it
to Theorem 7.5 above.

Identify X with its image in X’. We start with the following reduction. Recall that, for
a surface S, the discrete partition of the components of 95 is

{{0} | 0 is a component of dS}.

Claim We can assume without loss of generality that P and P’ are the discrete
partitions of the components of 0% and 0%’ and that the genera of ¥ and X' are equal.

Proof We do this in three steps:

e First, let (X, P’) — (X", P”) be an open capping (see Section 5.2; this implies in
particular that P” is the discrete partition of dX”) and let 1" be the stabilization of u’
to (X”,P"). Since open cappings are partition-bijective, Theorem F implies that the
map H{(Z(X', P, ') — H{ (Z(X", P”, ")) is an isomorphism. The composition

(Z,P) = (. P)— (", P
is still not partition-bijective, so replacing (X, P’) and p’ with (X”,P”) and u”, we
can assume without loss of generality that P’ is the discrete partition of 0X'.

¢ Next, just like in Case 2 of the proof of Theorem F in Section 5.2, we can use
the fact that p is supported on a symplectic subsurface to find a partition-bijective
PSurf-morphism (X", P”") — (X, P) and an A-homology marking i on (X", P"")
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such that p is the stabilization of u”” to (X, P), such that P”” is the discrete partition
of 39X, and such that the genera of ¥/ and ¥ are the same. Theorem F implies that
the map H{ (Z(Z"", P, u”")) — H{(Z(Z, P, 1)) is an isomorphism. The composition
(Z/”, 7)///) s (E, 7)) — (E/, P/)

is still not partition-bijective, so replacing (X, P) and p with (X", P”") and ', we
can assume without loss of generality that P is the discrete partition of 9.

e We have now ensured that P and P’ are the discrete partitions, and it remains to
show that we can ensure that the genera of ¥ and ¥’ are the same. As in the following
picture, we can factor (X, P) — (X/, P’) into

(2. P) = (W, PW) - (2. P,

where (X, P) — (2(4), 73(4)) is partition-bijective, where P is the discrete partition
of X, and where the genera of > and X’ are the same:

'-:OO ; “.Io QO O O“
fo G\ Ox¢o o

Theorem F implies that the map H; (Z(Z, P)) — H; (Z(®, P®)) is an isomorphism.
Since the map (E@, P®)) — (X', P’) is still not partition-bijective, we can replace
(=, P) with (Z®,P®) and ensure that the genera of ¥ and %’ are the same. |

Since the genera of ¥ and X' are the same, all components of %\ X are genus-0
surfaces intersecting X in a single boundary component. If any of these components
are discs, then Theorem 7.5 implies that the map H; (Z(Z, P, u)) — H{ (Z(Z', P, 1))
is not injective, and we are done. We can thus assume that no components of %'\ X
are discs. Furthermore, if any of these components are annuli, then we can deformation
retract X’ over them without changing anything; doing this, we can assume that none
of them are annuli.

It follows that all the components of ¥/ \ X are genus-0 surfaces with at least three
boundary components intersecting ¥ in a single boundary component. Let {01, ..., 0}
be a set of components of 3%’ containing precisely one component in each component
of &'\ X. Let £” be the result of gluing discs to all components of X’ except for
the 9;, let P” be the discrete partition of dX” (so in particular {d;} € P” for all i), and
let 1+ be the stabilization of 1’ to (X”,P”). All components of =\ = are annuli, so
%" deformation retracts to X',
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From this, we see that the composition

I(E, P, ,LL) N I(E/, P/, M/) — I(EH, 7)//’ M//)

is an isomorphism, and thus the composition

(7-1)

H{(Z(Z, P, p) » Hi (Z(Z, P, 1) > Hi(Z(Z". P". 1))

is also an isomorphism. Since P’ is the discrete partition and at least one disc was

glued to a component of %’ when we formed X, Theorem 7.5 implies that the map
Hi(Z(Z, P, 1)) - Hi (Z(Z",P”, ")) is not injective. Since the composition (7-1)
is an isomorphism, we conclude that the map H; (Z(Z, P, n)) — H{ (Z(Z/, P/, i)) is
not surjective, and we are done. a
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On symplectic fillings of small Seifert 3—-manifolds

HAKHO CHOI
JONGIL PARK

We investigate the minimal symplectic fillings of small Seifert 3—manifolds with
a canonical contact structure. As a result, we list all minimal symplectic fillings
using curve configurations for small Seifert 3—manifolds satisfying certain conditions.
Furthermore, we also demonstrate that every such a minimal symplectic filling is
obtained by a sequence of rational blowdowns from the minimal resolution of the
corresponding weighted homogeneous complex surface singularity.

53D05, 57R17; 32525

1 Introduction

One of the fundamental problems in symplectic 4—manifold topology is to classify
symplectic fillings of certain 3—manifolds equipped with a natural contact structure.
Among them, researchers have long studied symplectic fillings of the link of a normal
complex surface singularity. Note that the link of a normal surface singularity carries
a canonical contact structure also known as the Milnor fillable contact structure. For
example, P Lisca [8], M Bhupal and K Ono [1], and H Park, J Park, D Shin and
G Urzia [12] completely classified all minimal symplectic fillings of lens spaces and
certain small Seifert 3-manifolds coming from the link of quotient surface singularities.
L Starkston [16] also investigated minimal symplectic fillings of the link of some
weighted homogeneous surface singularities.

On the one hand, topologists working on 4—-manifold topology are also interested in
finding a surgical interpretation for symplectic fillings of a given 3—manifold. More
specifically, one may ask whether there is any surgical description of those fillings. In
fact, it has been known that rational blowdown surgery, introduced by R Fintushel and
R Stern [5] and generalized by the second author [14] and A Stipsicz, Z Szabd and
J Wahl [18], is a powerful tool to answer this question. For example, for the link of
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Figure 1: Surgery diagram of Y and its associated plumbing graph I'.
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quotient surface singularities equipped with a canonical contact structure, it was proven
that every minimal symplectic filling is obtained by a sequence of rational blowdowns
from the minimal resolution of the singularity; see Bhupal and Ozbagci [2], Choi
and Park [4]. On the other hand, L Starkston [17] showed that there are symplectic
fillings of some Seifert 3—manifolds that cannot be obtained by a sequence of rational
blowdowns from the minimal resolution of the singularity. Note that Seifert 3—manifolds
can be viewed as the link of weighted homogeneous surface singularities. Hence, it
is an intriguing question as to which Seifert 3—manifolds have a rational blowdown
interpretation for their minimal symplectic fillings.

In this paper, we investigate the minimal symplectic fillings of small Seifert 3—-manifolds
over the 2—sphere satisfying certain conditions. By a small Seifert (fibered) 3—manifold,
we assume that it admits at most 3 singular fibers when it is considered as an S
fibration over the 2—sphere. In general, a Seifert 3-manifold as an S!'—fibration over a
Riemann surface can have any number of singular fibers. We denote a small Seifert
3—manifold Y by Y (=b; (a1, B1), (a2, B2), (a3, B3)) whose surgery diagram is given
in Figure 1 and which is also given as a boundary of a plumbing 4—manifold of disk
bundles of 2—spheres according to the graph I' in Figure 1. The integers b;; > 2 in
Figure 1 are uniquely determined by the continued fraction

1
1
L

bir,-

If the intersection matrix of a plumbing graph I' is negative definite, which is always

o
_l. = [bllsbIZaablrl]zbll -
B .

true for b > 3, then there is a canonical contact structure on Y induced from a symplectic
structure of the plumbing 4-manifold, where each vertex corresponds to a symplectic
2—-sphere and each edge represents an orthogonal intersection between the symplectic
2—spheres; see Gay and Stipsicz [7]. Furthermore, the canonical contact structure
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on Y is contactomorphic to the contact structure defined by the complex tangency of
a complex structure on the link of the corresponding singularity, which is called the
Milnor fillable contact structure; see Park and Stipsicz [13].

This paper aims to classify all possible list of minimal symplectic fillings of small
Seifert 3—manifolds satisfying certain conditions, and to prove that every such a minimal
symplectic filling is obtained by a sequence of rational blowdowns from the minimal
resolution of the corresponding weighted homogeneous surface singularity, as it is
true for a quotient surface singularity. Our strategy is as follows. For a given minimal
symplectic filling W of Y (—b; (a1, B1), (a2, B2), (3, B3)) with b >4, we glue W with
a concave cap K to get a closed symplectic 4—manifold X'. Then, since the concave cap
K always contains an embedded (4 1) 2—sphere corresponding the central vertex, X is a
rational symplectic 4-manifold by McDuff [9]. Furthermore, the adjunction formula and
intersection data impose a constraint on the homological data of K in X =~ CP?#N CP2.
Under blowdowns along all exceptional 2—spheres away from the (+1) 2—sphere in
X =~ CP?#NCP?, the concave cap K becomes a neighborhood of symplectic 2—spheres
which are isotopic to » number of complex lines through symplectic 2—spheres in CP?;
see Starkston [16; 17] for details. Since the symplectic deformation type of W =~ X'\ K
is determined by the isotopy class of a symplectic embedding of K within a fixed
homological embedding, we investigate a symplectic embedding of K using a curve
configuration corresponding to W, which consists of strands representing irreducible
components of K and exceptional 2—spheres intersecting them (Definition 3.1 and
Figure 5). Since the curve configuration corresponding to W determines a symplectic
embedding of K, we can recover all minimal symplectic fillings by investigating all
possible curve configurations of Y. Sometimes, we find a certain chain of symplectic
2—spheres lying in W, which can be rationally blowing down, from the homological
data of K. Note that by rationally blowing down the chain of symplectic 2—spheres
lying in W, we obtain another minimal symplectic W’ from W. In this case, we keep
track of changes in the homological data of K so that we get a curve configuration of
W' from that of W. Finally, by analyzing the effect of rational blowdown surgery on
the curve configuration of minimal symplectic fillings, we obtain our main result.

Theorem 1.1 For a small Seifert 3—manifold Y (—b; (a1, B1), (@2, B2), (a3, B3)) with
its canonical contact structure and b > 4, all minimal symplectic fillings of Y are listed
explicitly by curve configurations. Furthermore, they are also obtained by a sequence
of rational blowdowns from the minimal resolution of the corresponding weighted
homogeneous surface singularity.
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Remark L Starkston [16] originally described a general scheme for how to obtain
minimal symplectic fillings from given homological data of an embedding of the cap and
got some results in special cases. L Starkston [17] also showed that the isotopy type of
a symplectic line arrangement is uniquely (up to deformation equivalence) determined
by its intersection data in the cases that multi-intersection points of a symplectic
line arrangement satisfy some mild conditions, which contain the cases appearing in
Proposition 3.4. Thus, by combining Propositions 3.3 and 3.4 with Starkston’s result
[17, Proposition 4.2], we conclude that there exists at most one minimal symplectic
filling for each possible curve configuration. Then we prove in Section 4 that every
such a curve configuration gives the corresponding minimal symplectic filling, which
implies the first statement in Theorem 1.1 above.
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2 Preliminaries

2.1 Weighted homogeneous surface singularities and Seifert 3—-manifolds

We briefly recall some basics of weighted homogeneous surface singularities and
Seifert 3—manifolds; see [10] for details. Suppose that (wy,...,wy,) are nonzero
rational numbers. A polynomial f(zg,..., z,) is called weighted homogeneous of type
(wo, ..., wy) if it can be expressed as a linear combination of monomials zf)‘) - -z,’;”
for which

Equivalently, there exist nonzero integers (¢o, ..., ¢,) and a positive integer d satis-
fying f(19°z, ...t9z,) =% f(zo, ..., z). Then, a weighted homogeneous surface
singularity (X, 0) is a normal surface singularity that is defined as the zero loci of
weighted homogeneous polynomials of the same type. Note that there is a natural
C*-action given by

t-(zg,....zn) = (t9zy, ... 19 z,),
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with a single fixed point 0 € X. This C*—action induces a fixed-point-free S! c C*
action on the link L := X N dB of the singularity, where B is a small ball centered at
the origin. Hence, the link L is a Seifert fibered 3—manifold over a genus g Riemann
surface, denoted by Y (—b; g; (a1, B1), (@2, B2). ..., (o, Br)) for some integers b, «;
and B; with 0 < B; < o; and («;, B;) = 1. Note that k is the number of singular fibers,
and there is an associated star-shaped plumbing graph I': the central vertex has genus g
and weight —b, and each vertex in k arms has genus 0 and weight —b;; uniquely
determined by the continued fraction
% = [bi1, bz, bir] = biy —

i bi 5 —

1
_

—1

bi i

with b;; > 2. For example, Figure 1 shows the case of g =0 and k = 3, which is called a
small Seifert (fibered) 3—manifold. By P Orlik and P Wagreich [11], it is well known that
the plumbing graph I' is a dual graph of the minimal resolution of (X, 0). Conversely,
if the intersection matrix of I' is negative definite, there is a weighted homogeneous
surface singularity whose dual graph of the minimal resolution is I'; see [15]. Note
that a Seifert 3-manifold Y, as a boundary of a plumbed 4-manifold according to T,
inherits a canonical contact structure providing that each vertex represents a symplectic
2—sphere, all intersections between them are orthogonal, and the intersection matrix
of I' is negative definite; see [7]. Furthermore, if the Seifert 3—manifold Y can be
viewed as the link L of a weighted homogeneous surface singularity, then the canonical
contact structure above is contactomorphic to the Milnor fillable contact structure,
which is given by TL N JTL; see [13].

2.2 Rational blowdowns and symplectic fillings

Rational blowdown surgery, first introduced by R Fintushel and R Stern [5], is one of
the most powerful cut-and-paste techniques. It replaces a certain linear plumbing C),
of disk bundles over a 2—sphere whose boundary is a lens space L(p?, p — 1) with
a rational homology 4-ball B, which has the same boundary. Later, Fintushel and
Stern’s rational blowdown surgery was generalized by J Park [14] using a configuration
Cp 4 obtained by linear plumbing disk bundles over a 2—sphere according to the dual

—-(p+2) 2 -2 =2

—eo—o

Figure 2: Linear plumbing C,.
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—(p+3) 7"_2 —  —@+3
b
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—(r+3)

Figure 3: Plumbing graph I', ; ;.

resolution graph of L(p?, pg— 1), which also bounds a rational homology 4-ball Bpg.
In the case of a symplectic 4-manifold (X, w), rational blowdown surgery can be
performed in the symplectic category: if all 2—spheres in the plumbing graph are
symplectically embedded and their intersections are w—orthogonal, then the surgered
4-manifold X 4 = (X —Cp 4) U By 4 also admits a symplectic structure induced from
the symplectic structure of X; see [19; 20]. In fact, the rational homology 4-ball
Bp.q admits a symplectic structure compatible with the canonical contact structure
on the boundary L(p?, pqg — 1). More generally, in addition to the linear plumbing
of 2—spheres, there is a plumbing of 2—spheres according to star-shaped plumbing
graphs with 3 or 4 legs admitting a symplectic rational homology 4-ball; see [18; 3].
That is, the corresponding Seifert 3—manifold Y (—b, (a1, B1), (22, B2), (a3, B3)), or
Y(—b, (a1, B1), (@2, B2), (a3, B3), (04, B4)) with a canonical contact structure, has
a minimal symplectic filling whose rational homology is isomorphic to that of the
4-ball [6]. For example, a plumbing graph I', 4, in Figure 3 can be rationally blown
down. We will use this later in the proof of the main theorem.

As rational blowdown surgery does not affect the symplectic structure near the boundary,
if there is a plumbing of disk bundles over symplectically embedded 2—spheres that can
be rationally blown down, then one can obtain another symplectic filling by replacing
the plumbing with a rational homology 4-ball. In the case of the link of quotient surface
singularities, it was proven [2; 4] that every minimal symplectic filling is obtained by a
sequence of rational blowdowns from the minimal resolution of the singularity, which is
diffeomorphic to a plumbing of disk bundles over symplectically embedded 2—spheres.
First, they constructed a genus-0 or genus-1 Lefschetz fibration X on each minimal
symplectic filling of the link of a quotient surface singularity. Suppose that w; and w,
are two words consisting of right-handed Dehn twists along curves in a generic fiber,
which represent the same element in the mapping class group of the generic fiber. If the
monodromy factorization of X is given by w; -w’, one can construct another Lefschetz
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fibration X’ whose monodromy factorization is given by w, - w’. The operation of
replacing wq with w, is called a monodromy substitution. Next, they showed that the
monodromy factorization of each minimal symplectic filling of the link of a quotient
surface singularity is obtained by a sequence of monodromy substitutions from that of
the minimal resolution. Furthermore, these monodromy substitutions can be interpreted
as rational blowdown surgeries topologically. Note that all rational blowdown surgeries
mentioned here are linear: a certain linear chain C, 4 of 2—spheres is replaced with a
rational homology 4-ball.

2.3 Minimal symplectic fillings of a small Seifert 3—-manifold

In this subsection, we briefly review Starkston’s results [16; 17] for minimal symplectic
fillings of a small Seifert fibered 3—manifold Y (—b; (a1, B1), (@2, B2), (a3, B3)) with
b > 4. The condition b > 4 on the weight (equivalently, degree) of a central vertex of
the plumbing graph I" ensures that one can always choose a concave cap K, which is
also star-shaped, with a (41) central 2—sphere and b — 4 arms, each of which consists
of a single (—1) 2—sphere as in Figure 4. Here [a;1,4;2,...,aipn,;] denotes a dual
continued fraction of [b;1, bia, ..., biy]; thatis, o;/(a; — Bi) = [aj1, a2, ..., ain;]
while o /Bi = [bi1,bia, . ... bir].

For a given minimal symplectic filling W of Y, we glue W and K along Y to get
a closed symplectic 4—manifold X. Then, the existence of a (41) 2—sphere implies
that X is a rational symplectic 4—manifold and, after a finite number of blowdowns,
X becomes CP? and the (+1) 2-sphere in K becomes a complex line CP! ¢ CP?;
see McDuff [9] for details. Under these circumstances, it is natural to ask the following
question: What is the image of K in CP? under blowdowns? In the case that K is linear,
which means that the corresponding Y is a lens space, Lisca showed that the image of K
is two symplectic 2—spheres in CPP?, each of which is homologous to CP! ¢ CP?2.

+1
—dai —ds —das3y -1 -1
—di2 —dajz2 —dasp R ,
bh—4

\—alnl\—az,,z\—a3n3

Figure 4: Concave cap K.
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By analyzing the proof of Lisca’s result [8, Theorem 4.2], Starkston [16] showed that
the image of K is b symplectic 2—spheres in CP2, each of which is homologous to
CP! c CP2. For the complete classification of minimal symplectic fillings of Y, one
needs to classify the isotopy classes of these b symplectic 2—spheres, which are called
symplectic line arrangements. Since all these spheres are J-holomorphic for some
J tamed by the standard Kihler form of CP? and are homologous to CP! ¢ CP?2,
they intersect each other at a single point for each pair of 2—spheres. Note that these
intersection points need not be all distinct. These intersection data of a symplectic line
arrangement are determined by the homological data of K, which also have constraints
from the adjunction formula. In [17], Starkston showed that symplectic line arrange-
ments with certain types of intersections are isotopic to complex line arrangements, that
is, the corresponding b symplectic 2—spheres are isotopic (through symplectic spheres)
to b complex lines in CP2. For example, Starkston classified minimal symplectic
fillings by an explicit computation of all possible homological embeddings of K for
some families of Seifert fibered spaces; see [16, Sections 3 and 4.4; 17, Section 5].

3 Strategy for the main theorem

As we saw in the previous section, for each minimal symplectic filling W of Y, we

obtain a rational symplectic 4-manifold X" which is symplectomorphic to CP?# N CPP?
for some integer N by gluing K to W along Y. Conversely, given an embedding of a
concave cap K into CP?#f N (E , we obtain a symplectic filling W of Y by taking a
complement of K in CP?#f NCP2. So the classification of minimal symplectic fillings
of Y is equivalent to the classification of the embeddings of K into CP?#f N CP? for
some N. Hence, in order to investigate minimal symplectic fillings W of Y, we first
introduce two notions, homological data and curve configuration of the corresponding
embedding of K, which are defined as follows.

Definition 3.1 Suppose that W is a minimal symplectic filling of a small Seifert
3—-manifold Y equipped with a concave cap K. Then we have an embedding of K into
a rational symplectic 4—manifold X =~ CP?# N CP? such that the (+1) 2—sphere in
K is identified with CP! ¢ CIP2. Let / be a homology class represented by a complex
line CP! in CP? and ¢; be homology classes of exceptional spheres coming from
blowups. Then {/, ey, ...,en} becomes a basis for H>(X;Z), so that the homology
class of each irreducible component of K can be expressed in terms of this basis, which
we call the homological data of K for W.
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Note that K is symplectically embedded in X =~ CP2#{N CP? and each irreducible com-
ponent of K can be assumed to be J—holomorphic for some J tamed by standard Kdhler
form on X . Then there is a sequence of blowdowns from X to CIP? and we can find a J—
holomorphic exceptional sphere ; whose homology class is e; disjoint from the central
(+1) 2—sphere of K at each stage of blowing down. Because of the J—holomorphic
condition and homological restrictions from the adjunction formula together with
intersection data of K, the exceptional sphere 3; intersects positively at most once with
the image of an irreducible component of K or is one of the image of irreducible com-
ponents of K; see [8, Proposition 4.4]. In particular, for each image C; of irreducible
components of K, the intersection number between e; and [C;] lies in {—1, 0, 1}.

As mentioned in the previous section, we finally get a symplectic line arrangement
in CPP? which consists of J—holomorphic 2—spheres, each of which is the image
of the first component of each arm under blowdowns. The intersection data of the
symplectic line arrangement are determined by the homological data of K, so that it can
be represented as a configuration of strands: each strand represents a J—holomorphic
2-sphere of a symplectic line arrangement in CP2, while the intersection of two
strands represents a geometric intersection of two 2—spheres. Then, starting from the
configuration of the symplectic line arrangement, we can draw a configuration C of
strands with degrees by blowups according to the homological data of K until we get
K in the configuration. Here the degree of each strand in C means a self-intersection
number of the strand. To be more precise, when we blow up a point p on a strand
in a configuration, we introduce a new strand with degree —1 to the point p so that
we resolve intersection of strands at p and we decrease the degree of the strands
containing p by one. Hence the configuration C, which represents the total transform
of a symplectic line arrangement, contains strands representing irreducible components
of K and exceptional (—1) 2—spheres intersecting with the irreducible components. We
say that two configurations C; and C, for W are equivalent if there is a bijective map
between (—1) strands preserving intersections with the irreducible components of K.

Definition 3.2 If there are no strands with degree less than or equal to —2 in C except
for irreducible components of K, we call the configuration C the curve configuration
of a minimal symplectic filling W'.

Remark A curve configuration C of W consists of strands representing irreducible
components of K and exceptional 2—spheres intersecting the irreducible components
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3 -2 -5 —4 -2

Figure 5: Plumbing graph I' and curve configuration for corresponding con-
cave cap K.

of K. We denote the exceptional 2—spheres by dash-dotted strands. See Figure 5 for
example.

Remark We often use the terminology configuration of strands when we deal with
an intermediate configuration between a symplectic line arrangement and a curve
configuration, or a configuration containing K but with strands with degree less than
or equal to —2 other than irreducible components of K.

Proposition 3.3 For given homological data of K for W, there is a unique curve
configuration C up to equivalence.

Proof Since each strand in a curve configuration C represents a J—holomorphic
2-sphere for some J tamed by standard Kihler form on X =~ CP? #f NCP?2, all
intersections between the strands represent positive geometric intersections between the
corresponding J—holomorphic 2—spheres. Note that there is at most one intersection
point between any two strands due to homological restrictions. Furthermore, if e; is a
homology class of an exceptional 2—sphere satisfying e; -[C;] € {0, 1} for any irreducible
component C; of K, then there is a (—1) strand L; in C whose homology class is e;;
otherwise, there is a blowup on the strand L; so that the proper transform of L; becomes
an irreducible component C; of K whose intersection with e; is —1, contradicting the
assumption. Hence there is a (—1) strand L; representing a J—holomorphic exceptional
sphere X; whose homology class is e; in C if and only if e; - [C;] € {0, 1} for any
irreducible component Cj of K.

Let C and C’ be two curve configurations for a fixed homological data of K for W.
Then, the numbers of (—1) strands in C and C’ are equal to the number of ¢; satisfying
the condition ¢; - [Cj] € {0, 1} for any irreducible component C; of K. Hence we
can construct a desired bijection between the (—1) strands by finding correspondence
between such e¢; and (—1) strands in two curve configurations. O
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Figure 6: Symplectic line arrangements.

Now, we investigate minimal symplectic fillings of a given small Seifert 3-manifold Y
by analyzing all the possible curve configurations. For this, we first determine all
possible symplectic line arrangements.

Proposition 3.4 For minimal symplectic fillings of a small Seifert fibered 3—manifold
Y (=b; (a1, B1), (a2, B2), (a3, B3)) with b > 4, there are only two possible intersection
relations of symplectic line arrangements, which can be drawn as in Figure 6.

Proof Since Y is a small Seifert 3—manifolds with » > 4, we can always choose a
concave cap K with a (+1) central 2—sphere and b — 4 arms, each of which consists of
a single (—1) 2—sphere as in Figure 4. Furthermore, since the blowdowns are disjoint
from the central 2—sphere in K, each of » — 1 arms in K descends to a single (41)
J—holomorphic 2—sphere intersecting at a distinct point with an image of the central
2—sphere of K under the blowdowns. Let Cy, Cs, ..., Cp_4 be the images of b — 4
many (—1) 2—spheres in K under the blowdowns. Then they should have a common
intersection point in CP2: otherwise, we have distinct two points p and ¢ on some
C; such that C; intersects Cj and Cy at p and g, respectively. Let r be an intersection
point of C; and Ci. Then any J-holomorphic 2—sphere coming from an arm of K
other than Cj, ... Cp_4 must pass two of p,q and r, which is a contradiction.

If b > 6, a similar argument shows that there is at most one J-holomorphic 2-sphere
coming from an arm of K intersecting at a different point from the common intersection
point p with C;, which proves the proposition.

Figure 7: Configuration for C;, C;j and Ck.
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In the case of b < 5, we can easily check that Figure 6 gives all possible symplectic
line arrangements: if b = 5, then there is only one C; coming from (—1) 2—sphere
from K. Recall that there are at most two intersection points on Cj. If there is only one
intersection point on Cy, then we get the left-hand figure in Figure 6. If there are two
intersection points p and g on Cy, then two of three J—holomorphic 2—spheres coming
from the arms of K other than C; pass p, and the other passes ¢ (or vice versa), so that
we get the right-hand figure in Figure 6. For b = 4 case, we have only three strands in
a figure for a symplectic line arrangement except the strand from (4-1) 2—sphere so
that we have only two possibilities. O

Next, for the complete classification of minimal symplectic fillings of Y, we need to
consider the isotopy classes of embeddings of K with a fixed homological data in
X = CP2$NCP2. By blowing down J—holomorphic 2—spheres, it descends to isotopic
types of corresponding symplectic line arrangement in CPP2. By [17, Propositions
4.1 and 4.2], two symplectic line arrangements in Figure 6 are actually isotopic to
complex line arrangements through symplectic configurations, which means that there
is a unique minimal symplectic filling up to symplectic deformation equivalence for
each possible choice of homological data of K. Since a choice of homological data
of K gives a unique curve configuration C up to equivalence by Proposition 3.3, we
analyze minimal symplectic fillings of a small Seifert 3—-manifold Y by considering all
possible curve configurations obtained from the complex line arrangements in Figure 6.

As previously mentioned, in the case of quotient surface singularities that include all lens
spaces and some small Seifert 3—-manifolds, every minimal symplectic filling is obtained
by linear rational blowdown surgeries from the minimal resolution of the corresponding
singularity. However, this is not true anymore for small Seifert 3—manifolds in general.
For example, a rational homology 4-ball of I', 4 , in Figure 3 might not be obtained
by linear rational blowdown surgeries. Nevertheless, many cases such as b > 5 are
in fact obtained by linear rational blowdowns from their minimal resolutions. For the
case of b = 4, one might need 3-legged rational blowdown surgeries to get a minimal
symplectic filling. Hence, it is natural to prove the two cases b > 5 and b = 4 separately.

3.1 Thecaseb >5

We consider all possible curve configurations coming from two complex line arrange-
ments in Figure 6 which can be divided into three types. First, we need to blow up
all intersection points in the line arrangements so that we get two configurations as
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0 0 0 O -1 -1

Figure 8: Blowups of the line arrangements.

in Figure 8. There are two possibilities for a strand representing exceptional sphere
in intermediate configurations coming from blowups: to blow up some intersection
points, or not. Once we blow up an intersection point on a strand representing an
exceptional sphere X, which means the proper transform of ¥ becomes an irreducible
component of K, we should blow up all the intersection points except one intersection
point because each strand intersecting the strand for 3 become irreducible components
of distinct arms in K. We can also blow up the last intersection point we did not blow
up to get another curve configuration, but it is not necessary in general.

If we do blow up an intersection point on the dash-dotted strand of the left-hand side
of Figure 8, we get the configuration on the left-hand side of Figure 9. When we start
with two configurations in Figure 9, we can assume without loss of generality that the
first three arms become essential arms in K, which consist of strands with degree less
than or equal to —2. Since the degree of the other arms is already —1, we can only
blow up e; and e; among dotted exceptional strands. In conclusion, we can divide all
the possible curve configurations into following three types:

¢ Type A Curve configurations obtained from Figure 8, left, without blowing up
the exceptional strand.

| N o
-1 ey -7 *T J
P ey 47T T

Figure 9: Two configurations.

Algebraic & Geometric Topology, Volume 23 (2023)



3510 Hakho Choi and Jongil Park

¢ Type B Curve configurations obtained from Figure 9, left or right, by blowing
up at most one ¢;, with 1 <j <2,

e Type C Curve configurations obtained from Figure 9, left or right, by blowing
up both e; and e;.

3.2 Thecaseb =4

We divide all curve configurations for b = 4 into the following two cases:

¢ Curve configurations of types A, B or, C as in the b > 5 case.

e Type D Curve configurations obtained from Figure 9, right, by blowing up all
exceptional (—1) strands.

Then, since we can deal with the first case using the same argument in the » > 5 case, it
suffices to prove the type D case whose corresponding curve configurations come from
some configurations Cp 4 , in Figure 22, which are obtained from the right-hand figure
in Figure 9; see Section 4.4 for details. The main difference between the b = 4 case
and the b > 5 case is that one can use all three exceptional 2—spheres to get a concave
cap K for b =4, while one can use only e; and e, for b > 5 from the right-hand figure
in Figure 9.

4 Proof of main theorem

In this section, for a given possible curve configuration C, we show that there is
a sequence of rational blowdowns from the minimal resolution M to the minimal
symplectic filling W of Y corresponding to C. Since any minimal symplectic filling of
a lens space is obtained by a sequence of rational blowdowns from a linear plumbing
which is the minimal resolution corresponding to the lens space [2], it suffices to
construct a sequence of curve configurations C = Cy, Cq,..., C, such that each
minimal symplectic filling W; corresponding to C; is obtained from W; 4 by replacing
a certain linear plumbing L; with its minimal symplectic filling. Here C,, denotes a
curve configuration for the minimal resolution M. As previously mentioned, since
our possible symplectic line arrangements are isotopic to complex line arrangements,
it suffices to work in complex category with a symplectic form @ coming from the
standard Kéhler form on CIP2. In order to show that there is a symplectic embedding
of L; in W41, we construct a configuration C/ 4 of strands, which is not a curve
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configuration for W; 4, from a complex line arrangement by blowups with the same
homological data of K for W, so that we have L; disjoint from K in Ci/ 41 Since we
work in complex category, each strand in C; 1 can be considered as a complex rational
curve in a rational surface X while the intersections between strands represent positive
geometric intersections between the corresponding rational curves. This observation
implies that L; is symplectically embedded in W; .

Now we introduce the notion of standard blowups, which frequently appears in the
construction of W; from W;4 ;. Let K and K’ be two star-shaped plumbing graphs
having the same number of arms together with a (41) central vertex, and let —a;;
for 1 < j <n; and —a; ; for 1 < j < n} be the weights (equivalently, degrees) of
the j™ vertex in the i™ arm of K and K’, respectively. We say K’ < K if n; < n;
and aj; < a;j for any i and j except for aj,; < aj,; in the case of nj < n;. The
condition K’ < K guarantees that we can obtain a configuration of strands representing
K by blowups from a configuration representing K’ in the following way: we blow up
nonintersection points of the last component of each i™ arm in K’ consecutively until
we get n; components, and then we blow up each component at nonintersection points
to get the right weights.

Definition 4.1 Let C’ be a configuration of strands obtained from a complex line ar-
rangement by blowups containing a star-shaped plumbing graph K’ with a homological
data. If K’ < K and the degree of all strands in C’\ K’ is —1, then we can obtain a
curve configuration C’ from C’ by blowing up at nonintersection points only. In this
case, we say that the curve configuration C’ is obtained by standard blowups from C’.

Remark With given homological data of K’ in C’, the standard blowups induce a
unique homological data of K for C’: Lete be a homology class of an exceptional

sphere coming from blowing-ups from C’ to C’. Since we blow up nonintersection

1
1

in the i arm of K. Moreover, if ¢ appears in two [C ]l Jand [C ;22], then iy =iy =1
and j, = j;1 +1 withe-[C}l] =1 ande-[C;

points, e appears in at most two [C Jl ] and [C Jl 22], where C j’ denotes the ;™ component

l=-1

For a given star-shaped plumbing graph K’ < K, in general if n; < n; for some i,

harm of K’ and K respectively,

where 7} and n; are the number of components in 7'
there are possibly other ways of blowing up to get the i arm of K from that of K’.
Let C’ be a configuration of strands containing K’ < K as in Definition 4.1. Assume
furthermore that n}; < n; for some i. Let C’ be a curve configuration obtained from C’

by standard blowups. Then we get the following three fundamental lemmas.
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Figure 10: Finding an embedding of L.

Lemma 4.2 Let C be a curve configuration for K, and let W be the minimal sym-
plectic filling of Y corresponding to C. Suppose C’ is a configuration for K’ < K
such that the standard blowups C’ of C' differs from C only in the components C ! for
n; < j <n;. Let W denote the minimal symplectic filling of Y corresponding to C'.
Then there is a symplectically embedded linear plumbing L of 2—spheres determined by
[b1.by, ..., b, in W such that W is obtained by W by replacing the plumbing L with
some minimal filling Wy, of the lens space boundary of the linear plumbing L. Further,
[bl,bz, ..., by] is the dual of[(am m/) Ain/+1- am 42+ -...0in;], where —a;j and

J are the weights of the j" component in thel arm of K and K, respectively.

Proof We can assume that a;,, — aj,, > 2 because the way of blowing up from the
1 12
i™ arm of K’ to that of K remains the same when we replace K’ with K", where K"

is obtained from K’ by blowing up the last component of the ;™ arm.

First we show that there is a symplectic linear embedding L in W. Let S be a
configuration of strands containing K obtained as follows. We blow up the last
component in the i arm of K’ in C’ at a nonintersection point so that we have

two consecutive strands of degree —a},, — 1 and —1. Since the continued fraction

l’l
[b1,b7,...,b,]is dual to [(a,-ni - inj.) ip) 41> dinf 425 - - .ajn;] by the definition of L,
we obtain a linear chain of strands containing the rest of the ;™ arm in K and L from
the two strands by blowing up consecutively at intersection points as in Figure 10,
so that there is an embedding L in the complement of K in a rational surface X.
Furthermore, since we started from the same homological data of K’ in C’ and since a
blowup for C’ to S either increases the number of components or decreases the degree
of an irreducible component of K, the homological data of K for both C’ and S are

the same, so that there is a symplectic embedding L in w.
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Before we examine the effect of replacing L with its minimal symplectic filling Wr,,
we briefly review the classification of minimal symplectic fillings of lens space, which
can be found in [1] and [8]. For notational convenience, we denote a linear plumbing
graph and a lens space determined the plumbing graph by the same L. For a lens
space L given by [b1, b,, ..., b,], we can choose a concave cap Ky of the form

+1 —a1+1 —a —ay

>~ e o —e
where [a1, as, ..., ap] is a dual continued fraction of [by, b, ..., by]. Suppose X, =
CP? #f NyCP? is a rational symplectic 4—manifold obtained by gluing two plumbings
according to L and Ky whose second homology class is generated by {{/} U E =
{E1,..., En,}. Then, for a given minimal symplectic filling Wy of L, we get a
rational symplectic 4-manifold Xy, = CP?¢ N CP2 by gluing W, and K, and the
image of K7 under blowing down is isotopic to two complex lines in CIP?, which
means that a minimal symplectic filling of L is determined by a choice of homological
data of K7 in CP2# NCP? for some N. Hence, we draw a curve configuration Cw,
for Wy, starting from a configuration of two (+1) strands in CP? by blowing-ups
with only one (41) strand. This observation shows that the effect of replacing L
in X7, with W is the following: We have another rational symplectic 4-manifold
Xy, = CP? ff NCP? and the second homology classes in the complement of L are
changed so that

[ —1 and [Li)F —[L;]° for1<i<n,

where [L;]E and [L;]¢ are homology classes of irreducible components of K7, in terms
of {{yUE ={E,...,En,}and {{}Ue = {e;,...,en} respectively.

Let [Cj]c and [Cj]C/ be homology classes of Cj in C and C’ respectively. Note
that C is a curve configuration completed from the last (—a;.n,_ ) strand in the i™ arm
of K’ by blowups without using any other strand in C’. If we blow up in the same
ways starting with a single (41) strand instead of (—a;.n;) strand, we get a curve
configuration Cyy, containing Ky,. Hence there is a minimal symplectic filling Wy, of
L whose homological data of Ky, in Xy, (= W U K1) = CP? # NCP? are given

by [L;] = [C}, ;] except for [Lo] = and [L,] = [ +[C},]€ —[C},]C", where
e ={ey,...,en} is homology classes of exceptional spheres coming from the blowups
from C’ to C.

Finally, we show that the minimal symplectic filling W corresponding to C is given
by (W\ L)U Wg. Suppose X’ is a rational symplectic 4-manifold obtained by
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blowups from a complex line arrangement so that it contains C’. We take a small
Darboux neighborhood B’ of a disk D in C; of K’ so that B’ is disjoint from any
other irreducible components of K’. Now wel arrange all the blowups from C’ to C
inside B’ and let B be blowups of B’. Then we have a symplectic embedding of K in
X = (X’\ B’)U B and homological data of K that agrees with C. Furthermore, B \ K
is symplectic deformation equivalent to Wy, : consider two complex lines in CP? and a
symplectic embedding of B’ such that the image of D in C,’;/_ is a disk in one complex
line and B’ is disjoint from the other complex line. By the clonstruction of B, there is
a symplectic embedding of K7 in (CP?\ B’) U B, where the first component of K,
is the complex line in (CP?\ B’) and the complement of K in (CP?\ B’)U B is
symplectic deformation equivalent to Wr,. Since the complement of a neighborhood
of CP! in CP? is aball, B\ K = B\ K is also symplectic deformation equivalent
to Wr,. Note that K = (KN (X' \ B))U(K N B) = (K'\ B’) U (K N B). Hence

W=X\K=(X'\B)\K)U(B\K)=(X'\(K'UB'))UW,.

By a similar argument, W = (X’ \ (K’ U B)) U L, so that W is obtained from W by
replacing L by Wr. a

Assume furthermore that there is a (—1) curve intersecting both C,, ’/ and another
irreducible component C, k of K’ in C’. Then there is a slight modlﬁcatlon of the
Lemma 4.2, involving two arms of K.

Lemma 4.3 Suppose that there is a (—1) curve E intersecting C,, ’/ and C; k of K
in C" with aj; < ag. If the standard blowup ¢’ of C' differs from C only in Ck
and components C ! for n; < j < nj, then there is a symplectically embedded lmear
plumbing L C W, descnbed in Figure 11, such that W is obtained by w by replacing
the plumbing L with some minimal filling Wy . Furthermore, [by, b,, ..., b,] is the dual

/
of[(a,,, — ,n/)—i-l dinj+1,din] +2,...,din;], where —a;j and —a

;j are the weights

of the j™ component in thez arm of K and K’, respectively.

Proof The proof is similar to that of Lemma 4.2 except for blowups at two intersection
points of E in C’ to find an embedding L. That is, we construct a configuration S of
strands containing K, as in Figure 12, whose homological data is equal to that of C’,
so that there is a symplectic embedding of L in w.

Next, by viewing L as a two-legged plumbing graph with a degree (—b; — 1) of a
central vertex, we get a concave cap Ky as in Figure 11: starting from the zero section
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Figure 11: A plumbing graph of L and its concave cap Ky .

akl —a}cl —1

and infinity section together with two generic fibers of Fp _;, we construct arms
corresponding to [—2,...,—2] and [—b,, ..., —b;]. Then, by consecutive blowups at
intersection points of the proper transform of zero section and the arm corresponding
to [=b3,...,—b;], we get a concave cap Ky for L. As before, for a given minimal
symplectic filling of L, we get a rational symplectic 4-manifold by gluing Ky along
L and the image of K7 in CP? under blowing down is three complex lines in CP?
intersecting generically, implying that any curve configuration for K7y is obtained from
blowing up at an intersection point between two complex lines in CIP2. Therefore,
using blowup data from C’ to C (Figure 13), we get a minimal symplectic filling Wp,
of L.

Suppose that X" is a rational symplectic 4-manifold containing C"”, obtained from C’
by blowing down E, and let B’ be a small Darboux neighborhood of the intersection
point coming from the blowing down. Then a similar argument as in Lemma 4.2 above
shows that the minimal symplectic filling W corresponding to C is obtained from w
by replacing L with Wr. a

Akl —d,, —akl —d’,
1

n.
akr — Ay '

—
2 _2... _2

—1--¢---+4 - E ,/'
> - y
—ag] / ~Ain]

/
ag;—ay; — 1
G |

,’/MMZMV '\'»/a,-n.l.” “lin}+1
Figure 12: Embedding of L to w.
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Figure 13: Top: blowups from C’ to C. Bottom: curve configuration for Wr .
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Assume that C’ is a curve configuration containing K’ < K corresponding to a mini-
mal symplectic filling W' of another small Seifert 3-manifold ¥’ and C’ is a curve
configuration obtained from C’ by standard blowups. Then we can describe a minimal
symplectic filling W of Y corresponding to C’ explicitly.

Lemma 4.4 Under the assumption above, there is a symplectically embedded plumb-
mg of 2—spheres I’ in the minimal resolution M such that a minimal symplectic filling
W of Y corresponding to C’ is obtained from M by replacing T with W'.

Proof Let K¢ be a plumbing graph determined by black strands in the left-hand side
of Figure 8. Clearly, Ko < K so that there is a curve configuration Cj; obtained by
standard blowups from Figure 8, left. We first show that the curve configuration Cjz
corresponds to the minimal resolution M . Recall that a concave cap K in Figure 4 can
be found in [18; 16]: Starting from the zero and infinity sections with b — 1 generic
fibers of a Hirzebruch surface IF; which can be drawn as the left-hand side in Figure 8,
we blow up intersection points of generic fibers and the infinity section so that we have
a (—b) rational curve which corresponds to the central vertex of the minimal resolution
graph T'. Then, we obtain a linear chain of strands containing both i arm of K and
I' from two (—1) strands by blowups, as in Figure 14, bottom. As a result, we have a
configuration Sz containing both I and K disjointly, so that the complement of K in
a rational surface Xy is the minimal resolution M and K is a concave cap for Y. By
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Figure 14: Top: blowing up Hirzebruch surface ;. Bottom: construction of
eacharmin K and I'.

using the same argument as in the proof of Lemma 4.2 above, we conclude that Cjz is
a curve configuration for M.

In the same way, we could get a configuration St~ of strands containing both K’ and a
plumbing graph I'" so that the complement of K in the resulting rational symplectic
4-manifold Xy = CP?ff M CP? is a plumbing of 2—spheres according to I'". Note
that M —1 is the number of blowups in the standard blowups from the left-hand side of
Figure 8 to K’. Since K’ < K, we obtain a configuration S7; of strands containing
I'" and K disjointly from S/ by standard blowups at nonintersection points in the
last component of each i™ arm of K’. Let X = Xy # NCP? be a resulting rational
symplectic 4-manifold. Then X = Xy = M U K, since the number of blowups in
the standard blowups from the left-hand side of Figure 8 to K is equal to the sum of
numbers of blowups for the left-hand side of Figure 8 to K’, and K’ to K. Furthermore,
the homological data of K in Sz is also equal to that of Cx7. Hence a plumbing graph
[/ is symplectically embedded in M.

If there is a sequence of blowups from a configuration of strands representing K’ to K,
then we have a corresponding symplectic cobordism Z from Y’ to Y because the
total transform of K’ is still a concave cap for Y’ while K is a concave cap for Y.
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In particular, if C’ is a curve configuration for a minimal symplectic filling W', then
we get a curve configuration C for a minimal filling W by the sequence of blowups
from K’ to K and W = W’ U Z. In the case of standard blowups from K’ to K, we
can deduce from the construction of Sj; that the correspondmg cobordism is equal
to M \ I'". Hence we have W = W' U (M \ '), so that W is obtained from M by
replacing IV with W’. O

4.1 Proof for type A

For a curve configuration C of type A, we want to show that the corresponding minimal
symplectic filling W is obtained from the minimal resolution M by replacing each
arm in the resolution graph I' with its minimal symplectic filling. Since we already
know in the proof of Lemma 4.4 above that a curve configuration Cpz, which is
obtained from the left-hand side of Figure 8 by standard blowups, corresponds to M by
repeatedly applying Lemma 4.2 with K’ as in the left-hand side of Figure 8 so that the
corresponding L is one of three arms in I', we conclude that all minimal symplectic
fillings corresponding to a curve configuration C of type A are obtained by a sequence
of rational blowdowns from the minimal resolution M .

The following example illustrates this case.

Example 4.1 Let Y be a small Seifert 3-manifold whose associated plumbing graph
and concave cap are shown in Figure 15, top. Then, there are two curve configurations
of type A as in Figure 15, bottom. Of course, there exist other curve configurations of
type B and C for minimal symplectic fillings of Y, which will be treated in Example 4.2
and Example 4.3 later. Note that each dash-dotted strand represents an exceptional 2—
sphere, that is, a 2—sphere with self-intersection —1. We omit the degree of irreducible
components of the concave cap for the sake of convenience in the figure. The bottom left
curve configuration in Figure 15 is obtained by standard blowups from that of Figure 8,
which means that the corresponding minimal filling is the minimal resolution. Note
that only the third arm in the plumbing graph I" has a nontrivial minimal symplectic
filling that is obtained by rationally blowing down the (—4) 2—sphere. Using Lisca’s
description of the minimal symplectic fillings of lens spaces, we obtain the bottom right
curve configuration in Figure 15, which represents a minimal symplectic filling obtained
from the minimal resolution by rationally blowing down the (—4) 2—sphere in the
third arm.
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Figure 15: Top: plumbing graph I', and its concave cap K. Bottom: two
curve configurations in Example 4.1.

4.2 Proof for type B

For a curve configuration C of type B, we want to show that the corresponding minimal
symplectic filling W is obtained from the minimal resolution M by replacing disjoint
subgraphs in the resolution graph I" with their minimal symplectic filling. By reindexing
if needed, we assume that the first and the second arms of the configurations in Figure 9
become the first and the second arm of K in C, respectively, and the proper transform
of e; is not an irreducible component of K. Since we do not use e, during the blowups,
we can get the first and the second arm of K, so that the homological data for the
irreducible components in these arms agrees with that of C, from the configurations
in Figure 9 leaving the third single (—1) arm unchanged. Hence we arrange the order
of blowups from a configuration in Figure 9 to C so that we have an intermediate
configuration C’ of strands containing K’ < K as in Figure 16. Note that the degree of
strands in C’\ K’ is all —1. If we choose a linear plumbing graph

I = _bg —b11 —b —ba1 ;bzrz

to be a subgraph of I" as a two-legged plumbing graph with the (—b) central vertex, then
K’ gives a concave cap of L’ and C’ is a curve configuration for a minimal symplectic
filling Wz, of L'.

Let C; be a curve configuration obtained by standard blowups from C’. Then, by
Lemma 4.4, the curve configuration C; corresponds to a minimal symplectic filling W7,
which is obtained from the minimal resolution M by replacing L” with Wy,. Further-
more, since [a31,ad32,...,a3n,] =[2,....2,c1 +1,¢2,...,ck], where [c1,ca, ..., ck]
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Figure 16: Concave cap K’ for linear subgraph of T.

is the dual of [b35, b33, ..., b3,], by Lemma 4.2 with L as a linear chain determined by
[b32, b33, ..., b3,,], we conclude that the minimal symplectic filling W corresponding
to C is obtained from W; by replacing L with its minimal symplectic filling. Hence
the desired minimal symplectic filling W is obtained from M by replacing disjoint
linear subgraphs

—biry  —byy —p —bayy  —bar, —b3y —b3;3 —b3r,
— —o—o o —o o —  —o

and

of I with their minimal symplectic fillings, so that there is a sequence of rational
blowdowns from M to W.

The following example illustrates the curve configurations of type B.

Example 4.2 We again consider a small Seifert 3—manifold ¥ used in Example 4.1.
Since the left-hand configuration without exceptional 2—spheres in Figure 17 gives a
concave cap of a lens space determined by a subgraph

-3 -2 -5 =2

of T, it gives a minimal symplectic filling Wy, of the lens space L(39, 16). Then, by
blowups at points lying on the third arm different from the intersection point with the
exceptional curve e, we get an embedding of a concave cap K of Y as in the right-hand
curve configuration C; of Figure 17, which gives a minimal symplectic filling W; of Y.
Furthermore, since there is a unique minimal symplectic filling of lens space L(2, 1)
corresponding to the (—2) 2—sphere in the third arm of I, W; is obtained from the
minimal symplectic filling W . In fact, there are three more minimal symplectic fillings
of ¥ which are of type B— see Figure 17 for the corresponding curve configurations.
Note that the curve configuration C; for Wy in Figure 17 comes from the right-hand
configuration in Figure 9 and the curve ¢ becomes a component of the first arm of K in

Algebraic & Geometric Topology, Volume 23 (2023)



On symplectic fillings of small Seifert 3—manifolds 3521

Figure 17: Top: curve configuration C; for W;. Bottom: curve configurations
for other symplectic fillings of Y.

the top right of Figure 15. Similarly, the curve configuration C; for W; 2 <i <4)is
also obtained from the right-hand configuration in Figure 9. One can easily check that
each W; is obtained from the minimal resolution of Y by a linear rational blowdown
surgery: explicitly, W,, W3 and W, are obtained by rationally blowing down along
subgraphs

-2 =5 -5 =2
——eo |, o—o and

-3 -2 -5 —4 -2
in I, respectively. And W is also obtained by rationally blowing down along

-3 =5 =2
o

which is embedded in another plumbing

-3 -2 -5 -2
r—o—o—0 .

4.3 Proof for type C

For a minimal symplectic filling W corresponding to a curve configuration C of type C,
we want to find a curve configuration C; of type B such that there is a symplectically
embedded linear chain L of 2—spheres (that is not visible in I") in Wj corresponding
to C; so that W is obtained from W; by replacing L with its minimal symplectic
filling Wp.
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Figure 18: Part of intermediate configuration C’.

By reindexing if needed, we may assume that the first and the second arm of configura-
tions in Figure 9 become that of K respectively, and the proper transform of e; becomes
an irreducible component in the third arm of K after blowups. For convenience, we omit
in figures all exceptional (—1) strands that intersect only one irreducible component of
the corresponding concave cap K.

Now, by blowups at intersection points of e; consecutively, we get the first and the
second arm so that the homological data for the irreducible components in these arms
agrees with that of C except for one irreducible component, say Cnl, of the first arm of
K leaving the third single (—1) arm unchanged. Note that there is only one exceptional
strand e connecting the first and the second arm as in Figure 18 because we blow up at
intersection points of e to get the first and the second arm of K. Hence we can arrange
a sequence of blowups from a configuration in Figure 9 to a curve configuration C of
type C so that we have an intermediate configuration C’ of strands as in Figure 18: The
left-hand/right-hand figures comes from the left-hand/right-hand figures in Figure 9,
respectively. For simplicity, we only explain a curve configuration coming from the
left-hand side in Figure 9. In contrast to the type B case, we have a (—a/, ) strand with
aip > a’l , 1IN C’ because we need to blow up at the intersection point of e, and ¢ in
Figure 9, which becomes the (—a1,) strand in the curve configuration C at the top of
Figure 19. Let C; be a curve configuration obtained from C’ by standard blowups and
W1 be a minimal symplectic filling of ¥ corresponding to C;. Then, by Lemma 4.3,
there is a symplectic embedding L in Wj so that W is obtained from W; by replacing
L with its minimal symplectic filling Wy, where L is a plumbing graph at the bottom
of Figure 19. Since a curve configuration C; for W; is of type B, there is a sequence
of rational blowdowns from M to W as desired.
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Figure 19: Top: part of curve configuration C for W. Bottom: a plumbing
graph of L.

The following example illustrates this case.

Example 4.3 We consider a minimal symplectic filling W5 of Y in Example 4.1,
represented by a curve configuration Cs in Figure 20. The curve configuration Cs is
obtained from the right-hand configuration in Figure 9, and the proper transforms of ¢4
and e, are irreducible components of the concave cap K. Thus, as in the proof, we can
find an intermediate configuration C’ between the right-hand configuration in Figure 9
and Cs. Then it is easy to check that the homological data for standard blowups C’ of
C’ and that of C; is equal; see Figures 17 and 20. From the proof of Lemma 4.3, we

c’ Cs
Figure 20: Curve configuration Cs for symplectic filling Ws of Y.
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can explicitly check that there is a symplectic embedding of

-5 =2

Li= &

to Wi in Example 4.2, and W5 is obtained by rationally blowing it down: let Cl.j be
the i™ component of the j™ arm in K. Then the homological data of K for W; in
X = W; UK =~ CP?410CP? is given by

[Col = 1.

[Cll=1—ey—e3—es—es, [C)]=es—es,

[CHl=1—e1—er—e6.

[Cl1=1—e1—e3—er, [Cil=er—es.  [C]=es—e9—eq0.

[C14] =1—e1—ey,
where Cy is the central (+1) 2—sphere of K, / is the homology class representing the

complex line in CPP2, and ¢; is the homology class of each exceptional 2—sphere. As
in the proof of Lemma 4.3, we can find a symplectic embedding of

-5 =2

L:O—.

to W1 C X whose homological data is given by e3 —es —e7—eg —eg and eg —eq; refer
to Figure 21, top. There are two minimal symplectic fillings of L whose corresponding
curve configurations are as in Figure 21, bottom. Note that the first figure represents a
linear plumbing while the second figure represents a rational homology 4-ball.

Hence, if we rationally blow down L from X7 = LU K, = CP? 6@?”, then we get
a new rational symplectic 4-manifold X, =~ CPP? #4CP2, and the homological data
of K7 changes as follows:

I —1,

[—ej—ey—>I1—E{—E,,
62—(33—>E2—E3,
83—64—>E3—E4,

64—65—6’6—>E1—E2—E3.

Here e¢; and E; denote the homology classes of exceptional spheres in X7 and X ]:
Note that the homological data of L in X7, is given by ey — ey —e3 —e4q —e5 and

Algebraic & Geometric Topology, Volume 23 (2023)



On symplectic fillings of small Seifert 3—manifolds 3525

P P

+1

€ -@-—mmm -

Figure 21: Top: embedding of L; in W;. Bottom: two curve configurations
for Y.

es —eg. Therefore, if we see X as X7 14CP2, we get X’ =~ CP2 #8CP? by rationally
blowing down L from X, and the homological data of Ky, is changed by

[ —1,
[—e3s—es—[—E|—E,,
es—e7 —> Ey — Ej,
e7—eg —> E3— Ey,
eg—eg—ejg —~> Ey— Ey— Ej,
where ey, e, €4, eG_and Eq, E,, E3, E4 represent the standard exceptional 2—spheres

in X’ = CP2 { 8CP2. Therefore, the new homological data for the concave cap K,
which give the right-hand curve configuration in Figure 20, are as follows:
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Remark We investigated all possible curve configurations for a small Seifert 3—
manifold ¥ with » > 5 in the proof of the main theorem. As a result, we can find
all minimal symplectic fillings of Y via corresponding curve configurations. For
example, a complete list of minimal symplectic fillings of ¥ in Example 4.1 are given
by Examples 4.1-4.3.

4.4 Proof for type D

We start to prove this case for a curve configuration coming from Cy ¢,¢. Note that Co oo
itself is a curve configuration containing Ko o,o corresponding to rational homology
ball filling of Ip 0,0 in Figure 3. By repeatedly blowing up at intersection points
between exceptional strands and the first component of each arm, we can get a curve
configuration Cp 4 , containing K, 4, corresponding to a rational homology ball filling
of I'y 4, as in Figure 22. For notational convenience, we denote three exceptional
strands in each Cp 4 , by the same e; with i € Z3 so that ¢; intersects the last component
of i™ arm and the first component of (i +1) arm of K, 4,,. Let C_; _; _; be the
right-hand figure of Figure 9 and C,, ;, _ be a configuration of strands obtained from
Cp,q,0 by blowing down e in Figure 22. Then C), 4 1 contains K, ; 1, which is the
proper transform of K, ; o under blowing down.

Proposition 4.5 For a curve configuration C coming from Cy .o, there is a curve
configuration Cg p, . containing K, p . witha, b, ¢ > —1 such that
(i) there is a sequence of blowups from Cg p  to C,

(ii) there is either no blowup at e; or blowups at both intersection points on e; during
the sequence of blowups,

(iii) there is no blowup at intersection points of K, p ..

—-(r+2) —(p+2) —(¢g+2)

+1 +1 ‘

qg+1].
p+1|, =%,

,
‘W . =
..

: . \. -
N o :
% R r+1

Figure 22: Curve configurations Cp 9,0 and Cp 4.,

A
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~m 1) 2 e K /
>< / (m—1) >< / : ':
(ny—1) . /,;: : ! i

) (p—n1) { /

Figure 23: Part of the blowups from Cy;—3,1,—3,n;—3 1O C'.

Proof Since there are no strands with degree < —2 in C except for irreducible
components of K, each irreducible component of K¢ ¢, in Cp 0,0 should become an
irreducible component of K under blowups from Co oo to C. Hence, in order to get C
from Cy, 0,0 by blowups e;, we should blow up at either two intersection points of e; with
arms or an intersection point of e; with the (i +1)* arm only. Note that we get Cp 4.
containing K, 4, by blowups the latter case repeatedly. Hence, by rearranging the order
of blowups from Cy .o to a curve configuration C, we may assume that C is obtained
from Cp 4, with p,q,r > 0 and there are no more blowups at an intersection point of
e; with the (i +1)* arm only. Since the configuration Cp 4., clearly satisfies conditions
(i) and (ii), we are done if there is no blowup at intersection points of K 4, in Cp g .

If there are blowups at intersection points of K, 4, in Cp 4., to C, then we will find
another Cg p . Witha > p, b > ¢ and ¢ > r satisfying conditions (i)—(iii) as follows.
Let x; be the first intersection point in the i arm of K 4, among the intersection
points to be blown up, and C’ be a configuration of strands obtained by blowing up
at x; for 1 <i < 3. For notational convenience, we denote exceptional strands in
Cp.q,r and the proper transform of e; in C’ by the same e;. There is a unique (—1)
exceptional strand in each i™ arm of K’ in C’, which is the ;" component of the i ™"
arm with n; > 2, where K’ is the total transform of K 4 . Then we claim that there
is a sequence of blowups from Cy, 3 p,—3 43,3 to C ' we blow up two intersection
points of e; simultaneously, and then we blow up at the intersection point between the
exceptional (—1) strand and the first component of the (i +1) arm consecutively to
get C’; for example, see Figure 23 for the first arm. We see from the construction that
a configuration Cy, _3 ,,—3 4,—3 satisfies conditions (i) and (ii). Moreover, since X; is
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57553
2 K23 K 22
e
3

Figure 24: Plumbing graph I" and its concave cap K.

the uppermost point among the intersection points to be blown up, there is no blowup
at intersection points of K, _3 »,—3 ;-3 during the blowups from Cy, 3 4,3 ;-3
to C. Therefore Cy, —3,4,—3,1;—3 is a desired curve configuration C, p . O

Since K, p . < K (guaranteed by condition (ii) in Proposition 4.5), there is a curve
configuration C; of Y obtained from C, p . by standard blowups. If one of a,b, ¢
is —1, then the curve configuration Cj is of type B or type C, so that there is a sequence
of rational blowdowns from M to the minimal symplectic filling W; corresponding
to Cy. If all @,b,c > 0, then W, is obtained from M by replacing I}, 5 . with its
rational homology ball filling by Lemma 4.4. On the other hand, conditions (ii) and
(iii) in Proposition 4.5 guarantee that there is a sequence of rational blowdowns from
W to the minimal symplectic filling W corresponding to C by using Lemma 4.2 or
Lemma 4.3 repeatedly.

We end this section by giving an example of minimal symplectic fillings involving
3-legged rational blowdown surgery.

Example 4.4 Let Y be a small Seifert 3—-manifold whose minimal resolution graph I"
and concave cap K are given by Figure 24. We consider two minimal symplectic fillings
W and W, of Y whose respective curve configurations are given by Figure 25, top and
bottom. Note that the curve configuration in Figure 25, top, is obtained from Cy ¢ o by
standard blowups. Thus, as in the proof, W; is obtained from the minimal resolution
by rationally blowing down I7 9. Let us denote vg by a central vertex and vij by i
vertex of the j™ arm in T'. Then, vy, vll, v% and v% + vg give a symplectic embedding
of T,0,0 to the minimal resolution. A computation similar to that of Example 4.3 shows
that there is a symplectic embedding L of
-5 -2

*——o

to Wy, and W, is obtained from W; by rationally blowing down L.
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Figure 25: Top: curve configuration for ;. Bottom: curve configuration for W,.
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Milnor—Witt motivic cohomology of
complements of hyperplane arrangements

KEYAO PENG

We compute the (total) Milnor—Witt motivic cohomology of the complement of a
hyperplane arrangement in an affine space as an algebra with given generators and
relations. We also obtain some corollaries by realization to classical cohomology.

14C25, 14F42, 19E15

1 Introduction

Let K be a perfect field of characteristic different from 2, and let U C A]I\é be the
complement of a finite union of hyperplanes. For K = R, the cohomology ring
H s’;‘ng(U (R), Z) is just the direct sum of Z corresponding to each regions (connected
components), and those regions form a poset. In the special case when the hyperplanes
arise from a root system, the resulting poset is the corresponding Weyl group with
the weak Bruhat order. In general, the poset of regions is ranked by the number of

separating hyperplanes and its Mobius function has been computed; see Edelman [8].

For any essentially smooth scheme X over K and any integers p,q € Z, one can
define the Milnor—Witt (MW) motivic cohomology groups Hﬁ{f,(X , Z)) introduced
by Bachmann, Calmes, Déglise, Fasel and @stvar [1]. There are homomorphisms
(functorial in X), for any p,q € Z,

HI(X.Z) — Hy (X, Z),
where the right-hand side denotes the ordinary motivic cohomology of Voevodsky.

As illustrated by the list of properties in the following section, the Milnor—Witt motivic
cohomology groups behave in a fashion similar to ordinary motivic cohomology groups,
but there are crucial differences (for instance, there are no reasonable Chern classes).
© 2023 The Author, under license to MSP (Mathematical Sciences Publishers). Distributed under

the Creative Commons Attribution License 4.0 (CC BY). Open Access made possible by subscribing
institutions via Subscribe to Open.
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3532 Keyao Peng

In this paper, we compute the total Milnor—Witt cohomology ring of the complement
of a hyperplane arrangement in affine spaces Hyw(U) using methods very similar to
Chatzistamatiou [4], with some necessary modifications. To state our main result, we
first recall a few facts.

Let R be a commutative ring. The Milnor-Witt K—theory of R is defined to be the
graded algebra freely generated by elements of degree 1 of the form [a] with a € R*
and an element 7 in degree —1, subject to the relations

(1) [a][l —a] =0 for any a such thata, 1 —a € R*\ {1};

(2) [ab] = [a] + [b] + n|a][b] for any a,b € R*;

(3) nla] = [a]n for any a € R*;

4) n@2+n[-1) =0.
It defines a presheaf on the category of schemes over a perfect field K via X —

KMY(O(X)). On the other hand, one can also consider the Milnor—Witt motivic
cohomology (bigraded) presheaf

X > Hyw(X) := P HI(X. Z).
2
By Déglise and Fasel [7, Theorem 4.2.2], there is a morphism of presheaves
s:@P KV () > @ Hypy(—. 2) € Huw(X),
nez nez
which specializes to the above isomorphism if X = Spec(F), where F is a finitely
generated field extension of K; see Calmes and Fasel [3].

Theorem 1.1 Let K be a pertect field of characteristic different from 2 and let U C A%
be the complement of a finite union of hyperplanes. There is an isomorphism of
Hyw (K)—algebras

Hyw (K)X{Gm(U)}/Ju = Huw(U)

defined by mapping (f) € G, (U) to the class [ f] in Hl\l,[’vlv(U, 7)) corresponding to f
under s. Here, Hyw (K){G, (U)} is the free (associative) graded Hyw (K)—algebra
generated by G,,(U) in degree (1, 1) and Jy is the ideal generated by the elements

M (N =I[f1if f € K* CGn(U);

2 (H+©@+n(f ) —(fg)if f.g € Gm(U);

3) (f)(f2)~(fo) forany fi..... fr € Gm(U) such that 3oi_, fi = 1;

@ (f)?=[10f) if f € Gm(U).

Algebraic & Geometric Topology, Volume 23 (2023)
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As indicated above, this theorem and its proof are inspired by the computation of the
(ordinary) motivic cohomology of U in [4]. We can recover the main theorem [4,
Theorem 3.5] of the motivic cohomology case by taking n = 0. As a corollary, we
obtain the following result:

Corollary 1.2 LetU C A% be the complement of a finite union of hyperplanes. The
isomorphism of Theorem 1.1 induces an isomorphism

P KN (K)(Gm(U)}/ Ty — D Hiw(U. Z).

nez nez

We do not know if the left-hand side coincides with KMWY(U). To conclude, we spend
a few lines on the real realization homomorphism

sing
when U is over K = R. We prove in particular that both sides have essentially the
same generators, and that the map is surjective.

Conventions The base field K is assumed to be perfect and of characteristic not 2.
For a scheme X over K, we write Hyw(X) for the total MW motivic cohomology

ring @p,qu HI\I/JI’\g’(X’ Z)
For each f € G,,(U), we use (f) to indicate the corresponding generator in the corre-

sponding free algebra (eg KMV (K){G,,(U)}) and [ f] to indicate the corresponding
element in the cohomology group (eg Hl\l,l’\}\,(U ,2.)).

2 Milnor-Witt motivic cohomology

In this section, we define Milnor—Witt motivic cohomology and state some properties
that will be used in the proof of Theorem 1.1. We start with the (big) category of
motives IST\//I(K )= WNiS(K , 7)) defined in [7, Definition 3.3.2] and the functor

M :Sm/K — DM(K).

The category I’)\l\//[(K ) is symmetric monoidal [7, Proposition 3.3.4] with unit 1 =
M (Spec(K)). For any integers p, g € Z, we obtain MW motivic cohomology groups

H{{l (X, Z) := Homgg; ) (M (X). 1(9)[p)).

By [7, Proposition 4.1.2], motivic cohomology groups can be computed as the Zariski
hypercohomology groups of explicit complexes of sheaves.

Algebraic & Geometric Topology, Volume 23 (2023)
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We will make use of the following property of IST\/A(K ). First, we note that I/)T\//[(K ) is
also a triangulated category.

Proposition 2.1 (Gysin triangle) Let X be a smooth K—scheme, let Z C X be a
smooth closed subscheme of codimension ¢ and let U = X \ Z. Suppose that the
normal cone Nx Z admits a trivialization ¢: Ny Z =~ Z x A°€. Then there is a Gysin
triangle

MU) — M(X)— M(Z)(c)[2¢c] £,

where the last two arrows depend on the choice of ¢.

Proof We have an adjunction of triangulated categories
SH(K) < DM(K)

obtained by combining the adjunction of [6, Section 4.1] and the classical Dold—Kan
correspondence (eg [5, 5.3.35]). Here, SH(K) is the stable homotopy category of
smooth schemes over K. The functor SH(K) — ﬁTA(K ) being exact, the statement
follows for instance from [13, Chapter 3, Theorem 2.23]. O

Furthermore, the Milnor—Witt motivic cohomology groups satisfy most of the formal
properties of ordinary motivic cohomology and were computed in a few situations:
(1) If g <1, there are canonical isomorphisms

Hi (X, 2) = HEY(X, K)™) = HP (X, K)™)

where K }]V'W is the unramified Milnor—Witt K—theory sheaf (in weight ¢) introduced
in [12].

(2) If L/K isafinitely generated field extension there are isomorphisms Hyyy (L, Z) =
KMW(L) fitting in a commutative diagram, for any n € Z,

Hypw (L. Z) —— K3™(L)

J |

Hy"(L.Z) —— KM (L)

where K,]l” (L) is the (n™) Milnor K—theory group of L, the bottom horizontal map
is the isomorphism of Suslin, Nesterenko and Totaro, and the right-hand vertical map
is the natural homomorphism from Milnor—Witt K—theory to Milnor K—theory. This

Algebraic & Geometric Topology, Volume 23 (2023)
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result has the following consequence: the Milnor—Witt motivic cohomology groups are
computed via an explicit complex of Nisnevich sheaves Z(q) for any integer g € Z.
The above result shows that there is a morphism of complexes of sheaves

Z(q) - KY™V[—q].

where the right-hand side is the complex whose only nontrivial sheaf is K)™ in
degree —q. For any essentially smooth scheme X over K, this yields group homomor-
phisms

HI(X.Z) > HP™1(X, K)™),

which are compatible with the ring structure on both sides. In the particular case p =2n
and ¢ = n for some n € Z, we obtain isomorphisms (functorial in X)

HIV (X, Z) = CH"(X),

where the right-hand term is the n'" Chow—Witt group of X (defined in [2; 9]). Again,
these isomorphisms fit into commutative diagrams

HIUM (X, Z) —— CH"(X)

| |

Hy" (X, Z) —— CH"(X)

where the right-hand vertical homomorphism is the natural map from Chow—Witt
groups to Chow groups.

(3) The total Milnor—Witt motivic cohomology has Borel classes for symplectic
bundles [15] but in general the projective bundle theorem fails [14].

(4) If X is a smooth scheme over R, there are two interesting realization maps. On
the one hand, one may consider the composite

HE(X.Z) > Hy (X, Z) > HE, (X(C),Z),

sing
where the right-hand map is the complex realization map. On the other hand, one may
also consider the composite

Hi(X.Z) > HP~1(X, K)™) > HP79(X, 19) - H},

sing

e X(R).2),

where 19 is the unramified sheaf associated to the ¢ power of the fundamental

ideal in the Witt ring, K CIIV[W — I is the canonical projection and H?~4(X, 19) —

HP 9(X(R),Z) is Jacobson’s signature map [11].

sing
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We note here that these two realization maps show that Milnor—Witt motivic cohomology
is in some sense the analogue of both the singular cohomology of the complex and the
real points of X.

3 Basic structure of the cohomology ring

Let V be an affine space, ie V' =~ A% for some N € N. We consider finite families /
of hyperplanes in V' (which we suppose are distinct). We denote by |/ | the cardinality
of I and set UIV =V\ (UYeI Y), and simply write UIN when V = AII\(I. For any
hyperplane Y, we put Iy :={Y;NY |Y; €l,Y; #Y}.

Proposition 3.1 Let V and I be as above. We have
MUy = P10y

jeJ
for some set J and integers n; > 0.
Proof We proceed by induction on the dimension N of V and |I|. If || = 0, then

M(UIV) = A?(V) =~ 1 and we are done. So let |/| > 1 and Y € I. The Gysin triangle
reads as

3-1) MUY — MU ) 2> MUE)(D)2] 5.
If ¢ = 0, then the triangle is split and consequently we obtain an isomorphism
(3-2) MUYy = MU yy) & MU D1,

Since |1 \{Y'}| < |I| and dim(Y) = dim(V') — 1, we conclude by induction that the
right-hand side has the correct form. We are then reduced to showing that ¢ = 0.

By induction,
¢ € Homgy k) (M (U (y)). MU ) (D[2))

= (P Homgyg; ) (L01)[1;]. Lme) e + 1))
J.k
for some integers nj, my = 0, so it suffices to prove that Homggg (1, 1(m)[m+1]) =0
for any m € Z to conclude. Now,

Homgy; ) (1, 1(m)[m + 1]) = H{/["VJVFI"”(K, 7)

and the latter is trivial by [7, Proposition 4.1.2 and proof of Theorem 4.2.4]. |
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As an immediate corollary, we obtain the following result:

Corollary 3.2 The motivic cohomology Hyw(U IV) is a finitely generated, free
HMW(K)—module.

To obtain more precise results, we now study the Gysin (split) triangle (3-1) in more
detail. We can rewrite it as
oY =~
MU B M)y s MU} yy) =

and therefore we obtain the short (split) exact sequence, in which the morphisms are
induced by the first two morphisms in the triangle,

Y
(3-3) 0~ P HIR U ). 2) > P Hi (U 7)
p:q p:q v
bo, @ R WF 2y 0.
The inclusion Y C V yields a morphism U —-U 1\ (v} and therefore a morphism
M (U ) M v \{Y}) The global SCCthH fofV correspondmg to the equation

of Y becomes invertible in U, Y and therefore yields a morphism [ f]: M U, Vy—1(D][1]
corresponding to the class [ f] € Hl\l,l\i,(U Y .7) given by the morphism

s: @@ KV () > P Hypo(—. 2).

nez nez

Lemma 3.3 The following diagram commutes:

a2 7o),

ﬂyl Ttxy@[f]

AT (T7V A7 17V AT (17V
MU, )T>M(UI )M (UY)
Proof The commutative diagram of schemes

|4
U ————— Ul

l l(ld,f)

Vv 14 1
UI\{Y} X Gy —— UI\{Y} XAK

Algebraic & Geometric Topology, Volume 23 (2023)
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yields a morphism of Gysin triangles and thus a commutative diagram

FUlHmn —2 s W) — s ) ) —— -

t(l)[lll l

MU )OI —— MU}y, X CGm) —— MUY,y x Af) — -

MU} (D]
in which the map A?(UIV\{Y} X Gp) — A?(UIV\{Y})(I)[l] is just the projection. We

conclude by observing that the middle vertical composite is just (¥ @ [f])oA. O

We may now prove the main result of this section.

Proposition 3.4 The cohomology ring Hyiw (U) is generated by the classes of units
in U as an Hyw(K)—algebra. In particular, the homomorphism

s: @@ KV U) > P Hy (U 2)

nez nez
is surjective.

Proof We again prove the result by induction on |/ | and the dimension of V, the case
|7| = 0 being obvious. Suppose then that the result holds for U II; and U IV\ v and
consider the split sequence (3-3). For any x € Hyw (U) = Hyw (U IV), we have that
BY(x) e HMW(U};) is in the subalgebra generated by {[f] | f € G, (U};)} and 7.
Forany fi,..., fn € Gm(UIV\{Y}), Lemma 3.3 yields

Bi (LDl 1+ [y 1- 1) = [l 1+ [lyy 1

The map G, (U IV\ {Y}) - G (U };) being surjective, it follows that there exists x’ €
Hyw (U IV) in the subalgebra generated by units such that 8Y (x — x’) = 0. Thus,
x —x" = ax(y) for some y € HMW(UIK{Y}) and the result follows from the fact that
o is just induced by the inclusion U IV cU IV\ vy m|

4 Relations in the cohomology ring

The purpose of this section is to prove that the relations of Theorem 1.1 hold in
Hyw (U). The first two relations are obviously satisfied since the homomorphism is
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induced by the ring homomorphism

s: @ KV (U) > P Hyw (U. 2).

nez nez

Recall now that the last two relations are

3) [Aillf2]---[fe] if f; € Gp(U) forany i and Y i, fi = 1;
@ [P =[=1Uf1if f €Gm(U).

We will prove that they are equal to 0 in Hyw (U). Actually, it will be more convenient
to work with the following relations, where € := —(—1) = —1 —n[—1]:

3"Y R(fo...., fr), defined by

t

S T ol il 1]
i=0 o —
+ Y CDRIR Sl il i L]

0<ip<-<ix <t
for f; € G (U) such that Y, fi = 0.
(4") Anticommutativity [f][g]—e€[g][f].

Lemma 4.1 The two groups of relations are equivalent in Hyiw (U ).

Proof We first assume that (3) and (4) are satisfied. Since (1) and (2) are satisfied, we

have [— f] = [<1] + (=1)[ f]. As (4) is satisfied and [—1] = €[—1] in KMW(K),
A1 = FU 1+ DT = (U1 1- 1) =0

and then [fg][—fg] = [f]lg] + €[g][f] for any g. /' € G;n(U) by [12, proof of
Lemma 3.7]. Suppose next that 3% _, f; =0, so that >, fi/(— fo) = 1. Combining
(3) and the anticommutativity law, we obtain

4-1) 0=[1]=[f"1+(f "AH] (by (2)),
(42) [‘fﬂ — ALY
= (7 Y(=A1-16D (by (4-1))

= (7D + = 145D,
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k
@3 Wl = (5

1=

k—1 k
= (X(5) 1+ O ey
i=0
= (D=1 fol + (D[ 1)
and
T L N N I R
0 =( <f0))[fo}[fo} [fo] (by 3)
= (Lfol = [-1]— (~1 >[f11) (Lol = [-1]— (1)) (by (4-2))

e [foll Al 1] +Z€t AL TAf) = [=1D) -+ 4]

+ 3 (ol = [ LAL - [ L] LA+

i<j

t

=>"eFfol - Uil ]
i=0
+ Y DRl gl il LA (by (4-3)

O<ip<-<iy <t

Conversely, suppose that (3’) and (4’) hold. A direct calculation shows that

R(=L f1,..., fo)y= )ALl = €Al L]

and consequently that (3) also holds. For every field K # F,, we have | +a+b =0
for some a, b # 0 and it follows from [—a][—b] = 0 in KMW(K) that

R(f.af.bf) = R(f.af.bf)~-all-b] = R(f.af.bf) - [-4L][-2L]

VARL
= R(f.af.bf) = (=Dlaf]+ [=1]=[/DU=Dbf] + [=1]=[f]D
= [T+ 12 = (1= [=1)? = UL 1= 1% o

Remark 4.2 The following properties of the relations R and anticommutativity hold:

(1) For any a,b € G,,(U), we have [a/b] = —(b~!)R(b, —a).
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(2) Forany fo,..., fr € G, (U), by direct computation, we have

A A

R(fos s f) =€ [filRfo, o fiveoos f) = P(fos s fiseoos f2)

for some polynomial P. This uses the anticommutativity and the fact that
[-1] = €/ [—1] for any j > 0 in the computation.

(3) Forany fo,..., f; € K* such that Y%_, fi =0, we have R(fo,..., fi) =0
in KMV (K).

The following lemma will prove useful in the proof of the main theorem:

Lemma 4.3 Any morphism ¢ : M(UIV) — T in 13T\7[(K) such that
MUuHmmEs mu)) L
U, ) D[] — MUy ) —

is trivial for every Y € I factors through M (K), ie there is a morphism  : M (K)—T
such that the diagram

Mwy)y—2-r

| A

M(K)

is commutative.

Proof We prove as usual the result by induction on |7], the result being trivial if
|I] =0, ie if UIV ~ AZI\(]. By assumption, ¢ factors through M(UIV\{Y}), ie we have a
commutative diagram

~ Y ~
MUY) = M(UIV\{Y})

x i""’

For H € I' = I\ {Y'}, we have an associated Gysin morphism S : M(UIZ)(l)[l] —
M u IV) which induces a commutative diagram

MUE )] Pdw) st

Y Y
a (1)[1]l ) la %

M(Ugl)(l)[u ——M®U})
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in which the morphism a¥ (1)[1] on the left is split surjective. It follows that
goop o (N1 =¢gop™ =0
implies ¢g o B = 0. We conclude by induction. |
Proposition 4.4 Let S be an essentially smooth K—scheme and let f; € G, (S) be
such that 3"t _, fi = 0. Then
R(f(), ey ft) =0 in HMw(S)
Proof The global sections fy, ..., f; yield a morphism j = (fo,..., ft): S — Atgl
which restricts to a morphism j : S — U, where H C Atlg'l is given by th-zo x;i =0

and I = {{x1 =0},...,{x; =0}}. Since R(fo,..., ft) = j*(R(xg....,Xs)), we can
reduce the proposition to the case S = U IH .

For any x;, we set ¥; := {x; = 0} C H and we obtain a Gysin morphism
B MUy YD — M (U
and a composite
MUy Y] £ M uff) 20 4o
By Remark 4.2 and Lemma 3.3,

R(xg,...,x:)0p;
= (e/[xj]R(x0, ..., Xj, ..., xt) + P(x0,....Xj,...,x¢))0p;

=’ ([x;]R(x0,....Xj.....x7))o B + P(x0,....Xj,...,x;)oajop;
:E/R(X()|U1Yj ,...,)ACJ‘,...,X,|UIYJ~ ).
Yj Yj

As R(f,—f) = 0 for f € G,,,(S) by Remark 4.2, we obtain by induction that
R(xg,...,x;)oB; =0 forany j =0,...,t. Applying Lemma 4.3, we obtain a
commutative diagram

R(X(),...,X[)

MU —"5 10

| <~

M(K)
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As char(K) # 2, UIH has a K-rational point (4¢,...,A;) € Atgl, and we obtain a
diagram
M(K)
“l R(A0ywsA1)

~ R(xo,...,
M(UIH) &} 1(1)[t]

| <

M(K)
The vertical composite being the identity, ¥ = R(Ag, ..., As), and the latter is trivial
by the relations in Milnor—Witt K—theory. O

Applying Lemma 4.1, we obtain the following corollary:

Corollary 4.5 Let S be an essentially smooth K—scheme.
(1) Forany fi,..., f; € Gu(S) such that Y i_, fi = 1, we have

[A1]lf2]--- [fi] = 0 € Huw(S).
(2) Forany f € G, (S), we have [ 1> — [-1][f] = 0 in Hyw(S).

5 Proof of the main theorem

In this section, we prove Theorem 1.1. We denote by Jy C Hyw(K){G,(U)} the
ideal generated by the relations

(1) (f)—[flfor f e KX CGn(U);
(2) (f)+ () +n(f)g)—(fg) for f,g € Gu(U);
3) (f)(f2)+-(fy) forany fi...., fy € Gu(U) suchthat Y i, fi = I;
@ (f)?=[-11(f) for f € Gu(U).
By Lemma 4.1, Jy C Huw(K){G,,(U)} is in fact generated by
(1) (f)=[fTfor f € K* CGm(U);
2 (f)+ (@) +n(f)(g)—(fg) for f.g € G (U);
(3’) Anticommutativity (f)(g) —e(g)(f) forany f, g € G, (U);
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@) R(fo.....ft), given by
t

T fo) () (D)
ZZO + > DR ) (i) (fi) - (o)
O<ip<-<ix <t
for any fo, ..., f; € Gu(U) such that Y _, fi = 0.
In view of Corollary 4.5, the morphism Hyw (K){G,(U)} — Hmw(U) defined by
(f) — [f] induces a morphism of Hyw (K )—algebras
p: Huw(K){Gm(U)}/ Ju — Huw (U).

Now, choose linear polynomials ¢1, ..., ¢s that define the hyperplanes Y; € I and let
J(’J C Hyw(K){G,(U)} be the ideal generated by the relations (1), (2), (3") and (4)
for elements of the form f; = A;¢;; or f; = A; for A; € K* and ¢;; € {¢1,.... s}
We have a string of surjective morphisms of Hyw (K )—algebras

Huw(K){Gm(U)}/ J{; = Huw(K)X{Gm(U)}/ Ju 2> Huw(U),

whose composite we denote by p'.

Theorem 5.1 The morphism of Hyw (K )—algebras
Huw(K){Gm(U)}/ Ju 2> Huw(U)

is an isomorphism.

Proof It suffices to prove that p’ is an isomorphism. To see this, we work again by
induction on |/|. If |[I| =0, then U = A% for some N € N. By homotopy invariance,
we have to prove that the map

" Hnw (K){Gm (K)}/ T — Hww (K)
is an isomorphism. Now, the morphism of Hyw (K )-algebras
Hyw(K) — Hyw (K){Gm (K)}/Jg

is surjective by relation (1). Its composite with p’ is the identity and we conclude in
that case.

Assume now that Y € I is defined by ¢; = 0 and that we have isomorphisms
Hyw (K)Gm (Up)}/ Ty = Haw(Up),
Hw (K){Gm(Up, )} Ty = Hyw(Up,).
Y
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The morphism U IV — U , induces a morphism Gm(U}f) — Gm(UIV) and then a
commutative diagram
0

HMW(K){Gm(UII{)}/J(/JV/ ———— Huw(U}))

! I~
&l aY
/

Hyw(K){Gm (U]} I}y —— Huw(U})

I/
is’l gy

HMW(K){Gm(U[I;)}/J{]IY — Huw(U})

0

in which 5 is the unique lift of BY o p and the right column is exact. We are thus reduced
to proving that the left vertical sequence is short exact to conclude. It is straightforward
to check that & is injective and E is surjective. Moreover, the commutativity of the
diagram and the fact that Y x © a = 0 imply that ,3 o =0, so we are left to prove
exactness in the middle.

Letx € HMW(K){G,,,(UIV)}/J(’]IV . The group Gm(UIV) being generated by Gm(UIV)
and ¢, we may use relations (2) and (4) to see that x = (¢1)x(x1) + &(xp) in
HMW(K){Gm(UV)}/JUV By Lemma 3.3, we get ,B(x) =1(x1), where 7 is induced
by the restriction G, (U I,) — Gy (U ) Consequently, we need to prove that, if
7(x1) =0, then (¢1)&(x1) is in the image of &. With this in mind, we now prove that
the kernel of 7 is generated by elements of the form

R(fo""’fl)’

where f; = A¢;, withi; >1or fj =Aand Y i_, filuy = 0. Denote by L’ the ideal
of Hyw (K){Gy (U I‘f)} generated by such elements. By construction, the restriction
induces a homomorphism

L'+ Iy ! v = JUY ,

which is surjective. Indeed, relations (1), (2) and (3) can be lifted using the fact that
the map G, (U I‘f) - Gu(U };) is surjective, while an element satisfying relation (4)
with every f; of the form f; = A;¢;; or fj = Aj for A; € K> (with i; # 1) lifts to an
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element in L’. As in [4, proof of Theorem 3.5], we see that the kernel of the group
homomorphism G, (U})) = G, (U IYY ) is generated by elements of the form

(1) A¢;/¢; withi and j suchthat Y1NY; =Y NY; and A = (¢;)|y,/(¢i)|y,;
(2) A¢i, wherei issuchthat Y1 NY; =@ and A = 1/(¢;)]y, -
Remark 4.2 yields

Ao - !
[ qf ] — (g7 VR —A-di) C L,
J

while [A¢;]=€R(—1, A-¢;) C L’ showing that ker(Gn (U})) = Gm(U})) C L'+ gy,
We deduce that ker(?) = L'.

We now conclude. If i(x;) = 0, then x; € L’ and we may suppose that x; =

R(fo,..., fy) for fo,..., f such that 3% _, fi|U1YY = 0. It follows that Yi_, fi =
—u¢q for p € K. If u =0, there is nothing to do. Otherwise, use R(u¢1, fo,..., fr)=0
and Remark 4.2 to get

(pr)a(x1) = (np)a(x1) — (1) (wa(x1)
= (n1)a(x1) + R(ug1, fo, ..., fr) — (P1)(w)a(x1)
=d(P(fo..... fr)) —a((¢1)(n)x1) € image(@). O
Corollary 5.2 The graded ring isomorphism of Theorem 5.1 induces an isomorphism
E% K™ (K{Gm(U)}/ Ty — 62 Hy(U. Z).

Proof Notice that the ideal Jyy of Theorem 5.1 is homogeneous, and it follows that
D,z Hyiw(U, Z) can be computed as H;;[’V’;(K){Gm(U)}/JU, where H;,([’\:,(K) is
the diagonal of Hyw(K). a

6 Combinatorial description

In this section, we fix an affine space V = A¥ a family of hyperplanes / and we
set U :=U IN . We let Q(U) be the cokernel of the group homomorphism G, (K) —
Gm(U), and we observe that the divisor map

Gn(U) ™ Pz,
Y;el

in A% induces an isomorphism Q(U) = @Yie ;1 Z -Y;. We consider the exterior
algebra Az Q(U) and write Az[y1/2,Q(U) := Z[n]/2n ®z Az Q(U). The abelian
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group Q(U) being free, the Z[n]/2n—-module Azy1/2, Q(U) is also free, with usual
basis. To provide a combinatorial description of Hyw(U), we will have to slightly
modify the definition of the divisor map above, in order to incorporate the action of 7.
We then define a map

Gm(U) &> Agpyy/20 Q(U)
as follows:

(1) If f =A¢por f =A, where A € G,,(K) and ¢ is a linear polynomial as above,
then div( f) = div(f).
(2) If f.g € Gp(U), then div(fg) = div(f) +div(g) +n-div(/) Adiv(g).
Lemma 6.1 The map div is well defined.
Proof We first notice that &E( fe) = af{/(g f), since
div(fg)—div(g/f) = 1-div(f) Adiv(g) —n-div(g) AdIV(f) = 27-div( /) Adiv(g) = 0.
Let f1, f2,81,82 € Gy (U) be such that f1g1 = fogs. Let Y € I be such that
fi=Y" . f/ withdivy (f/) =0and g; = Y™ - g/ with divy (¢;) =0 fori = 1,2 and
m;,n; € Z. We get
div(/f1g1) = (m1+m) Y +div(f{gh) + (my +n)n(¥ Adiv(f{g)).
div(f282) = (m2 +n2) - Y +div(f38) + (m2 +n2)n(Y AdV(f385)).
As Az[y1/2n Q(U) is free with usual basis, we deduce that (/ﬁ\//(fz’g/z) = ElT(/(fl/g/l),
which allows us to conclude by induction on the number of nontrivial factors in the
decomposition of f1g;. |
Now let Ly C Azy1/27 Q(U) be the ideal generated by the elements
(1) YiA---AYgforY; €l suchthatY{N---NY; =@,

2) Zj=1(—1)kY1/\---/\f’j/\---/\Ys for Y; € I suchthat Y1 N---N Y, # & and
codim(Y; N---NYy) <s.

As a consequence of Lemma 6.1, the map div induces a morphism of Z[n]/2n-algebras
Y (Znl/ 2miGm(U)} = Az 2, QU)/Ly.
It is now time to introduce the ring
Ao(U) 1= KM (KNG (U)Y/ (Ju + K- K™Y (K){Gm(U)}).

As e = —1 —[—1]n ~ =1 in Ay(U), it follows that Ag(U) is an exterior algebra.
Moreover, the coefficient ring KMW (K) can be reduced to KMV (K) /(K*-KMW(K)) =

ZInl/2n.
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Proposition 6.2 The morphism of Z[n]/2n-algebras

Y Znl/ 2mGm (U)} — Aznyj2n Q(U)/ Ly

induces an isomorphism

V: Ag(U) — Azpyy20QWU)/ Ly

Proof We first prove that W is well defined, which amounts to showing that the image
of Jy is contained in Ly. For f € K*, we have [f] € K*- KMV (K){G,,(U)} and
ElKl( f) =0, showing that the first relation is satisfied. The second relation is satisfied by
definition of div, while relation (3') is satisfied as A zn)/2n @ (U)/ Ly is an exterior al-
gebra. As in the proof of Theorem 5.1, we are then left with elements of J/,, ie elements
of the form R( fy,..., f;) for Z§=0 fi =0, where f; = A;¢; or f; = A;. Modulo

K* - KYW(K){Gp(U)}, we have R(fo. ... fr) ~ Yico(=D" [ fol -+ [fil - [ /]
and we just need to prove that

&= (D YR forr oo ) = S TV fo) A AGVS) A+ ATV(S)
i=0

is an element of Ly . Note that, if there are more than two constant functions among
the f;, o would be trivial. Suppose that fo = Ag is the only constant, and let f; =A;¢;
with kernel Y; € I, so that e = Y1 A--- A Y;. Since Z;=1 Ajp;j = —Ao # 0, we can
easily getthat Y1 N---NY; =@ anda = Y; A---AY; € Ly. In the case where none of
the f; is constant, o = Z;zo(—l)iYo A A 171 A+ AY:. And, for every i, we have
> j=o.j#i *i$; = —Aii, which means ¥; C Yon---NY; N-NY,=YoN---NYy.
IfYoNn---NY,=0,s0is YoN---NY;N---NYy, thus YoA---AY; A---AY; € Ly,
otherwise, codim(Yp N---NY;) =codim(Yp N---N Yin---n Y;) <t <t +1, which
just fits the condition (2) of L. This proves that W is well defined.

To prove that W is an isomorphism, we construct the inverse map by

O AZ[H]/277 QWU)/Ly — Ao(U).Y; — (¢;)

and prove that it is well defined. As above, we just need to discuss elements of L.
If YiN---NYy = @, then we can find A; € K> such that ) ; A;¢; = 1, and thus
(h1) -+ (ps) ~ (A191) -+ - (As¢ps) = 0in Ap(U). In the case codim(Y; N---NYy) <,
we have Y ; A;¢; = O for some A; € K. Then Y i_;(—1)'(¢1)--- Tp?)-u(qss) ~
(=D YR(A1¢1,...,As¢5) = 0in Ag(U). This shows that the inverse map is well
defined. a
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The following corollary shows that the rank of the free Hyw(K)-module Hyw(U) is
exactly the same as the rank of the free H s (K)-module H s (U) [4, Proposition 3.11]:

Corollary 6.3 The rank of the free Hyw (K )—module Hyw(U) is equal to the rank
of the free module Az Q(U)/Ly.

Proof It is clear that rkZ[ﬂ]/zﬂ(AZ[n]/zﬂ QW)/Ly) =1kz(AzQU)/Ly). As all
generators in Hyw (U ) are from Hl\l,’[{g (U, 7Z), we have

1K g1 () (Hvw (U)) = 1K gw ( P Hyw (. Z)) =r1kz[p)/2n(40(U)). D

nez

7 I-cohomology and singular cohomology

In ordinary motivic cohomology theory, we have a realization functor to the topological
cohomology of complex points. This yields the following comparative result:

Proposition 7.1 [4, Proposition 3.9] In the case K = C, there is an isomorphism of
rings

P Hy" (V. Q) @y a0 KM (K)/ KX KM (K) 2 €D HI (U(©), Q).

n

In this section, we provide an analogue for the singular cohomology of the real points
of the complement of a hyperplane arrangement defined over R. We start with some
results about the I—-cohomology [9].

As recalled in Section 2, we have natural homomorphisms from Milnor—Witt motivic
cohomology to I*—cohomology

HiW(X.2) > HP~9(X,. K)™) > HP~91(X, 1)

which induce a ring homomorphism Hyw(X) — EBr,q H" (X, 1) (where 11 =
K éww = W for g < 0). In case X = Spec(K), we obtain in particular a ring ho-
momorphism Hyw(K) — @nq H" (K, 17) = @qez I19(K).

Proposition 7.2 The morphism of &P qgez 19(K)—algebras

< Hyaw(U) ® s ) (QB ﬂ(K)) S @ HW.19)
r.q

qezZ

is an isomorphism. Moreover, H" (U, I1) =0 forr # 0.
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Proof We write Hyw (U) ® I for the graded ring Hyw (U) ® iy (k) (B 19(K)).
We follow the same induction process as in the proof of the main theorem. When
|7] = 0, we only need to consider Spec(K) by homotopy invariance, and the result is
trivial.

Assume now that Y € I and that we have isomorphisms for U I‘{ and U 1};' Notice that,
for I-cohomology, we still have a Gysin long exact sequence [9, remarque 9.3.5]. The
proof of the main theorem yields the commutative diagram

0 @, H WU} 117

| !

Huw(U}) ® I —=—— @, HOU} . 19)

| | |

Hw(U))® I —1—— @, HWUY . 19

| |

Hyw(UY )1 —=— @, HO(U} . 197

| |

0 @, H (U} . 1)

By our assumption, A ~! (U};, 197 ) and H'! (U}f, I17) are both 0, so the right column
is also short exact. We conclude that j is an isomorphism as well. The same argument
implies that H’(UIV,Iq)=0f0rr7$O. |

The analogue of Corollary 3.2 in this setting then reads as follows:

Corollary 7.3 There is a finite set J and integers n; > 0 for any j € J such that

HOUY 19 = 1977 (K)b,
jeJ

as a free (P, 1(K)-module with basis elements b; € HO(UIV, 1"7).

Proof Every step is the same as in Proposition 3.1, except the splitting, which comes
from the identification with Hyw (U IV) QL |

As in [11; 10], we can compute the cohomology of the real spectrum using I-—
cohomology.
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Proposition 7.4 [10, Proposition 3.6] The signature map induces an isomorphism

H' (X, Colim 19) Seheo, gr (Sper(X), Z),
q=

smg

where Sper(X) is the real spectrum. In particular,

Colim /4(K) =~ Slrlg(Sper(K) 7).
q>0
In our case, since U is always noetherian and Colimg > is filtered, we have a canonical
isomorphism
(7-1) H"(U,Colim 1) = Colim H" (U, 19).
q=0 q=0

Combining with Corollary 7.3, we obtain the following proposition:

Proposition 7.5 There exists an integer N > 0 such that

Nsign

HO(U] s I ) ®€Bq>0 I14(K) qug(sper(K) Z) —) (Sper(U] ) Z)

Smg

is an isomorphism. Moreover, H,  (Sper(U; V), Z) =0 forr #0.

smg

Proof By (7-1), we can rewrite the right-hand side as Colimyo H°(U Y. 19). Ap-
plying Corollary 7.3, we get

cOhm(@ﬂ "i (K)b; ) @(cOnOmﬂ—"f (K)bj) = €P H,,(Sper(K). Z)b;.
q>

q>0 R
JjeJ jeJ jeJ

Let N € N be such that N > n; for all j € J. Using again Corollary 7.3,
HOWY . 1My =@ 1V (K)b;,
jeJ

which implies

P 1V (K)bj @y, 19(k) Hong(Sper(K). Z) = @D HY,,(Sper(K). Z)b;

JjeJ jeJ
since, for every j, we have N —n; > 0. That proves the first part, while the second
part is trivial. O

Taking K = R, we have H? (R,Z) = Z and we recover the classical result for

sing
complements of hyperplane arrangements

H(U; ,IN)ﬂ 0 (U (R),Z) = 4 Z{R;}.

s1ng
R; € connected components
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Connective models for topological modular forms of level n

LENNART MEIER

We construct and study connective versions of topological modular forms of higher
level like tmf (7). In particular, we use them to realize Hirzebruch’s level-n genus as
a map of ring spectra.
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1 Introduction

The basic tenet of Waldhausen’s philosophy of brave new algebra is to replace known
notions for commutative rings by corresponding notions for E,—ring spectra. These
days replacing the integers by the sphere spectrum is no longer so brave and new,
but rather a well-established principle. In extension, we might want to find and study
E —analogues of other prominent rings as well. The aim of the present paper is to do
this for rings of holomorphic modular forms with respect to congruence subgroups of
SL,(Z).

Topological analogues of modular forms for SL;(Z) itself were already introduced
about twenty years ago. Indeed, Goerss, Hopkins and Miller introduced three spectra
TMF, Tmf and tmf of topological modular forms. Recall that the rings M« (SL,(Z); Z)
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3554 Lennart Meier

and M, (SL,(Z); Z)) of holomorphic and meromorphic integral modular forms can
be defined as the global sections H®(M.y; ®*) and H®(M.yi; 0®*) of powers of a
certain line bundle w on the compactified and uncompactified moduli stack of elliptic
curves, respectively.! In analogy, TMF is defined as the global sections of a sheaf O'°P

of Eso-ting spectra on M.y with 7wp; O'P =~ w®k

and Tmf as the global sections of
an analogous sheaf on M. The edge maps of the resulting descent spectral sequences

take the form of homomorphisms
72« TMF — My (SLy(Z);Z) and 72 Tmf — M, (SL,(Z); Z).

The former morphism is an isomorphism after base change to Z [%] (while taking higher
cohomology of w®* into account at the primes 2 and 3) and thus TMF can be really
seen as the rightful analogue of M (SL,(Z); Z). In contrast, 7 Tmf has torsion-free
summands in negative degree, whereas M« (SL,(Z), Z) is concentrated in nonnegative
degrees. The solution is to define tmf simply as the connective cover t>¢Tmf, and one
can show that indeed nZ*tmf[%] is isomorphic to M« (SL,(Z), Z[%]). We mention
that one of the motivations for constructing tmf was lifting the Witten genus to a map
of E-ring spectra M String — tmf as achieved in Ando, Hopkins and Rezk [1].
For applications to the stable homotopy groups of spheres and exotic spheres, see for
instance Hopkins and Mahowald [23], Behrens, Hill, Hopkins and Mahowald [3], Wang
and Xu [46] and Isaksen, Wang and Xu [25].

In number theory, it is very common not only to consider modular forms with respect to
SL,(Z), but also to congruence subgroups of these; the most important being I' = Iy (n),
I (n) or I'(n). Algebrogeometrically, such modular forms can be defined as sections of
the pullback of @®* to compactifications M (") of stacks classifying generalized elliptic
curves with certain level structures (see eg Deligne and Rapoport [6], Diamond and
Im [7], Conrad [5] and the author’s [36]); for example, M (I (1)) classifies generalized
elliptic curves with a chosen point of order n» whose multiples intersect every irreducible
component of every geometric fiber. Hill and Lawson [17] defined sheaves of E—ring
spectra on these stacks and obtained spectra Tmf(I"), as their global sections, and
TMEF(I"), by restriction to the loci of smooth elliptic curves. The latter spectra are good
topological analogues of the rings M (T"; Z[1/n]) of meromorphic modular forms in

IThe terms meromorphic and holomorphic come from the corresponding analytic definitions, where
one demands that the given function on the upper half-plane can be continued meromorphically and
holomorphically, respectively, to the cusp(s). The former kind of modular form is also sometimes called
weakly holomorphic.
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Connective models for topological modular forms of level n 3555

the sense that 7« TMF(I") is isomorphic to this ring if I" is I (n) or I'(n) (with n > 2)
and, if we invert 6, also in the case I' = I'y(n).

In contrast, neither Tmf(I") nor its connective cover t=¢Tmf(I") are in general good
analogues of the ring of holomorphic modular forms M (T"; Z[1/n]), even in the nice
case of I' = I'y(n) and n > 2. Writing Tmf(#) for Tmf(Iy (n)), the reason is that
H'(M(T'y(n)); w) and thus 771 Tmf; () is nontrivial in general (with n = 23 being the
first example), while this contribution does not occur in M (I"; Z[1/n]). Following an
idea of Lawson, we define a connective version tmf; (n) by “artificially” removing 71,
while still retaining the E o—structure on tmf; (n). The following will be proven as
Theorems 2.12 and 2.22.

Theorem 1.1 There is an essentially unique connective E~—ring spectrum tmf (n)
with an E —ring map tmf; (n) — Tmf; (n) that identifies the homotopy groups of the
source with M (I'y (n); Z[1/n)).

Moreover, the involution of M(Tj(n)) sending a point of order n on the universal
elliptic curve to its negative defines on tmf (n) the structure of a genuine C,—spectrum.
Its slices in the sense of Hill, Hopkins and Ravenel [16] are trivial in odd degrees and
can be explicitly identified in even degrees.

The analogous theorem also works to define tmf(#n), but tmfy(n) we define only in
certain cases since in the general case it is not yet clear what the “correct” definition is.
The spectrum tmf(n) has been further investigated in [21, Theorem 3.14], where a
criterion for the nonvanishing of its Tate spectrum is proven.

One of the principal motivations for the consideration of tmf; (n) is its connection to
the Hirzebruch level-n genera MU, — M (I (n); Z[1/n]). They specialize for n = 2
to the classic Ochanine elliptic genus and have similar rigidity properties in general;
see Hirzebruch, Berger and Jung [20]. We will prove the following as Theorem 3.6.

Theorem 1.2 For every n > 2, there is a ring map MU — tmfy (n) realizing on
homotopy groups the Hirzebruch level-n—genus. Moreover, this map refines to a map

MUpR — tmf; (n) of Cp—spectra.

We have two further classes of results on the spectra tmf; (7) and their cousins. The
first is the following compactness result, contained in Theorem 4.4 and Corollary 4.6.

Algebraic & Geometric Topology, Volume 23 (2023)
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Theorem 1.3 The tmf[1/n]-modules tmfy(n), tmf; (n) and tmf(n) are perfect, ie they
are compact objects in the module category, in the cases they are defined. In particular,
their IF,—cohomologies are finitely presented over the Steenrod algebra and thus their
p—completions are fp-spectra in the sense of Mahowald and Rezk [33].

By aresult of Kuhn [28, Theorem 1.7] this implies, for example, that the Hurewicz image
of mutmf(I') = m,Q%tmf(I") in Hy(Q%°tmf(I");F,) is finite-dimensional, where
tmf(I") denotes either tmfy(n), tmf; (n) or tmf(n). We also note that in contrast to the
theorem, tmfy (r) will not be a perfect tmfy(z)—module in general. We also show that
tmfy (n), tmf; () and tmf(n) are faithful as tmf[1/n]-modules, answering a question
of Honing and Richter [21, page 21].

The second result is a variant of the decomposition results of the author [37], which we
state in this introduction only at the prime 2 and for tmf; (n), and which will be proven
as Theorem 5.6.

Theorem 1.4 Letn > 1 be odd. If one can lift every weight-1 modular form for 'y (n)
over I, to a form of the same weight and level over Z3), we have a C,—equivariant
splitting
tmf; (n)(z) o~ @ Y™ Ptmf, (3)(2),
1

where p denotes the real regular representation of C,.

In the author’s earlier work [36, Appendix C], it is shown that for 1 <n < 65 odd
indeed every weight-1 modular form for I'y (rn) over F, lifts to a form of the same
weight and level over Z,), while for n = 65 it does not. See also [36, Remark 3.14]
for a further discussion of this condition.

Conventions and notation

All notions are to be understood suitably derived or co—categorical. This means that
pushout means either a pushout in the respective co—category or a homotopy pushout
in the underlying model category. We will use ® for the (derived) smash product. Note
that this coincides with the coproduct in the co—category CAlg of E,—ring spectra.

When we use G—spectra, we will always mean genuine G—spectra. The notations t<g
and 7> denote the k—(co)connective cover of a spectrum and we use the same notation
for the slice-(co)connective covers of a G—spectrum. Furthermore, we denote by S

Algebraic & Geometric Topology, Volume 23 (2023)
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the sphere (G—)spectrum. In some parts of this article, we have the opportunity to use
RO(C,)—graded homotopy groups of C,—spectra. We will use the notation o for the
sign representation and p or C for the regular representation of Cj.

We will use the notations TMF; (1) and TMF (T (n)) interchangeably and similarly in
related contexts.

Acknowledgements

I want to thank Tyler Lawson for explaining to me the idea of how to construct a
connective model for TMF (n), and for the sketch of an argument that tmf (3) is not
perfect as a tmfy(3)-module. It is also a pleasure to acknowledge the influence and
encouragement of Mike Hill. Furthermore I want to thank Eva Honing and Birgit
Richter for their interest and remarks on a preliminary version, and the referee for their
extensive comments.

Finally, I want to thank the Hausdorff Institute for hospitality in 2015 when part of this
work was undertaken. Apologies for the subsequent delay in publication.

2 The construction of connective topological modular forms

The aim of this section is to construct connective spectra tmf(I") of topological modular
forms and thereby prove Theorem 1.1. Here I' denotes a congruence subgroup I in
the following sense, which is a bit more restrictive than the standard definition.

Definition 2.1 We call I' C SL,(Z) a congruence subgroup of level n if T' = I'(n) or
In)cT C Fo(n).z

As explained in [17; 37, Section 2.1], we can associate with every such I" a (non-
connective and nonperiodic) Eoo—ring spectrum Tmf(I"). (See also [44, Theorem 5.2]
for the case of I'(n).) These arise as global sections of sheaves of Exo-ring spectra O'°P
on stacks M(I") classifying generalized elliptic curves with certain level structures;
the details will not be important for the purposes of this article, but see for instance
[6; 5; 45; 36]. Our goal in this section is to construct a nice connective version tmf(I")
for Tmf(T"). For this, we will fix a localization Z g of the integers and restrict mostly
to tame congruence subgroups.

2We refer to [8] for background on the congruence subgroups Iy (1), I' (1) and Ty (1) and their relationship

to moduli of elliptic curves. This material though is barely necessary for the present paper, as we use the
congruence subgroups primarily as notation.
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Definition 2.2 We say that a congruence subgroup I of level n is rame with respect
to Zg if n > 2 and n is invertible in Zg; in the case ['j(n) C I" C IH(n) we demand
additionally that ged(6, [I" : Ty (n)]) is invertible in Z .3

The definition ensures that the order of every automorphism of a point in M(T") is
invertible and thus the stack is of cohomological dimension one. As explained in
[37, Section 2.1], in this case m+7>oTmf(I") is concentrated in even degrees except for
1 Tmf(I"), which might be nonzero. (The smallest n for which this happens is 23.)
Moreover, the even homotopy groups of Tmf(I") are precisely isomorphic to the ring
of holomorphic modular forms M (T"; Z[1/n]).

Following the lead of [29, Proposition 11.1] (and additional explanations by its author),
we will first describe a general procedure to kill 7; for Eo—rings that applies to
>0 Tmf(I") for I" tame. We will then present a Cy—equivariant refinement that helps
to define a nice version of tmf(I") also in some nontame cases; see Construction 2.24.
We note that our techniques are only necessary if 771 Tmf(I") is nontrivial as otherwise
the usual connective cover defines a perfectly good version of tmf(T").

2.1 The nonequivariant argument

Let R be a connective E—ring spectrum with my R an étale extension of Zg, a
localization of Z, and n- 1 = 0; here, € 71 S is the Hopf element and 1 € o R the unit.
(The relevant example for us is R = t>¢Tmf(I") g with g R =Z g if Iy (n) CT" C Ty(n)
and 7o R = Zg[¢y] if ' = I'(n).) We want to construct a map R’ — R of Ey-ring
spectra which is injective on 4 and with cokernel 71 R. In the following, we localize
everything implicitly at the set S —so Z really means Zg, etc.

Let A first be a general Ey,—ring spectrum. For an A-module M, we denote by
PAM)~A®M & (M®*?)5, -

the free unital Es,—A—algebra on M ; cf [32, Example 3.1.3.14].

Definition 2.3 Let x: 2% A — A be an A-linear map. We define its Eoo—cone C4(x)

as the pushout A ®p (s 4) A of Eoo—Ting spectra. Here, the first map IP’A(E"A) — A

is the free Eoo—map on x, while the second arises from applying P4 to the unique map
¥k 4 0.

3 As the quotient Ty (n)/ Ty () is (Z/n)*, the latter condition reduces to gcd(6, ¢(n)) being invertible in
the case I' = I[j(n). Thus we require that 2 is invertible and also 3 if # is divisible by a prime of the form
3k +1orby?9.
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Note that if B is an Es,—A—algebra, we have C4(x)®4 B ~ C B(x). Writing the usual
cone C(x) as the pushout AUy« 4q 4 A in A—modules produces a map C(x) — C A(x)
via the inclusion A @ Tk 4 — P4 (=K A) of the first two summands and the identity id 4.

Lemma 2.4 If x = 0, the canonical map C(x) — C“4(x) is split as a map of A—
modules.

Proof The pushout square

AdSka — s 4

(25) l l

A——CO)~A@xktlg
arises from the pushout square

pILJ) [—

@6 l |

0 — Dk+14
via the functor Mod4 — CAlg, of square-zero extension. In particular, it is a diagram
of Es—A—algebras. As the Eo—pushout square (P) defining C A(O) arises from (2.6)
as well, but via P4, we see that the square (2.5) receives a map from the square (P). The
resulting map C4(0) — C(0) defines a splitting of C(0) — C(0) by the universal
property of the pushout square (2.5). O

We will apply our general consideration to the connective Eo,—ring spectrum R we
have fixed. As 7 is zero in 7« R, we obtain an Es,—map CS(n) — R. This induces an
Eoo—map 1< CS (1)) — 1< R; see [16, Proposition 4.35].

Lemma 2.7 The 1—coconnective cover 1< C S (n) is equivalent to HZ.

Proof We claim that the canonical map C(7) — CS(n) is 2—connected. By the
Hurewicz theorem, we can test this after tensoring with HZ and thus it suffices to show
that the resulting map C(n ® HZ) — CHZ(y® HZ) is 2—connected. But n @ HZ
agrees with the O—map X HZ — HZ. Thus, we have to show that

HZ®S*HZ - CHL(@HZ) ~PHLY?H7, ~ HLGS*HZ. & (Z* HZ) e, ®- -

is 2—connected. As noted above, the map is split injective and thus must be indeed an
isomorphism on 7; even for i < 3. |
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The inclusion of 1-truncated connective Eo,—ring spectra into all connective E —ring
spectra admits a left adjoint by [31, Proposition 5.5.6.18; 32, Proposition 7.1.3.14]. By
[32, Proposition 7.1.3.15(3)], it agrees with t<; on underlying spectra.

By [32, Theorem 7.5.0.6], we can extend the Eoo—map HZ = 1<;CS(n) — 1< R to
an Eoo—map HmgR — 7<q R since the map Z — 7 R is étale. Define now R’ via the
homotopy pullback square

R —— HmoR

|

R—— 1< R

This construction provides the existence part of the following proposition.

Proposition 2.9 Let R be a connective E —ring spectrum such that woy R is an étale
extension of a localization Z g of the integers and -1 = 0 in r1 R. Then there exists a
morphism R’ — R of E.,—ring spectra inducing an isomorphism on mr; fori # 1 and
satisfying w1 R’ = 0. Moreover, for every other R” — R with these properties, there is
an equivalence R” — R’ of Eo-ring spectra over R.

Proof It remains to show uniqueness. We localize again everything implicitly at S'. We
first note that the map HZ — 7<1 R constructed above is actually the unique Es,—map
with this source and target. Indeed, for connectivity reasons, we have an equivalence
of mapping spaces Mapcp(HZ, <1 R) =~ MapCAlg(CS(n), <1 R). The latter is
equivalent to the space of nullhomotopies of 7 in 7<; R, ie Mapsp(EzS, <1 R) >~ .
Using that thus t<{ R has an essentially unique structure of an HZ—F s,—algebra, we
deduce again from [32, Theorem 7.5.0.6] that the space of Es,—maps from HmyR to
T<1 R is equivalent to the set of ring homomorphisms 7y R — myR.

Given now R” — R as in the proposition, we obtain a map R” — 7<{ R” >~ HmoR —
T<1 R. We see that R” arises as a pullback of a diagram of the same shape as (2.8), but
possibly with a map Hmg R — <1 R inducing a different isomorphism f on ¢ than
the identity. The paragraph above implies that using the map f on Hmy R we obtain
an equivalence between the cospans constructing R’ and R” and thus between R’ and
R” over R. O

To apply this to topological modular forms, we need the following two lemmas.
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Lemma 2.10 Let " be a tame congruence subgroup with respect to a localization Z g .
Then 1 is zero in w1 Tmf(") g.
Proof According to [37, Proposition 2.5], the descent spectral sequence

HS (M(T); 0®") = 73— Tmf(T")

for Tmf(I") s is concentrated in lines 0 and 1. Thus 7; Tmf(I") g = H'(M(I')s; w)
and it suffices to show that the image of 1 in H!(M(I")g; ) is trivial. This is the
content of [36, Proposition 2.16] unless I7(n) S I" € Iy (7). For the remainder of the
proof, assume that we are in this case and set G = I'/ I'j (n).

We will argue that the map
HY (M(T) )i 0) = H' (M(T1 (1) (2); )

is isomorphic to the inclusion of G—invariants. As 1 vanishes in the target, this will
imply the vanishing of 7 in the source.

The map M(I (1)) (2) = M(I)(2) induces a map
c: X = [M(T1(n))(2)/ G] = M(D)()

from the stack quotient. Denote the pullback of w to X also by w. By [37, Lemma A.2],
the induced map H'(M M@yiw) > H 1(X; w) is an isomorphism. Moreover, the
descent spectral sequence

H'(G; H (M(T1(n))2); 0)) = H'T (X; 0)

is concentrated in the zero-line since the order of G is invertible in Z ) by the tameness
of I'. Thus,

H'(M(T)(2):0) = H' (X:0) - H' (M(T1 (1) (2 @)
is indeed the inclusion of G—invariants. O

Lemma 2.11 Let " be a tame congruence subgroup with respect to a localization Z .
Then wgTmf(T") = Zg if I7(n) C T C Th(n) and 1o Tmf(T") = Zg[¢y] if T = T'(n).

Proof As recalled above, we have 7o Tmf(I") = H°(M(T"); © a(r))- In the cases that
I' =Ty(n), I (n) or I"(n) the computation of this group is classical and can be found for
instance in [36, Proposition 2.13]. The case of I (n) C I' < I () follows by identifying
HO(M(T); Ogry) with HO(M(T); Ozry) T/ 11 again using [37, Lemma A.2]. O
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This allows us to use Proposition 2.9 to define tmf(I")s in the tame case by killing 74
from t>¢Tmf(I") g. Summarizing we obtain:

Theorem 2.12 For every set of primes S and every congruence subgroup I' that is tame
with respect to Z g, there is up to equivalence a unique connective E,—ring spectrum
tmf(I") g with an Es-ring map tmf(I") g — Tmf([")s that identifies the homotopy
groups of the source with the ring of holomorphic modular forms M (T"; Z ).

Formally, we could also apply this procedure in some nontame cases (for instance if we
localize away from 2), but the author knows of no reason to regard these constructions
in these cases as “correct”.

Notation 2.13 We will use the abbreviations
tmfy (n) = tmf(T (n)), tmfy(n) =tmf(T[y(n)), tmf(rn)=tmf(T(n)),

when these make sense.

Remark 2.14 For every ring spectrum R, we can consider the stack X'g associated to
the graded Hopf algebroid (MU, (R), MU®MU),.(R)). If R is complex orientable,
this coincides with the stack quotient [Spec 724« R/Gyy]. In [38, Definition 5.5] we
introduced cubic versions M (7)cup and Mg (7)cyp Of the moduli stacks M (T (n))
and M(Iy(n)). These come with a finite morphism to the moduli stack M.y of cubic
curves, where we allow arbitrary Weierstrall equations. In [38, Theorem 5.19] we
showed that M (n)cup = [M (T'y (n); Z[1/n])/Gy,] for n > 2. In combination, we see
that Xif, (n) = M1 (1)cup for n > 2. In the case n = 1, the corresponding equivalence
Xime >~ Mup has a quite different character and was shown in [34]. Whether there are
equivalences Xiyf, () = Mo (1)cup for a suitable definition of tmfy(n) remains open,
to the knowledge of the author, even for n = 3.

2.2 The Cy—equivariant argument

All the stacks M(I") come with an involution induced from postcomposing the level
structure with the [— 1]-automorphism of the elliptic curve. As explained in Remark 2.15,
this induces a Co—action on Tmf(I"). Our goal in this subsection is to define suitable Cp—
spectra tmf(I") in the tame case. This will allow us to construct an Es—ring spectrum
tmf(T") also if there is just a tame subgroup I'" C T" of index 2; see Construction 2.24.
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Remark 2.15 The goal of this remark is to clarify the construction of the C,—action
on Tmf(I") sketched above.

Denote the automorphism of M (I") described above by 7. As ¢t commutes with the
forgetful map pr: M(I') — My, this defines a C—action inside the slice category
(Stacks/ Mell)ét’(’p of stacks étale over M. We will use a lax commutative triangle

N

(Stacks/ M) =P > (Stacks/ Mey)'oet0P

CAlg(Sp)

Here, the diagonal arrows are the Goerss—Hopkins—Miller and Hill-Lawson sheaves of
ring spectra. The horizontal arrow N is a normalization construction; see for example
[22, Proposition 2.27]. The canonical map OP(N(U)) — O“P(U) for U — My
étale comes from the fact that U C N(U) is an open substack and the Hill-Lawson
sheaf restricts to the Goerss—Hopkins—Miller sheaf.

Applying the left diagonal arrow to (M(I"), 7) gives a Cp—action on TMF(I"). Doing the
same with the composite of the right diagonal arrow and the horizontal arrow produces
the C—action on Tmf(I"). Moreover, we obtain a C,—map Tmf(I") — TMF(T").

As explained in [37, Example 6.12], the C,—action induced by ¢ on TMF(I") is
equivalent to the one induced by the C,—action in (Stacks/ M )P given by id M(D)
on M(T"), but choosing the [—1]-isomorphism between the elliptic curves classified by
pr and prid ). This Cy—action induces multiplication by —1 on the pullback of @
to M(T"): indeed, the [—1]—-automorphism of an elliptic curve induces multiplication

by —1 on the sheaf of differentials. Moreover, pr classifies precisely the pullback of

1

the universal elliptic curve £"™ and w is the restriction of £/ My

to Mgy along the
Zero section.

Thus, if T is tame, it implies that C, acts by (—1)X on 7, TMF(T") 2 Ho(M(T'); 0®¥).
Since m,; Tmf(I") injects in the tame case into . TMF(T"), the same is true for
755 Tmf(T).

The action ¢ can be trivial, eg for I' = I'y(n) or I'(2). This forces w55 Tmf(I") = 0 for
k odd in these cases (as ¢ acts both by 1 and —1 and the groups are torsion-free). This
corresponds to the classical fact that there are no modular forms of odd weight if —id
isin I
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In the following we will use standard notation from equivariant homotopy theory.
In particular, for an inner product space V' with G—action, we denote by S (V') the
unit sphere and by SV the 1—point compactification as G—spaces. We denote by
a=ay:S%— S the inclusion for ¢ the real sign representation of Cs.

The Hopf map defines a C,—map 77: S(C2) — S, where C, acts on C via complex
conjugation. This stabilizes to an element in JTUC *S, which restricts to n € 7{S.

Lemma 2.16 The homotopy groups ng 2(S) and 728 are infinite cyclic and gener-
ated by 1 and a, respectively.

Proof For JTUC 2 (S) this is proven as formula (8.1) in [2]. (Note that they use the nota-

tion 7r for our npa+q

JT_US — 1S, taking a map S — XS to its geometric fixed points is an isomorphism.

(S).) Proposition 7.0 in op. cit. implies that the homomorphism

Taking fixed points of the map «a clearly gives the identity map S — S, which yields
the result. i

In the following, we denote by 7<; the slice coconnective cover, by 7>; the slice
connective cover and by 7; = 7>;7<; the i th glice for C,—spectra. We refer to [16] for
background about the slice filtration. We denote by HZ the C,—Eilenberg—Mac Lane
spectrum for the constant Mackey functor Z.

Lemma 2.17 We have an equivalence t<;Cn >~ HZ.

Proof It suffices to show that the first slice of C7 is null and the zeroth slice is HZ. As
shown in [16] and summarized in [18, Section 2.4], this is implied by the calculations
woCn = Z and z,C7n = 0. These follows easily by the long exact sequence arising
from the cofiber sequence _

s°1 8% 5y
and the computations of n_gS T, €2§ and Ty = (S) above, using also that 7 2 187=0.0

The following lemma is a Cr—slice analogue of Lewis’s equivariant Hurewicz theorem
[30, Theorem 2.1]. Recall that a C,—spectrum is k—slice connected if and only if
TﬁkX =0.

Lemma 2.18 A connective C,—spectrum X is k—slice connected if and only it HZ® X
is k—slice connected.

Spelled out, the latter condition is equivalent to Hy (X;Z) = zy(HZ ® X) = 0 for
all Cy—representations V of the form ip orip — 1 with |V| < k.
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Proof If X is k—slice connected, the same is true for HZ ® X. For the con-
verse, assume that H IC,Z (X;Z) = 0 for all Cy—representations V of the form ip
or ip — 1 with |V| < k. By induction on k, we can assume that X is (k—1)-
slice connected and we need to show that 7z X' = 0 to deduce that X is indeed
k—slice connected. Let W be %k,o if k is even and %(k + Dp—1if k is odd. As
7>k 41X and its suspension are k—slice connected, the direction discussed above shows
Hw (t>k+1X;2) = Hw (Et>4+1 X5 Z) = 0. Thus,

0=Hw(X;Z)— Hw(t X Z)

is an isomorphism. As summarized in [18, Section 2.4], the slice 73 X is of the
form S% ® HM for some Mackey functor M and we deduce that Ho(HM ;Z) =
Hw (e X;Z) =0.

We know that 7S = HZ. As HM is (slice) connective, a similar argument to before
shows that

M=go(S®HM)=no(HZ® HM) = H (HM;Z) =0.

Thus, 73 X = 0, as was to be shown. O

For an element x € nkc 2S, we can define a (naive) Co—equivariant Eo—cone C S(x)
as in the nonequivariant situation in the preceding subsection. The arguments for the
following two results are quite analogous to those of the preceding section, so we allow
ourselves to be brief.

Lemma 2.19 The map C (i) — CS (7)) is slice-2—connected.

Proof By Lemma 2.18 it suffices to check that C() @ HZ — CS()) ® HZ is
slice-2—connected. Since 7, HZ = 0 and thus 77 becomes zero in HZ, this agrees with

HZ & >PHZ — CHL(sHZ)~PHZYPHY
~HLZL® S HL® (S HL)hc, ®--- -

Analogously to Lemma 2.4, the map is split injective and thus indeed slice-2—connected
(even slice-3—connected). O

Together with Lemma 2.17 this implies that 7<; C S(M) ~ HZ. To deduce the analogue
of Proposition 2.9, we will need one more categorical result.
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Lemma 2.20 Let G be a finite group and Spg be the oo—category of G—spectra.
Denote by Spg0 the full subcategory of connective G—spectra and by Sp[((;)’k] that of

connective and slice-k—truncated G—spectra. Then the inclusion
0,k
CAlg(SplH) — calg(Spg)

admits for every k > 0 a left adjoint, which agrees on the level of underlying G—spectra
with the slice truncation T<g.

Proof Connective G—spectra form a presentable co—category with compact generators
the X°°G/H;. We obtain Sp[GO’k] by localizing Spg0 at the collection S of maps
C — 0 for C a slice cell of dimension greater than k. By [31, Proposition 5.5.4.15],

Sp[g’k] is presentable again.

If X is connective and Y > k + 1 in the slice filtration, then by [16, Proposition 4.26]
X ®Y =k + 1. Thus, 1<, is compatible with ® in the following sense: if X — Y
in Spg0 induces an equivalence 1< X — 1< Y, then t<) (X ® Z) > 1<k (Y ® Z) is
an equivalence for every Z € Sp%o. By [32, Proposition 2.2.1.9], Sp[g’k] inherits the
structure of a symmetric monoidal co—category from Spg0 and t<y 1s strong symmetric
monoidal, while the inclusion Sp[GO’k] — Spg0 is lax symmetric monoidal. The same
proposition gives that the resulting maps

k k
(Spg™H® — (Spg”)® and  (Spg*)® — (Spg™H®

of co—operads are adjoint. Since commutative algebras in such an co—operad C® are
defined as sections of C® — NFin, as maps of operads, we see that the resulting
maps between CAlg(Sp[Go’k]) and CAlg(Spgo) are indeed adjoint. Here, we use the
characterization of an adjunction given by [42], namely the existence of a unit and

counit, satisfying the triangle identities up to homotopy. |

Proposition 2.21 Let R be a connective E 5—ring Cy—spectrum with J_'[Ocz = Zgs being
a localization of Z andn =0 € JraC 2R. Then there is an Eoo—ring Cy—spectrum R’
with an E.—map R’ — R inducing an equivalence on slices in degree 0 and degrees
at least 2 and such that T R" = 0. Moreover, for every other R” — R with these
properties, there is an equivalence R” — R’ of E so—ring C,—spectra over R.

Proof Since 7 is zero in R, we obtain a map CS(7)s — R — 7<1 R of Eo—Ting
C,—spectra, which factors over HZg = 1<;CS(7]) . Define now R’ via the homotopy
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pullback square
R —— H Z S
R—— <R
The proof of uniqueness is analogous to Proposition 2.9. |

To formulate the consequences for tmf(I"), we want to recall from [18] that a Cy—
spectrum E is strongly even if its odd slices vanish and its even slices are of the form
Ske @ H A or, equivalently, if 7y, E is constant and 7,1 £ = 0.

Theorem 2.22 For every set of primes S and every congruence subgroup I't (n) C
I' C Iy(n) that is tame with respect to Z s, we can define a strongly even connective
E 5-ring Cy—spectrum tmf(I") ¢ with an Es,—ring Co—map tmf(I") g — Tmf(I") g that
identifies the underlying homotopy groups of the source with M(I'; Z ).

Proof Equip Tmf(I") ~ Tmf(T")E(€2)+ with the cofree structure of a C,—spectrum.
We claim that

(1) ne ﬂngonmf(F) is zero,
(2) the only odd slice of 7>oTmf(T") is 7y, and
(3) the even slices of Tmf(I") are of the form Sk @ HA.

Given these claims, applying Proposition 2.21 to R = 1>¢Tmf(I") yields the Cr—
spectrum R’ = tmf(T") with the required properties: the first claim implies that we can
apply Proposition 2.21, while the other two ensure that tmf(I") is strongly even.

For proving the claims, we will distinguish the (overlapping) cases that % € Zgs and
that I" is tame for Z3).

For the first claim, note that JraCZ >0 Tmf(I") =~ ng2Tmf(F) (eg since S? is a slice
cell). The restriction map JTUCZTmf(F) — 1 Tmf(I") is an injection: if % € Zg, this
follows from the homotopy fixed points spectral sequence; else, use the line after (6.15)
in [37]. Since 7 restricts to € 71 Tmf(I"), Lemma 2.10 implies thus the vanishing
of .

If ' is tame for Z,), Theorem 6.16 of [37] yields the last two claims. If % €S,

we obtain JrkC ;_lef(F) = 0 by the homotopy fixed point spectral sequence since
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7ok—1 Tmf(T") = 0 for k > 1 by [37, Section 2.1]. This yields the second claim by
[18, Proposition 2.9]. For the third claim it is enough to show that 74 ,Tmf(I") are
constant Mackey functors; see [18, Proposition 2.13]. This follows again from the
homotopy fixed point spectral sequence and the fact that the C;—action on 7y, Tmf(I")
is trivial: indeed, C; acts by (—1)¥ on 7., Tmf(I") (see Remark 2.15) and the presence
of ko twists the action by the same sign. |

Remark 2.23 The case that ' = I(n) is not excluded in the previous theorem, but
one easily checks that I (72) can only be tame if % € Zg. In this case, we obtain simply
the cofree Co—spectrum of tmfy(n2)g with the trivial action.

Construction 2.24 Given I C T’ C I(n) with T tame with respect to Zg and
[’/ T’ = C,, we can extend our previous definition by defining tmf(T") g as tmf(T"’ )gz
(so for example tmfy(3) = tmf; (3)€2 as in [18]). If I itself is already tame, then % €ls.
One then easily computes (eg with the slice spectral sequence) that 7, tmf(I"’ )gz =
wxtmf(T") s and one can use the uniqueness part of Theorem 2.12 to identify our new
definition with the previous one.

Remark 2.25 In the setting of Construction 2.24, the map tmf(I") — 7o Tmf(T") is
an isomorphism in 74« for * > 2 even if T is not tame. Indeed, the cofiber of tmf(T"") —
>0 Tmf(I"’) is the target’s first slice and thus by [37, Theorem 6.16] equivalent to
X9 HM , where M is the constant Mackey functor on H!(M(I'")s: w) = 7 Tmf(I").
We directly observe that the nonequivariant homotopy groups of 3% HM vanish in
degrees at least 2. Moreover the cofiber sequence (C;)+ — S® — S induces a long
exact sequence

Al HM — x 2 HM — 72 HM — nf_ HM 5 x(2 HM,

which implies that nkC 2X°HM = Jrkcfa HM =0 for k > 2 and actually also for k =1
if tr is injective, ie if 71 Tmf(I"’) has no 2—torsion. Thus, tmf(I") — 75oTmf(T) is
indeed an isomorphism in 4 for * > 2, and even for * = 1 if 71 Tmf(I"’) has no
2—torsion.

3 Realization of Hirzebruch’s level-n genus

In the previous section we defined ring spectra tmf; (n) = tmf(I"y (n)). The spectra
tmf; (n) are even for n > 2 and thus complex orientable. We want to show that there is
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a complex orientation for tmfy (#) such that the corresponding map
MUy — tmfy ()24 = M (I (n); Z[1/n])

agrees with the level-n genus introduced by Hirzebruch [19] and Witten [48] and
studied for instance in [27; 11; 15; 47]. We recall its definition below. For this purpose
it will be convenient to use algebrogeometric language, for which we recall first the
following set of definitions.

Definition 3.1 A formal group over a base scheme S is a Zariski sheaf F': Schg,p — Ab
that Zariski locally on an affine open U = Spec R C S is isomorphic to Spf R[¢]. The R—
modules R[] glue to the structure sheaf O on S and the R—modules (R[[t]/1)-dt glue
to the line bundle wf/ s 4 Aninvariant differential of a formal group F is a trivialization
of wr/s. A coordinate is a section s of OF that is of the form agz + ayt? +--- with
ag € R for every local trivialization F|spec g = Spf R[x].

Remark 3.2 There are different ways to state the definition of a formal group, for
example as an abelian group object in one-dimensional formal Lie varieties; see
[12, Definitions 1.29 and 2.2]. To compare them, note that our formal groups are
automatically fpqc sheaves since Spf R[¢] is an fpqc sheaf. On the other hand, a
trivialization of the sheaf of differentials of a one-dimensional formal Lie variety over
Spec R determines an equivalence to Spf R[¢], and such trivializations exist Zariski
locally.

We note that the differential ds of a coordinate s of a formal group F' is an invariant
differential of F, sending agt +a 1>+ to ag dt locally. If S = Spec R, a coordinate
of F is equivalent datum to an isomorphism F 2 Spf R[s].

Recall that given an arbitrary even ring spectrum E, a complex orientation is an element
in 52((C1P’°°) restricting to 1 € EZ(C]P’ 1) after a homeomorphism CP! 2 §2 is chosen.
The formal spectrum Spf E2*(CP®) is a formal group over Spec £E2*(pt) and the
line bundle w corresponds to E *(CP); it thus comes with a canonical invariant
differential corresponding to 1 € E 2(CP'). A complex orientation is thus a coordi-
nate of Spf E2*(CP) in degree * = 1 whose differential is the canonical invariant
differential.

4If p: C — S is a (generalized) elliptic curve and F is the formal completion of £, this agrees with
wc/s = P*QIC/S-
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We want to apply this to £ = tmf; (n) for n > 2. Essentially by construction, the maps

ﬂz*tmfl (I’l) — 7T2*Tmf1 (l’l) - HO (/\71 (I’l), a)gz}j\ql (n))

are isomorphisms, where C is the universal generalized elliptic curve over M (). For
convenience, let M % (n) be the relative spectrum

Sp_ecﬂl(n)( ‘”gs}j\?l (n))’
which is the total space of the G,,—torsor associated with @z, 37, (n)» 1€ classifies
generalized elliptic curves with a point of exact order #» and an invariant differential.
The resulting morphism

il 0/ 1ql. ~ 0 g, -, O* ~

M (n) — Spec H” (M ; O/Vl}(n)) =~ Spec H ('Ml’wc’/ﬂl(n)) = Spec my,tmfy (1)
is an open immersion, whose image is covered by the nonvanishing loci of ¢4 and A;
see [38, Proposition 3.5]. We denote by C the pullback of C to M i (n). Since

tmf; (n)[cs] ™! ~ Tmf, (n)[c4_1] and tmfy (n)[A™!] ~ Tmf; (n)[A™!]

are elliptic cohomology theories, their formal groups are identified with the restric-
tions of C to the nonvanishing loci of ¢4 and A, respectively, and as a result C be-
comes identified with the restriction of Spf tmfy (n)**(CP*) to M](n). As M(n) C
Spec mo«tmfy (1) induces an isomorphism on global sections of the structure sheaf,
coordinates on Spftmf; (n)?*(CP®°) are in bijection with those on C and one checks
that the canonical invariant differential on the former corresponds to the canonical
invariant differential on the latter. Summarizing we obtain:

Lemma 3.3 Complex orientations MU — tmf (n) are in bijection with coordinates
of C, which are homogeneous of degree one and have the canonical invariant differential
as differential.

The Hirzebruch genus relies on a specific such coordinate, which we will construct
momentarily. Basically we will follow [20, Chapter 7], but present a more algebro-
geometric approach and give an independent treatment. The key point is the existence of
a certain meromorphic function on a cover of a given generalized elliptic curve. To the
purpose of constructing this function, recall that every section P into the smooth part
of a generalized elliptic curve C — S is an effective Cartier divisor [26, Lemma 1.2.2],
ie the kernel O¢ (—(P)) of O¢c — POy is a line bundle. Given any linear combination
of sections P;, we denote by O¢ (Zl n,-(P,-)) the corresponding tensor product of line
bundles.
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Lemma 3.4 Letn > 2 and S be a Z[1/n]-scheme. Furthermore let C /S be a general-
ized elliptic curve with zero-section e: S — C and a chosen point P: S — C of exact
order n in the smooth locus.

(a) The pullback of e*Oc((P) — (e)) to S is canonically isomorphic to wc/s =
1

e* Qe /s

(b) Let A be an invariant differential on C. Then there exists a unique meromorphic
function h on C with an n—fold zero at e and an n—fold pole at P as the only
pole whose restriction along e coincides with A" under the identification of the

previous part.

(c) There exists a degree-n étale cover q: C' — C by a generalized elliptic curve
and a meromorphic function f on C' with f" = q*h.

Proof (a) Note that O¢(—(e)) is the ideal sheaf associated to the closed immersion e
and the pullback e*O¢ ((P) — (e)) coincides with O (—(e))/Oc (—(e))? viewed as an
Og—-module. Indeed, we can cover S by opens of the form U N S, where U = Spec R
is an affine open in C not intersecting the image of P. The section e corresponds
to an element s € R and U NS = Spec S/s. Then ¢*O¢c ((P) — (e))(U N S) is the
S /s—-module sS ®g S /s, which is canonically isomorphic to the S /s—module 5.5 /s%S.

For example, by [14, Proposition 11.8.12], we obtain a canonical surjective map

Oc(=(e))/Oc(—(€))* > e* Qg 5 = ¢/ s
between line bundles, which is hence an isomorphism.
(b) Consider the line bundle O¢c(n(P) — n(e)). Note that n- P —n-e = e as
points on C. By [26, Theorem 2.1.2] in the case that C is an elliptic curve, and by
[6, Proposition I1.2.7] for generalized elliptic curves, we deduce that O¢ (n(P)—n(e))
is the pullback of a line bundle £ on S. By part (a), £L = e*p*L = a)?;’s. By
[6, Proposition II.1.6], we see that the canonical map

08ls = pxp*08]s = p+Oc(n(P) —n(e))
is an isomorphism. Thus
[(Oc(n(P) —n(e)) = T (@),
where the isomorphism can be identified with the pullback along e. Thus, there is a

unique section /1 of O¢ (n(P) —n(e)) whose image is A”.

(c) Consider the p,—torsor ¢ : C’ — C associated with the problem of extracting an n'

root out of ¢*/1 as a section of ¢*O¢ ((P)—(e)), in other words the j1,,—torsor associated
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with the pair (1, Oc ((P) — (e))) in the sense of [39, page 125]. By construction, the
required root f exists on C’. By [6, Proposition I1.1.17], C’ has the structure of a
generalized elliptic curve provided that we can lift e to C’ and C’ — S has geometrically
connected fibers. For the first point, it suffices to provide a section of C' x¢ S — S,
ie to provide an n' root of e*/. Under the identification of part (a), this is provided
by A. For the second point, we assume that S = Spec K with K algebraically closed
of characteristic not dividing n and that C’ is not connected. The stabilizer of a
component Cy must be of the form ji,, with m < n, and thus C’ = C{ x,,, fin. The
pm—torsor CJ is hence associated with a pair (g, Oc ((P) — (e))) such that g"'m =h.
The section g provides a trivialization of O¢ (m(P) —m(e)). This implies m- P = e
on C’ [6, Corollaire I1.2.4], in contradiction with P being of exact order 7. O

Construction 3.5 Let C be the universal generalized elliptic curve with a point of exact
order n over M % (n). It comes, by definition, with a canonical invariant differential A.
From the preceding lemma, we obtain an n—fold étale cover ¢: C’ — C together with a
meromorphic function f on C’ whose pullback along a lift of e agrees with A. This
function f* provides a coordinate for C' =~ C. Moreover, note that f is uniquely
determined by the requirements in the lemma because C’ is irreducible (since M i (n)
is irreducible and the locus of smoothness of C’ in it is dense) and thus every other
n™ root of & would have to differ by a root of unity, resulting in a different pullback
to M} (n).

Pulling the orientation induced from f back along a map Spec C — M (n) classifying
(C/A,1/n,dz) results exactly in the coordinate and orientation chosen in [20].

Theorem 3.6 For every n > 2, there is a unique complex orientation of MU — tmf (1)
realizing on homotopy groups the Hirzebruch genus. Moreover, this can be uniquely
refined to a morphism MUg — tmf; (n) of Cy-ring spectra.

Proof The first part follows from Lemma 3.3 as the Hirzebruch genus is given by a
coordinate on the formal group associated with the universal generalized elliptic curve
on M {(n). For the second point, we recall from [24, Theorem 2.25] that C,—ring
morphisms MUr — tmfy (n) are in bijection with Real orientations of tmf; (n), ie a lift
of a complex orientation to a class tmf; (n)‘é2 (CPP®°). As CIP®° can be built by cells
in dimensions k p, the strong-evenness of tmfj (n) from Theorem 2.22 implies that the
forgetful map
tmf} (n)g, (CP*) — tmfy (7)*(CP>)
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is an isomorphism; thus every complex orientation of tmfy (n) refines to a unique Real
orientation. d

Remark 3.7 In [11], Franke already gave a related but different algebrogeometric
treatment of the Hirzebruch genus.

Remark 3.8 After the first version of this article became available, Senger has shown
in [43] that the map MU — tmf, (n) actually refines to one of Eoo—ring spectra. He
also gives a reformulation of our treatment above in terms of ®!—structures.

4 Compactness, formality and faithfulness of tmf(I")

Given a (tame) congruence subgroup of level n, we will show that tmf(I") is a faithful
and perfect tmf[1/n]-module. In contrast, for example, tmf; (3) will not be a perfect
tmfy (3)-module, not even rationally. The latter result relies on tmf(3)g being formal
(ie multiplicatively a graded Eilenberg—Mac Lane spectrum), a result we prove in greater
generality in a subsection on its own.

4.1 All tmf(I') are perfect

Recall that for an Aso-ring spectrum R, a perfect R—module is a compact object in the
oo—category of left R—modules. Equivalently, the co—category of perfect R—modules
is the smallest stable co—subcategory of all left R—modules that contains R and is
closed under retracts. The goal of this section is to show that the spectra tmf(I"), in the
cases we defined them, are perfect tmf[1/n]-modules. The key technical tool is the
following proposition.

Proposition 4.1 Let R be an A,—ring spectrum such that
(1) moR is regular noetherian,
(2) all my R are finitely generated o R—modules, and
(3) HmyR is perfect as a t>=¢ R—module.

Let furthermore M be a perfect R—module. Then t>; M is a perfect t>o R—module for
everyk € 7.

Lemma 4.2 With notation as in the statement of the proposition, let X be a 7>¢ R—
module with only finitely many nontrivial homotopy groups, all finitely generated
over moR. Then X is a perfect t>¢ R—module.
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Proof By induction, we can reduce to the case that 7+ X is concentrated in a single
degree n. Then X = Hm, X acquires the structure of a H g R—module and it is perfect
as such because g R is regular noetherian and 7, X is finitely generated. As Hmg R
is perfect over t>¢ R, the same is thus true for X. |

Proof of Proposition 4.1 Let M be a perfect R—module. As the truth of the conclusion
of the proposition is clearly preserved under retracts in M and also clear for M = 0,
we can assume by induction that we have a cofiber sequence

YR N—> M- 3TIR

where 7> N is a perfect 7>9 R—module for all k € Z. Taking t>; on the first two
objects gives a diagram

Y 1tsoR —— 15N —— M/ —— St 1R

L

'R N M »I+1R

of cofiber sequences. As 7>; N is a perfect t>o R-module, so is M'. Clearly, we have
Tsj4 1M’ >~ 15701 M. As the fiber of t>;,. 1 M’ — M’ fulfills the conditions of the
previous lemma, t>;41 M is perfect as a =9 R—module.

For a general k € 7Z, we make a case distinction: assume first that k¥ >/ 4 1. Then the
fiber of >4 M — t>;41M 1is perfect by the previous lemma; hence >4 M is perfect
as well. If £ </ + 1, consider the fiber of 7>;41 M — > M instead. |

To apply Proposition 4.1 to topological modular forms, we need the following lemma.

Lemma 4.3 For every n > 1, the tmf{l/n]-module Hmotmf[l/n] = HZ[1/n] is
perfect.

Proof If 2|n, there is a 3—cell complex X such that tmf[1/n] ® X >~ tmf; (2)[1/n];
see [34, Theorem 4.13]. We have m.tmfy (2)[1/n] = Z[1/n][b,, bs]. Killing b, and by
gives HZ[1/n]. Thus, HZ[1/n] is a perfect tmf; (2)[1/n]-module and hence also a
perfect tmf[1/n]-module.

If 3|n, there is an 8—cell complex X such that tmf[l1/n] ® X ~ tmf; (3)[1/n]; see
[34, Theorem 4.10]. We have m.tmf;(3)[1/n] = Z[1/n][a;,a3]. Killing a; and a3
gives HZ[1/n] and thus HZ[1/n] is also a perfect tmf[1/#n]-module in this case.
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For the general case, let X; be a collection of tmf[1/n]-modules. Consider
Dy : @ Homyp(1 /5] (HZ[E], X; [E:D — Homyyf[1/n] (HZ[E]’ @ X; [E])
' l

If Kk = 2,3 or 6, then ®; is an equivalence by the previous results. As for every
spectrum X, there is a cofiber sequence

-1y71 1 1 1
2T ([§] = X = X[3]e X[3] > X[¢]
and there is a cofiber sequence of maps between mapping spectra
7! fib(dg) — fib(D;) — fib(P, B D3) — fib(Pg).

It follows that ®; is an equivalence as well and that HZ[1/n] is a perfect tmf[1/n]-
module. U

Theorem 4.4 Let I' be a congruence subgroup of level n, which is tame or has a
subgroup I'" C T of index 2 with T tame. Then tmf(T") is a perfect tmf[1/n]-module.

The same conclusion holds without the tameness hypothesis for any tmf[1 /n]-module R
with a map R — t>oTmf(I") whose fiber has finitely generated homotopy groups
over Z[1/n), concentrated in finitely many degrees.

Proof According to [37, Proposition 2.12] the Tmf[1/n]-module Tmf(I") is perfect.
All 713, Tmf[1/n] are finitely generated Z[1/n]-modules. Furthermore, H wotmf[1/n] =
HZ[1/n] is a perfect tmf[1/n]-module by the previous lemma. This implies that
=0 Tmf(I") is a perfect tmf[1/#n]-module by Proposition 4.1.

For any R as in the statement of the theorem, R is thus perfect as well, by Lemma 4.2.
To see that tmf(T") satisfies the hypotheses on R, note first that every HS (M(T"); ®?) is
a finitely generated Z[1/n]-module for every s and ¢ since M(T") is proper over Z[1/n].
If T is tame, the cofiber of tmf(I") — 7>¢Tmf(I") is by construction Hsw; Tmf(I") and
71 Tmf(T') = H'(M(T); w). If there is a tame subgroup I'” C T" of index 2, the cofiber
tmf(I") — 7> Tmf(I") agrees with X? HM for M the constant Mackey functor on
H'(M(I""); w) by Remark 2.25. The exact sequence given in the same remark implies
that the homotopy groups of X% HM are concentrated in degrees 0 and 1 and are
finitely generated Z[1/n]-modules. |

We recall from [33] that a connective p—complete spectrum X is called an fp-spectrum
if Hy(X;Tp) is finitely presented as a comodule over the dual Steenrod algebra. They
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show in [33, Proposition 3.2] that, equivalently, there is a finite spectrum F with
nontrivial IF,—homology such that the total group m«(X ® F) is finite. The following
proposition can be deduced from the known [F,—(co)homology of tmf (see for example
[41, Section 21]) and was already noted in [33] for p = 2. We prefer to give a less
computational proof though.

Proposition 4.5 The p—completion of tmf is an fp-spectrum for all primes p.

Proof We implicitly p-localize. For p # 3, [34, Theorem 4.10] implies the existence
of a finite spectrum W with nontrivial [F,—homology such that tmf ® W =~ tmf (3).
Choose a complex V such that BP,V =~ BPy/(pko, v]l(l , vlzcz) with ko, kq and k,
positive integers. As TMF;(3) is Landweber exact, the sequence p, vy, v, and hence

k() Uk] ko .

the sequence p v,” is regular on 7+ TMF (3). Since mxtmf(3) = Z(p)lay,as]

is an integral domain, the sequence is also regular on m«tmf;(3). Thus,

Txtmf @ W Q@ V = mytmf; (3) ® V = mitmfy (3)/(pk° a, )
is a finitely generated Z/ p O—algebra and of Krull dimension 0. Hence it is of finite
length as a Z/ pko—module, and thus finite.

Essentially the same argument works for p = 3 if we choose instead a complex W’
with tmf ® W’ ~ tmf; (2) as in [34, Theorem 4.13]. |

Corollary 4.6 The p—completion of tmf(I") for a congruence subgroup I' of level n
and p not dividing n is an fp-spectrum.

For implications involving duality we refer to [33] and for an implication for the
Hurewicz image in Hy(2°°tmf(I"); F,) to [28, Theorem 1.7].

4.2 All tmf(T')g are formal

The goal of this section is to show that the E,—rings tmf(I")g are formal. While this
statement is interesting in its own right, we also need it for further pursuing compactness
questions in the following subsection. We begin with the following consequence of
Goerss—Hopkins obstruction theory.

Proposition 4.7 Let A and B be E—HQ-algebras such that w+« A is smooth as a
Q-algebra. Then

Hom (e A. Tu B ifi—o0.
i Mapea (4, B) = { erCRings (7T «B)

HOIII,T*A(Q}T*A/Q, wxt+iB) ifi >0,

where for mr; withi > 0 a basepoint is chosen if a map A — B exists.
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Proof According to [13, Section 4] or [40, Section 6] with £ = HQ, there is an
obstruction theory for lifting a morphism 7« A — 74 B to a morphism A — B, where the
obstructions lie in Ext" +1 " (}Ln 1/ T B), where LEe denotes the Eo,—cotangent
complex. As we are workmg rationally, this coincides with other forms of the cotangent
complexes. In particular, we obtain from the smoothness of w4 A that ]L > /Q is
isomorphic to Qn* 4/Q concentrated in degree 0, which again by smoothness is a
projective 4 A—module. Thus the Ext-groups vanish and there is no obstruction to
lifting a morphism 74«4 — w4« B to a morphism A — B. The same sources provide
a spectral sequence computing 7w« Mapc,, (4. B), which collapses by a similar Ext-
calculation and gives the result. O

Proposition 4.8 Let X be a smooth Deligne—Mumford stacks over QQ and O an
even-periodic sheaf of Es—ring spectra on X such that moO = Oy and the n;Ox
are quasicoherent. Assume further that H'*1(X; ;) = 0 for all eveni > 1. Then
O is formal, ie equivalent to the (sheafification of the pre)sheaf Hm,«O of graded
Eilenberg—Mac Lane spectra.

Proof Note first that (X, O) actually defines a nonconnective spectral Deligne—
Mumford stack and in particular O is hypercomplete; see eg [37, Lemma B.2]. Set
O’ = Hn,O. Choosing an étale hypercover U, — X by affines, we can compute
Mapcye, (O, O') as the totalization of the cosimplicial diagram

M*® = MapCAlg(O(U')’ O/(U.))

We observe using Proposition 4.7 that 7%y M * agrees with the set of ring morphisms
7+O — mO’, in which we can pick an isomorphism fy. By [4, Sections 5.2 and 2.4],
the vanishing of 7/ T1m; M*® >~ H'T1 (X, 7;0) for i > 1 suffices to lift f; to a multi-
plicative map O — (', which is automatically an equivalence. |

Corollary 4.9 For all M(T") the rationalized Goerss—Hopkins—Miller-Hill-Lawson
sheaf O'P is formal.

Proof We can apply the previous proposition, as M(I")g has cohomological dimen-
sion one. (See eg [36, Proposition 2.4(4)].) O

Remark 4.10 1In the original account of the construction of O'P on My in [9], OQ is
actually formal by construction. Our argument shows that this choice was necessary,
not only for M., but also for M(T"). (The former was shown in a different manner
already in [17, Proposition 4.47].)
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Proposition 4.11 Let I' be a congruence group. Then the E~—rings tmf(I")q are
formal.

Proof Set R= H(H°(M(T), n« (’)gp )). We want to construct an equivalence between
R and tmf(I")g. By the preceding corollary, we know that Og’ on M(T") is formal.
In particular this provides us with compatible maps R — O"P(U)q for all affines U
étale over M(T"). Taking the homotopy limit, we obtain a map R — Tmf(I")q. The
uniqueness part of Theorem 2.12 identifies R with tmf(I")q. |

4.3 Not all tmf(I') are perfect

While we have seen above that tmf(I") for a congruence group of level z is always
perfect as a tmf[1/n]-module, we will see in this subsection that it is not necessarily
compact as a tmf(I"”)[1/n]-module for I' C I'’. The author learned this argument from
Tyler Lawson.

Lemma 4.12 For R = tmf(I")q, the R—module HmyR can only be perfect if w4 R is
regular.

Proof By [10, Theorem 19.1, Corollary 19.5 and Theorem 19.12], 7« R is regular if
and only if the graded Q—vector space Tor’*T*R(noR, 1o R) is concentrated in finitely
many dimensions. Because R is formal by Proposition 4.11, this Tor agrees with
mx(HrgR® g HmgR). Clearly, Hmy R being a perfect R—module would imply the
finite-dimensionality of this quantity. a

It is actually very rare that w4 tmf(I")g = M« (I'; Q) is regular. One of the few ex-
ceptions is I' = I (3), where we obtain the ring Q[a, @3]. In contrast for I' = T[(3),
we obtain its Cp—fixed points, ie Q[a%, a%,a1a3] =~ Q[x, y, z]/xz — y?, which is not
regular. Thus, HQ is a perfect tmf; (3)-module, but is by the previous lemma not a
perfect tmf (3)g—module. We obtain:

Proposition 4.13 The tmfy(3)-module tmf; (3) is not perfect, not even rationally.

4.4 All tmf(I') are faithful

The goal of this section is to show that if I" is a congruence subgroup of level n, then
tmf(T") is (if defined) a faithful tmf]1/n]-module, ie tensoring with it is conservative.
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Lemma 4.14 For every congruence subgroup I" of level n, the Tmf[1/n]-module
Tmf(I") is faithful.

Proof By [35], the derived stack (M., O'°P) is O-affine, ie the global sections functor
I": QCoh(M,j, ©*°P) — Modrps

is a symmetric monoidal equivalence and the same holds after inverting n. Thus our
claim is equivalent to showing that tensoring with f O%J(F) for f: M(T) — Mgy, Z[1/n]
is conservative on QCoh(M.j, ©'°P). This can be checked étale locally, where fx O%)(F

is free of positive rank as f is finite and flat (see eg [36, Proposition 2.4]) and of

positive rank everywhere (as My z[1 /4] is irreducible and M(I") not empty). ]

In the following we fix a congruence subgroup I' and a multiplicatively closed subset
S of Z such that tmf(I") g is defined (ie I is tame or of index 2 in a tame ).

Proposition 4.15 The tmfg—module tmf(I") g is faithful for every congruence sub-
group T,

Proof Let M € Modynsg With M Quntg tmf(I") ¢ = 0. It suffices to show that M) =0
for all p notin S. Consider the case p = 2 and localize everything implicitly at 2.
As tmf(3) is faithful over tmf (see [34, Theorem 4.10]), it suffices to show that
M’ = M Qs tmf;(3) vanishes. Our assumption implies

(M Qtmf Tmf) QTmf Tmf(F) =0,

so by the faithfulness of Tmf(I") also M ®msTmf=0. Thus, M’ ®y¢, (3) Tmf;(3) = 0.
Moreover, tmf(I") s HZ is a faithful HZ-module as its g is a faithful Z—module.
Thus M’ tmfy (3) HZ >~ M Qi HZ = 0.

Recall now that . tmf; (3) = Z[a;, a3]. The map tmf; (3)[ai_1] — Tmf,; (3)[ai_1] is an
equivalence for i = 1, 3 since the cofiber of tmf; (3) — Tmf (3) is coconnective. Thus
the considerations above imply that M'[a7'], M'[a3'] and M'/(ay,a3) all vanish,
which implies the vanishing of M.

The argument for p = 3 is similar with tmf; (2) in place of tmf;(3) and for p > 3 we
can use tmf itself as n*tmf[%] = Z[%][C4, cg] is a polynomial ring. O
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5 Splittings

Our goal in this setting is to show that tmf; (n) often splits p—locally into small pieces.

Fixing a natural number # > 2 and a prime p not dividing n, we will work throughout
this section implicitly p—locally. We demand that M (I'y (n), Zp)) — M (I (n);Fp) is
surjective. In general, this is a subtle condition, but it is for example always fulfilled
if n < 28; see [36, Remark 3.14]. Equivalently, we can ask that H! (M (n); w) =
1 Tmfy (n) does not have p—torsion. We note that this leaves plenty of cases where
1 Tmfy(n) # 0 and hence tmfy (n) is not the naive connective cover of Tmf; (n), of
which the smallest is n = 23.

By Theorem 1.3 of [37], we have a splitting
(5.1) Tmf (n) ~ @ =*" R

l
of Tmf-modules, where R is Tmf;(3), Tmf;(2) or Tmf, depending on whether the
prime p is 2, 3 or bigger than 3. In this splitting all n; are nonnegative.

Theorem 5.2 Under the conditions as above, we have a splitting
tmfy (n) ~ @ ¥y,
i
where r = t>oR.

Proof Consider the composition

I @ ¥y > @ 150 2%" R — 159 Tmfy (n).
l l

Here, the second map is just the connective cover of (5.1) (using that t>¢ commutes
with direct sums) and the first map is the direct sum of the maps

Ry o 750, B2 R — 1592 R.

Since all negative homotopy of R is in odd degrees, we see that f is an isomorphism
on even homotopy groups. Moreover, the source has only homotopy groups in even
degrees.

Recall that we defined tmf; (n) as a pullback

tmf; (1) ——— HZ

| |

>0 Tmfy (n) —— 7[0,11Tmf; (n)
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where we still localize implicitly everywhere at p. This implies a fiber sequence
tmf; (n) — t>¢Tmf(n) — X HmTmf; (n).

To factor f over tmf;(n), it is enough to show that H!(X?"r; A) = 0 with any
coefficients A. This is clear anyhow for n; > 1, so assume n; = 0. We know that
T[0,1)" = HZ and we have HY(HZ:; A) =~ H'(S; A) = 0 (as the cofiber of S — HZ
is 1—connected).

Now m.tmfy (n) is concentrated in even degrees and tmf; (n) — t>¢Tmf; (#) induces
a mx—isomorphism in even degrees. In total, we see that f induces an isomorphism
on 7. m|

Remark 5.3 The condition that 77y Tmf; (1) 2 H' (M (n); @) does not have p—torsion
is actually necessary in the preceding theorem. One can indeed show that Tmf; (n)
can be recovered as tmfy (1) Qe Tmf. Thus a p-local tmf-linear splitting of tmf; ()
into shifted copies of » implies a p—local splitting of Tmf; (n) into copies of R. As the
latter has torsion-free homotopy groups, such a splitting can indeed only occur if the
homotopy groups of Tmfy(n) are p—torsion-free as well.

We now fix p = 2 and are thus assuming that 71 Tmf;(n) = H'(M,(n); ®) does
not have 2—torsion — this is true for all odd 2 < n < 65 by [36, Remark 3.14], for
example. In this setting we also want to prove connective versions of the C,—equivariant
refinement

(5.4) Tmf} (n)(2) ~¢, @ TP Tmf; (3) )

1

of (5.1) given in [37, Theorem 6.19], where p is the regular representation of C,. We
need the following lemma:

Lemma 5.5 Let A be an abelian group without 2—torsion, and denote by A the
corresponding constant Cy—Mackey functor. Then nff, HA =~ A®Z/2, and the map
Cr
[HZ,S° HAI®> 2" A 7)2
is an isomorphism.
Proof Smashing the fundamental cofiber sequence

(Cr)4 — S°—> 87 > 5(Cy) 4
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with S and mapping out of it yields an exact sequence
nl HA <« nC2HA <—nOCzH4 —ngHA.

The rightmost arrow can be identified with the transfer tr = 2: 4 — A of the constant
Mackey functor, while 7€, H A = 0. We obtain ngf, HA >~ A®Z/2 as claimed.

To finish the proof, we recall from Section 2.2 that t<;Cf >~ HZ. As 3° HA < 1 in
the slice filtration, this implies that [HZ, ©° H A]2 =~ [C7, £° H A]°2. This sits in a
long exact sequence

0=nCHA—[CTL S HAl > n2HA - nl>HA= 4.

As A does not have 2—torsion and we have shown above that Jt_cé HA~AQZ/2, the

result follows. O

Theorem 5.6 Assuming thatn > 3 is odd and H' (M (n); ) does not have 2—torsion,
we have 2—locally a Cy—equivariant splitting

tmf; (n) ~ @ " Ptmf (3).

1
Proof We localize everywhere implicitly at 2 and consider the map
P =Pty (3) > €D 120 5" Tmf, (3) =225 12 Tmf, (1),
i i

for a chosen Cp—equivalence ® between P; X" #Tmf (3) and Tmf; (n). We have a
fiber sequence
tmf; (n) — >0 Tmf; (n) > Z° HA,

where A = H'(M;(n); w) since by [37, Theorem 6.16], X° H A is the 1-slice of
Tmf; (n). On ngj 2 this induces (using Lemma 5.5) a short exact sequence

(5.7) O—>Z—>7T0CZTmf1(n)L>A®Z/2—>O.

The composite @ X" Ptmf; (3) — X% H A factors over the 1-slice coconnective cover
of the source, which agrees with HZ since there is precisely one n; equaling 0 (by
considering nonequivariant homotopy groups). Using Lemma 5.5 again, the resulting
map HZ — 3° H A is null if and only if the image r (®(1)) of (1) in AR Z/2 is 0.

We want to show that we can change ® so that this is true. Using ®, the C,—spectrum
Tmf; (n) gets the structure of a Tmf;(3)-module. Thus, Tmf;(3)-module maps
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@zNzo 3" PTmf; (3) — Tmf; (n) correspond to a sequence of classes x; € Jranmef 1(n)
by considering the images of 1 € JTanp X" PTmf (3). Denote the sequence corresponding
to ® by ey, ..., en. By possibly reordering, we can assume ny = 0. We construct a
new map ®’: @?’:0 X"iPTmf; (3) — Tmf; (n) corresponding to xg, X1, ..., xy with
x; = ¢; for i > 0, and x corresponding to the image of # € Z in (5.7), where u maps
to resec2 (eo) along the isomorphism Z = m§tmf;(n) — 7§ Tmf;(n). As @' and ®
induce the same map on underlying homotopy groups, the map @’ is an equivalence.
By construction, r(xg) = 0.

Thus the map

@ =iPtmf; (3) - @D =0 5" Ptmf; (3) Z255 7o Tmf (n)
i i
factors indeed over tmf; (n). As before, the map X"Ptmf; (3) — tmf; (n) induces an
isomorphism on underlying homotopy groups. Both source and target are strongly even
and thus the map is a C—equivariant equivalence by [18, Lemma 3.4]. a
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Asymptotic dimension of graphs of groups
and one-relator groups

PANAGIOTIS TSELEKIDIS

We prove a new inequality for the asymptotic dimension of HNN-extensions. We
deduce that the asymptotic dimension of every finitely generated one-relator group is
at most two, confirming a conjecture of A Dranishnikov. As corollaries we calculate
the exact asymptotic dimension of right-angled Artin groups and we give a new upper
bound for the asymptotic dimension of fundamental groups of graphs of groups.
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1 Introduction

In 1993, M Gromov introduced the notion of the asymptotic dimension of metric spaces
(see [12]) as an invariant of finitely generated groups. It can be shown that if two
metric spaces are quasi-isometric then they have the same asymptotic dimension. The
asymptotic dimension asdim X of a metric space X is defined by: asdim X < if and
only if, for every R > 0, there exists a uniformly bounded covering &/ of X such that the
R—multiplicity of ¢/ is smaller than or equal to n + 1 (ie every R-ball in X intersects
at most n 4 1 elements of /). There are many equivalent ways to define the asymptotic
dimension of a metric space. It turns out that the asymptotic dimension of an infinite
tree is 1 and the asymptotic dimension of E” is n.
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In 1998, the asymptotic dimension achieved particular prominence in geometric group
theory after the publication of a paper of Guoliang Yu (see [24]) which proved the
Novikov higher signature conjecture for manifolds whose fundamental group has finite
asymptotic dimension. Unfortunately, not all finitely presented groups have finite
asymptotic dimension. For example, Thompson’s group F has infinite asymptotic
dimension since it contains Z" for all n. However, we know for many classes of groups
that they have finite asymptotic dimension. For instance, hyperbolic, relative hyper-
bolic, mapping class groups of surfaces and one-relator groups have finite asymptotic
dimension (see G Bell and A Dranishnikov [3], Bestvina, Bromberg and Fujiwara [6],
Osin [18] and D Matsnev [17]). The exact computation of the asymptotic dimension of
groups or finding the optimal upper bound is more delicate. Another remarkable result
is that of Buyalo and Lebedeva (see [7]), where in 2006 they established the equality,
for hyperbolic groups,
asdim G = dim 050G + 1.

The inequalities of Bell and Dranishnikov (see [2; 9]) play a key role in finding an
upper bound for the asymptotic dimension of groups. However, in some cases the
upper bounds that the inequalities of Bell and Dranishnikov provide us are quite far
from being optimal. An example is the asymptotic dimension of one-relator groups.

We prove some new inequalities that can be a useful tool for the computation of
the asymptotic dimension of groups. As an application we give the optimal upper
bound for the asymptotic dimension of one-relator groups which was conjectured by
Dranishnikov. As a further corollary we calculate the exact asymptotic dimension of any
right-angled Artin group (Theorem 1.2) — this has been proven earlier by N Wright [23]
by different methods.

The first inequality and one of the main results we prove is the following:

Theorem 1.1 Let Gxy be an HNN-extension of the finitely generated group G
over N. Then
asdim G *y < max{asdim G, asdim N + 1}.

Next, we calculate the asymptotic dimension of the right-angled Artin groups. To be
more precise, let I' be a finite simplicial graph. We denote by A(I") the right-angled
Artin group (RAAG) associated to the graph I". We set

Sim(I") = max{n : T contains the 1—skeleton of the standard (n—1)—simplex A" !},

Then by applying Theorem 1.1 we obtain the following:

Algebraic & Geometric Topology, Volume 23 (2023)
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Theorem 1.2 Let I" be a finite simplicial graph. Then
asdim A(T") = Sim(T").

In 2005, Bell and Dranishnikov (see [4]) gave a proof that the asymptotic dimension of
one-relator groups is finite and also gave an upper bound, namely the length of the relator
plus one. Let G = (S | r) be a finitely generated one-relator group such that || =n. Then

asdim G <n + 1.

To prove this upper bound, Bell and Dranishnikov used an inequality for the asymptotic
dimension of HNN-extensions; see [2]. In particular, let G be a finitely generated
group and let N be a subgroup of G. Then

asdim G*y < asdim G + 1.
In 2006, Matsnev (see [17]) proved a sharper upper bound for the asymptotic dimension
of one-relator groups: if G = (S | r) is a one-relator group, then
asdim G < [% length(r)—|.
Here by [a] (a € R) we denote the minimal integer greater than or equal to a.

Applying Theorem 1.1, we answer a conjecture of Dranishnikov (see [8]) giving the
optimal upper bound for the asymptotic dimension of one-relator groups.

Theorem 1.3 Let G be a finitely generated one-relator group. Then
asdim G < 2.

We note that R C Lyndon (see [14]) has shown that the cohomological dimension of
a torsion-free one-relator group is smaller than or equal to 2. Our result can be seen
as a large-scale analog of this. We note that the large-scale geometry of one-relator
groups can be quite complicated; for example, one-relator groups can have very large
isoperimetric functions; see eg Platonov [19].

It is worth noting that L Sledd showed that the Assouad—Nagata dimension of any
finitely generated C’(¢) group is at most two; see [20].
Theorem 1.3 combined with the results of M Kapovich and B Kleiner (see [13]) leads

us to a description of the boundary of hyperbolic one-relator groups.

We determine also the one-relator groups that have asymptotic dimension exactly
two. We prove that every infinite finitely generated one-relator group G that is not a
free group or a free product of a free group and a finite cyclic group has asymptotic
dimension equal to 2 (Proposition 3.5). We obtain the following:

Algebraic & Geometric Topology, Volume 23 (2023)
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Corollary Let G be finitely generated freely indecomposable one-relator group which

is not cyclic. Then
asdim G = 2.

Moreover, we describe the finitely generated one-relator groups:

Corollary Let G be a finitely generated one-relator group. Then one of the following
is true:

(i) G is finite cyclic, and asdim G = 0.

(i) G is a nontrivial free group or a free product of a nontrivial free group and a
finite cyclic group, and asdim G = 1.

(iii) G is an infinite freely indecomposable not cyclic group or a free product of a
nontrivial free group and an infinite freely indecomposable not cyclic group, and
asdim G = 2.

Using Theorem 1.1 and an inequality of Dranishnikov about the asymptotic dimension
of amalgamated products (see [9]) we obtain a more general theorem for the asymptotic
dimension of fundamental groups of graphs of groups:

Theorem 1.4 Let (G, Y) be a finite graph of groups with vertex groups {G, :v € Y%}
and edge groups {G. : e € Y}_}. Then
asdim1(G,Y,T) < max {asdim Gy,asdim G, + 1}.

0 1
veY ,e€Y+

Using the previous theorem, we can obtain, for example, that the asymptotic dimension
of a graph of surface groups (with genus > 2) with free edge groups is two. Theorem 1.4
says that the asymptotic dimension doesn’t jump as long as there exists a vertex group
with asymptotic dimension greater than the asymptotic dimension of any edge group.

The paper is organized as follows. In Section 2 we prove the inequality for the
asymptotic dimension of HNN-extensions. In Section 2.1 we compute the asymptotic
dimension of RAAGs. Next, in Section 3 we give the optimal upper bound for the
asymptotic dimension of one-relator groups. In Section 3.1 we describe the one-relator
groups with asymptotic dimension O, 1 and 2. In Section 4 a new upper bound for the
asymptotic dimension of graphs of groups is obtained.

Acknowledgments I would like to thank Panos Papasoglu for his valuable advice
during the development of this research work. I owe my deepest gratitude to anonymous
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referee(s) for their time spent reviewing this article. I would also like to offer my special
thanks to Mark Hagen and Richard Wade for their very useful comments.

2 Asymptotic dimension of HNN-extensions

Let X be a metric space and U/ a covering of X. We say that the covering U is d—
bounded or d—uniformly bounded if supy ¢ {diam U} < d. The Lebesgue number
L(U) of the covering I/ is

L(U) =sup{A:if A C X with diam A < A then there exists U € U such that A CU}.

We recall that the order ord(l{) of the cover U is the smallest number n (if it exists) such
that each point of the space belongs to at most # sets in the cover. For a metric space X,
we say that (r, d)—dim X <n if, for r > 0, there exists a d—bounded cover U of X with
ord(U) <n + 1 and with Lebesgue number L) > r. We refer to such a cover as an
(r, d)—cover of X. The following proposition is due to Bell and Dranishnikov (see [2]):

Proposition 2.1 For a metric space X, asdim X < n if and only if there exists a
tunction d(r) such that (r,d(r))—-dim X <n forall r > 0.

We recall that the family X; of subsets of X satisfies the inequality asdim X; < n
uniformly if, for every R > 0, there exists a D—bounded covering U; of X; with
R-mult(i4;) <n + 1 for every i. For the proofs of Theorems 2.2 and 2.3 see [1].

Theorem 2.2 (infinite union theorem) Let X = |, X, be a metric space where the
family {X,} satisfies the inequality asdim X, < n uniformly. Suppose further that, for
every r > 0, there is a subset Y, C X with asdim Y, <n, so that d( X\ Yy, Xp\Y;) >r
whenever X, # Xp. Then asdim X <n.

Theorem 2.3 (finite union theorem) For every metric space presented as a finite
union X = J; X;,
asdim X = max{asdim X;}.

A partition of a metric space X is a presentation as a union X = (J; W; such that
Int(W;) NInt(W;) = & whenever i # j. We denote by dW; the topological boundary
of W; and by Int(W;) the topological interior. We have that dW N Int(W) = &. The
boundary can be written as

W ={xeX:d(x, W) =d(x,X \ W) =0l

For the proof of the following theorem see [9]:
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Theorem 2.4 (partition theorem) Let X be a geodesic metric space. Suppose that for
every R > 0 there is d > 0 and a partition X = | J; W; with asdim W; < n uniformly
ini and such that (R, d)-dim(lJ; 9W;) < n — 1, where dW; is taken with the metric
restricted from X . Then asdim X <n.

Let G be afinitely generated group, N a subgroup of G and ¢: N — G a monomorphism.
We set G = G *, the HNN-extension of G over the subgroup N with respect to the
monomorphism ¢. We fix a finite generating set S for the group G. Then the set
S = SU{t,t~ 1} is a finite generating set for the group G and we set C(G) = Cay(G, S),
its Cayley graph.

Normal forms for HNN-extensions There are two types of normal forms for HNN-
extensions: the right normal form and the left normal form. We use both.

Right normal form Let Sy and Sg(n) be sets of representatives of right cosets of
G/N and of G/¢(N), respectively. Then every w € G has a unique normal form
w=gtls 125yt s where g€ G, ¢; €{—1,1},if ¢, =1 thens; € Sy, if ¢, =—1
then s; € Sg(n), and if s5; = 1 then €;€;+1 > 0. We say that the length of the right
normal form of w is k.

Left normal form Let xS and 4(y)S be sets of representatives of left cosets of
G/N and of G/¢(N), respectively. Then every w € G has a unique normal form
w = 51115212 - sptk g where g € G, ¢; € {—1,1}, if ¢ = 1 then s5; €4(p) S, if
€; =—1 thens; ey S, and if s5; = 1 then ¢;_1¢; > 0. We say that the length of the left
normal form of w is k.

We observe that the lengths of the right and the left normal form of an element coincide,
and denote this length by /(w).

Convention When we write a normal form we mean the right normal form, unless
otherwise stated.

The group G = G*y acts on its Bass—Serre tree 7. There is a natural projection
w: Gxy — T defined by the action: 7(g) = gG.

Lemma 2.5 The map n: G — T extends to a simplicial map from the Cayley graph,
7:C(G,S)— T, which is 1-Lipschitz.

Proof Let g € G and s € S. Then the vertex g is mapped to the vertex 7 (g) =
w(gs)=gG. If s € S, then the edge [g, gs] is mapped to the vertex 7(g) = (gs) =gG.
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xG

Figure 1: An illustration of the projection 7: C(G,S) — T.

If s € {t,t~!}, without loss of generality we may assume that s = ¢, and so the edge
[g, gs] is mapped to the edge [7(g), w(gs)] = [gG, gtG] of T.

We observe that the simplicial map 7 : C(G) — T is 1-Lipschitz. |

The base vertex G separates T into two parts, 7— \ G and T4 \ G, where
7 N Ty ={weG:if w=_gts11s, --- 15} is the normal form of w then e; =1}
and similarly
7 N(T-)
={weG:if w=_gts1ts,---t%s; is the normal form of w then €; = —1}.

We note that both 74 \ G and 7_ \ G are unions of connected components of 7" and
7 Y(Ty) and 7 ~1(T_) are unions of connected components of C(G). See Figure 2
for an illustration of 7_— and 7.

Figure 2: An illustration of 71 and 7_.
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T =

G G

Figure 3: Left: an illustration of 7%. Right: an illustration of B, where r = 2.

We consider the Bass—Serre tree T as a metric space with the simplicial metric d. If ¥
is a graph, we denote by Y © or V(Y) the vertices of Y. For u € T? we denote by |u| the
distance to the vertex with label G. We note that the distance of the vertex wG from G
in the Bass—Serre tree T equals the length /(w) of the normal form of w, |[wG| = [(w).

We recall that a full subgraph of a graph I' is a subgraph formed from a subset of
vertices V' and from all of the edges that have both endpoints in the subset V. If A4 is
a subgraph of I' we define the edge closure E(A) of A to be the full subgraph of I"
formed from V(A). Obviously, V(E(A)) = V(A).

We fix some notation on the Bass—Serre tree 7' and on the Cayley graph.
In the tree T We denote by B,T the r—ball in T centered at G (r € N). There is
a partial order on vertices of 7' defined by setting v < u if and only if v lies in the

geodesic segment [G, u] joining the base vertex G with u. For u € T of nonzero level
(ie u # G) and r > 0, we set

T =E({veT’:u<v)), BY=E{veT":|v|<|ul+r}).

For every vertex u € T represented by a coset g,G, we have B = g, BrT NT". We
also observe that B = E({v e T : d(v,u) <r}). See Figure 3 for an illustration of
the sets 7% and B)

In the Cayley graph For R € N, let
Mg ={g € G :dist(g, N Up(N)) = R}.

Letting u = g, G, we set Mg = g, Mg N a~1(T*). We observe that m(Mg) € By
since 7 is 1-Lipschitz.
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Figure 4: Left: an illustration of Er. Right: an illustration of Mp.

Letting u = g,G, we set Eg = E(NR(N U¢(N))) and
E% = g, EgR N~ 1(T™).

Obviously, M¥ C E% C n~1(B%).

Convention We associate every u € T° to an element g, € G such that

(i) u=guG,and
(ii) if the left normal form of g, is 512522 -+ - 5,1 g then g = 1.
We see that in this way we may define a bijective map from 70 to the set Gz which

consists of the elements of G such that conditions (i) and (ii) hold.

Proposition 2.6 If 4 < 4R < r and the distinct vertices u,u’ € T°, satisty |u|, |u’| €
{nr :n € N}, then
d(M¥%, M%) >2R.

Proof We distinguish two cases. See the left and right parts of Figure 5 for cases 1
and 2, respectively.

Case 1 (Ju| # [u/|) Recall that every path y in C(G) projects to a path (y) in the
tree 7. Then, since

M} =g MgNa N(T*) S (BY). MY =guMrnz "(T) Sz '(BY)
and m is 1-Lipschitz,

d(M%.M¥)>d(B% BY)>r—R=>3R.
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Figure 5: Left: an illustration of Case 1 of Proposition 2.6, where u’ = G.
Right: an illustration of Case 2 of Proposition 2.6.

Case2 (|u|=|u’| withu #u’) Denote by { the last vertex of the common geodesic

segment [G, &o] of the geodesics [G, u] and [G, u']. Observe that d (u, &), d (u’, £9) > 1.
Letx e Mg, y € MI’{ and let y be a geodesic from x to y. Then the path 7 (y) passes

0>

G

Figure 6: Left: an illustration of Q,,, for m = 2 (Proposition 2.8). We note
that Q,, = V(7 ~1(B,)). Right: an illustration of 7! (B, ), where r = 2.
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through the vertices u, u’ and o, so the geodesic y intersects both g, (N U¢(N)) and
gw (N U@ (N)). Hence

d(x,y) = dist(x, gu(N U¢(N))) + dist(y. gu (N Up(N))) + length([So. u'])
+ length([¢o, u])
>R+R+2=2R+1). -

For w € G*y, we denote by [|w| the distance from w to 15 in the Cayley graph
Cay(G, S).
Lemma 2.7 Let w = gt€!s112s;, - - -tk 53 be the normal form of w. Then
|lwl =>d(sg, N) if =1 and |lwl = d(sg,p(N)) if e = —1.

Proof Without loss of generality we assume that €, = 1. Let

mo mi mg

w = ( 1_[ Sio)tél( 1_[ Sil)fez [( l_[ Sik)

ip=1 i1=1 ir=1

be a shortest presentation of w in the alphabet S (we note that si; £ 1, t71Y). We set
Z”:l si; = gj forevery j €{l,...,k}. Then w = g€ g112s55 - -1g) = wol gx. The

first step when we rewrite w in normal form starting from the previous presentation is
to write g = nsi (where n € N). Then

lwll = llgell = llnskll = d(nsg, 1) = d (s, n™") = d(sg, N). o

We note that there exists an amalgamated product analog of the following proposition,
proved by Dranishnikov in [9]:

Proposition 2.8 Suppose that asdim G < n. Let
Om={weG:l(w)<m}.

Then asdim Q,, < n, for everym € N,

Proof We set Py = {w € G :I(w) = A}. It is enough to show that asdim P; < n, for
every A € N. Indeed, since m
i=0

by the finite union theorem we obtain that asdim Q,, < n.

Claim For A € N we have asdim P; < n.
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Proof We use induction on A. We have Py = G, so asdim Py < n. We observe that
P) C P;_1tG U Py_1t~'G. Using the finite union theorem it suffices to show that
asdim(Py N P;_1tG) < n and asdim(P; N Py_1t~'G) < n; we show the first.

To show that asdim Py N Py_1¢tG < n, we use the infinite union theorem. For r > 0
we set ¥ = Py_1tN,(N). We claim that

Yy C Nrp1(Pr-1).

Indeed, if z € Y, then z = zotzy, where zg € Py_; and z1 € N,(N). Since z1 € N (N),
there exists n € N with d(n,z1) <r1. So z = zotnn~1zy = zo¢p(n)tn~'zy, and

d(z, Py—y) <d(z,z09(m) = l[tn ™ z1l| < e]| + ezl < 147

Hence Y, and P,_; are quasi-isomorphic, so asdim Y, <n. O

We consider the family x¢G where x € Py_1. For xtG # ytG, we have
d(xtG\ Yy, ytG\Y,) =d(xtg, yth) = ||g" 't Ix"tyrhl,

where g, h € G\ N, (N). The first step when we rewrite g~ ¢~ x =1 y¢/ in normal form
is to make the substitution 1 = nsy, where n € N and s; € Sy, s0 g~ 1t~ Ix~lyth =
g\t Ix"Lygp(n)tsy. Since h € G\ N-(N), we have ||sg|| = ||[n~ k|| > d(h,N)>r.

By Lemma 2.7 we obtain that ||g= 't~ 1x " yd(n)tsi || > |lskll > 7.

Finally, by observing that xtG and G are isometric, we deduce that asdim(xtG) <n
uniformly. Since all the conditions of the infinite union theorem hold,

asdim(Py N Py_1tG) <n
for every A € N. ad
We observe that E(Q,,) = n_l(B,z;) and O, =G N n_l(B,z;).
For w € G, we set T% = T7™W) where 7(w) = wG.

We note that there was an attempt to prove the following theorem in [16], however,
there is a gap in that proof. We give a few details about this gap right after the proof of
Theorem 2.9.

Theorem 2.9 Let Gxy be an HNN-extension of the finitely generated group G

over N. Then
asdim G * y < max{asdim G, asdim N + 1}.

Algebraic & Geometric Topology, Volume 23 (2023)



Asymptotic dimension of graphs of groups and one-relator groups 3599

o> T hogddd dbd> @d >

o />
V

N o4 4
N

Figure 7: An illustration of V..
Proof Letn = max{asdim G,asdim N + 1}. We denote by 7: C(G, S) — T the map
of Lemma 2.5. We recall that we denote by /(g) the length of the normal form of g.
We use the partition theorem (Theorem 2.4). Let R, r € N be such that R > 1 and r > 4R.
We set
U = £ (e B0 E(ig < Gradte. N us = &)U (U £ ]
uedBl
where E = guE(NR(N U ¢(N))) Nx~1(T*). We recall that
Mr={g€G:d(g.NUg(N)) = R}.

Let AR be the collection of the edges between the elements of Mg C U,. We have that
AR C U,. We define V; to be the set obtained by removing the interior of the edges of
AR from U,. Formally,

Vi = U, \ {interior(e) : e € AR}.

See Figure 7 for an illustration of V.. We observe that U, and V, are subgraphs of
C(G), U, =3V, and V, NG = U, N G. Obviously, UueaB,T E% € V;. We also have

V,NG=(Gnr ' (BL)NE({geG:d(g. NUS(N)) > R}))U ((_;m U E;g)
uedB!l
To be more precise, ¥, N G consists of those wx € G such that d(w, N U¢(N)) > R

and, if w = got€' gy - - - 1% gt is the normal form of w, then either k <r —1, or g =1
and k =r, while,if x # 1, thenk =r, g = land d(x, N U¢p(N)) < R.
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For every vertex u € T satisfying |u| € {nr : n € N}, we define
V¥ =g, V, N N(TY).

Obviously, the sets V* are subgraphs of C(G) and V¥ Z G. We observe that V, C
n_l(BrT+R), soV¥Cnr! (B}, g)- Obviously, for every /& such that h = g111 g - - - 1"
is the left normal form of h, u < g,hG and |u| +r = |g,hG|, we have that

(guMp N~ Y (T#C)) U (guhMg N~} (T8hC)) c v,

We also observe that
guMp N~ (T8 %) cav¥,

which can also be written as

MY = MEC cavr,
We set V,G =V,

Consider the partition

(1) CG)=r"4T)= ( U V,") U E(Nr(N Ug(N))).

lule{nr:neN_U{0}}
We set
Z= ( g 8V,") UJE (Nr(N Ug(N))).
|ule{nr:neN_}U{0}
Observe that if V¥ NV, # @, then either v < v and |u| +r = |v| or u > v and
vl +7r=ul. V¥ NV # @ issuch that u < v and |u|+r = |v|, then

VEAVY = M.

Z = ( U Mg) U Mg.
|ule{nr:neNy}
We will show that there exists d > 0 such that (R, d)—dim Z <n — 1. Since Mp is
quasi-isometric to Ng(N U ¢ (N)), which is quasi-isometric to N U ¢(N), we have
that asdim Mg <n — 1. Then for R > 0 there exists an (R, d )—covering U of Mg with
ord(Y) < n. In view of Proposition 2.6, the covering

‘We deduce that

V=Uu U (quinMp)
lule{nr:neN_y}

is an (R, d)—covering of Z with ord(V) < n. We conclude that (R, d)-dim Z <n — 1.
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Next, we will show that asdim V} <n and asdim Nr(N U¢(N)) < n uniformly. This
will complete our proof, since all the conditions of the partition theorem are satisfied.
It suffices to show that asdim V} < n uniformly and

asdim Np(N U¢p(N)) <n.

We observe that V. C n_l(BrT+R) C Ni1(Qr+R), so by Proposition 2.8 we have
that asdim V¥ < n. Since there are at most two isometric classes for the sets V}*
(for u # G) of our partition, we conclude that asdim V¥ < n uniformly. Finally,
asdim Ngp(N U¢p(N)) <n—1 since Np(N U ¢(N)) is quasi-isometric to N U @p(N).

By the partition theorem (Theorem 2.4), asdim C(G) = asdim 7~ 1(T) < n. a

We now give a few details about the gap we found in [16]. We use the same notation
as on pages 2276-2279 of [16]. We are not going to redefine all the symbols we
use. We consider the HNN-extension Axc = (Syq | R4, ct = tf(c)) with respect
to a monomorphism f. The idea was to construct a partition for 7~ 1(K;). The
building block of this partition is the set V, = X1 N (=, X*), where u = g, C are
vertices of K.

The problem is that the set V;- is empty when the index [A4 : C] is at least 2. One can find
two vertices u and v of K7 (where |u| = |v| = r) such that X N X* = &. To see that,
one must investigate how the dual graph K behaves under translations. For example,
K" = g, K1 when g, (where u is a vertex of K1) has a normal form ending with ¢, while
K* = g, Ko when g,, (where u is a vertex of K1) has a normal form ending with 1.

2.1 Right-angled Artin groups

We use the following theorem of Bell, Dranishnikov and J Keesling; see [5].

Theorem 2.10 If A and B are finitely generated groups then
asdim A * B = max{asdim A, asdim B}.

Let I' be a finite simplicial graph with n vertices. The right-angled Artin group (RAAG)
A(I") associated to the graph I" has the presentation

AT) = ({su su € V(D)) [ {su. so] : [u, v] € E(T)}).

1

By [su.Sv] = SuSvs;, S, 1 we mean the commutator. We set

Val(I") = max{valency(u) : u € V(I')}.
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By valency(u) of a vertex u we denote the number of edges incident to the vertex u.
Clearly Val(I') <rank(A(T")) — 1.

If I' is a simplicial graph, we denote by 1-skel(I") the 1-skeleton of I". Recall that a
Sfull subgraph of a graph I is a subgraph formed from a subset of vertices V' and from
all of the edges that have both endpoints in the subset V.
Conventions Let I be simplicial graph, u € V(I') and e € E(I"). We denote by

(1) T\ {u} the full subgraph of T" formed from V(I") \ {u},

(i) T\ e the subgraph of T" such that V(I" \e) = V(I") and E(I"\ e) = E(T') \ {e}.
Lemma 2.11 Let I' be a finite simplicial graph. Then

asdim A(T") < Val(T') + 1.

Proof By Theorem 2.10, it suffices to prove Lemma 2.11 for connected simplicial
graphs, so assume I is a connected simplicial graph. We use induction on rank(A(T")).

For rank(A(I")) = 1 we have that A(I") is Z, so the statement holds. We assume that
the statement holds for every k <n and we show that it holds for n + 1 (for n 4+ 1 > 2).

Let I" be a simplicial graph with n 41 vertices. We remove a vertex u from the graph I"
such that valency(u) = Val(I') = m > 1. Let’s denote by v; (fori € {1,...,m}) the
vertices of I" which are adjacent to u. We set I'" =T"\ {u}. Obviously, Val(I'’) < Val(T").
We denote by Y the full subgraph of T formed from {vy, ..., vy}

We observe that the RAAG A(T") is an HNN-extension of the RAAG A(I""). To be
more precise, we have that

AT) = AT') *4¢y) -

By Theorem 2.9 we obtain that
asdim A(T") < max{asdim A(T"’), asdim A(Y) + 1}.
We observe that Val(Y) < Val(I") — 1, so by the inductive hypothesis (rank(A4(Y)) < n),
asdim A(Y) < Val(Y) + 1 < Val(I').
Since rank A(T"") = n, again by the inductive hypothesis, we deduce that
asdim A(T'") < Val(T'’) + 1 < Val(T") + 1.

Combining the three previous inequalities, we obtain

asdim A(I") < max{Val(I") + 1, Val(T") + 1} = Val(I") + 1. ad
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Using the previous lemma we can compute the exact asymptotic dimension of A(T").
We note that this has already been computed by Wright [23] using different methods.

We set
Sim(T") = max{n : " contains the 1-skeleton of the standard (n—1)-simplex A"~ 1}.
Obviously if I'" C T, then Sim(I'") < Sim(T").
Theorem 2.12 Let I be a finite simplicial graph. Then
asdim A(T") = Sim(I").

Proof By Theorem 2.10, it suffices to prove Theorem 2.12 for connected simplicial
graphs, so assume I' is a connected simplicial graph.

Claim 1 Sim(I") < asdim A(I").
Proof Let Sim(I") = n. We observe that Z" = A(S,—1) < A(T"). It follows that

n = asdim Z" < asdim A(T"). O
Claim 2 asdim A(T") < Sim(I").

Proof We use induction on rank(A(I")). For rank(A(I")) = 1 we have that A(T") is Z,
so the statement holds. We assume that the statement holds for every r <m, and we show
that holds for m 4 1 as well. Let T" be a connected simplicial graph with m 4 1 vertices.

Let Sim(I") = n. Then I" contains the 1—skeleton of the standard (n—1)—simplex S,
(where S,_; = l-skel(A"™1)).

Casel (I'=S,-1) Thenm + 1 =n, so by Lemma 2.11 we have asdim A(S,—1) <
Val(S,—1) + 1. By observing that Val(S,—1) = n — 1, we obtain that

asdim A(Sp—1) <n = Sim(I').

Case2 (S,-1 & TI') We will remove a vertex u € V(S,—1). Let’s denote by v; (for
i €{1,...,k})the vertices of I" which are adjacent to u. We set I'" = T"\ {u}. Obviously
Sim(T"”) < n. We denote by Y the full subgraph of " formed from {vq,..., vg}.

We observe that the RAAG A(T") is an HNN-extension of the RAAG A(I"'). To be

more precise,
A(F) = A(F/) *AY) -

By Theorem 2.9 we obtain that
2 asdim A(T") < max{asdim A(T"), asdim A(Y) + 1}.

Algebraic & Geometric Topology, Volume 23 (2023)



3604 Panagiotis Tselekidis

Since Sim(I'") < n and rank(I'’) < m, by the inductive assumption
) asdim A(T') < Sim(I'"’) < n.

We observe that Sim(Y') < n — 1 and rank(Y) < m. Then by the inductive hypothesis
we obtain

(C)) asdim A(Y)+ 1 <Sim(Y)+ 1 <n.
by (2), (3) and (4) we conclude that
asdim A(I") <n = Sim(I"). |

3 Asymptotic dimension of one-relator groups

Theorem 3.1 Let G be a finitely generated one-relator group. Then

asdim G < 2.

Proof Let G = (S | r) be a presentation of G where S is finite and r is a cyclically
reduced word in S U S~1. To omit trivial cases, we assume that S contains at least two
elements and |r| > 0 (we denote by |r| the length of the relator r in the free group F(.S)).

We may assume that every letter of S appears in r. Otherwise our group G is isomorphic
to a free product H * F of a finitely generated one-relator group H with relator r
and generating set Sy C S consisting of all letters which appear in r and a free
group F with generating set the remaining letters of S. We recall that the asymptotic
dimension of any finitely generated nonabelian free group is equal to one. Then
asdim G = max{asdim H, asdim F'} = max{asdim H, 1}; see [2].

We denote by €, (s) the exponent sum of a letter s € .S in a word r, and by oc, (s) the
minimum number of the positions of appearance of the elements of the set

{sk for some 0 # k € Z}

in a cyclically reduced word r. For example, if = abcab'®a=2¢ ™!, then oc, (a) = 3,
ocr(b) =2, 0c,(c) =2and ¢ (c) =0.

We observe that, if there exists b € S such that oc,(b) = 1, then the group G is free
(see [15, Theorem 5.1, page 198]), so asdim G = 1. From now on we assume that, for
every s € S, we have that oc,(s) > 2 (so |r| > 4).

The proof is by induction on the length of r. We observe that if |r| = 4 then the
statement of the theorem holds, since by the result of Matsnev [17] we have that
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asdim G < %UVH = % = 2 (where |*] is the floor function). We assume that the
statement of the theorem holds for all one-relator groups with relator length smaller
than or equal to |r| — 1.

We follow the arguments from the book of Lyndon and Schupp (see [15, Theorem 5.1,
page 198]) and the book of Wise (see [22, Construction 18.5]). We distinguish two cases.

Case 1 (there exists a letter a € S such that €,(a) = 0) We shall exhibit G as an
HNN-extension of a one-relator group G; whose defining relator has shorter length
than r, over a finitely generated free subgroup F. Let S = {a = 51, 52,53, 54, ..., 5k}
Set sl-(j )
right and changing any occurrence of a’s; to s

=a’/s;a/ for j € Z and for k > i > 2. Rewrite r, scanning it from left to
()
i

a-letters together and continuing with the leftmost occurrence of a or its inverse in the

a’, collecting the powers of adjacent

modified word. We denote by r’ the modified word in terms of sl.(j ). We note that by

doing this we make at least one cancellation of @ and its inverse. The resulting word r’,
which represents 7 in terms of sl.(] ) and their inverses, has length at most |r| — 2. For
example, if r = aSZS3as§a_ZS3 then r’ = sél)sgl)(séz))d'sgo).

Let m and M be the minimal and the maximal superscripts, respectively, of all sl.(j )

(for i > 2) occurring in ’. To be more precise,
)]

i

)

m =min{j :s.”’ occursin ¥’} and M = max{j :sl.(J occurs in 7'},

Continuing our example, m =0 and M = 2.
Claim 1.1 InCasel wehave M —m >0and m <0< M.

We may assume, replacing r with a suitable permutation if necessary, that » begins with
ak for some k # 0. Then we can write r = a¥swa”rz, where k,n #0,a ¢ {s,1} C S
and both ¢ and ¢! do not appear in the word z (oc; (a) = 0). Then we observe that the
letter s has as superscript k in the word r’ while ¢ has as superscript 0 in the word r’.
Since k # 0, we have that M —m > 0. This completes the proof of Claim 1.1.

Claim 1.2 The group G has a presentation
(a.sPi=2,. k, j=m,. . M asV)a (s T =m, . M—13).

To verify the claim, let H be the group defined by the presentation given above. The

map ¢: G — H defined by o

ar>a, si>s;
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is a homomorphism since ¢ (r) = r’. On the other hand, the map y: H — G defined by
ara, sl.(j) > alsia™/
is also a homomorphism since all relators of H are sent to 1¢.

Itis easy to verify that y o¢ is the identity map of G. The homomorphism ¢ovy: H — H
ma 0 (0) d ) Joain—J j (0)
psar>a,s; > s;i+>s; and s, = alsia”) = als;

sl-(J) =al s(o) —J. We have

als@,1 = (1) alsWg1 :s(2) alsVD,~1 = (J)

l 5 i ) l

a~/. Now we show that

Combining these equations sl.(J) = als(] Vg1 = azs(] g2 == a/s(o) =/,

so oy =idy.
Since ¢ o ¢ and v o ¢ are the identity maps on H and G, respectively, we deduce that
¢ is an isomorphism. This completes the proof of Claim 1.2.

We set .

Gi=(sPi=2..k j=m. . M),
and note that there exists a letter slm € S such that s( m) appears in r’ and a letter
Sip; € S such that s ( ) appears in r’.

Let F and A be the subgroups of G generated by

X=(Dri=2, . kj=m.. . M-1}
and .
Y= =2,k j=m+1,..., M}

respectively.
Claim 1.3 The groups F and A are free subgroups of Gi.

This claim follows by the Freiheitssatz (see [15, Theorem 5 1, page 198]); since X
omits a generator of G occurring in r’ (this is the letter s ) the subgroup F is free.

The same holds for A, since Y omits the letter s( ).

Claim 1.4 We have that G >~ G *F.

)

In particular, the map s;”” sfj 1 from X to ¥ extends to an isomorphism from F

to A. Thus H is exhlblted as the HNN-extension of G over the finitely generated free
group F using a as a stable letter. Since G ~ H (Claim 1.2),

G:Gl*p.
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By the fact that |r’| < |r| and the inductive assumption we have that asdim G < 2.
To conclude, we apply the inequality for HNN-extensions (Theorem 2.9): asdim G <
max{asdim G, asdim F' + 1} = max{asdim G,2} = 2.

Case 2 (|e,(s)| > 1 for every letter s € §) Let S ={a =s1,b =52,53,54,...,5}
and S1 = {t, x,s; : 3 <i <k}. We consider the homomorphism between the free group
F(S) and the free group F(S;)

®) ¢:a»—>t_€’(b)x, bist@  sivss for 3<i <k.

We set
F=(Sy|r, x,s3,...,5)),

where we denote by r(¢, x, 53, ..., S) the modified word in terms of 7, x and s; for
3 <i <k which is obtained from r when we replace a generator s with ¢(s). Then ¢

induces a homomorphism
¢:G—T.

The following claim shows that the homomorphism ¢ is actually a monomorphism
into I', so we have an embedding of G into I" via ¢:

Claim 2.1 The homomorphism ¢: G — I is a monomorphism.

Proof We set S» ={a,t,s; :3 <i <k} and S; = {x,t,s; : 3 <i <k}. We define
g: F(S)— F(S2)and f: F(S2) > F(S1) by

g:ara, histr@  givss; for 3<i <k,
and
f:a»—)t_er(b)x, t—t, si—s; for3<i<k.

We set rp = g(r), Go = (Sa | r2) and ry = fog(r) =r(t,x,s3,...,5), and we
observe that I' = (S} | r1). Then g induces a homomorphism g: G — G, and f
induces a homomorphism f: G, — I". Obviously, ¢ = f o g.

We can easily see that f_ is an isomorphism. Indeed, the homomorphism ¥ : I' — G,
given by
xis 1B pist s for3<i <k

is the inverse homomorphism of f .

It is enough to prove that g is a monomorphism. This follows by the fact that the
group G, is the amalgamated product G *z (), where Z = (A), and Y1 (A) = b
and ¥>(1) = €7@ are the corresponding monomorphisms. We can see that g is the
inclusion of G into the amalgamated product, so g is injective. |
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We denote by r(¢, x, 53, ..., S) the modified word in terms of 7, x and s; for 3 <i <k
which can be obtained from r when we replace a generator s with ¢(s) and p with
the cyclically reduced r (¢, x, 53, ..., 5k ). We observe that €, () = 0 and that x occurs
in p.

If the letter ¢ occurs in the word p, from Case 1 we have that I" is an HNN-extension of
some group H over a free subgroup F, namely I' = H* . As in Case 1, by assuming
)
i
variables, we rewrite p as a word w, eliminating all occurrences of ¢ and its inverse.

that p starts with ¢ or =1 we introduce new variables s’ = t/s;¢=/. Using these

Then we observe that [w| < |r|— 1. By using the inductive assumption for w we obtain
asdim G < asdim I < 2.
If the letter ¢ does not occur in the word p, we observe that
Ipl<[rl—1.
Then
= (t)*T’,

where
= {x,s;:i =3,....k}| p).

Since asdim(G1 * G,) = max{asdim G, asdim G5} holds (see [2]) we have that
asdimI' = max{1, asdim I'"}.
Then, by the inductive assumption for p, asdim I'” < 2. Finally, we conclude that
asdim G < asdimI" <2. |
3.1 One-relator groups with asymptotic dimension two
We recall that a nontrivial group H is freely indecomposable if H cannot be expressed

as a free product of two nontrivial groups.

A natural question derived from Theorem 3.1 is which one-relator groups have asymp-
totic dimension two. In this subsection, we will show that the asymptotic dimension of
every finitely generated one-relator group that is not a free group or a free product of a
free group and a finite cyclic group is exactly two.

We will use Propositions 3.2 and 3.3 from [10] and [21], respectively.

Proposition 3.2 Let G be an infinite finitely generated one-relator group with torsion.
If G has more than one end, then G is a free product of a nontrivial free group and a
freely indecomposable one-relator group.
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Proposition 3.3 Let G be a torsion-free infinite finitely generated group. If G is
virtually free, then it is free.

Lemma 3.4 Let G be an infinite finitely generated one-relator group that is not a
free group or a free product of a nontrivial free group and a freely indecomposable
one-relator group. Then G is not virtually free.

Proof If G has torsion, by Proposition 3.2 G has exactly one end, so G cannot be
virtually free. If G is torsion free, by Proposition 3.3 we obtain that G is free and this
is a contradiction by the assumption of the lemma. |

We note that every finite one-relator group is cyclic. To see this, it is enough to observe
that every one-relator group with at least two generators has infinite abelianization.

The following proposition is the main result of this subsection:

Proposition 3.5 Let G be a finitely generated one-relator group that is not a free group
or a free product of a free group and a finite cyclic group. Then

asdim G = 2.

Proof By Theorem 3.1, asdim G < 2. If G is finite then it is cyclic. If G is infinite,
1 <asdim G. By a theorem of T Gentimis [11], asdim G =1 if and only if G is virtually
free. We assume that G is an infinite virtually free group. So, if G is torsion free, then
by Proposition 3.3 we obtain that G is free. If G has torsion, then, by Lemma 3.4,
G is a free product of a nontrivial free group and a freely indecomposable one-relator
group G1. Observe that, if G is an infinite noncyclic group, then by the same lemma
G is not virtually free, so G is not virtually free either, which is a contradiction. We
conclude that asdim G = 2. O

Corollary Let G be a finitely generated freely indecomposable one-relator group
which is not cyclic. Then
asdim G = 2.

Proposition 3.6 [15, Proposition 5.13, page 107] Let G ={x1,..., X, |r) be a finitely
generated one-relator group, where r is of minimal length under Aut(F ({x1,...,xn}))
and contains exactly the generators x1,...,xy for some k with 0 < k < n. Then
G is isomorphic to the free product G * G, where G; = (x1,..., X | r) is freely
indecomposable and G is free with basis {Xg41,...,Xn}.
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The above results combine to give the following corollary, which describes the finitely
generated one-relator groups:

Corollary Let G be a finitely generated one-relator group. Then one of the following
is true:
(i) G is finite cyclic, and asdim G = 0.
(i) G is a nontrivial free group or a free product of a nontrivial free group and a
finite cyclic group, and asdim G = 1.

(ili) G is an infinite freely indecomposable not cyclic group or a free product of a
nontrivial free group and an infinite freely indecomposable noncyclic group, and
asdim G = 2.

We can further describe the boundaries of hyperbolic one-relator groups. We recall the
following result of Buyalo and Lebedeva (see [7]) for hyperbolic groups:

asdim G = dim 0o G + 1.

Let G be an infinite finitely generated hyperbolic one-relator group that is not virtually
free. By Gentimis [11] we obtain that asdim G # 1, so asdim G = 2. Using the
previous equality we obtain that G has one-dimensional boundary. Applying a theorem
of Kapovich and Kleiner (see [13]) we can describe the boundaries of hyperbolic
one-relator groups:

Proposition 3.7 Let G be a hyperbolic one-relator group. Then asdim G = 0, lor 2.

(i) If asdim G = 0, then G is finite.
(ii) If asdim G = 1, then G is virtually free and the boundary is a Cantor set.

(iii) If asdim G = 2, providing that G does not split over a virtually cyclic subgroup,
then one of the following holds:
(a) 000G is a Menger curve.
(b) 000G is a Sierpinski carpet.
(¢) 000G is homeomorphic to S!.

4 Graphs of groups

We will prove a general theorem for the asymptotic dimension of fundamental groups
of finite graphs of groups.
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Theorem 4.1 Let (G, Y) be a finite graph of groups with vertex groups {G, :v € Y%}
and edge groups {G. : e € Y}_}. Then
asdimm(G,Y,T) < max {asdim Gy,asdim G, + 1}.

0 1
veY ,eeY+

Proof We use induction on the number # £ (Y') of edges of the graph Y. For#E(Y) =1
we distinguish two cases. The first case is when the fundamental group 71 (G, Y, T) is
an amalgamated product. Here the theorem follows by the inequality of Dranishnikov
(see [9])

asdim A *¢c B < max{asdim A4, asdim B, asdim C + 1}.

The second case is when the fundamental group 71(G, Y, T) is an HNN-extension.
Here the theorem follows by Theorem 2.9.

We assume that the theorem holds for E(Y) < m. Let (G, Y) be a finite graph of
groups with #E(Y) = m + 1. We denote by T a maximal tree of Y.

We distinguish two cases:

Casel (Y =T) We remove a terminal edge ¢’ = [v, u] from the graph Y so that
the full subgraph of Y, denoted by I' and formed from the vertices V(Y) \ {u}, is
connected. We observe that I is also a tree, which we denote by T".

Then 71(G,Y,T) = (G, T, T') *G,, Gy, so by the inequality for amalgamated
products of Dranishnikov (see [9]),
asdim 1 (G, Y, T) < max{asdim 71 (G, T, T'), asdim Gy, asdim G¢ + 1}.
Since #E(I') = m, by the inductive assumption we obtain that
asdim (G, T, T') < max {asdim G, asdim G, + 1},
veYO\{u},ecY \{e'}
SO
asdim(G,Y,T) < max {asdim Gy,asdim G, + 1}.
veYoxeYi
Case2 (T £ Y) We remove from Y an edge ¢’ = [v,u] which doesn’t belong
to T. Since the tree T is a maximal tree of Y and ¢’ ¢ E(T), we have that the graph
' =Y \ ¢ isconnected and T C T'. Then 71(G,Y,T) = (G, T, T)*g
inequality for HNN-extensions (Theorem 2.9) we have

so by the

e/’

asdim 71 (G, Y, T) < max{asdim 71 (G, I', T), asdim G,/ + 1}.
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Since #E (') = m, by the inductive assumption

asdimm (G, T, T) < max {asdim Gy, asdim G, + 1},
veYOxeYi\&@
SO

asdim1(G,Y,T) < max {asdimGy,asdim G, + 1}. |
UGYO,eGY_il_

We obtain as a corollary the following:

Proposition4.2 Let (G,Y) be a finite graph of groups with vertex groups {G, :v € Y °}
and edge groups {G. : e € Y_il_}. We assume that

max {asdim G} < max {asdim G,} = n.
e€Y] veYo

Then asdim 71 (G, Y, T) = n.

As a corollary of Proposition 4.2, the asymptotic dimension of a graph of one-ended
hyperbolic groups with n—dimensional boundary with free edge groups is n + 1.
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Pressure metrics for deformation spaces of
quasifuchsian groups with parabolics

HARRISON BRAY
RICHARD CANARY
LIEN-YUNG KAO

We produce a mapping class group—invariant pressure metric on the space QF(.S) of
quasiconformal deformations of a cofinite-area fuchsian group uniformizing S. Our
pressure metric arises from an analytic pressure form on QF(S) which is degenerate
only on pure bending vectors on the fuchsian locus. Our techniques also show that
the Hausdorff dimension of the limit set varies analytically.
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1 Introduction

We construct a pressure metric on the quasifuchsian space QF(S) of quasiconformal
deformations, within PSL(2, C), of a fuchsian group I'" in PSL(2, R) whose quotient
H?/ T has finite area and is homeomorphic to the interior of a compact surface S. Our
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pressure metric is a mapping class group—invariant path metric which is a Riemannian
metric on the complement of the submanifold of fuchsian representations. Our metric
and its construction generalize work of Bridgeman [9], in which H?2 /T is a closed
surface.

McMullen [30] initiated the study of pressure metrics, by constructing a pressure
metric on the Teichmiiller space of a closed surface. His pressure metric is one way
of formalizing Thurston’s notion of constructing a metric on Teichmiiller space as the
“Hessian of the length of a random geodesic” (see also Wolpert [48], Bonahon [4]
and Fathi and Flaminio [18]) and like Thurston’s metric it agrees with the classical
Weil-Petersson metric (up to scalar multiplication). Subsequently, Bridgeman [9]
constructed a pressure metric on quasifuchsian space, Bridgeman, Canary, Labourie
and Sambarino [10] constructed pressure metrics on deformation spaces of Anosov
representations, and Pollicott and Sharp [33] constructed pressure metrics on spaces of
metric graphs (see also Kao [21]). The main tool in the construction of these pressure
metrics is the thermodynamic formalism for topologically transitive Anosov flows with
compact support and their associated well-behaved finite Markov codings.

The major obstruction to extending the constructions of pressure metrics to deformation
spaces of geometrically finite (rather than convex cocompact) Kleinian groups and
related settings is that the support of the recurrent portion of the geodesic flow is
not compact and hence there is not a well-behaved finite Markov coding. Mauldin
and Urbanski [29] and Sarig [39] extended the thermodynamical formalism to the
setting of topologically mixing Markov shifts with countable alphabet and the BIP
property. In the case of finite-area hyperbolic surfaces, Stadlbauer [42] and Ledrappier
and Sarig [27] construct and study a topologically mixing countable Markov coding
with the BIP property for the recurrent portion of the geodesic flow of the surface. In
previous work, Kao [23] showed how to adapt the thermodynamic formalism in the
setting of the Stadlbauer—Ledrappier—Sarig coding to construct pressure metrics on
Teichmiiller spaces of punctured surfaces.

We adapt the techniques developed by Bridgeman [9] and Kao [23] into our setting to
construct a pressure metric which can again be naturally interpreted as the Hessian of
the (renormalized) length of a random geodesic.

Theorem 9.1 If S is a compact surface with nonempty boundary, the pressure form
P on QF(S) induces a Mod(S)—invariant path metric, which is an analytic Riemannian
metric on the complement of the fuchsian locus.

Algebraic & Geometric Topology, Volume 23 (2023)
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Moreover, if v € T,(QF(S)), then P (v, v) = 0 if and only if p is fuchsian and v is a
pure bending vector.

The control obtained from the thermodynamic formalism allows us to see that the
topological entropy of the geodesic flow of the quasifuchsian hyperbolic 3—manifold
varies analytically over QF(S). We recall that the topological entropy /(p) of p is
the exponential growth rate of the number of closed orbits of the geodesic flow of
N, = H?3/p(T) of length at most 7. More precisely, if

Rr(p) ={ly]€[l]10<{L,(y) =T},

where [I'] is the collection of conjugacy classes in I" and £, (y) is the translation length
of the action of p(y) on H?3, then the topological entropy is given by

#RT(p)

—

Sullivan [45] showed that the topological entropy and the Hausdorff dimension of

h(p) = li
(,0) Tl—l;noo

the limit set agree for quasifuchsian groups. So we see that the Hausdorff dimension
of the limit set varies analytically over QF(S), generalizing a result of Ruelle [36]
for quasifuchsian deformation spaces of closed surfaces. Schapira and Tapie [40,
Theorem 6.2] previously established that the entropy is C'! on QF(S) and computed
its derivative (as a special case of a much more general result).

Corollary 5.3 If S is a compact surface with nonempty boundary, then the Hausdorff
dimension of the limit set varies analytically over QF(S).

Concretely, the pressure form [P at a representation pg is the Hessian of the renormalized
pressure intersection J(pg, - ) at po. The pressure intersection of p, n € QF(S) is given

by )

1
D= TR D] o L)

and the renormalized pressure intersection is given by

h(n) lim 1 Ly(y)

J(p, .
0= 50) T TRy 2 T ()

[vleRT (o

The pressure intersection was first defined by Burger [12] for pairs of convex cocompact
fuchsian representations. Schapira and Tapie [40] defined an intersection function for
negatively curved manifolds with an entropy gap at infinity, by generalizing the geodesic
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stretch considered by Knieper [26] in the compact setting. Their definition applies in
a much more general framework, but agrees with our notion in this setting; see [40,
Proposition 2.17].

Let (X7, 0) be the Stadlbauer—Ledrappier—Sarig coding of a fuchsian group I giving a
finite-area uniformization of S. If p € QF(S'), we construct a roof function 7,: ¥ — R
whose periods are translation lengths of elements of p(I'). The key technical work
in the paper is a careful analysis of these roof functions. In particular, we show that
they vary analytically over QF(S); see Proposition 3.1. If P is the Gurevich pressure
function (on the space of all well-behaved roof functions), then the topological entropy
h(p) of p is the unique solution of P(—tt,) = 0. Our actual working definition of
the intersection function will be expressed in terms of equilibrium states on X for
the functions —/A(p)t,, but we will show in Theorem 10.3 that this thermodynamical
definition agrees with the more geometric definition given above.

Following Burger [12], if p, n € QF(S), we define the Manhattan curve
C(p.n)={(a,b)|a,b>0,a+b>0and P(—ar,—bt,) =0}.

The following result generalizes work of Burger [12] and Kao [22]:
Theorem (Theorems 6.1 and 10.3) If S is a compact surface with nonempty bound-
ary and p, n € QF(S), then C(p, n)

(1) is a closed subsegment of an analytic curve,

(2) has endpoints (h(p), 0) and (0, h(n)), and

(3) is strictly convex, unless p and 1 are conjugate in Isom(H?).
Moreover, the tangent line to C(p, ) at (h(p), 0) has slope —I(p, ).
We use Theorem 6.1 in our proof of a rigidity result for the renormalized pressure
intersection (see Corollary 7.2) and in our proof that pressure intersection is analytic
on QF(S) x QF(S) (see Proposition 7.1). We also use it to obtain a rigidity theorem

for weighted entropy in the spirit of the Bishop—Steger rigidity theorem for fuchsian
groups; see [3]. If a,b > 0 and p, n € QF(S), we define the weighted entropy

.1
h*® (p.1) = lim #{[y] € [[]] 0 < al(p(y)) + be(n(y)) < T}.
Corollary 6.3 If S is a compact surface with nonempty boundary, p,n € QF(S) and

a,b >0, then h(p)h(n)

Wb (p,m) <
bh(p) + ah(n)
with equality if and only if p = 1.
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Other viewpoints If p € QF(S), then N, = H?/p(T') is a geometrically finite hy-
perbolic 3—manifold. As such, its dynamics may be analyzed using techniques from
dynamics which do not rely on symbolic dynamics. For example, it naturally fits into
the frameworks for geometrically finite, negatively curved manifolds developed by
Dal’bo, Otal and Peigné [14], negatively curved Riemannian manifolds with bounded
geometry as studied by Paulin, Pollicott and Schapira [32], and negatively curved
manifolds with an entropy gap at infinity as studied by Schapira and Tapie [40]. In
particular, the existence of equilibrium states and their continuous variation in our
setting also follows from the work of Schapira and Tapie [40].

Since all the geodesic flows of manifolds in QF(S) are Holder orbit equivalent, one
should be able to think of them all as arising from an analytically varying family
of Holder potential functions on the geodesic flow of a fixed hyperbolic 3—manifold.
However, for the construction of the pressure metric it will be necessary to know that
the pressure function is at least twice differentiable. Results of this form do not yet
seem to be available without symbolic dynamics. We have therefore chosen to develop
the theory entirely from the viewpoint of the coding throughout the paper.

Iommi, Riquelme and Velozo [20] have previously used the Dal’bo-Peigné coding [16]
to study negatively curved manifolds of extended Schottky type. These manifolds
include the hyperbolic 3—manifolds associated to all quasiconformal deformations of
finitely generated fuchsian groups whose quotients have infinite area. In particular,
they perform a phase transition analysis and show the existence and uniqueness of
equilibrium states in their setting. The symbolic approach to phase transition analysis
can be traced back to lommi and Jordan [19]. Riquelme and Velozo [34] work in a
more general setting which includes quasifuchsian groups with parabolics, but without
a coding, and obtain a phase transition analysis for the pressure function as well as the
existence of equilibrium measures.
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2 Background

2.1 Quasifuchsian space

Let S be a compact orientable surface with nonempty boundary and suppose that
I' € PSL(2,R) is a discrete torsion-free group such that H?/ T is a finite-area hy-
perbolic surface homeomorphic to the interior of S. We say that p: I' — PSL(2, C)
is quasifuchsian if there exists a quasiconformal homeomorphism ¢ : C — C such
that p(y) = ¢y¢~! for all y € T'. Equivalently, p is quasifuchsian if and only if
there is an orientation-preserving bilipschitz homeomorphism from N, = H3/p(T) to
N = H?3/T in the homotopy class determined by p (see Douady and Earle [17]). Let
QC(T") € Hom(T", PSL(2, C)) denote the space of all quasifuchsian representations.
We recall — see Maskit [28, Theorem 2] —that p: I' — PSL(2, C) is quasifuchsian if
and only if p is discrete and faithful, p(9.S) is parabolic and p(I") preserves a Jordan
curve in C.

The quasifuchsian space is given by
QF(S) = QC(I')/PSL(2,C) C X(S) = Hom,(I', PSL(2, C)) /PSL(2,C),

where Homy, (I', PSL(2, C)) is the space of type-preserving representations of I" into
PSL(2, C) (ie representations taking parabolic elements of I" to parabolic elements of
PSL(2,C)). We call X(S) the relative character variety and it has the structure of a
projective variety. The space QF(.S) is a smooth open subset of X(.5), so is naturally
a complex analytic manifold. (See Kapovich [24, Section 4.3] for details.) Bers [2]
showed that QF(S') admits a natural identification with 7(S) x 7(S), where T(S) is
the Teichmiiller space of S.

If p € QC(T") and ¢ is a quasiconformal map such that p(y) = ¢py¢ ! forall y € T,
then ¢ restricts to a p—equivariant map &,: A(I') — A(p(I")), where A(p(I")) is the
limit set of p(I"), ie the smallest closed p(I")—invariant subset of C. Notice that, since
€, is p—equivariant, it must take the attracting fixed point ¥+ of a hyperbolic element
y € T to the attracting fixed point p(y)™ of p(y). Since attracting fixed points of
hyperbolic elements are dense in A(I"), &, depends only on p (and not on the choice
of quasiconformally conjugating map ¢). We now record well-known fundamental
properties of this limit map.

Lemma 2.1 If p € QC(I"), then there exists a p—equivariant bi-Hélder continuous map

p: A(I") = A(p(T)).
Moreover, if x € A(T"), then §,(x) varies complex analytically over QC(I").
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Proof Since each &, is the restriction of a quasiconformal map ¢: C - C and
quasiconformal maps are bi-Holder (see [1, Theorem 10.3.2]), &, is also bi-Holder.

Suppose that {p;},ca is a complex analytic family of representations in QC(I")
parametrized by the unit disk A. Sullivan [46, Theorem 1] showed that there is a
continuous map F: A(T) x A — C such that, if z € A, then F(-,z) =&p,, and, if
x € A(T), then F(x,-) varies holomorphically in z. Hartogs’ theorem then implies
that £,(x) varies complex analytically over all of QC(T"). |

2.2 Countable Markov shifts

A two-sided countable Markov shift with countable alphabet .4 and transition matrix
T € {0, 1}**4 is the set

Zz{xz(x,-)e.AZ|txl.xi+1 =1foralli € Z}

equipped with a shift map o : ¥ — X which takes (x;);ez to (X;+1);ez. Notice that
the shift simply moves the letter in place i into place i — 1, ie it shifts every letter one
place to the left.

Associated to any two-sided countable Markov shift ¥ is the one-sided countable
Markov shift

E]Jr={x=(x,-)eAN | tx;x;4, = 1 forall i € N}

equipped with a shift map o: 7 — I which takes (x;);en to (Xj41)ien. In this
case, the shift deletes the letter x; and moves every other letter one place to the left.
There is a natural projection map pt: ¥ — 7T given by pT(x) = xT = (x;)ien,
which simply forgets all the terms to the left of x;. Notice that pT oo =00 pt. We
will work entirely with one-sided shifts, except in the final section.

One says that (7, 0) is topologically mixing if, for all a,b € A, there exists N =
N (a, b) such that, if n > N, then there exists x € X such that x; =« and x,, = b. The
shift (21, o) has the big images and preimages property (BIP) if there exists a finite
subset B C A such that, if @ € A, then there exists b, by € Bsuchthat 1y, , =1 =1, p,.

Given a one-sided countable Markov shift (X7, ¢) and a function g: ¥+ — R, let

Va(g) =sup{lg(x) —g()|:x,y € ZF, x; = y; forall | <i <n}
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be the n™ variation of g. We say that g is locally Holder continuous if there exists
C > 0and 0 € (0, 1) such that
Va(g) < CO"

for all n € N. We say that two locally Holder continuous functions f: ¥ — R and
g: =1 — R are cohomologous if there exists a locally Holder continuous function
h: % — R such that

f—g=h—hoo.
Sarig [37] considers the associated Gurevich pressure of a locally Holder continuous
function g: ¥ — R, given by

— 1im L Sng(x)
P(g)= lim —log ) e
x €Fix"!

X1=a
for some (any) a € A where

n
Su(@)(x) =Y g(a'(x))
i=1
is the ergodic sum and Fix" = {x € 1 | 6" (x) = x}. The pressure of a locally Holder
continuous function f need not be finite, but Mauldin and Urbanski [29] provide the
following characterization of when P( f') is finite:

Theorem 2.2 (Mauldin and Urbariski [29, Theorem 2.1.9]) Suppose that (X, o) is
a one-sided countable Markov shift which has BIP and is topologically mixing. If f is
locally Holder continuous, then P( f) is finite if and only if

Zi(f) = Z eSS ()xi=a} |
acA

A Borel probability measure m on I is said to be a Gibbs state for a locally Holder
continuous function g: T — R if there exists a constant B > 1 and C € R such that

1 _ m(lay,...,an]) <3
B~ eSngx)-nC  —
for all x € [ay,...,an]}, where [ay, ..., ay] is the cylinder consisting of all x € £ T

such that x; = a; for all 1 <7 <n. Sarig [39, Theorem 4.9] shows that a locally Holder
continuous function f on a topologically mixing one-sided countable Markov shift
with BIP such that P(f) is finite admits a Gibbs state 1. Mauldin and Urbariski [29,
Theorem 2.2.4] show that, if a locally Holder continuous function f on a topologically
mixing one-sided countable Markov shift with BIP admits a Gibbs state, then f admits
a unique shift-invariant Gibbs state. We summarize their work in the statement below:
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Theorem 2.3 [29, Theorem 2.2.4; 39, Theorem 4.9] Suppose that (£, 0) is a
one-sided countable Markov shift which has BIP and is topologically mixing. If f is
locally Holder continuous and P( f') is finite, then f admits a unique shift-invariant
Gibbs state iy .

The transfer operator is a central tool in the thermodynamic formalism. Recall that the
transfer operator Ly : C b(=t) — CP(=T) of a locally Hélder continuous function f
over 7 is defined by

Lr(g)(x)= Z ef(y)g(y) forall xe 2T,

yeo~1(x)

If (T, 0) is topologically mixing and has the BIP property, v is a Borel probability
measure for X1 and (£ () = eP Ny (where (£ £)* is the dual of transfer operator),
then v is a Gibbs state for f; see Mauldin and Urbariski [29, Theorem 2.3.3].

A o—invariant Borel probability measure 72 on X7 is said to be an equilibrium measure
for a locally Holder continuous function g: &+ — R if

P(g) = ha(m)+ [__gdm,

where s (m) is the measure-theoretic entropy of ¢ with respect to the measure .
Mauldin and Urbanski [29] give a criterion guaranteeing the existence of a unique
equilibrium state:

Theorem 2.4 [29, Theorem 2.2.9] Suppose that (E"‘, 0) is a one-sided countable
Markov shift which has BIP and is topologically mixing. If f is locally Holder
continuous, vy is a shift-invariant Gibbs state for [ and — [ f dvy < 400, then vy is
the unique equilibrium measure for f.

We say that {g,: T — Rl,ear is a real analytic family if M is a real analytic
manifold and, for all x € ¥F, u — g,(x) is a real analytic function on M. Mauldin
and Urbanski [29, Theorem 2.6.12 and Propositions 2.6.13 and 2.6.14] —see also
Sarig [38, Corollary 4; 39, Theorems 5.10 and 5.13] — prove real analyticity properties
of the pressure function and evaluate its derivatives. We summarize their results in
Theorem 2.5. Here the variance of a locally Holder continuous function f: ¥+ — R
with respect to a probability measure m on 7 is given by

Var(f,m):nli)nolO%/EJrSn((f—/erfdm)z)dm.
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Theorem 2.5 (Mauldin—Urbanski, Sarig) Suppose that (£, o) is a one-sided count-
able Markov shift which has BIP and is topologically mixing. If {g,: 37 — R}yem
is a real analytic family of locally Holder continuous functions such that P(g,) < oo
for all u, then u — P(gy,) is real analytic.

Moreover, if v € Ty, M and there exists a neighborhood U of uq in M such that
_f2+ gu dmguo < oo if u € U, then

DuP(g) = [, Do(gu(x)dmg,,
and
D3 P(gu) = Var(Dygu. g, o) + fz+ Djgu dmg,, .

where mg, = is the unique equilibrium state for gy,

2.3 The Stadlbauer-Ledrappier-Sarig coding

Stadlbauer [42] and Ledrappier and Sarig [27] describe a one-sided countable Markov
shift (£, 0') with alphabet .A which encodes the recurrent portion of the geodesic
flow on 7! (H?/ T'). In this section, we will sketch the construction of this coding and
recall its crucial properties.

They begin with the classical coding of a free group, as described by Bowen and
Series [7]. One begins with a fundamental domain Dy for a free convex cocompact
fuchsian group I', containing the origin in the Poincaré disk model, all of whose
vertices lie in dH?, such that the set S of face pairings of Dy is a minimal symmetric
generating set for I'. One then labels any translate y(Dg) by the group element y.
Any geodesic ray r, beginning at the origin and ending at z € A(I") passes through an
infinite sequence of translates, so we get a sequence c¢(z) = (Yx)ken- One may then
turn this into an infinite sequence in S by considering b(z) = (Vka__ll)keN (where
we adopt the convention that yy = id.) If I" is convex cocompact, this produces a
well-behaved one-sided Markov shift (E;S, o) with finite alphabet S. The obvious map
w: Z;S — A(T") which takes b(z) to z is Holder and (E;S, o) encodes the recurrent
portion of the geodesic flow of H?/T.

If one attempts to implement this procedure when I is not convex cocompact, then
one must omit all geodesic rays which end at a parabolic fixed point and there is no
natural way to do this from a coding perspective. Moreover, if one simply restricts @ to
the allowable words then w will not be Holder in this case. (To see that w will not be
Holder, choose x, y € ng so that x; = y; =« for all 1 <i <n, where « is a parabolic
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n

face pairing, and x,41 # Vn+1; then dzgrs (x,y) = e, while dypp2(w(x), w(p)) is

comparable to 1/n2.)

Roughly, the Stadlbauer-Ledrappier—Sarig coding begins with ¢(z) = (y,) and clumps
together all terms in b(z) = (yx )/k__ll) which lie in a subword which is a high power of
a parabolic element. One must then append to our alphabet all powers of minimal word
length parabolic elements and disallow infinite words beginning or ending in infinitely
repeating parabolic elements. When I' is geometrically finite, but not of cofinite area,
Dal’bo and Peigné [16] implemented this process to powerful effect for geometrically
finite fuchsian groups with infinite-area quotients. However, when I' has cofinite area,
the actual description is more intricate. The states Stadlbauer, Ledrappier and Sarig
use record a finite amount of information about both the past and the future of the
trajectory.

Let C be the collection of all freely reduced words in S which have minimal word length
in their conjugacy class and generate a maximal parabolic subgroup of I'. Notice that
the minimal word length representative of a conjugacy class of « is unique up to cyclic
permutation. (One may in fact choose Dy so that all but one pair of parabolic elements
of C is conjugate to a face pairing.) Since there are only finitely many conjugacy classes
of maximal parabolic subgroups of I', C is finite. They then choose a sufficiently large
even number 2N so that the length of every element of C divides 2N and let C* be
the collection of powers of elements of C of length exactly 2/N. (One may assume that
two elements of C* share a subword of length at least 2 if and only if they are cyclic
permutations of one another.)

Let A; be the set of all strings (bg, b1,...,ban) in S such that bob; - -- by is freely
reduced in S and such that neither b1b, - -+ by nor boby ---byy—1 lies in C*. Let A,
be the set of all freely reduced strings of the form (b, w*, wy,..., wi_q,c), where
w=wy--wyny €C*,beS—{wyn}, 1 <k <2N,s>1and ceS—{wg}.

Let A = A; U A, and define functions
rrA—N and G: A—>T

by letting r(a) = 1 if a € Ay and r(b, w*, wy, ..., Wk—_1,¢) = s + 1 otherwise. If
a = (by,by1,...,boN) € Ay, then G(a) = by. If a = (b, w’, wy ---wg_1, ¢), then let
G(a) = w'wy ---wy 4. Notice that, by construction, if # € N, then

#(r ' (n)) S #H(C*H#HS)?)2N).
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So, r~1(n) is always nonempty and there exists D such that » 1 (n) has size at most D
for all n € N, ie there are at most D states associated to each positive integer.

Given a geodesic ray r, beginning at the origin and ending at a point z in the set A.(I")
of points in the limit set which are not parabolic fixed points, let c(z) = (¥ )ren be the
sequence of elements of I" which record the translates of D through which r, passes.
Let b(z) = (br(2)) = (& yk__ll) € SN. We then associate to r, a finite collection of
infinite words in SNY{0}, by allowing by to be any element of S such that bobq --- by N
does not lie in C*.

Suppose we have a word (bg)reNugoy arising from the previous construction. If
(bo,b1,...,baN) € Ay, then let x; = (bg, by, ...,byn) and shift (b;) rightward by 1
to compute x;. If not, let x; be the unique substring of boby - - - by - -- which begins
at bg and is an element of A,. Then x; = (bg, w’, wq -+ Wk_1, by) for some w € C*,
s €N and v=2Ns+k — 1. In this case, we shift (b;) rightward by 2N (s —1) +k + 1
to compute x,. One then simply proceeds iteratively. By construction, if x; € Aj;, then
Xj4+1 must lie in A;.

Examples If I uniformizes a once-punctured torus, then S = {o, ™!, 8, 7!} isa
minimal symmetric generating set for I" and

C= {a,Boz_l,B_l,ﬂa_lﬂ_la,a_lﬂ_laﬂ,,B_Ia,Ba_l,,Baﬂ_la_l,aﬂ_la_lﬂ,
,3_101_1,311,01_1,301,3_1}.
If T uniformizes a four times—punctured sphere, then one may choose Dg so that

S={a,a B, 871, y,y 1} and
C={a.a " B8 y.y LBy, BrayeBy T B le T gy T ey T BT

The following proposition encodes crucial properties of the coding:

Proposition 2.6 (Ledrappier and Sarig [27, Lemma 2.1] and Stadlbauer [42]) Suppose
that H?/ T is a finite-area hyperbolic surface, then (X, o) is topologically mixing,
has the big images and preimages property (BIP), and there exists a locally Holder
continuous finite-to-one map

w: Tt - A(D)

such that w(x) = lim(G(x1) --- G(x,))(0) and w(x) = G(x1)w(o(x)). Moreover, if
y is a hyperbolic element of T, then there exists x € Fix" for some n € N, unique up
to cyclic permutation, such that y is conjugate to G(x1) - -- G(xp).
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Notice that every element of .4 can be preceded and succeeded by some element of A,
so (X1, 0) clearly has BIP. The topological mixing property is similarly easy to see
directly from the definition, so the main claim of this proposition is that w is locally
Holder continuous.

Another crucial property of the coding is that the translates of the origin associated to
the Stadlbauer-Ledrappier—Sarig coding approach points in the limit set conically (see
property (1) on page 15 in Ledrappier and Sarig [27]).

Lemma 2.7 (Ledrappier and Sarig [27, property (1) on page 15]) Given y € H?,
there exists L > 0 such that, if x € ¥ and n € N, then

d(G(x1)G(x2) -+~ G(xn)(0), yo(x)) < L.

Since the proof of Lemma 2.7 appears in the middle of a rather technical discussion
in [27], we will sketch a proof in our language. Choose a compact subset K of H? /T
so that its complement is a collection of cusp regions bounded by curves which are
images of horocycles in H2. Without loss of generality we may assume that y is
the origin in the Poincaré disk model for H?. Notice that, if the portion of 170)—(;)
between ys(Dg) and ys4;(Dy) lies entirely in the complement of the preimage of K,
and ¢t > s, then ys+,ys_1 is a subword of a power of an element in C. Let K be the
intersection of the preimage of K with Dy. Notice that we may assume that y € K
(by perhaps enlarging I?). Suppose the last 2N + 1 letters of x, are b, ---b, 12N,
then (m intersects one of Y, (K), ..., ¥r+2n(K) (since otherwise b, -+ b, 1oN—1
or by41+++byyan+1 would lie in C*, which is disallowed). But then

d(G(x1)+ G(xn)(»). yo(x)) < R + diam(K).
where
R = max{d(y, S1--sp))|si €S, pedl,.. .,2N}}.

3 Roof functions for quasifuchsian groups

If p € QC(T"), we define a roof function t,: ¥ — R by setting

7p(X) = Bg, (w(x) (bo. p(G(x1))(bo)).

where by = (0,0, 1) and B, (x, y) is the Busemann function based at z € dH?> which
measures the signed distance between the horoballs based at z through x and y. In the
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Poincaré upper half-space model, we write the Busemann function explicitly as
|p—z*h(p)

lg —zI*h(q)”

where z € C C 0H?, p,q € H? and h(p) is the Euclidean height of p above the
complex plane, and Boo (p,q) =h(p)/h(q).

B:(p.q) =log

It follows from the cocycle property of the Busemann function that

m—1
SmTp(x) = Z 7p(0" (X)) = Bg, (w(x)) (b0, p(G(x1) - - G (xm)) (bo)).
i=0
In particular, if x = (xq,...,X;,) € T, then

SmTp(x) = Lo(G(x1) -~ G(xm)).

We say that the roof function 7, is eventually positive if there exists C >0 and N € N
such that, if 7 > N and x € =T, then Syt,(x) > C.

The following lemma records crucial properties of our roof functions. It generalizes
similar results of Ledrappier and Sarig [27, Lemmas 2.2 and 3.1] in the fuchsian setting.

Proposition 3.1 The family {z,},eqc(r) of roof functions is a real analytic family of
locally Hélder continuous, eventually positive functions.

Moreover, if p € QC(I'), then there exists C, > 0 and R, > 0 such that

2logr(x1) —Cp = 1p(x) <2logr(x;)+Cp
and
|Sntp(x) —d(bo, G(x1) -+ G(xn)(bo))| = Ry

forall x e X1 and n € N.

Proof Since £,(g) varies complex analytically in p for all ¢ € A(I"), by Lemma 2.1,
and B, (bg, y) is real analytic in z € C and y € H3, we see that 7,(x) varies analytically
over QC(T") for all x € T+,

Recall —see Douady and Earle [17]—that there exists K = K(p) > 1 and a p-
equivariant K—bilipschitz map ¢: H? — H?3 such that ¢ (yg) = by, where yj is the
origin in the disk model for H?. Therefore, if L is the constant from Lemma 2.7
and x € =1, then p(G(x1)---G(xp))(bo) lies within KL of the K-bilipschitz ray
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¢ (yow(x)). The fellow-traveler property for H? implies that there exists R = R(K) >0
such that any K-bilipschitz geodesic ray lies a Hausdorff distance at most R from the
geodesic ray with the same endpoints. Therefore, if M = KL + R, then, foralln € N,

d(p(G(x1) -+ G(xn))(bo). bo&p(w(x))) < M.

We next obtain our claimed bounds on the roof function. If x € =1, then

|2o(0)] < d(p(G(x1))(bo). bo),

so, if a € A, there exists C, such that, if x; = a, then |7,(x)| < C,. Since our alphabet
is infinite, our work is not done.

If w € C*, we may normalize so that p(w)(z) = z + 1 and by = (0,0, by) in the
upper half-space model for H3. If z € C C dH? and r > 0, we let B(z, r) denote the
Euclidean ball of radius r about z in C. Since g, has length at most 2N + 1 in the
alphabet S, we may define

cw = max{|p(ga)(bo)| : G(a) = w’gqy for some a € Ay},

where |p(g4)(bo)| is the Euclidean distance from p(g,)(bo) to 0 = (0, 0, 0). Suppose
that x € =T, r(x;) > 2 and G(x1) = w®g,, where s = r(a) — 2. By definition,
p(8a)(bo) € B(0, cw), s0

p(w’ga)(bo) = p(w*)(p(ga)(bo)) € p(w*)(B(0, cw)) = B(s, cw).

Let S = max{eMc, 1 w € C*}. If s > S, then by does not lie in B(s,eMcy), but
bo&p(w(x)) passes through B(s, eM¢,,), which implies that Eo(w(x)) € B(s, eMey).
It then follows from our formula for the Busemann function that

|bo —£p(@(x)) [Ph(p(w* ga) (b))

=1

) =108 ) (Bo) — £y (@ () Ph(bo)
< 1og b+ 5+ eMew))h(p(ga)Bo) _ | G + (s +eMey)?
- 1(p(2a) (60)) b = log = (e (Bo)) b

Similarly,

(bg + (s —eLew))h(p(ga) (bo))

(7(p(ga) (bo))? + €M cZ) by
Since there are only finitely many choices of g, it is easy to see that there exists Cy,
such that

7p(x) > log

2logr(xy) — Cy < 1p(x) < 2logr(xy) + Cy
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whenever x € £7, r(x;) > S + 2 and G(x;) = w®g,. Since there are only finitely
many w in C* and only finitely many words a with r(a) < S + 2, we see that there
exists C such that

2logr(x;) —Cp = 15(x) <2logr(x;)+ Cp
forallx e 7.

We next show that 7,, is locally Holder continuous. Since w is locally Holder continuous,
there exists 4 and « > 0 such that, if x, y € 2" and x; = y; for | <i <n, then

d(w(x), w(y)) < Ae™*".

Since &, is Holder, there exists C and B > 0 such that d(£,(z2), p(w)) < Cd(z, w)PB
for all z, w € A(T"), so

d(Ep(0(x)), Ep(@(y))) < CAPe™ ",
If a € A, then let

Dy = Sup{‘a%‘z:ZOBz(bm P(G(@) (b)) : 20 = Ep(@(x)) and x; = a},
SO
sup{|to(x) — T, (»)| : x, ¥y €[a, x2, ..., xp]} < DaCAﬂe_aﬁ”.

However, the best general estimate one can have on D, is O(r(a)), so we will have to
dig a little deeper.

We again work in the upper half-space model, and assume that r(a¢) > S + 2 and
G(a) = wg,, where s = r(a) — 2 and normalize as before so that p(w)(z) =z + 1.
We then map the limit set into the boundary of the upper half-space model by setting
§p = T o&,, where T is a conformal automorphism which takes the Poincaré ball
model to the upper half-space model and takes the fixed point of p(w) to co. Notice
that 7 is Ky—bilipschitz on T71(B(0,eM ¢y)). Therefore, if x, y € [a, X2, ..., Xa],
then

1E0(x) = Ep(1) = [E,(w™* (%)) —Ep(w™* (x))| = Ky CAPe™®Pr=D),
Moreover, there exists Dy, such that

0

0z zZ=2z¢

if zg € p(w)*(B(0,eM¢y)), so

B.(bo, p(G(a))(bo))| < Dy

sup{|7p(x) — T, (V)| : X, y €[a, X2, . ... Xn]} < Ky Dy CAPe=@B0=D),
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Since there are only finitely many ¢ where r(a) < .S 4 2 and only finitely many choices
of w, our bounds are uniform over A and so 7, is locally Holder continuous.

It remains to check that 7, is eventually positive. Since

d(p(yn)(bo). bo&p(w(x))) < M
for all » € N, we see that
|Sntp(x) —d(bo, G(x1) -+~ G(xn)(bo))| =2M = R,.

Since the set
B={y eT [d(p(y)(bo), bo) <2R,}

is finite, there exists N such that, if y has word length at least N (in the generators,
given §), then y does not lie in B. Therefore, if n > Nandx € >1, then S, Tp(x) >
R, > 0. Thus, 7, is eventually positive. a

It is a standard feature of the thermodynamic formalism that one may replace an
eventually positive roof function by a roof function which is strictly positive and
cohomologous to the original roof function. (For a statement and proof which includes
the current situation, see [8, Lemma 3.3].)

Corollary 3.2 If p € QC(T"), there exists a locally Holder continuous function T,, and
¢ > 0 such that T,(x) > ¢ forall x € =t and T, is cohomologous to t,.

4 Phase transition analysis

We begin by extending Kao’s phase transition analysis — see Kao [23, Theorem 4.1] —
which characterizes which linear combinations of a pair of roof functions have finite
pressure. The primary use of this analysis will be in the case of a single roof function,
ie when ¢ = 1 and b = 0. However, we will use the full force of this result in the proof
of our Manhattan curve theorem; see Theorem 6.1.

Theorem 4.1 Ifp,n € QC(I'),t € R and a + b > 0, then P(—t(at, + bty)) is finite
if and only if t > 1/2(a + b). Moreover, P(—t(at, + bty)) is monotone decreasing
and analytic int on (1/2(a + b), 00), and

lim P(—t(aty, + bty)) = +o00.
t—1/2(a+b)"

If, in addition, a, b > 0, then

tlg(r)lo P(—t(at, + bty)) = —o0.
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Riquelme and Velozo [34, Theorem 1.4] previously established results closely related to
Theorem 4.1 in the more general setting of negatively curved manifolds with bounded
geometry.

Proof Recall from Theorem 2.2 that, since —(at, +bty) is locally Holder continuous
and (27, 0) is a one-sided, topologically mixing countable Markov shift with BIP,
P(—t(atp +bty)) is finite if and only if Z(—t(at, +btyy)) < +00. Since there exists
D e N such that ##~!(n) < D for all n € N, Proposition 3.1 implies that

o0
Zl(—l(afp + b‘En)) <D Z e—t(a+b)(2logn—max{C,o,Cn})’
n=1
so P(—t(atp + bty)) < 400 if t > 1/2(a + b). Similarly, since r~!(n) is nonempty
if n > 1, we see that

o]
Zl (—[(lep + bfn)) > Z e_t(a+b)(2 logn—l—maX{Cp,Cn})’

n=1

so P(—t(aty, + bty)) = +ooif t <1/2(a + b) and

lim Zi(—t(aty, + bty)) = +o00.
t—>1/2(a+b)"
It follows from the definition that P(—t(at, + bty)) is monotone decreasing in ¢ and
Theorem 2.5 implies that it is analytic in z on (1/2(a + b), 00). In the proof of [29,
Theorem 2.1.9], Mauldin and Urbanski show that, given a locally Holder continuous
function f on a one-sided countable Markov shift which is topologically mixing and
has property BIP, there exist constants ¢, s, M, m > 0 such that, for any n € N,

n+s(n—1) e~ M+(M—m)n
Z Zi)z——Z1()".
i=n q

where, if E” is the set of allowable words of length 7 in A, then

Zn (f) — Z eSUP{Snf(X)|xi=wi for all 1<i<n} and lim % 10g Zn(f) — P(f)
weEN
It follows that, for all n, there exists A > 0 and 71 € [n,n + s(n — 1)] such that
Zi>A"Z ()", s0 P(f)=(1/(14+5))Z1(f)—log A. Therefore,

lim P(—t(aty + bty)) = +o0.
t—>1/2(a+b)+
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If a,b > 0 and x € Fix", then Sy, (at, + bty)(x) > 0, so, if # > 1, then
Sn(—t(atp+bz))(x) < 1 Sn(—atp—bty)(x)
Y ettt Ly st

x€Fix" x€Fix"
X1=a xX1=a

since ¢! < (1/t)cif 0 <c¢ <1 andt > 1. Therefore,
P(—t(at, + bty)) < P(—at, —bty) —logt,

so lim; 00 P(—t(aty, + bty)) = —00. |

5 Entropy and Hausdorff dimension

Theorem 4.1 implies that, if p € QC(I"), then there is a unique solution /(p) > % to
P(—=h(p)tp) = 0. This unique solution /(p) is the topological entropy of p; see the
discussion in Kao [23, Section 5]. Theorem 2.5 and the implicit function theorem then
imply that /1(p) varies analytically over QC(I"), generalizing a result of Ruelle [36]
in the convex cocompact case. Since the entropy /(p) is invariant under conjugation,
we obtain analyticity of entropy over QF(S). We recall that Schapira and Tapie
[40, Theorem 6.2] previously established that the entropy is C! on QF(S).

Theorem 5.1 If S is a compact hyperbolic surface with nonempty boundary, then the
topological entropy varies analytically over QF(S).

Sullivan [45] showed that the topological entropy /(p) agrees with the Hausdorff
dimension of the limit set A(p(I")).

Theorem 5.2 (Sullivan [45; 47]) If p € QC(T"), then its topological entropy h(p) is
the exponential growth rate of the number of closed geodesics of length less than T in
N, = H?3/p(T). Moreover, h(p) is the Hausdorff dimension of the limit set A(p(T)).

Theorems 5.1 and 5.2 together imply that the Hausdorff dimension of the limit set
varies analytically.

Corollary 5.3 The Hausdorff dimension of A(p(I")) varies analytically over QC(I").

Remarks (1) Sullivan [47] also showed that /(p) is the critical exponent of the

0,(s) = Z e—Sd(bo,P(V)(bo)),
yel

Poincaré series

ie Q,(s) diverges if s < i(p) and converges if s > h(p).
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(2) Bowen [6] showed that, if p € QF(S) and S is a closed surface, then 2(p) > 1,
with equality if and only if p is fuchsian. Sullivan [44, page 66] —see also
Xie [49] — observed that Bowen’s rigidity result extends to the case when H?/ T
has finite area.

6 Manhattan curves

If p, n € QC(T"), we define, following Burger [12], the Manhattan curve
C(/O’ T]) = {(CI?b) €D | P(_afp _btﬂ) = 0}’

where D = {(a,b) € R? |a,b >0 and (a, b) # (0, 0)}. Notice that, since the Gurevich
pressure is defined in terms of lengths of closed geodesics, if p is conjugate (or complex
conjugate) to p and 7 is conjugate (or complex conjugate) to n, then C(p, n) = C(p, 1).

One may give an alternative characterization by noticing that P(—ab, —bt,) = 0 if

and only if

B0 (p, m) =lim - log #{[y] € [[]] 0 < abp(y) + bly(y) < T} =1,

where [I'] is the collection of conjugacy classes in I'. Moreover, h%®(p, n) is also the
critical exponent of

0%b(s)=Y" o—5(ad(0,p()(©)+bd(0,1(y)(0)))
yel
(see Kao [22, Theorem 4.8, Remark 4.9 and Lemma 4.10]).

Theorem 6.1 If p,n € QC(I"), then C(p, 1)

(1) is a closed subsegment of an analytic curve,
(2) has endpoints (h(p), 0) and (0, h(n)), and

(3) is strictly convex, unless p and 1 are conjugate in Isom(H?).
Moreover, the tangent line to C(p, n) at (h(p), 0) has slope

S mdm_p(e,
f Tp dm—h(ﬁ)fp
Burger [12] established Theorem 6.1 for convex cocompact fuchsian groups, with

the exception of the analyticity of the Manhattan curve, which was established by
Sharp [41].
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Notice that, if p and 7 are conjugate in Isom(H?), then 7, = 75, so C(p, ) is a straight
line. We will need the following technical result in the proof of Theorem 6.1:

Lemma 6.2 If p,n,0 € QC(I'), 2(a + b) > 1 and P(—at, — bty) = 0, then there
exists a unique equilibrium state m_g, —p-, for —at, — bty and

0< /E+ T9g dm _gg,—pr, < +00.

Proof Notice that, since P(—at,—bty;) =0, there exists a unique shift-invariant Gibbs
state m_g, —py, for —at, —bty; see Theorem 2.3. However, by [29, Lemma 2.2.8],

/2+an +btydm_gy,—pr, < +00
if and only if
Z I(at, + by, s)e!Cato=bms) o oo
sEA
where I(f,s) =inf{ f(x) | x € ¥, x; = s}. But, by Proposition 3.1,

Y inf(aty + bry|fg)e™ T b el
acA
<D Z (|la|Cp + |b|Cy + 2(a + b) log n)el4|Cot1b1Cy—2(a+b) logn
neN
= DelalCortibiCy 37 la|Cp + |b|Cy + 2(a + b) logn
nz(a+b) ’

neN

which converges, since 2(a + b) > 1. Theorem 2.4 then implies that dm_,;, p<, is
the unique equilibrium state for —at, —bty).

Proposition 3.1 implies that there exists B > 1 such that, if n is large enough, then

1 T9(x)

=

B~ aty(x) +bry(x) ~

for all x € =% such that r(x) > n. (For example, if log n > 4 max{aC, +bCy, Cy, 1},
then we may choose B = 8(a+b).) Since 1y is locally Holder continuous, it is bounded
on the remainder of X 1. Therefore, since fz+ atp +btydm_gq, pe, < +00, We see
that

/E+tg dm—atp—br,, < 400.
Now notice that, since 74 is cohomologous to a positive function 7y, by Corollary 3.2,

/EJ+ 76 dm—arp—brn = /E"‘:Eo dm—arp—btn > 0. d
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Proof of Theorem 6.1 Recall that 1 = /(p) is the unique solution to P(—tt,) =0
(see the discussion at the beginning of Section 5). So, the intersection of the Manhattan
curve with the boundary of D consists of the points (#(p), 0) and (0, /(7)).

Let
D={(a.b)eR*|a+b>1}

Theorem 4.1 implies that P is finite on D. Lemma 6.2 implies that, if a, b € D and

P(—atp —btyy) = 0, then there is an equilibrium state m_4;, 4, for —at, — bty and
that fz+ Tg dm_gz,pe, 1s finite for all 6 € QC(I"). Theorem 2.5 then implies that

0
%P(—a‘(p—bfn) = /2:+_Tp dm—a‘[p—bfn’

iP(—atp—bt,?):/E —Tydm_gz, pe,-

Since [54+ ~Tp dm_gz, b, and [5 ¢ —Ty dm_gaz, _py, are both nonzero, P is a sub-
mersion on D. Since P is analytic on D, the implicit function theorem then implies
that

C(p,n) = {(a,b) € D | P(—at,—bty) = 0}
is an analytic curve and that, if (a,b) € C(p, n), then the slope of the tangent line
to C(p, n) at (a, b) is given by
fz—i— n dm—arp—br,7

fz;-l— Tp dm—arﬂ—brn

c(a,b) =—

Notice that C(p, 1) is the lower boundary of the region

Clp.1) = {(a.b) | Qg (1) < oo}
The Holder inequality implies that, if (a, b), (c,d) € c (p,n) and ¢ € [0, 1], then

-0t H0-04 < (0 bY Q. d)

so C(p, n) is convex. Therefore, C(p, 1) is convex.

A convex analytic curve is strictly convex if and only if it is not a line, so it remains to
show that p and 7 are conjugate in Isom(H?) if C(p, 1) is a straight line. So suppose
that C(p, n) is a straight line with slope ¢ = —/h(p)/h(n). In particular,

(1) @ =—c=—c(h(p),0) = f2+ Tn dm—h(p)tp

h(n) Js+ Todm_p(p)ys,
T dm_
fz+ Tp dm_p(y)z,
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By definition,
h(m_h(n)fn) - h(n) /)‘:-1- Tn dm_h(n)tn =0,

so, applying (1), we see that
hm—nGrye,) =h(p) [, todm_iays,

= h0) [, o dm_siae, o) [ T dm_iaye,
= 0.
Since P(—h(p)tp) = O, this implies that m_j(;), is an equilibrium measure for
—h(p)7p. Therefore, by uniqueness of equilibrium measures, m_p(y)z, = M—h(n)z, -
Sarig [39, Theorem 4.8] showed that this only happens when —/(p)1, and —/(n) 7y,

are cohomologous, so the Livsic theorem [39, Theorem 1.1] (see also Mauldin and
Urbaniski [29, Theorem 2.2.7]) implies that

h(n)

bp(y) = Sty ()
g h(p) ™"
for all y € I'. Kim [25, Theorem 3] proved that, if £,(y) = c£,(y) for all y € T, then
p and 1 are conjugate in Isom(IH?). |

As a nearly immediate corollary, one obtains a generalization of the rigidity results of
Bishop and Steger [3] and Burger [12]:
Corollary 6.3 If p,n € QC(I") and (a, b) € D, then

0 < h(p)h(n)
~ bh(p) + ah(n)

with equality if and only if p and n are conjugate in Isom(H?).

ha,b(p’

7 Pressure intersection

We define the pressure intersection on QC(I') x QC(T"), given by

S+ mdm_p(pye,
fE+ Tp dm—h(l))fp
It follows from Lemma 6.2 that I(p, n) is well defined. We also define a renormalized

h
J(p,n) = %I(p, n).

We notice that the pressure intersection and renormalized pressure intersection vary

I(p,n) =

pressure intersection

analytically in p and 7.
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Proposition 7.1 Both I(p, n) and J(p, n) vary analytically over QC(I") x QC(I").

Proof By Theorem 4.1, Proposition 3.1 and Theorem 2.5, P = P(—at, — bty) is
analytic on

R ={(p,n, (a,b),1) € QC(I') x QC(I") x D}.

Since we observed, in the proof of Theorem 6.1, that the restriction of P to {p}x{n}x D
is a submersion for all p, n € QC(T"), P itself is a submersion, and V = P~1(0)N R
is an analytic submanifold of R of codimension one. Then —I(p, ) is the slope of
the tangent line to V N {(p, ) X lA)} at the point (,0, n, (h(p), 0)), so I(p, n) is analytic.
Theorem 5.1 then implies that J(p, ) is analytic. |

We obtain the following rigidity theorem as a consequence of Theorem 6.1. The
inequality portion of this result was previously established by Schapira and Tapie [40,
Corollary 3.17].

Corollary 7.2 If p,n € QC(I"), then

J(p.n) =1

with equality if and only if p and n are conjugate in Isom(H?).

Proof Recall that the slope ¢ = c(h(p), 0) of C(p, n) at (h(p), 0) is given by

_fz+ Ty dM_p(p)e,
Js+ 7 dm_p(pyz,

h(p)

< —=

— k()

with equality if and only if p and 5 are conjugate in Isom(H?). Our corollary follows

=—1I(p,n).

However, by Theorem 6.1,

immediately. |

8 The pressure form

We may define an analytic section s: QF(S) — QC(T") so that s([p]) is an element of
the conjugacy class of p. Choose coprime hyperbolic elements « and 8 in I" and let
s(p) be the unique element of [p] such that s(p)(c) has attracting fixed point 0 and
repelling fixed point oo and s(p)(B) has attracting fixed point 1. This will allow us to
abuse notation and regard QF(S) as a subset of QC(I").
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Following Bridgeman [9] and McMullen [30], we define an analytic pressure form P
on the tangent bundle 7QF(S) of QF(S), by letting

PT[,;]QF(S) =g (HeSS(J(S(,o)’ . ))

which we rewrite with our abuse of notation as

Ts(p)S(QF(S)))’

PTDQF(S) = Hess(J(p, -)).
Corollary 7.2 implies that P is nonnegative, ie IP (v, v) > 0 for all v € T QF(S).

Since PP is nonnegative, we can define a path pseudometric on QF(S) by setting

s (p.n) = inf] [ VEG@), @) di).

where the infimum is taken over all smooth paths in QF(.S) joining p to 1.

We now derive a standard criterion for when a tangent vector is degenerate with respect
to IP; see also [11, Corollary 2.5; 10, Lemma 9.3].

Lemma 8.1 If v e T,QF(S), then P(v,v) = 0 if and only if

Dy(hty) =0
forall y eT.

Proof Let #( denote the space of pressure-zero, locally Holder continuous functions
on ¥ 7. We have a well-defined thermodynamic mapping v : QF(S) — %, given by
Y (p) = —h(s(p))7s(p)- Notice that, by Proposition 3.1 and Theorem 5.1, ¥ (QF(S))
is a real analytic family.

Suppose that {p;}se(—e ) i @ one-parameter analytic family in QF(S) and v = py.
Then

@ J(po, pt) = a (f2+ v (pr) dm'ﬁ(po)) s Vo dmy (o)
s Mt) — T~ — ’
4% li=o d> \ [s+ ¥ (po) dmy o) [s+ V(o) dmypy)
where w » .
0= Pt)-
dt*[;—¢

Theorem 2.5 implies that

2 . ..
0= g | _ POW) =Varto.my) + [ o dny gy
where - J
Vo= 7| _, V(P
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SO
d2

Var(yo, M.y (q))
ﬁ J(po. pr) = v (©

t=0 _f2+ ¥ (po) dmw,oo).

Recall —see Sarig [39, Theorem 5.12] — that Var(lﬁo, My (o)) = 0 if and only if fﬁo is
cohomologous to a constant function C. On the other hand, since P(y/;) = 0 for all ¢,
the formula for the derivative of the pressure function gives that

d .
t=0P(1/’t) = /EJr Vo dmy (o)

0=4%
so C must equal 0. However, fﬂo is cohomologous to 0 if and only if, for all x € Fix"

T di

and all n,
. d d
0=Spo(x) = E‘;:os”w’(x) =7 t=0(h(/0t)€G(x1)-~-G(x”)(,Ot))

(see [39, Theorem 1.1]). Moreover, for every hyperbolic element y € I', there exists
x € Fix" (for some n) such that y is conjugate to G(x1)---G(x,), so £y (ps) =
LG (x1)G(xp) () forall 2. If y € T" is not hyperbolic, then £, (p;) = 0 for all 7, so

d _
| ety (o) =0
in every case. Therefore, ¢0 is cohomologous to 0 if and only if

% t=()(h('0t)€)’(/0t)) =0

forall y €T |

9 Main theorem

We recall that a quasifuchsian representation p: I' — PSL(2, C) is said to be fuchsian
if it is conjugate into PSL(2, R), ie there exists 4 € PSL(2, C) such that Ap(y)A~! €
PSL(2,R) for all y € I". The fuchsian locus F(S) C QF(S) is the set of (conjugacy
classes of) fuchsian representations.

We say that v € T,QF(S) is a pure bending vector if v = dp,/9t, p = po is fuchsian
and p_; is the complex conjugate of p; for all ¢. Since the fuchsian locus F(S) is the
fixed-point set of the action of complex conjugation on QF(.S) and the collection of
pure bending vectors at a point in F(S) is half-dimensional, one gets a decomposition

T,QF(S) = To F(S) © Bp,
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where B, is the space of pure bending vectors at p. If v is a pure bending vector at
p € F(S), then v is tangent to a path obtained by bending p by a (signed) angle ¢ along
some measured lamination A (see Bonahon [5, Section 2] for details).

We are finally ready to show that our pressure form is degenerate only along pure
bending vectors.

Theorem 9.1 If S is a compact hyperbolic surface with nonempty boundary, then the
pressure form P defines an Mod(S)—invariant path metric dp on QF(S) which is an
analytic Riemannian metric except on the fuchsian locus.

Moreover, if v € T,(QF(S)), then P(v, v) = 0 if and only if p is fuchsian and v is a
pure bending vector.

Proof If v is a pure bending vector, then we may write v = pg, where p_; is the
complex conjugate of p; forall ¢, so i€, (p;) is an even function for all y € I'. Therefore,
Dyht, =0 forall y € T', so Lemma 8.1 implies that P (v, v) = 0.

Our main work is the following converse:

Proposition 9.2 Suppose that v € T,QF(S). If P(v,v) =0and v # 0, then v is a
pure bending vector.

Recall —see [10, Lemma 13.1] —that, if a Riemannian metric on a manifold M is
nondegenerate on the complement of a submanifold N of codimension at least one and
the restriction of the Riemannian metric to 7N is nondegenerate, then the associated
path pseudometric is a metric. We will see in Corollary 10.4 that the pressure metric is
mapping class group—invariant. Our theorem then follows from Proposition 9.2 and
the fact, established by Kao [23], that P is nondegenerate on the tangent space to the
fuchsian locus. O

Proof of Proposition 9.2 Now suppose that v € T,QF(S) and P (v, v) = 0. One first
observes, following Bridgeman [9], that, since, by Lemma 8.1, D, (h{,) = 0 for all
yel,

@) Dyty =k (p)
for all y € T, where k = —Dyh/h(p).

If y € I, then one can locally define analytic functions try, (p) and A, (p) which
are the trace and eigenvalue of largest modulus of (some lift of) p(y). Notice that
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£y (p) =2log|Ay(p)], so we can express our degeneracy criterion (2) as
3) Dylog|Ay| = klog|iy(p)|
forall y eT'.

We observe that Lemma 7.4 of Bridgeman [9] goes through nearly immediately in our
setting. We state the portion of his lemma we will need and provide a brief sketch of
the proof for the reader’s convenience.

Lemma 9.3 [9, Lemma 7.4] If P(v,v) =0,v e T,QF(S),v#0and y €T, then
)\),(,0)2 and try, (p)? are both real.
Moreover, if Dytry # 0, then Re(DyAg /Ao (p)) = 0.

Proof Suppose first that Dy try, # 0. Since

A2 —1
Dv(tra) = Dv)\a( 03\(% ),

we may conclude that DyAy # 0. Choose y € T so that y is hyperbolic and does not

commute with «. Bridgeman then normalizes (the lifts) so that

plar) = [AO“ k(_)l] and p(y) = [Z Z],

where a, b, ¢ and d are all functions defined on a neighborhood of p such that ¢ and d
are nonzero. He then computes that

_,fad—1 _
log [Agny | = nlog|Ay | +log |a| + Re(kazn (a—z)) + 0(|A;*")).
He differentiates this equation and applies (3) to conclude that

Dyhg (a(p)d(p)— 1)) _
@ re( s (e -

A final analysis, which breaks down into the consideration of the cases where the

argument of A2(p) is rational or irrational, yields that A4 (p)? is real. Since tr2 =
A2 +2+A,2, we conclude that tr2(p) is real.

One may further differentiate the equation

to conclude that
Dy trgny, _ a(p) Dyry

li =
k(@ halp)
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so Dy trgny, # 0 is nonzero for all large enough n. Therefore, by the above paragraph,

tramy (0) = a(p)*ha(p)>" + 2ad (p) + d(p)*ha(p) "

is real for all large enough n. Taking limits allows one to conclude that a(p)?, d(p)?
and a(p)d(p) are real. Equation (4) then yields that Re(DyAy/Aq(p)) = 0. This
completes the proof when D, try # 0.

Now suppose that Dy, tr,, = 0. If y is parabolic, A, (p)? = 1 and tr)z, (p) = 4, which are
both real, so we may suppose that y is hyperbolic. Since there are finitely many elements
{a,...,an} of T such that p € QF(S) is determined by {try, (0)?, ..., trg, (0)*} —
see [13, Lemma 2.5] — and trace functions are analytic, there exists o € I such that
D, try # 0. The above analysis then yields that a(p)?, d(p)? and a(p)d(p) are all real.
Therefore,

try (0)* = a(p)* + 2a(p)d(p) + d(p)*> = Ay (0)* + 2+ Ay ()~

is real. So, we may conclude that )\),(,0)2 is real in this case as well. O

Since v # 0, there exists o € I" such that D, try, # 0 and

Dy Dy|r
Re( v a)— v/l = Dylog|Aql,

ra(0))  [ha(p)]
equation (3) and Lemma 9.3 imply that
_ Dy log |Aq| _
log A (p)]

Therefore, Dy, =0 forall y € T.

Notice that, since try (p)? is real for all y € T', p(T") lies in a proper (real) Zariski
closed subset of PSL(2, C), so is not Zariski dense. However, since the Zariski closure
of p(I") is a Lie subgroup, it must be conjugate to a subgroup of either PSL(2, R)
or the index two extension of PSL(2, R) obtained by appending z — —z. Since p is
quasifuchsian, its limit set A(p(I")) is a Jordan curve and no element of p(I") can
exchange the two components of its complement. Therefore, p is fuchsian. (We note
that this is the only place where our argument differs significantly from Bridgeman’s.
It replaces his rather technical [9, Lemma 15].)

We can then write v = vy + v, where v; € T, F(S) and v, is a pure bending vector.
Since v, is a pure bending vector,

O = DUE)/ = Dvlgy + DUZEV = Dvlgy
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for all y € I'. But, since v; € T, F(S) and there are finitely many curves whose length
functions provide analytic parameters for F(S), this implies that vy = 0. Therefore,
v = v, is a pure bending vector. a

10 Patterson—Sullivan measures

In this section, we observe that the equilibrium state 71 ), 1s a normalized pullback
of the Patterson—Sullivan measure on A(p(I")). We use this to give a more geometric
interpretation of the pressure intersection of two quasifuchsian representations, and
hence a geometric formulation of the pressure form.

Sullivan [43; 45] generalized Patterson’s construction [31] for fuchsian groups to define
a probability measure 1, supported on A (p(I")), called the Patterson—Sullivan measure.
This measure satisfies the quasi-invariance property

5) dyi(p(y)(2)) = HOP: oI H00D gy  (2)

for all z € A(p(I")) and y € I". Sullivan showed that 11, is a scalar multiple of the
h(p)—dimensional Hausdorff measure on dH? (with respect to the metric obtained from
its identification with Tbl0 (H3)).

Let iy = (€5 0 w)*u, be the pullback of the Patterson—Sullivan measure to . Our
normalization will involve the Gromov product with respect to by, which is defined to
be

(6) (z,w) = 3(Bz(bo, p) + Bu(bo, p))

for any pair z and w of distinct points in dH?3, where p is some (any) point on the
geodesic joining z to w. One may check that, for all @ € p(I") and z, w € A(p(I")),

(@ (2). a(w)) = (z.w) — 3(Bz(bo, @~ (bo)) + Buw(bo, ™' (b))).
IfxeXt, let
Ap(T))x = {Ep(w(y7)) |y €=,y =x},

where ¥ is the two-sided Markov shift associated to T and y~ = (yl__li)ieN- Notice
that each A(p(T"))x is open in A(p(T")). Furthermore, there are only finitely many
different sets which arise as A (p(I")) for some x € %, since A(p(T")) depends only
on x; and, if r(x;) > 3 and x1 = (bg, w*, wy,...,wi_1), then A(p(T")), depends
only on b and w. Let H,: X7 — (0, 00) be defined by

Hy(x) = |

20(p) (Ep (@(x)).2) g
e Z).
A(p(T)) Ho(2)
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Notice that A(p(I"))y is disjoint from &, (1), where I is the component of OHZ—-0Dy
containing w(x), so e2# P @)).2)sy i bounded on A(p(I"))y. In particular, H,(x)
is finite for all x. Since w is locally Holder continuous and &, is Holder, H,, is locally
Holder continuous.

We now show that ), is the normalization of the pullback i, of Patterson—Sullivan
measure which gives the equilibrium measure for —/(p)t,. Dal’bo and Peigné [16,
Proposition V.3] obtain an analogous result for negatively curved manifolds whose
fundamental groups “act like” geometrically finite fuchsian groups of coinfinite area
(see also Dal’bo and Peigné [15, Corollary I1.5]).

Proposition 10.1 If S is a compact surface with nonempty boundary and p € QF(S),
then the equilibrium state of —h(p)t, on 7 is a scalar multiple of Hyfip.

Proof Let a(p,x) = p(G(x;))~! and notice that

a(p. x)(Ep(@(x))) = Ep(w(0(x))) and  a(p,x)(A(p(D))x) = A(p(D))o(x)-
The quasi-invariance of Patterson—Sullivan measure implies that

A () _ dp(@(0-X)E@D)) _ h(o) Biey o100 Boa(ox) G0

din(y) — dup(Ep(@(>)))
We first check that H),[i, is shift-invariant:
Hy(0(x))dfip(o(x))

- ( /A —— 2210 (& (0(0(x))w) dﬂp(w)) dpo(Ep(0(0(x))))
= 2h(p) (@ (0,x) (£ (@(x))) (0, ) (v))
B (/A(P(F))a(x)e e g dﬂp(O((,O,X)(t))))

. dup(oz(p, X)(Ep(w(x))))

_ (/ o2 ()(&p (w(x)),v)e—h(P)(Bsp(w(x))(boaa(/),x)_l(bo))+Bv(b0,Oé(P,X)_l(bo)))
Ap(D))x

.eh(P)Bv(boaa(P,x)_l(bo)) d,up(v))eh(p)BE/’ (@ (b0,0(0,x) ™1 (b)) dﬂzp(gp(a)(x)))

N (/A(p(l‘))x 2O WD) dﬂp(v)) dpp(Ep(@(x)))
= Hﬂ(x) dﬁp(X)

So H,[ip is shift-invariant.
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Now we check that fi, is a (scalar multiple of a) Gibbs state for —/1(p)t,. We recall,
from [29, Theorem 2.3.3], that it suffices to check that [i,, is an eigenmeasure for the
dual of the transfer operator £_p(5)7,- If g: ¥+ — R is bounded and continuous, then

fo Lo @@ dp, = [ (X O 0g() ditg()

yea—1(x)

= [ e ") diip(o(y)

= /E+g(y) ditp(y)-
Therefore, [i, is a (scalar multiple of a) Gibbs state for —i(p)t,.

Finally, we observe that H, is bounded above. If p is a vertex of Dy, then, by
construction, there exists a neighborhood U, of p such that, if w(x) € U,, then
there exists w € C* such that x; = (b, ®*, w1, ..., wg_q,c) for some s > 2. Recall
that we require that b # w,n and ¢ # wy. Observe that w; is the face pairing
of the edge of Dy associated to I, and that w,p is the inverse of the face pairing
associated to the other edge E of dDy which ends at p. So, if [ is the interval in
0H? — 9D, bounded by E, then A(p(T"))x is disjoint from &o(Ix U I). Therefore,
H, is uniformly bounded on w ™! (U,) (since 2PV € (@()):2)vg ig yniformly bounded
for all z € A(p(I"))x C A(p(I")) —&,(1 U Ix)). However, Dg has finitely many
vertices {p1, ..., pn} and H, is clearly bounded above if w(x) € dH? — | J U,, (since
again e2"(P{€» (©():2)ny is yniformly bounded for all z € A(p(T'))x C A(p(T)) — L)
Therefore, H, is bounded above on >+,

Since every multiple of a Gibbs state for —h(p)t, by a continuous function which
is bounded between positive constants is also a (scalar multiple of a) Gibbs state for
—h(p)t, (see [29, Remark 2.2.1]), we see that H,[i, is a shift-invariant Gibbs state
and hence an equilibrium measure for —A(p)t, (see Theorem 2.4). |

If p € QC(I"), let N, = H3/p(T") be the quasifuchsian 3-manifold and let 7'! (Np)™
denote the nonwandering portion of its geodesic flow. The Hopf parametrization
provides a homeomorphism

H: TH(Np)™ — Q = ((A(p(I) x A(p(I')) — A) xR) /T
Let
2% ={(x.1):x €2, 0<t<T,(x")}/~,

where (x, 7,(x1)) ~ (6(x), 0), be the suspension flow over ¥ with roof function 7.
Recall that 7,: ¥+ — (0, 00) is a positive function cohomologous to Tp-
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The Stadlbauer—Ledrappier—Sarig coding map w for ¥ extends to a continuous
injective coding map

@:%X— A() x A(N)

given by &(x) = (w(x™), w(x7)), where xT = (x;);en and x~ = (xl__ll.),-eN. One
then has a continuous injective map

K: T > Q
which is the quotient of the map ¥: ¥ x R — (A(p(I")) x A(p(I")) — A) x R given by
K(x,1) = ((§p x p)@(x), 1).

(The image of « is the complement of all flow lines which do not exit cusps of N, and
has full measure in €2.) The map k conjugates the suspension flow to the geodesic flow
on its image, ie k o p; = ¢p; ok for all £ € R on K(Z%").

The Bowen—Margulis—Sullivan measure mgM on €2 can be described by its lift to Q,
which is given by

Aigp (2. w. 1) = e*MOEW00 dy(2) dpy(w) dt.

The Bowen—Margulis—Sullivan measure mgM is finite and ergodic (see Sullivan [45,
Theorem 3]) and equidistributed on closed geodesics (see Roblin [35, théoréme 5.1.1]
or Paulin, Pollicott and Schapira [32, Theorem 9.11].)

Corollary 10.2 Suppose that F': (E’L)?p — R is a bounded continuous function and
F:¥% > Ris given by ﬁ(x, t) = F(x™,t). Then

~ 2 (xt
fQ Fo;c_ldmgM _ fz.:,.(fot'o(x )F(X,l)dt) dm—h(p)rp
[ dmby Js+ to(xT) dm_pp)z,

Proof Let
R={(@(x).1) € A(p(T) x A(p(T) xR | x € B.1 € [0, Tp(x )]}
be a fundamental domain for the action of I" on (A(p(T")) X A(p(I")) — A) X R and let

R={(w(x1),0)e A(pM) xR |xt e T ¢ e[0,7,(x)]}.

Algebraic & Geometric Topology, Volume 23 (2023)



3648 Harrison Bray, Richard Canary and Lien-Yung Kao

By Proposition 10.1,
/Q Fox Vdmb, = /ﬁﬁox_leh(p)z(z’w”’O dip(2) dip(w) di
— F -1 t h(0)2(z,w)p d d dt
JoF@ ' @.0(f, )¢ 0 dpip(w)) dpi(2)

= [ F@™ 10,0 Hy(2) dia(2) di
(@~ 1(2) .
N A(p(r))(/o Flo 1(Z)v’)a’f)Hp(Z)a’up(z)

Tp(x4) +
- ZJr(/() F(x™.1) dt) dm_h(P)'Cp (x4).

In particular, if we consider F' = 1, then we see that

ldmgyll = /QdmgM = /ZJr(/O?p(XJr)dl) dm_ppyz, (X+)

_ +
= /2+ To(x ™) dm_p(p), .
so our result follows. O

Let
Sy]

R £ ’
| T(P)|[y]€RT(p) o(¥)

ur(p) =

where 4[, is the Dirac measure on the closed orbit associated to [y] and

Rr(p) ={lyl €[m1(S)]0 < Lp(y) =T73.

(If y = B" forn> 1 and B is indivisible, then 8[,,1 /€, (y) =ndg1/ L, (B") = 818/Lp(B).)
Since the Bowen—Margulis measure mgM is equidistributed on closed geodesics,
{iur(p)} converges to mk,,/|my,|l weakly (in the dual to the space of bounded

continuous functions) as 7" — oo.

We finally obtain the promised geometric form for the pressure intersection. We may
thus think of the pressure intersection, in the spirit of Thurston, as the Hessian of the
length of a random geodesic.

Theorem 10.3 Suppose that S is a compact surface with nonempty boundary, X =
H?/ T is a finite-area surface homeomorphic to the interior of S, and p € QF(S). If
tvny C T and {8,/ Lo (vn)} converges weakly to mﬁM/ngMH, then

. Ly(yn)
I(p,n) = lim U
(p,m) = lim_ T
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Moreover,

: £y(y)
I(p,n) = lim L
res Rr () 4 To(7)

Proof Let {I},} be a sequence of finite collections of elements of [I"] such that

_ 1 Sy }
{“(F”)‘ T2 L0

[v]eTly

converges weakly to mb,,/|[mGy,ll. As in [23, Definition 3.9], consider the bounded
continuous function v : T% >R given by

w(x,t)an(x)f( ! ) for all 7 €[0,7,(x)].

Tp(x) Tp(x)
where f:[0,1] — R is a smooth function such that f(0) = f(1) =0, f(¢) > 0 for
0<t<1,and [} f(t)dt=1. Then

~ _ 1
fvox L) = 10 2

[vlel,

gn(V)
Lo(y)

where ¥ (x, 1) = ¥ (xT, ) for all x € . So, by Corollary 10.2,

1 En()’n)}
{|Fn| Z Kp()/n)

[vlel,

converges to

Jo 0ok dmby  [or Go)/3p () (fy” ™ £t/ (0) dt) dm_pioye,
gyl B Js+ Tp(x) dm_p(p)e,
_ f2+ ™ dm—h(p)rp _ fz+ Ty dm—h(p)fp
B fz-l— %\p dm—h(p)rp B ./ZH' Tp dm—h(ﬂ)fp .

As a consequence, we obtain a geometric presentation of the pressure form which
allows us to easily see that the pressure metric is mapping class group—invariant.

Corollary 10.4 If S is a compact surface with nonempty boundary and pg € QF(S),
then

Plr,,qrcs) = Hess(J (po. p)) = HeSS(

h(p) im 1 Lo(y) )
h(po) T—oo |RT(po)l e Ra (o0) Loy (¥)

Moreover, the pressure metric is mapping class group—invariant.
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Proof The expression for the pressure form follows immediately from the defini-
tion and Theorem 10.3. Now observe that, if ¢ € Mod(S) and p € QF(S), then
$(0) = po du 50 Lp(y) = Ly()($s(y)). Therefore, Rr($(p)) = du(Rr(p)). s0
|[RT(p)| = |RT(¢(p))| for all T, which implies that i(p) = h(¢(p)). We can also
check that

. Lo(y)
I(py, p) = lim ——— :
P T I IR0l o o)
1 Lo (o) (Dx(¥))

= lim ———
P [RrGooll 2t Loty B4 0)
1 1
= 7% [Rr (o)) s
7o IRT @D 11 koo oo Y

= 1(¢(po). p(p)).

Therefore, J(pg, p) = J(¢(po), ¢(p)) for all ¢ € Mod(S) and pg, p € QF(S), so the
renormalized pressure intersection is mapping class group—invariant, so the pressure
metric is mapping class group—invariant. a
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1 Introduction

In their memoir [32] Hovey and Strickland studied the categories of K(n)-local and
En—local spectra in great detail. Here K(n) is the n™ Morava K—theory; the spectrum
whose homotopy groups are the graded field

K(m)s =Fplop']. Jval = 2(p" = 1)
and E, is the n'" Lubin—Tate spectrum, or Morava E—theory, with
(Ep)s = W(Ep)ur, ... up—1 1™, Jui| =0, ju] =2.

As explained in the introduction of [32], the Morava K—theories are the prime field
objects in the stable homotopy category — for a way to make that precise, see Hopkins
and Smith [27], or more specifically, Balmer [4, Corollary 9.5]— and are one of the
fundamental objects in the chromatic approach to stable homotopy theory.

A deep result of Hopkins and Ravenel [48] is that Bousfield localization with respect
to E, is smashing, which simplifies the study of the category of E,—local spectra
considerably. On the other hand, localization with respect to K(#n) is not smashing [32,
Lemma 8.1], and the monoidal unit L g,)S 0¢eSp K(n) 18 dualizable, but not compact.
In the language of tensor-triangulated geometry, Spg,) is a nonrigidly compactly
generated category. Because of this, much of the work in [32] is therefore dedicated to
understanding the more complicated category of K(n)-local spectra.

By a Bousfield class argument, the category of E,—local spectra is equivalent to the
category of (K(0)V ---VvK(n))-local spectra. In this paper we study the categories of
(K(k)V ---VvK(n))-local spectra for 0 < k < n, which were suggested as “interesting
to investigate” by Hovey and Strickland; see the remark after Corollary B.9 in [32].
We write Ly , for the associated Bousfield localization functor. As we shall see, when
k # 0, the category Spy , of (K(k)V---VK(n))-local spectra behaves much like
the category Spg ;) = Sp,,, of K(n)-local spectra. For example, it is an example
of a nonrigidly compactly generated category; as soon as k # 0, the monoidal unit
LigaS% € Spk., is dualizable, but not compact. However, the categories Spy ,, for
k # n are in some sense more complicated than the case k = n; for example, Spg )
has no nontrivial (co)localizing subcategories, while this is not true for Spy ,, as long

as k #n.

Algebraic & Geometric Topology, Volume 23 (2023)



The Spy ,~local stable homotopy category 3657

1A Contents of the paper

We now describe the contents of the paper in more detail. We begin with a study
of Bousfield classes, constructing some other spectra which are Bousfield equivalent
to K(k) v---v K(n). In particular, we show that there is a Bousfield equivalence
between a localized quotient of BP, denoted by E(n, Ji), and K(k) v ---Vv K(n).
For this reason, as well as brevity, we often say that X is E(n, J;)-local, instead of
(K(k)v---vK(n))-local.

As was already noted by Hovey and Strickland [32, Corollary B.9], Spy , is an algebraic
stable homotopy theory in the sense of Hovey, Palmieri and Strickland [30] with compact
generator Ly , F'(k), the localization of a finite spectrum of type k. We investigate
some consequences of this; for example, analogous to Hovey and Strickland’s formulas
for L ()X, in Proposition 2.24, we prove some formulas for Ly , X in terms of towers
of finite type k Moore spectra. Some of these results had previously been obtained by
the author and Barthel and Valenzuela [11].

In Section 3 we investigate the tensor-triangulated geometry of Spy ,. We begin by
characterizing the compact objects in Spy ,,, culminating in Theorem 3.8 which is a
natural extension of Hovey and Strickland’s results in the cases k =0, n. A classification
of the thick ideals of Spi”n is an almost immediate consequence of this classification;
see Theorem 3.16 for the precise result. Of course, here we rely on the deep thick
subcategory theorem in stable homotopy [27] and its consequences. Finally, we classify
the localizing and colocalizing subcategories of Spy, ,, in Theorem 3.33. We obtain the
following.

Theorem 1.1 There is an order-preserving bijection between (co)localizing subcate-
gories of Spy. , and subsets of {k, ... ,n}. Moreover, the map that sends a localizing
subcategory C of Spy , to its left orthogonal C1 induces a bijection between the
set of localizing and colocalizing subcategories of Spy ,. The inverse map sends a
colocalizing subcategory U to its right orthogonal “~U.

We also compute the Bousfield lattice of Spy ,, (Proposition 3.39) and show that a form
of the telescope conjecture holds (Theorem 3.46).

In Section 4 we show that, as a consequence of the Hopkins—Ravenel smash product
theorem, the commutative algebra object E, € Spy , is descendable, in the sense
of Mathew [41]. This has a number of immediate consequences. For example, it
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implies the existence of a strongly convergent Adams-type spectral sequence, which
we call the E(n, Ji)-local E,—Adams spectral sequence, computing 7« (Lg , X) for
any spectrum X. Moreover, descendability implies this collapses with a horizontal
vanishing line at a finite stage (independent of X). In the case of X = S it is known
that, in the cases k = 0 and k = n, this vanishing line already occurs on the E,—page
so long as p > n. In order to generalize this result, we first show that when X = S°,
the E—term of the E(n, Ji)-local E,—Adams spectral sequence spectral sequence
can be given as the inverse limit of certain Ext groups computed in the category of
(En)« En—comodules; see Proposition 4.16 for the precise result. We are then able to
utilize a chromatic spectral sequence and Morava’s change of rings theorem to show
the following (Theorem 4.24):

Theorem 1.2 Suppose p — 1 does not divide k + s for 0 < s < n — k (for example, if
p >n+ 1), then in the Ex—term of the E (n, Ji)-local E,,—Adams spectral sequence
converging to Ly ,S°, we have E3" =0 for s > n? +n —k.

In the case k = 0, this recovers a result of Hovey and Sadofsky [31, Theorem 5.1].

As noted previously, so long as k # 0, the categories of dualizable and compact spectra
do not coincide in Spy ,,; every compact spectrum is dualizable, but the converse does
not hold, with the unit Ly , S 0 being an example. In Section 5 we study the category of
dualizable objects in Spy ,,. As a consequence of descendability, we show that X' € Spy ,
is dualizable if and only if Ly , (E, A X) is dualizable in the category of E(n, Ji)-local
En—modules. In turn, we show that this holds if and only if Ly ,(E, A X) is dualizable
(equivalently, compact) in the category of E,—modules. We deduce that X' € Spy ,, is
dualizable if and only if its Morava module (Ex )y (X) := n« Lk ,(En A X) is finitely
generated as an (E,)«—module; see Theorem 5.11. This generalizes a result of Hovey
and Strickland, but even in this case our proof differs from theirs.

It is an observation of Hopkins that the Picard group of invertible K (n)—local spectra
is an interesting object to study; see Hopkins, Mahowald and Sadofsky [26]. Likewise,
Hovey and Sadofsky [31] have studied the Picard group of E(n)-local spectra. In
Section 6 we study the Picard group Picy , of E(n, Ji)-local spectra. Our first result,
which is a consequence of descent, is that X € Spy ,, is invertible if and only if its
Morava module (E ,)y (X) is free of rank 1. We then study the Picard spectrum —
see Mathew and Stojanoska [44] — of the category Spy ,,. Using descent again, we
construct a spectral sequence whose abutment for g is exactly Picy ,. The existence of
this spectral sequence in the case k = n is folklore. We say that this spectral sequence
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is algebraic if the only nonzero terms in the spectral sequence occur in filtration degree
0 and 1. Using Theorem 1.2 we deduce the following result (Theorem 6.8). In the case
k = n, this is a theorem of Pstragowski [45].

Theorem 1.3 If2p—2>n%+n—k and p—1 does not divide k +s for 0 <s <n—k,
then Picy ,, is algebraic. For example, this holds if 2p —2 > n%+n.

There is an interesting element in the K(n)-local Picard group, namely the Brown—
Comenetz dual of the monochromatic sphere [32, Theorem 10.2]. In Section 7 we
extend Brown—Comenetz duality to the E(n, Ji)-local category. We do not know
when the Brown—Comenetz dual of the monochromatic sphere defines an element of
Picy p,; this is not true when k = 0, and we provide a series of equivalent conditions
for the general case in Proposition 7.10.

Thecasen =2and k =1

The first example that has essentially not been studied in the literature is when n = 2
and k = 1, ie the category of (K(1)Vv K (2))-local spectra. In Section 5B we give a
computation of the Balmer spectrum of (K (1)Vv K(2))-locally dualizable spectra. For
this, we recall that Hovey and Strickland have conjectured a description of the Balmer
spectrum Spc(SpCIl}‘E‘;)) of dualizable objects in K (n)-local spectra [32, page 61]. This
was investigated by the author, along with Barthel and Naumann, in [10]. This admits a

natural generalization to Spi“f;l. Fori <n, let D; denote the category of X € Spi”;‘;l such

that X is a retract of Y A Z for some Y € Spi“fll and some finite spectrum Z of type
at least i. We also set D, +1 = (0). The conjeéture is that these exhaust all the thick
tensor-ideals of Spi"‘zl. We show in Theorem 5.21 that if this holds K(rn)-locally (ie in
Spfl‘jf,l), then it holds for all sz‘j;l. In particular, since it is known to hold K(2)-locally

by [10, Theorem 4.15], we obtain the following; see Corollary 5.22.

Theorem 1.4 The Balmer spectrum of K(1) v K(2)-locally dualizable spectra
Spc(Sp{*s") = {D1.D,. D3}

with topology determined by {T]} ={D; | i > j}. In particular, if C is a thick
tensor-ideal of Sp‘}"‘;l, thenC =Dy, for 0 <k < 3.

Conventions and notation

We let (X) denote the Bousfield class of a spectrum X. The smallest thick tensor-
ideal containing an object A will be denoted by thickg(A) (it will always be clear
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in which category this thick subcategory should be taken in). Likewise, the smallest
thick (resp. localizing) subcategory containing an object A will be written as Thick(A4)
(resp. Loc(A)).

Acknowledgements

It goes without saying that this paper owes a tremendous intellectual debt to Hovey
and Strickland, in particular for the wonderful manuscript [32]. We also thank Neil
Strickland for a helpful conversation, as well as his comments on a draft version of this
document.

2 The category of Sp, ,—local spectra

2A Chromatic spectra
We begin by introducing some of the main spectra that we will be interested in.

Definition 2.1 Let BP denote the Brown—Peterson homotopy ring spectrum with
coefficient ring

BP, =~ Z(p)[vl, Va, .. ]
with [v;| = 2(p' —1).

Remark 2.2 The classes v; are not intrinsically defined, and so the definition of BP de-
pends on a choice of sequence of generators; for example, they could be the Hazewinkel
generators or the Araki generators. However, the ideals I, = (p, v1,...,v,—1) for
0 < n < oo do not depend on this choice.

By taking quotients and localizations of BP —for example, using the theory of

structured ring spectra [19, Chapter V] — we can form new homotopy ring spectra.

In particular, let J; denote a fixed invariant regular sequence pio, vlll, R v',lck__l1 of

length k. Then we can form the homotopy associative ring spectrum BPJj with
(BPJr)x = BPy/Jp.

These were first studied by Johnson and Yosimura [35]. A detailed study on the product
structure one obtains via this method can be found in [51].

Definition 2.3 We let E(n, J;) for n > k denote the Landweber exact spectrum with

E(n. Ji)« = v, (BPJi)x/ (Unt1. Vns2. - ..)).
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Here Landweber exact means over BPJy (as studied by Yosimura [56]), that is, there
is an isomorphism

En, Ji)«(X) = (BPJi)«(X) ®pp, 5, E(n, Ji)«.

Example 2.4 If k = 0 (so that Ji is the trivial sequence), then E(n, Jo) >~ E(n),
Johnson—Wilson theory. For the other extreme, if J, = p,vy,...,v,—1, then BPJ, is
the spectrum known as P(n), and E(n, J,) >~ K(n) is Morava K-theory [32].

Definition 2.5 For k < n < oo, we let Spy , € Sp denote the full subcategory of
(K(k)vK(k +1)v---vK(n))-local spectra.

Lemma 2.6 The inclusion Spy ,, < Sp has a left adjoint Ly ,,, and Spy, ,, is a pre-
sentable, stable co—category.

Proof This is a consequence of [39, Proposition 5.5.4.15]. a

Remark 2.7 The category Spy ,, and localization functor Ly , only depend on the
Bousfield class (K (k) Vv ---V K(n)).

Notation 2.8 We will follow standard conventions and write Sp, ,, as Sp,, and Sp,, ,,
as Spk (- Similarly, the corresponding Bousfield localization functors will be denoted
by Lo,n = Ly and Ly » = Lg(y), respectively.

Remark 2.9 By [46, Theorem 2.1] we have (E(n)) = (K(0) v ---Vv K(n)). In fact,
let E be a BP-module spectrum that is Landweber exact over BP, and is v,—periodic,
in the sense that v, € BPx maps to a unitin E«/(p,v1,...,s—1). Then Hovey has
shown that (E) = (K(0) v---Vv K(n)) [28, Corollary 1.12]. In particular, this applies
to the Lubin-Tate E-theory spectrum FE;, —see [49] — with

(En)x = W(Epn)[ur, ... up—1 ™
or the completed version of E—theory used in [32] with

E, ~ (E(n)*)}\n =Zplvt,...,vp—1, v;cl]fn.
2B Bousfield decomposition

In the previous section we introduced the spectra E(n, J) for n > k and an invariant

-1

regular sequence p°, ..., vi"_l of length k. We now give Bousfield decompositions

for E(n, Ji)-local spectra.
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Proposition 2.10 There are equivalences of Bousfield classes:
(1) (Johnson-Yosimura) (v;'BPJy) = (E(n,Jy)).
(2) (Yosimura) (E(n,Ji)) = \/7—p(K(@)).
(3) {En/Ix) = Vi—i(K(i)).

Proof Part (1) is [35, Corollary 4.11]. Part (2) can be deduced from [57] as we now
explain. First, by [57, Corollary 1.3 and Proposition 1.4] along with (1),

n

(E(n,Jx)) = (v, ' BPJi) = (Ln BPJ) = \/ (v; ' P(i)).
i=k
By [57, Corollary 1.8] we have (vi_1 P(i)) = (K(i)), and hence (2) follows. For (3),
we first note that by the thick subcategory theorem (E, /I;) = (E, A F(k)) for some
finite type k spectrum. Since E, = \/7_q K(i), (3) then follows from the definition of
a type k spectrum. m|

Remark 2.11 In other words, the category of E(n, Ji)—local spectra is equivalent
to the category of K(k) Vv --- K(n)-local spectra. Note that this implies this category
only depends on the length of the sequence, and not the integers iy, ..., ip—1. We will
therefore sometimes say that a spectrum X is E(n, Ji)-local if X € Spy ,.

2C Algebraic stable homotopy categories

We now begin by recalling the basics on algebraic stable homotopy theories; see [30]
in the triangulated setting.

Definition 2.12 A stable homotopy theory is a presentable, symmetric monoidal
stable co—category (C, ®, 1) where the tensor product commutes with all colimits. It
is algebraic if there is a set G of compact objects such that the smallest localizing
subcategory of C containing all G € G is C itself.

Remark 2.13 The assumptions on C imply that it the functor — A Y has a right adjoint
F(Y,—), ie the symmetric monoidal structure on C is closed.

Remark 2.14 The associated homotopy category Ho(C) is then an algebraic stable
homotopy theory in the sense of [30]. We note that compactness can be checked at the
level of the homotopy category; see [40, Remark 1.4.4.3].

Applying [32, Corollary B.9; 30, Theorem 3.5.1], we have the following.
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Proposition 2.15 (Hovey, Palmieri and Strickland) Spy , is an algebraic stable
homotopy category with compact generator Ly , F'(k). The symmetric monoidal
structure in Spy ,, is given by

XAY :=Li,(XAY).

Colimits are computed by taking the colimit in spectra and then applying Ly ,, while
function objects and limits are computed in the category of spectra.

Remark 2.16 The most difficult part of the above proposition is that Ly , F(k) is
a compact generator of Spy ,,. Indeed, one must show that the conditions of [32,
Proposition B.7] are satisfied and to do this, one at some point needs to invoke the
thick subcategory theorem [27], or one its consequences (such as the Hopkins—Ravenel
smash product theorem [48]).

Remark 2.17 The localization L, = Lo, is smashing (thatis L, X ~ L,S OAX)
by the Hopkins—Ravenel smash product theorem [48] and in this case X AY >~ X A Y.
However, if k # 0, then localization Ly , is not smashing as the following lemma
shows, and so X AY %2 X AY in general.

Lemma 2.18 If k #0, then Ly, is not smashing, and Ly, , S° is not compact in SPk.n-

Proof We first claim that (Lg ,S 0) = (E(n)). To see this, note that we have ring
maps L,S% — Ly, 280 — LK(n)SO o) (LK(,,)SO) (Lk,nSO) <(L,S°). However,
(Lxm)S 0y = (L, S = (E(n)) [32, Corollary 5.3], so these inequalities are actually
equalities, and all three are Bousfield equivalent to E (7).

Suppose now that Ly , were smashing, so that (L ,S") 0) = V7= (K(@)); see [46,
Proposition 1.27]. Then, since (E(n)) = \/7_(K(i)) as soon as k # 0, we have
obtained a contradiction.

The second part is then a consequence of [30, Theorem 3.5.2]. O
Remark 2.19 Using the periodicity theorem of Hopkins and Smith [27], Hovey and

Strickland [32, Section 4] constructed a sequence of ideals {/;}; € m C Eq and type k
spectra { M (j)}; with the following properties (see also [7, Remark 2.1]):

() Ijiy1SljandNjl; =0;
(2) Eo/I; is finite; and
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(3) E«(My(j)) = E«/I; and there are spectrum maps q: My (j + 1) = My (j)
realizing the quotient Ex/ Mg (j + 1) = Ex/Mr(j).

We call such a tower {Mj(j)}; a tower of generalized Moore spectrum of type k.

Remark 2.20 The tower as above is constructed in the homotopy category of spectra.
However, as explained in [27, page 9, equation (15)], such sequential diagrams can
always be lifted to a sequence of cofibrations between cofibrant objects, and in particular
to a diagram in the co—category of spectra (the point is that such diagrams have no
nontrivial homotopy coherence data). Then, the (co)limit in the co—categorical sense,
agrees with the homotopy (co)limit used in [30, Definitions 2.2.3 and 2.2.10].

Notation 2.21 We write My , X for the fiber of the localization map L, X — Lix_1X.
By definition, we set Mo, = Lj.

Lemma 2.22 We have an equality of Bousfield classes

n

(MinS%) = \/ (K()).

i=k
Proof Recall that, by definition, there is a cofiber sequence
Cr_1S°— 8% > L;_,S°
Applying L, to this and using L; Lj = Ly, ;) we see that
My S® = LyCr—1S° ~ Cr—1 L, S°,
where the last equivalence follows as both functors are smashing. It follows from [32,

Proposition 5.3] that (M ,S") 0y = \/7_,(K(i)) as claimed. |

Remark 2.23 In [32, Proposition 7.10(e)] Hovey and Strickland give a formula for
Lg@)X in terms of towers of generalized Moore spectra. We show now that their
proof extends to Ly , X .

Proposition 2.24 There are equivalences
LinX >~ LEgyLaX ~Um(Ly X A My () ~ F(My,S°, Lp X),
J
where the limit is taken over a tower {M (j)} of generalized Moore spectra of type k.

Proof We first note that L1 X ~ L,Lj_1X ~ LnL,{_lX, the latter by Corollary
6.10 of [32]. It follows that My, X =~ L,C_ X, where C{_| is the acyclization
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functor associated to L,{_l. By [32, Proposition 7.10(a)] (and Remark 2.20) C kf—1X ~
li_n)lj DM (j)) AX,s0o My , X ~ li_I)nj D(My(j)) AL, X. It follows that

lm(Ln X A Mp(j)) 2 F(MiuS°. Ln X).

J
Moreover, by [32, Proposition 7.10(a)] this is equivalent to L gy Ly X
To finish the proof, we will show that Ly , X ~ L)L, X. First, note that X —
LnX is an L,S%equivalence, and L, X — LFr@)LnX is an F(k)—equivalence, so
X — Lpg)LaX is an L,S° A F(k)—equivalence. But L,S° A F(k) ~ L,F(k)
and (L, F(k)) = \/7_;(K(i)) [32, Proposition 5.3]. Therefore X — LrwyLnX
is a (Kk)v-- vK(n))—equlvalence, and we only need show that Lpy)L, X is
(K(k)v---VvK(n))-local. But Lpp)Ly,X =~ F(Mk,nSO,LnX) and so it follows
from Lemma 2.22 that L gL, X is (K(k)V---VK(n))-local. We conclude that
LinX >~ Lpg)LnX, as required. a

Remark 2.25 The equivalence

LignX =lm(Ln X A Mg (j))
J
has also been obtained in [11, Proposition 6.21] using the theory and complete and
torsion objects in a stable oo—category. The next result is also contained in [11,
Corollary 6.17].

Proposition 2.26 For any spectrum X there is a pullback square

LnX —— Li,X

1 \

L1 X — Lg—1LganX

Proof This is a standard consequence of the Bousfield decomposition
(E(n)) = (E(k—1) v (E(n, Ji))
using for example [13, Proposition 2.2] (or, in the co—categorical setting, see [1]). O

Remark 2.27 Use [13, Proposition 2.2] one can deduce various other chromatic
fracture squares. For example, we have a pullback square

Lk,nX e Lk,hX

1 1

Lpy1nX — LigpLlpt1nX
fork<h<n-1.
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Remark 2.28 These types of iterated chromatic localizations have been investigated
by Bellumat and Strickland [53]. Results such as the chromatic fracture square can be
recovered from their work; however we do not investigate this in detail.

Corollary 2.29 Suppose M; is a generalized Moore spectrum of type at least k. Then
LnMj >~ Lk,nM/-

Proof By definition, L;_; M; =~ %, and so by the pullback square of Proposition 2.26
we must show that Ly_q Ly ,M; is contractible. Because M; is a finite complex, this
is equivalent t0 Lg_;((Lg.,S®) A Mj) = , and the result follows. |

Definition 2.30 Let M ,, denote the essential image of the functor My , : Sp — Sp.

Theorem 2.31 For any spectrum X, we have natural equivalences

Mg gLy X =My p X, LgpX >~ Lg oMy, X.
It follows that there is an equivalence of categories My , >~ Spy. ,, given by L ,, with
inverse given by My ,,.
Proof The proof of Hovey and Strickland in the case k = n generalizes essentially
without change.
By definition, My , X fits into a cofiber sequence

Mg, X - LpX — L1 X,
so applying Ly , gives a cofiber sequence
LignMignX = LgyLnX — Lg yLi—1X.

But (E(k—1)) = \/f-:é (K(k)),so Ly nLix—1X ~0,whileclearly Ly , L, X ~ L ,X.
It follows that Ly , Mg n X ~ L , X.

Using Proposition 2.24, Ly , X =~ F(Mk,,,SO, L, X), and so applying F(—, L, X) to
the defining cofiber sequence for My , S 0 we obtain a cofiber sequence

F(Lg1S% LaX) = F(LpS®, Ly X) = F(My ,S°, Lp X),

or, equivalently,
F(Lg—1S° LyX)— Ly X — Ly, X.

It is easy to check that F(Lx_;S°, L, X) is E(k—1)-local, and so by Lemma 2.22 we
have Mk,nF(Lk_lSO, Ly X) >~ . It follows that My , Ly X >~ My , X >~ My n Ly n X
as claimed. O
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Remark 2.32 Once again, this result was obtained (by different methods) in [11,
Proposition 6.21].

3 Thick subcategories and (co)localizing subcategories

In this section we compute the thick subcategories of compact objects in Spy ,, and
(co)localizing subcategories of Spy ,. When k = 0 or k = n both results have been
obtained by Hovey and Strickland. Along the way we give a classification of the
compact objects in Spy ,,.

3A Compact objects in Sp; ,

In this section we characterize the compact objects in Spy ,. We will use this in the
next section to compute the thick subcategories of Sp?’ .

We begin by recalling the notions of thick and (co)localizing subcategories.

Definition 3.1 Let (C, A, 1) be an algebraic stable homotopy category, and let D be a
full, stable subcategory.

(1) D is called thick if it is closed under extensions and retracts.

(2) D is called localizing if it is thick and closed under arbitrary colimits.

(3) D is called colocalizing if it is thick and closed under arbitrary limits.

(4) Dis atensor-ideal if X € C and Y € D implies X A Y € D.

(5) Disacoideal if X € C and Y € D implies F(X,Y) € D.

We will also speak of localizing (or thick) tensor-ideals and colocalizing coideals.

Remark 3.2 In Sp,, the dualizable and compact objects coincide, and are precisely
those that lie in the thick subcategory generated by the tensor unit L, S°. In categories
whose tensor unit is not compact, such as Spy ,, for k # 0, the dualizable and compact
objects do not coincide — for example, the tensor unit is always dualizable, but is not
compact (Lemma 2.18). In [32] Hovey and Strickland gave numerous characterizations
of compact objects in Spg,,y. In this section we extend some of these characterizations
to Spy ,. We first recall the concept of a nilpotent object in a symmetric monoidal
category.

Definition 3.3 We say that X is R—nilpotent if X lies in the thick ®—ideal generated
by R, ie X € Thickg(R).
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Lemma 3.4 The category of Ey/Ii-nilpotent spectra is the same in Spy ,, Sp,
and Sp.

Proof Using that (E,/Ix) = (E(n, Ji)) (Proposition 2.10) we see that E, /I A X
is always E(n, Ji)-local, from which the result easily follows. O

Remark 3.5 In other words, we can talk unambiguously about the category of E, / I}~
nilpotent spectra.

We will also need the following generalization of [32, Lemma 6.15].

Lemma 3.6 If X is a finite spectrum of type at least k, then L, X ~ Ly ,X is
E, / I, —nilpotent.

Proof The argument is only a slight adaptation of that given by Hovey and Strickland.
By a thick subcategory argument, we can assume that X = M}, is a generalized Moore
spectrum of type k. By [48], L, S° € thickg (E,), and it follows that L, S A My ~
Ly My, ethickg (E, AMy). Butitis easy to see that thickg ( E, AMy ) >~ thickg (Ey / Ix)
and we are done. d

Remark 3.7 The fact that L, S° € thickg ( E,,) is equivalent to the claim that E, € Sp,,
is descendable, a condition we investigate further in Section 4A.

The compact objects in Spy , can be characterized in the following ways, partially
generalizing [32, Theorem 8.5]. We note that every compact object in Spy , is auto-
matically dualizable by [30, Theorem 2.1.3]; we investigate the dualizable objects in
Spg , in more detail in Section 5.

Theorem 3.8 The following are equivalent for X € Spy, ,,:
(1) X is compact.
(2) X e thick(L, F(k)).
(3) X isaretractof L, X' >~ Ly , X’ for a finite spectrum X' of type at least k.
(4) X isaretract of Y A X', where Y is dualizable and X' is a finite spectrum of
type at least k.
(5) X isdualizable and E,, / I —nilpotent.

The category Spy,, € Sp%“i‘ll is thick. Moreover, if X € Spy , and Y € Spi“f‘ll, then

X AY,F(X,Y) and F(Y, X) lie in Sp¢ . In particular, F(X, Ly ,S°) € Sp.
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Proof The equivalence of (1) and (2) is [30, Theorem 2.1.3] along with Proposition 2.15.
Item (3) implies (2) because every finite spectrum of type at least k lies in the thick
subcategory generated by F(k). That (1) implies (3) is the same as given by Hovey
and Strickland [32, Theorem 8.5]. Namely, suppose that X € SPk.n is compact. By
Proposition 2.24, X ~ 1i_r)nj (X ADM;.(j)), so [X, X] ~ li_I)nj [X,X ADM;(j)]. In
particular, X is aretract of Y := X A DM} (j). We claim that such a Y is compact
in Sp,,. Indeed, let {Z;} be a filtered diagram of E,—local spectra. Then we have
equivalences
i i
~ [X. Ly im(Mi () A Z0)],
i
= lim[X, My (j) A Zi]«
l
~ @[Y, Zilx.
l
The first and last equivalence follow by adjunction, the second because (L, M (j)) =
V7 _x (K(i)) [32, Proposition 5.3], so
LyMp(j)ANim Z; >~ Ly My (j) A L plim Z; >~ Ly, im(My () A Z;),
i i i

while the third equivalence follows because X € Spy’ by assumption and because
L » lim, is the colimit in Spy ,,. We have K (i)Y = 0 for i <k and so Corollary 6.11
of [32] implies that Y, and hence X, is a retract of L, Z >~ Ly ,, Z for a finite spectrum
Z of type at least k. This shows that (1), (2) and (3) are equivalent.

Assume now that (4) holds. Note that Y A X" is E(n, Ji)-local, and moreover Y A X' ~
Y ALk ,X', where Ly , X' € Spj n- By [30, Theorem 2.1.3] the smash product of a
dualizable and compact object is compact, and so X is a retract of a compact E (n, Ji )—
local spectrum, and thus is also compact; ie (1) holds.

To see that (3) implies (5), we use a thick subcategory argument to reduce to the case
that X = L, My >~ Ly , M} is alocalized generalized Moore spectrum of type k. Such
an X is clearly dualizable and is additionally E}/Ij—nilpotent by Lemma 3.6.

Now suppose that X satisfies (5). Following Hovey and Strickland [32, Proof of
Corollary 12.16] let J be the collection of spectra Z € Spy ,, such that Z is a module
over a generalized Moore spectrum of type i (for a fixed i with k <i <n). By [32,
Proposition 4.17], J forms an ideal. Because K (i) A Z is nonzero and a wedge of sus-
pensions of K(i), J contains the ideal of K(i)-nilpotent spectra. Moreover, it follows
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from the Bousfield decomposition (Ey, /I;) = \/7_; (K(i)) that K(i) A E, /I # 0, and
so thickg (K (i)) C thickg (E,/I1); ie every K (i)-nilpotent spectrum (for k <i <n)
is also E, /I;—nilpotent. In particular, X € 7, so X is retract of a spectrum of the form
Y A X where Y is a generalized Moore spectrum of type i, and thus (4) holds.

Finally, we prove the subsidiary claims. It is immediate from (2) that Sp}’ , < Spi“;‘;l

is thick, and it is an ideal by [30, Theorem 2.1.3(a)]. Because generalized Moore
spectra are self-dual — see [32, Proposition 4.18] — (¢) implies that Spi”n is closed
under Spanier—Whitehead duality. Therefore, F(X,Y) >~ F(X, Ly ,S 0) AY and
F(Y,X)~ X AF(Y, Ly, S°) lie in Sp . i

Remark 3.9 When k = 0, then X is compact if and only if X is dualizable [32,
Theorem 6.2]. To reconcile this with (5) of the previous theorem, we note that every
spectrum X € Sp,, is E,/Io >~ E,—nilpotent [48, Theorem 5.3].

3B The thick subcategory theorem

We now give a thick subcategory theorem for Spy’ . As we shall see, given Theorem 3.8
this is an immediate consequence of the classification of thick subcategories of Sp¢,
which ultimately relies on the Devinatz—Hopkins—Smith nilpotence theorem.

Definition 3.10 For 0 < j <n+1 let C; denote the thick subcategory of Sp,, consisting
of all compact spectra X such that K(i)X =0 forall i < j;ie

Ci={XeSpy | K(i)+X =0foralli < j}.
Remark 3.11 By [32, Proposition 6.8], we equivalently have
Cj ={X €Sp? | K(j — 1)+X = 0.
Remark 3.12 We have
Co2C1 2 20Cu+1=(0),
and moreover L, F(j) isin C;, butnot C;j 1.
We now present the result of Hovey and Strickland [32, Theorem 6.9].

Theorem 3.13 (Hovey-Strickland) If C is a thick subcategory of Spy, thenC = C;
for some j suchthat 0 < j <n+1.

Remark 3.14 This result can be restated in terms of the Balmer spectrum of Spj; [3].

In particular,
Spe(Spyy) = {C1,....Cnt1}
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with topology determined by the closure operator {C;} = {C; | i > j}. This is in fact
equivalent to Theorem 3.13, essentially by the same argument as in [10, Proposition 3.5].

The Balmer support of X € Sp%, defined in [3, Definition 2.1], is given by
supp(X) = {P € Spc(Spy,) | X ¢ P}.
Note that X ¢ C; if and only if K(j —1)«X # 0. Therefore, by Theorem 3.13,
supp(X) ={i €{0,...,n} | K@)« X £0} ={i €{0,...,n} | K(i) A X #0}.

For a thick subcategory 7, we define supp(J) = (Jyc s supp(X). Then, Balmer’s
classification result [3, Theorem 4.10] shows that there is a bijection

{thick subcategories of Sp%} ﬁ {specialization closed subsets of {0, ...,n}}.

with the topology on {0, ...,n} determined by {7} ={k,k+1,...,n}, with inverse
given by sending a specialization closed subset Y to {X € Sp% | supp(X) C Y }. Note
that there are exactly n 42 such specialization closed subsets, namely & and the subsets
{k,...,n}fork =0,...,n. The thick subcategory C,+1 corresponds to & under this
bijection, while Cy corresponds to {k,...,n} for 0 <k <n.

Given the classification of compact E (7, J)-local spectra in Theorem 3.8, we deduce
the following.

Lemma 3.15 The category of compact E (n, Ji)-local spectra, Spy, , , is equivalent to
the thick subcategory Cy < Sp% .

Proof By [32, Corollary 6.11]if X € Cy, then X is aretractof L,Y >~ Ly ,Y for some
finite spectrum Y of type of least k. Then X is a compact E(n, J;)-local spectrum
by Theorem 3.8. Conversely, if X is a compact E(n, Ji)-local spectrum, then X
is a retract of L,Y ~ Ly ,Y for Y a finite spectrum Y of type of least k, again by
Theorem 3.8. Therefore K(i)xX =0 fori <k and X € C. O

Theorem 3.16 (thick subcategory theorem) There is a bijection
{thick subcategories of Sp,‘é’,n} ﬁ) {specialization closed subsets of {k,...,n}},
with inverse given by sending a specialization closed subset Y to
{X € Spj, | supp(X) S Y}

In particular, if C is a thick subcategory of Spy, ., then C = C; for some j such that
k<j<n+1.
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Proof This follows by combining Theorem 3.13 and Lemma 3.15. |

Remark 3.17 Note that Sp? , 18 not a tensor-triangulated category when k # 0, as
it does not have a tensor unit. Therefore, we cannot speak of the Balmer spectrum
of Sp ,,-

We also have a nilpotence theorem.

Proposition 3.18 Let X € Spy,, and u: ¥4 X — X a self-map such that K (i )xu is
nilpotent for k <i <n. Then u is nilpotent; ie the j—fold composite

uo-—-ou: LY > X

is trivial for large enough j .
Proof In light of Lemma 3.15, this follows from [32, Corollary 6.6]. O
3C Localizing and colocalizing subcategories

In this section we calculate the (co)localizing (co)ideals of Spy ,. We first observe that
every (co)localizing subcategory is automatically a (co)ideal, so it suffices in fact to
concentrate on (co)localizing subcategories.

Lemma 3.19 Every (co)localizing subcategory of Spy , is a (co)ideal.

Proof We prove the case of localizing subcategories — the case of colocalizing sub-

1

categories is similar.” To that end, let C € Spy ,, be a localizing subcategory, and

consider the collection D = {X € Sp | X AC C C}. This is a localizing subcategory of
Sp containing S, and hence D = Sp itself. It follows that C is a localizing ideal. O

Remark 3.20 We remind the reader that 1 is not compact in Spy ,, unless k = 0 (see
Lemma 2.18). Therefore, in all other cases, 1 is a noncompact generator of Spy ,,.

Notation 3.21 Throughout this section we let Q = {k, ..., n}.

We begin by defining a notion of support and cosupport in Spy ,,, extending the notion
of support defined previously for Spf, .

Definition 3.22 For a spectrum X € Spy ,,, we define the support and cosupport of X
by

supp(X)={i € Q| K(I)AX #0}, cosupp(X)={i € Q| F(K(i), X) # 0}.

IWe thank Neil Strickland for providing this argument, which simplifies a previous argument.
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Example 3.23 Because K(i)AK(j)=0ifi # j,and K(i) A K(i) # 0 [46, Theorem
2.1], we have
supp(K(i)) =i

for i € Q. On the other hand, K(i)* K(j) = Homg;), (K(i)«K(j), K(i)), and so

cosupp(K(i)) =i
as well.

Remark 3.24 The notion of support is slightly ambiguous, as objects can live in
multiple categories. For example Lg,)S 0¢ Sp; » for all 0 <7 < n, and in fact has
different support in each category. However, it should also be clear in which category
we are considering the support.

Remark 3.25 Because K(i) A X is always K (i)-local, we equivalently have

supp(X) ={i € Q| K(i)) A X # 0}.

Remark 3.26 In [32, Definition 6.7] Hovey and Strickland define the support of an
object by
suppys (X) = {i | K(i) A X # 0}

By definition then, supp(X) = suppyg(X) N Q.

Support and cosupport are well behaved with respect to products and function objects
in Spy -

Lemma 3.27 Forany X,Y € Spy , there are equalities

supp(X AY) = supp(X) Nsupp(Y), cosupp(F(X,Y)) = supp(X) Ncosupp(Y).

Proof Because K(i) A X is always K(i)-local, Ki)A (X AY) >~ KG{)AX AY,
and it is clear that supp(X AY) C supp(X) Nsupp(Y). The converse follows because
K (i)« is a graded field; if K(i) AX AY 2~ * then either KG)AX >~ % or K(I)AY >~ *.

For the cosupport, suppose i € cosupp(F(X,Y)), ie F(K(i), F(X,Y)) # 0. By
adjunction we must have F(K(i) A X,Y) # 0 as well as F(X, F(K(),Y)) # 0,
so that K(i) A X # 0 and F(K(i),Y) # 0. This shows that cosupp(F(X,Y)) C
supp(X) N cosupp(Y). For the converse, let i € supp(X) N cosupp(Y), and consider
F(K(@i),F(X,Y)) >~ F(K(i)A X,Y). Because i € supp(X), and K(i)« is a graded
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field, K(i) A X is a wedge of suspensions of K(i), and it suffices to show that
F(K(i),Y) # 0, which is precisely the statement that i € cosupp(Y). Therefore,
i € cosupp(F(X,Y)), as required. |

Notation 3.28 For an arbitrary collection C of objects we set

supp(C) = U supp(X), cosupp(C) = U cosupp(X).
XecC XecC

For a subset 7 C O we also define
supp™ ' (7) = {X € Sp, | supp(X) S T},
cosupp” {(T) ={X € Spg » | cosupp(X) S T3.

Lemma 3.29 For a subset T C Q, supp~ (7)) and cosupp~ ! (T are localizing and
colocalizing subcategories of Spy ,, respectively.

Proof We simply note that
supp” ' (7) ={X €Sp, | K(())AX =0foralli € Q\ T},
cosupp™ ' (7) = {X € Spy, | F(K(i).X) ~0foralli € Q\ T},

which are clearly (co)localizing subcategories of Spy ,,. a

We thus obtain maps

supp
(3-1) {localizing subcategories of Spy , } — {subsets of Q},

supp—

cosupp

(3-2) {colocalizing subcategories of Spy ,,} +———— {subsets of Q}.

cosupp_1

We will see that these are bijections. We need the following local-global principle,
which is a slight variant of that given by Hovey and Strickland [32, Proposition 6.18].
Proposition 3.30 (local-global principle) For any X € Spy ,,

X € Locsy, ,,(X) = Locsp, , (K(i) | i € supp(X)),

X € Colocsp, , (X) = Colocsy, , (K(i) | i € cosupp(X)).

Proof Because X € Spy ,, € Sp,,, applying [32, Proposition 6.18] we have
(3-3) X € Locsp(X) = Locsp(K (i) | i € suppys(X)),

X € Colocgp(X) = Colocsp(K(i) | i € cosupp(X)).
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The result for colocalizing subcategories is then clear, as we get the same result taking
the colocalizing subcategories in Spy ,. For localizing subcategories we apply [3,
Lemma 2.5] to (3-3) with the colimit-preserving functor F' = Ly ,,: Sp — Spy ,, to see
that

LgnX = X € Locsp, , (X) = Locsp, ,(K(i) | i €suppys(X)N Q),

where we have used that

) K@) ifieQ,
Ly, K@)~
kK=" 4riga
As noted in Remark 3.26, suppyg(X) N Q = supp(X), and the result follows. m]

Remark 3.31 If follows from the local-global principle that both support and cosup-
port detect trivial objects:

supp(X) =9 < X ~0 < cosupp(X) =2.
Corollary 3.32 We have
supp” (T = Locsp, , (K@) |1 €T), cosupp” (T = Colocsp, ,(K(i) |i € T).

Proof Let A= Locsp, ,(K(i)|i € T). Because supp(K(i)) =i (Example 3.23), it
is clear that A C supp™ ! (7). Conversely, if X € supp~!(7), then Proposition 3.30

shows that
X € Locsp, (K@) |i €T)=A,

so supp~1(7) = A, as claimed. The argument for colocalizing categories is similar. O
We now give the promised classification of localizing and colocalizing subcategories.

Theorem 3.33 (1) The maps (3-1) give an order-preserving bijection between
localizing subcategories of Spy ,, and subsets of Q = {k,...,n}.
(2) The maps (3-2) give an order-preserving bijection between colocalizing subcate-
gories of Spy ,, and subsets of Q = {k, ..., n}.

Proof LetC C Spy , be a localizing subcategory and 7 C {k, ... ,n} a subset. Then
via Corollary 3.32 and basic properties of support,
supp(supp~ " (7)) = | J supp(K (i) =T.
i1€ET
Now suppose that X € C, so that supp(X) < supp(C). It follows from the definitions
that X € supp™!(supp(C)), and so C < supp™ ! (supp(C)). We are therefore reduced
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to showing that supp~! (supp(C))  C. To that end, let Y € supp~! (supp(C)), so that
supp(Y) C supp(C). Using the local-global principle, Proposition 3.30, we then have

Y € Locsy, , (K(i) | i €supp(Y)) € Locsp, , (K(i) | i € supp(C)) =C,
where the last equality follows from Proposition 3.30 again. The proof for colocalizing

subcategories is analogous. |

Notation 3.34 For the following, we recall that for C € Spy ,, the right orthogonal C +

is defined as
Ct={Y eSpy, | F(X.Y)=0forall X €C}.

Similarly, the left orthogonal C is

tc={Y eSp;, | F(Y,X)=0forall X €C}.
Moreover, the right orthogonal is a colocalizing subcategory, and the left orthogonal is
a localizing subcategory.
Corollary 3.35 The map that sends a localizing subcategory C of Spy , to ¢ induces
a bijection
(3-4) {Localizing subcategories of Spy , } —> Colocalizing subcategories of Spy ,}.
The inverse map sends a colocalizing subcategory U to +U.

Proof We follow [14, Corollary 9.9]. Let C be a localizing subcategory; then, using
Remark 3.31 and Lemma 3.27,

Ct={Y €Sp, | F(X,Y)=0forall X €C}
={Y € Spg,, | cosupp(Y) Nsupp(C) = &}
={Y € Spy,, | cosupp(¥) € Q\ supp(C)}

= cosupp_ ' (Q \ supp(C)).
Similarly, if I/ is a colocalizing subcategory, then
LU ={X eSp, | F(X.Y)=0forall Y e}
={X € Spy, | cosupp(Uf) N supp(X) = &}
= {X € Spg, | supp(X) € Q\ cosupp(UY)}
= supp™ ' (Q \ cosupp(UA)).
It follows that under the equivalences of Theorem 3.33, the maps C — C+ and U — 11U

correspond to the map Q — Q sending a subset to its complement, and are thus mutually
inverse bijections. O
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3D The Bousfield lattice

We recall the basics on the Bousfield lattice of an algebraic stable homotopy theory. In
order to avoid confusion with the (localized) categories of spectra considered previously
we let (C, A, 1) denote a tensor triangulated category.

Definition 3.36 The Bousfield class of an object X € C is the full subcategory of

objects
(X)y={WeC|XAW =0}

Remark 3.37 We always assume that our categories are compactly generated and
hence there is a set of Bousfield classes [34, Theorem 3.1].

Remark 3.38 We let BL(C) denote the set of Bousfield classes of C. As is known, this
has a lattice structure, which we now describe. We say that (X) <(Y)if Y AW =0
implies X AW = 0. Hence, {(0) is the minimum Bousfield class, and (1) is the maximum.
The join is defined by \/;¢;(Xi) = ([l &7 Xi), and the meet is the join of all lower
bounds.

Proposition 3.39 The Bousfield lattice BL(Spy ,) is isomorphic to the lattice of
subsets of Q via the map sending (X) to supp(X).

Proof Define a map that sends 7 € Q to (\/; - K(i)) in BL(Spg ,). We claim that
this gives the necessary inverse map. By the local-global principle (Proposition 3.30),

Locsp, ,(X) = Locsp, , (K(i) | i € supp(X)).

In particular, X A W ~ 0 if and only if K(i) AW 2~ 0 for all i € supp(X), so

(3-5) (X) = < \/ K(i)>.

i €supp(X)

The result then follows by direct computation. a

3E The telescope conjecture and variants

We begin by considering variants of the telescope conjecture in the localized categories
Spk’n using work of Wolcott [55].

Definition 3.40 Fori € Q, let ll.f : Spk,n = SpPk,, denote finite localization away from
LinF(G+1).
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Remark 3.41 Because Ly , F(i + 1) is in Spy’ , by Theorem 3.8, this is a smashing
localization.

Remark 3.42 By [55, Proposition 3.8] we have an equivalence of endofunctors of
Spg, (recall that (Tel(n)) is the Bousfield class of a telescope of a finite type n
spectrum),

l,-f >~ L1, Tel(0)V Ly p Tel(1) V-V Ly Tel(i)-

We note that L , Tel(j) is trivial when j ¢ Q by [48, Proposition A.2.13]. In particular,
ll-f > DL Tel(k)vevLip Tel(i)-
We also consider the following Bousfield localization on Spy ,,.

Definition 3.43 For i € Q, let /;: Spy , — Spg, denote Bousfield localization at
K(k)v Kk +1)v---vK(@).

Remark 3.44 Following Wolcott [55], we consider the following variants of the
telescope conjecture on Spy ,, fori € Q:

LTCL (Lg,, Tel(i)) = (K(i)) in BL(Spg ,)-

LTC2; lif X = [; X for all X, or equivalently,

i i
<\/ Lin Tel(j)> = <\/ K(j)>
J=k J=k
in BL(Spy ,)-
LTC3; If X is atype i spectrum and f is a v; self-map, [; (Lg ,X) = Lk,n(f_lX).
GSC Every smashing localization is generated by a set of compact objects.

SDGSC Every smashing localization is generated by a set of dualizable objects.
Here LTC stands for the localized telescope conjecture, GSC is the generalized smashing
conjecture, and SDGSC is the strongly dualizable generalized smashing conjecture. We

emphasize the difference here because compact and dualizable objects do not coincide
in Spy , when k # 0.

Proposition 3.45 On Spk > we have that LTC1;, LTC2; and LTC3; hold for all i € Q.

Proof By [55, Theorem 3.12] it suffices to prove that LTC1; holds. By Proposition 3.39
this will follow if we show that Ly , Tel(i) and K (i) have the same support in Spy .
To see this, we have supp(K(i)) = {i } by Example 3.23, while supp(Tel(i)) = {i } by
[55, Lemmas 2.10 and 3.7]. O
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We now classify all smashing localizations on Spy ,, and show that all variants of the
telescope conjecture hold.

Theorem 3.46 Let L be a nontrivial smashing localization functor on Spy, ,,. Then
~ lf ~ l; for some j € Q. In particular, the GSC and SDGSC both hold in Spy ,,.

Proof We closely follow [55, Theorem 4.4]. Throughout the proof we let 1 denote
L., S°, the monoidal unit in SPg - s0 that (L) = (L1). By (3-5),

(L1) = < \/ K(i)>.

i €supp(L1)

Note that supp(L1) is nonempty because we assume L # 0. Hence, we can fix
J € supp(L1) such that (K(j)) < (L(1)) in BL(Spg ;). It follows that Lg ;)L =~
LLg(j)y >~ Lk and (Lg(;y1) = (Lg(;)1 A L1) < (L1) in BL(Spg ,,). We also note
that Lg )1 = LK(j)Lk’nSO ~ LK(J')SO‘

By [32, Proposition 5.3], (LK(]-)SO) = {zO(K(i)) in BL(Sp), and it follows easily
that (Lk(;)S®) = \V//_ (K(@)) in BL(Spk,n). It follows that (L1) > \/7_, (K(i)) in
BL(Spg.,,)- We deduce that (L1) = :k(K(i)), where j = max{supp(L1)}, and
hence by Proposition 3.45 that L ~ l ~ [;. Finally, because L, F'(j + 1) is compact
and therefore also dualizable in Spy ,, both the GSC and SDGSC hold in Spy . d

Remark 3.47 Using [30, Proposition 3.8.3] and Theorems 3.33 and 3.46 one can
reprove the thick subcategory theorem Theorem 3.16.

4 Descent theory and the E(n, J;)-local Adams spectral
sequence

In this section we use descent theory to construct an Adams-type spectral sequence in
the E(n, Ji)-local category. Using descent, we shall see that this has a vanishing line
at some finite stage. Moreover, for p > n, we show that the E(n, Ji)-local Adams
spectral sequence computing 7w« L , S 0 has a horizontal vanishing line on the E,—page,
and there are no nontrivial differentials.

4A Descendability

We begin with the notion of a descendable object in an algebraic stable homotopy
category.
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Remark 4.1 We recall that in C there is an co—category CAlg(C) of commutative
algebra objects; see [40, Chapter 3]. Moreover, given A € CAlg(C) we can define a
stable, presentable, symmetric monoidal oco—category Mod4(C) of A-modules internal
to C, with the relative A-linear tensor product [40, Section 4.5]. We will mainly focus
on the case A = E, and C = Spy ,,, so that Modg,, (Spg_,) denotes the co—category
of E(n, Ji)-local E,—modules, that is E,—modules whose underlying spectrum is
E(n, Ji)-local, with monoidal structure A A B = Ly ,(A Ag B).

Remark 4.2 Note that £, € CAlg(Sp) by the Goerss—Hopkins—Miller [21] theorem,
and so E, € CAlg(Spy ) as well. On the other hand, E(n, Ji) will not, in general, be a
commutative ring spectrum (for example, K(n) is never a commutative ring spectrum).

Definition 4.3 [41, Definition 3.18] A commutative algebra object A € CAlg(C)
is said to be descendable if 1 € C is A-nilpotent (Definition 3.3), or equivalently
C = thickg (A4).

One reason to be interested in descendable objects is the following [41, Proposition
3.22].

Proposition 4.4 (Mathew) Let A € CAlg(C) be descendable. Then the adjunction
C = Mod¢(A) given by tensoring with A and forgetting is comonadic. In particular,
the natural functor from C to the totalization

C— Tot( Mod 4(C) =X Mod g 4(C) 3 )

is an equivalence.
We also note the following [41, Proposition 3.19].

Proposition 4.5 (Mathew) If A € CAlg(C) is descendable, then the functor
C— Mody(C), M—MAA,

1S conservative.

4B Morava modules and L-complete comodules

The following theorem, essentially due to Hopkins—Ravenel [48], shows that the
results of the previous section can be applied in Spy ,,. We note that E, € Sp is a
commutative algebra object; this is the Goerss—Hopkins—Miller theorem [21]. It follows
that £, € CAlg(Spy ,)-
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Theorem 4.6 FE, € CAlg(Spy ,) is descendable, and there is an equivalence of
symmetric-monoidal stable co—categories

(4-1) SPi.n = Tot( Modg, (Spg ,) =X Modg, R, (SPk.») =5 )

Proof It is consequence of the Hopkins—Ravenel smash product theorem that £, €
CAlg(Sp,,) is descendable; see [41, Theorem 4.18]. It follows from [41, Corollary 3.21]
that Lg , En >~ Ej, is descendable in Spy ,. The equivalence then follows from
Proposition 4.4. a

By Proposition 4.5 we deduce the following.

Corollary 4.7 The functor Ey A (—): Spg , — ModE, (Spg ,,) is conservative.

We therefore define the following.

Definition 4.8 For X € Sp; ,, the Morava module of X is (Exn)y X i=mx(Ep AN X).

We recall that Ly , X ~ l(iLnj (Ln X AMp(j)) (Proposition 2.24). The Milnor sequence
then gives the following.

Lemma 4.9 There is a short exact sequence

0= tim" (Ep)st1 (X A M;j (k) = (Eg)Y X — lim E(X A M; (k) — 0.
J J

Example 4.10 If (E,)«X is a free (E,)«—module, then the 1(iLn1 term vanishes and it
follows that (Eg )y X = (E*X)}\k.

Remark 4.11 As the short exact sequence shows, (Ex )y X is not always complete
with respect to the Ix—adic topology. However, it is always L(I)k —complete in the sense
of [32, Appendix A]—this the same argument as given in [32, Proposition 8.4(a)].

4C The E(n, Ji)-local E,—Adams spectral sequence

In this section we construct an Adams-type spectral sequence in the E(n, Ji)-local
category. When k = 0, this is the E,—Adams spectral sequence, while when k = n
this is the K(n)-local E,—Adams spectral sequence considered in [16, Appendix A].
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To begin, we recall that the cobar (or Amitsur) complex for £y in Spy , is
CB*(Epn): En = En NEp =5+ .

Definition 4.12 Let E;ti};k v (g (En)x, (En)x) := H* (2 (CB®(En))), ieitis the

cohomology of the complex

(En)x =3 (Eg)¥ (En) -+ .

More generally, we let

Ext®*

(o vy By (En)xs (B )y (X)) 1= H (4 (X A CB*(En))).

Proposition 4.13 For any spectrum X there is a strongly convergent spectral sequence

By 2Bty vy (En)es (Exn) (X)) = ma(Lin X)

which has a horizontal vanishing line at a finite stage (independent of X).

Proof This is the Bousfield—Kan spectral sequence associated to the tower
X ACB*(Ep).

The claimed results are a consequence of descendability (Theorem 4.6); see [41,
Corollary 4.4; 42, Example 2.11, Propositions 2.12 and 2.14]. |

Remark 4.14 For the Spg,)—local homotopy category, this completed Ext can be
interpreted as an Ext group in the category of L(I)” —complete comodules [9]. In the case
of X = S Morava’s change of rings theorem, in the form [9, Theorem 4.3], shows
that

Ey" = H}(Gn. (En)s).

the continuous cohomology of the Morava stabilizer group G,, and this spectral
sequence is isomorphic to that considered by Devinatz and Hopkins in [16, Appendix A].
The key point is the computation that

(En)Z(En) >~ Hom®(Gp, (En)+),

for which see [29]. We remark that we do not know what (E ;) (E,) is for k # n.
However, the same arguments as in [9] go through; the pair ((E,)«, (Ek )y (En)) is
an L(I)k —complete comodule, and if (Eg ), (X) is either a finitely generated (Ej)«—
module, is the [p—adic completion of a free-module, or has bounded [;—torsion,
then (E ,)y (X) is a comodule over this Hopf algebroid — see [9, Lemma 1.17 and
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Proposition 1.22]. The relative homological algebra studied in [9, Section 2] also goes
through to see that Ext>* as used above is a relative Ext group in the category of
L(I)k —complete comodules. We will not use this in what follows, so we leave the details
to the interested reader.

Remark 4.15 1In [26, Section 7] the authors construct the K(n)-local Adams spectral
sequence for dualizable K(n)-local X as the inverse limit of the £E,—Adams spectral
sequences for X A M, (j). The following result recovers the identification of the
E,—term in the case k = n.

Proposition 4.16 Let My (j) be a tower of generalized Moore spectra of height k.
Then there is an isomorphism

BXUp vy (e (En)) = TmEXCE o ((En)e, (En)s(M())).
J

S,t
(Ek.n,)l(En)

(En)s =3 (Ex)¥ (En) = -+- .

The ™ term of this complex is the homotopy of Ly, (E,") =~ lim (E) A Mg (j)) by
Proposition 2.24, and there is a corresponding Milnor exact sequence of the form

Proof By definition, Ext ((En)«, (Ey)x) is the cohomology of the complex

0— lim' 7 11 (E)' A My () = mg (L n (EpY)) — lim g (B A Mg (j)) — 0.
J J
We note that £, is Landweber exact, as the smash product of Landweber exact spectra;
see [12, Lemma 4.3]. It follows that 7« (EN A My (j)) = m(ENT)/ (P, . . ., uf =l
for suitable integers iy, ..., iy—1. In particular, the maps in the tower are surjections
by the construction of the tower { M (j)} (see Remark 2.19), and so the l(iiljl.—term
vanishes, and
(Exn)Y (Ey™) = mi(Lin(Ep) 2= lim g (B A My ().
J
Note that the cohomology of the complex {7y (EL A M (j))}¢ is

Exta’;)*En ((En)*, (En)*(Mk ( )))

Therefore, there is an exact sequence

0= tim' Bxfy 7, ((Bn)e (BEn)e (M) = BRGE g,y (Bl (Ew))

> ImExt(; ) o ((En)x. (En)x(Mg(/))) = 0.
J
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We will see below in Corollary 4.22 that Ext?gn)*En ((En)x. (En)«(Mi(j))) is finite,

and so the linjl —term vanishes in the exact sequence, and the result follows. O

Remark 4.17 It follows that when k # 0, the groups E)?t”(v};k 3 () (En)xs (En)s)
are profinite, ie either finite or uncountable. Contrast the case k = 0, where
Bxts ) g (En)e, (En)s)

is countable [28, Proof of Lemma 5.4].

4D Vanishing lines in the E(n, Ji)-local E,—Adams spectral sequence

In Proposition 4.13 we constructed a spectral sequence
EXtiék,n);/(En)((En)*’ (En)x) = 71—s(Lic.n S°).

and showed that, as a consequence of descendability, this has a horizontal vanishing
line at some finite stage. In the extreme cases of k = 0 and k = n it is known that when
p>nand X = S°, this vanishing line occurs on the E>—page, and occurs at s = n2 +n
and s = n?, respectively; see [31, Theorem 5.1] and [47, Theorem 6.2.10]. In this
section, we show (Theorem 4.24) that the analogous result occurs in general; for p > n
there is a vanishing line on the E>—page of the spectral sequence of Proposition 4.13
above, and s = n? 4+ n — k in the case X = S°. The proof relies on a variant of the
chromatic spectral sequence [47, Chapter 5], which we now construct. Along the way
we prove Corollary 4.22, which also completes the proof of Proposition 4.16.

Remark 4.18 (the chromatic spectral sequence) Fix k <n, and for 0 <s <n —k let
M denote the (Ej)«(E,)—-comodule
u,:Jlrs(En)*/(p, ULy oo U1 UG s Upgg1)-
Arguing as in [47, Lemma 5.1.6], there is an exact sequence of (Ey)«(E,)—comodules
(En)s/Ip —> M° > M" > ... > M" k0.

Applying [47, Theorem A.1.3.2], there is then a chromatic spectral sequence of the
form

42) EP* Ext;gn)*(En)((E,,)*, M®) = Extg:)’j(En)((En)*, (En)«/1I1).

Proposition 4.19 In the chromatic spectral sequence (4-2),

Extzngrs)*(EkJrS)((E;H_S)*, (Eras)«/ (..., Up—1, U, ... uRS ) ifs <n—k,
0 if s > n—k.

S,r*
El =
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If particular, if p — 1 does not divide k + s, we have E}"""* =0 for r > (s + k)?. Thus,
if p — 1 does not divide k + s for all 0 < s <n —k,? then

EXti’E*n)*(En)((En)*’ (En)*/lk) =0
fors >n%+n—k.

Proof This is similar to the proof by Hovey and Sadofsky [31, Theorem 5.1], which is
the case where kK = 0. We first recall the change of rings theorem of Hovey and Sadofsky
[31, Theorem 3.1]; if M is a BP« BP—comodule, on which v; acts isomorphically, and
n > j, then there is an isomorphism?3

Extgp pp(BPx, M) = Ext(y ) o ((En)x. (En)x ®pp, M).
Applying this change of rings theorem twice to the BPy BP—-comodule
u;_lHBP*/(p, e U1 U u;;oﬂ_l)
with j =k + s and j = n shows that the E1—term has the claimed form.

For brevity, let us denote / = (p, ..., ug—1,ug", ..., ugs ;). By Morava’s change
of rings theorem,

EXC ) (benny(Ei)er (Eigs)e/ 1) = H (Gt (Eas)w/ ).

Morava’s vanishing theorem [47, Theorem 6.2.10] shows that if p — 1 does not divide
k + s, then

Hr(Gk—i-Sv (Ek+s)*) =0

for r > (k +s)?. Along with an argument similar to that given by Hovey and Sadofsky’s,
using standard exact sequences and taking direct limits we find that

EX'[Z};HS)*(EHS)((EHQ*, (Ex+s)«/1) =0

for r > (k + 5)? as well. |

Remark 4.20 Let M} denote a generalized Moore spectrum of type k. Then there is
an obvious analog of this spectral sequence, whose abutment is

Bt 25" o (En)e (En)a(Mp0) 2 EXC 5" o ((Ena (En)a/ (P, ... uf2))
2Taking p > n + 1 suffices, but may not be optimal.

3Hovey and Sadofsky work with E(n) instead of Ej, but this does not change anything in light of [33,
Theorem C].

Algebraic & Geometric Topology, Volume 23 (2023)



3686 Drew Heard

with E1—term of the form

e JEXGE(Bisdo (B (0 L, i, ) ifs <k,
L

ifs >n—k.

Remark 4.21 The following completes the proof of Proposition 4.16.

Corollary 4.22 Let M, denote a generalized Moore spectrum of type k. Then the
group Extzgn)*(En)((En)*, (En)«(Mpy)) is finite.

Proof By taking appropriate exact sequences it suffices to show this for (Ej)«/ Iy
(alternatively, one can argue directly using the spectral sequence of Remark 4.20). Given
the chromatic spectral sequence, we can reduce to showing that H" (G 45, (Eg45)x/1)
is finite, with I as in the proof of the previous proposition. For this, see Proposition 4.2.2
of [54]. |

Corollary 4.23 Let My, denote a generalized Moore spectrum of type k. Then if p — 1
does notdividek +s for0<s <n—k,

EXt(z, ), (£ (En)s: (En) (M) =0
fors >n%+n—k.

Proof Recall that (E,)«(My) = (En)«/(p%, ..., u;.ck__ll) for a suitable sequence of
integers (i, . ..,ix—1). The result for the sequence (1, ..., 1) holds by Proposition 4.19,

and therefore in general by taking appropriate exact sequences. a

Theorem 4.24 Suppose p — 1 does not divide k + s for 0 <s <n —k. Then

Xz, v (g (En)x. (En)e) =0

fors >n?+n—k.
Proof Combine Proposition 4.16 and Corollary 4.23. |

Remark 4.25 The condition on the prime is always satisfied if p is large enough
compared to n (in fact p > n + 1 suffices). This suggests the following, which we do
not attempt to make precise: for large enough primes, the cohomological dimension
of (E,)« in a suitable category of (completed) (Eg ). (En)—comodules is finite, and
equal to n? +n —k.
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We also have the following expected sparseness result.

Proposition 4.26 Letqg =2(p —1). Then

BX, ¢ (5, (Bn)es (En)e) = 0
forall s andt unlesst =0 mod g. Consequently, in the spectral sequence of Proposition

4.13, d;, is nontrivial only if r = 1 mod ¢ and E;;’q*Jrz = E;;’;_,_q+1 for allm > 0.

Proof Using Proposition 4.16 it suffices to show the first statement for the £;—term of
the chromatic spectral sequence of Proposition 4.19. Again using the Hovey—Sadofsky
change of rings theorem, this E1—term is isomorphic to

8%, % -1 o0 o0
ExtBP*BP(BP*,uk+SBP*/(p, e U1, U, ,...,uk+s_1)).

Now apply [47, Proposition 4.4.2]. |

S Dualizable objects in Sp; ,

In this section we use descendability to characterize the dualizable objects in Spy ,.
As noted previously, as long as k # 0, these differ from the compact objects studied in
Section 3A.

Definition 5.1 Let (C, A, 1) be a symmetric-monoidal co—category. Then X € C is
dualizable if there exists an object D¢ X and a pair of morphisms

e:DeXANX—>1, c¢c:1—>XADeX
such that the composites
X NG XY ADX AX 192 X DeX YA DX AX ADeX 42 Dox

are the identity on X and D¢ X, respectively.

Remark 5.2 The definition makes it clear that X € C is dualizable if and only if it is
dualizable in the homotopy category of C. Moreover, a formal argument shows that,
if it exists, we must have D¢ X ~ F(X,1). Finally, for the equivalence with other
definitions of dualizability the reader may have seen, see [17, Theorem 1.3].

Definition 5.3 We let %% C C denote the full subcategory consisting of the dualizable
objects of C.

Remark 5.4 The full subcategory C%! is a thick tensor ideal [30, Theorem A.2.5].
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We have the following relationship between descent theory and dualizability.

Proposition 5.5 Let A € CAlg(C) be descendable. Then the adjunction C <5 Mody4 (C)
gives rise to an equivalence of symmetric monoidal co—categories

cdal _, TOI( Mod 4 (C)dual — Modgn 4 (C)dual 3 )
In particular, M € C is dualizable it and only it M N A € Mod4(C) is dualizable.

Proof The first claim follows from Proposition 4.4 because passing to dualizable
objects commutes with limits of co—categories [40, Proposition 4.6.1.11]. The second
is then an easy consequence, using that all the maps in the totalization are symmetric
monoidal. i

5A Dualizable objects in the E(n, J;)-local category
Using Theorem 4.6 and Proposition 5.5 we deduce the following.

Proposition 5.6 The adjunction Spy ,, < Modg, (Spg ) gives rise to an equivalence
of symmetric monoidal co—categories

Spi‘jfll — Tot( Modg, (Spk,n)dule = Modg, zE, (Spk’n)dual 3 )

In particular, X € Spy , is dualizable if and only if E, A X € Modg, (Spg ) is
dualizable.

This proposition suggests we begin by studying dualizable objects in the category
Modg, (Spk ,)- Fortunately, these have a nice characterization. We begin with the
following.

Lemma 5.7 If X is dualizable in Modg,, (Sp ) then the spectrum underlying X is
K(n)-local.

Proof We first note that for any M € Modg, (in particular, for M = X)), the Bousfield
localization Lg )M is the spectrum underlying ng Ax» Where the latter denotes
the Bousfield localization with respect to E, A X internal to the category of E,—
modules. In particular, the localization map M — L g,)M is amap in Modg, ; see [19,
Chapter VIII], particularly [19, Proposition VIIL.1.8]. If follows that K (n)-localization

defines a localization

Lgn):Modg, (SPk,n) — Modg, (SpK(n)).
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Because X € Modg, (Spk’n)d”al, using [30, Lemma 3.3.1], we see that there are
equivalences

LxmyX = Len(Lkm)En) NE, X) = Lg y(En ANE, X) = Lgpy X =~ X. O

Remark 5.8 For the following, we let K, =~ E,/I,. This is a 2—periodic form of
Morava K—theory; indeed,
(Kn)xX = (Kn)x Qk(n), K(n)«X,

and so (K(n)) = (K, ). We use this only because K, is naturally an E,-module.

Proposition 5.9 For X € Modg,, (Spg ) the following are equivalent:
(1) X is dualizable in Modg,, (Sp_,)-
(2) X is compact (equivalently, dualizable) in ModEg, (Sp).

(3) The spectrum underlying X is K (n)—local and the homotopy groups w« (K, AE,X)
are finite.

Proof We first show that (2) implies (1). The compact objects in Modg, (Sp) are
precisely those in the thick subcategory generated by Ej; see, for example, [40,
Proposition 7.2.4.2]. Since E, € Modg, (Spk,n)d“al, and the collection of dualizable
objects is thick, the implication (2) implies (1) follows.

Conversely, assume that (1) holds. As above, we have a symmetric-monoidal localiza-
tion
Lk(n): Modg, (Sp. ;) — ModE, (Spg(n))-

which preserves dualizable objects (as any symmetric-monoidal functor does). Using
Lemma 5.7 it follows that L g, X = X is dualizable in Modg,, (Spk,)). which implies
by [41, Proposition 10.11] that X is compact in Mod g, (Sp).

Finally, the equivalence of (2) and (3) is well known; see for example Proposition 2.9.4
of [25].4 O

Remark 5.10 Suppose X € Spys), so that Ly ,(En A X) € Modg, (Spy,)™*. The
previous proposition then implies that

Lgn(En ANX) > Lg@yLign(En AX) > L) (En A X).
In other words, for dualizable X, there is an isomorphism (Ex )y (X) = (En )y (X).

“4Lurie has confirmed via private communication that the cited proposition [25, Proposition 2.9.4] should
additionally have the assumption X is K(n)-local in condition (3).
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We now give our characterization of dualizable spectra in Spy , — see [32, Theorem 8.6]
for the case k = n. We note that even in this case our proof, which uses descendability,
differs from that of Hovey and Strickland.

Theorem 5.11 The following are equivalent for X € Spy, ,:

(1) X is dualizable.

(2) X is F—small, ie for any collection of objects {Z; }, the natural map

Lin (\/ F(X, Z,-)) —F (X, Lin (\/ Zi))
i i
is an equivalence.
(3) EnAX € Modg, (Spx_,) is dualizable.
(4) E, A X €Modg, (Sp) is dualizable (equivalently, compact).
(5) E, AX is K(n)-local and (K,)«X is finite.
(6) (Ek.n)+ (X) is a finitely generated E «—module.

Proof The equivalences between the first five items come from [30, Theorem 2.1.3(c)]
((1) <= (2)), Proposition 5.5 ((1) <= (3)) and Proposition 5.9 ((3) <= (4) <= (9)).
We note that if M is an E,—module, then M is compact if and only if M is finitely
generated over (Ej)«; see [22, Lemma 10.2(i)]. Applying this with M = E, A X gives
the equivalence between (4) and (6). |

Finally, we show that there is only a set of isomorphism classes of dualizable objects.

Lemma 5.12 There are at most 280 isomorphism classes of objects in Spi“fll.

Proof This is the same as the argument given in [32, Propositon 12.17]. Namely,
there are only countably many finite spectra X’ of type at least k, and for each one
[L,X', L, X'] is finite, so L, X’ has only finitely many retracts. By Theorem 3.8
it follows that there is a countable set of isomorphism classes of objects in Sp;g,n.
If U and V are finite, then [U, V] is finite, and so there are at most Ngo = 2%o
different towers of spectra in Spi)’n. For X € Spi‘j;‘;l, write X ~ l(illj X AMp(j), as
in Proposition 2.24. Because X is dualizable and M (j) is compact, X A My (j) is
compact [30, Theorem 2.1.3(a)]. Therefore, X is the inverse limit of a tower of spectra

in Sp%’ . and hence there are at most 280 isomorphism classes of objects in Spi“fll. |
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5B The spectrum of dualizable objects

In Theorem 3.16 we computed the thick subcategories (equivalently, thick tensor-ideals)
of compact objects in Spy ,. One could also ask for a classification of the thick tensor-
ideals of dualizable objects in Spy ,,, or equivalently a computation of the Balmer
spectrum Spc(szt‘Zl) (which is well defined by Lemma 5.12). Based on a conjecture
of Hovey and Strickland, the author, along with Barthel and Naumann, investigated
Spc(Sp‘}g(arll)) in detail in [10], showing that the Hovey—Strickland conjecture holds
when n = 1 and 2, and that in general it is implied by a hope of Chai in arithmetic

geometry. In this section, we make some general comments regarding Spc(Spi”fll .

Remark 5.13 The following full subcategories were considered in the case k = n by
Hovey and Strickland [32, Definition 12.14].

Definition 5.14 For i < n, let D; denote the category of spectra X € Sp%“:‘ll such that

X is aretract of Y A Z for some Y € Spi“fll and some finite spectrum Z of type at

least i. It is also useful to set D, 4+1 = (0).

Remark 5.15 We note that D ~ Spy’ , ; this is a consequence of the characterization

of compact objects given in Theorem 3.8, and that Dy = Spiuzl.

The following is [32, Proposition 4.17].

Lemma 5.16 X is in Dy if and only if X is a module over a generalized Moore

spectrum of type k. Moreover, D, C Spi“fll is a thick tensor ideal.

Hovey and Strickland conjecture that in the case kK = n these exhaust the thick-tensor
ideals of Sp‘}é’a). This has been investigated in detail in [10]. We conjecture this holds

more generally in Spy .

Conjecture 5.17 If C is a thick tensor-ideal of sz“fil, then C = D; for some 0 <i <

n + 1. Equivalently,
SPC(SP%:Z]) ={D1,....Dnyt1}

with topology determined by the closure operator {D; } = {Dj|j=i}.

dual
n,n

In this section we show that if Conjecture 5.17 holds K (n)-locally, ie for Sp then

it holds for all Spi“fl]. We first recall the following definition.

Algebraic & Geometric Topology, Volume 23 (2023)



3692 Drew Heard

Definition 5.18 Suppose F': K — L is an exact tensor triangulated functor between
tensor-triangulated categories. We say that F detects tensor-nilpotence of morphisms
if every morphism f: X — Y in K such that F(f) = 0 satisfies f®™ = 0 for some

m>1.
We will use the following.

Proposition 5.19 Suppose A € CAlg(C) is descendable. Then extension of scalars
C — Mod4(C) detects tensor-nilpotence of morphisms.

Proof Let / denote the fiber of 1 —> A, and let &: I — 1 denote the induced map. By
[43, Proposition 4.7] if A is descendable, then there exists m > 1 such that / om _ 1 is
null-homotopic, ie £ is tensor-nilpotent. We can now argue as in (ii) implies (iii) of [5]:
suppose we are given f: X — Y, amorphisminC,with A® f:AQX > AQY
null-homotopic. Now consider the diagram of fiber sequences:

i-'®idX> n®idy

I®X X > AR X
idy ®fl lf lidA ®f
IQY §®idy> Y T]®idy> AQY

We see that (n ® idy) f is null-homotopic, so f factors through £ ® idy, which is
tensor-nilpotent. a

The following is our key observation.

Proposition 5.20 If i > k, then the map induced by localization

Spe(Spyt) — Spe(Spja)

i,n
is surjective.

Proof By [6, Theorem 1.3] it suffices to show that the functor L; 5 : Spiuzl — Spq“‘ﬂIl

i,n
detects tensor-nilpotence of morphisms. To that end, let f: X — Y be a morphism in
Spi“;‘;l with L; ,(f) = 0, so that we must show "™ = 0 for some m > 1. Because

En € Spy ,, is descendable, Proposition 5.19 shows that

Lk,n(En A _): Spk,n - MOdEn (Spk,n)

detects tensor-nilpotence of morphisms, and hence so does its restriction to dualizable
objects; ie L ,(En A f) = 0 implies f”" = 0 for some m > 1. In other words,
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it suffices to show that Ly ,(E, A f) is trivial. By Lemma 5.7 however, this is a
morphism in Modg, (Sp, ,,). In particular,

Lk,n(En A f) = Li,n(En N f) = Li,n(En N Li,n(f)) =0

because L; ,(f) = 0 by assumption. |
Theorem 5.21 Suppose Conjecture 5.17 holds for Sp“"”11 Then it holds for all Spd“al.

Proof By [10, Proposition 3.5], Conjecture 5.17 holds for Spdual if and only if
Lyy: Spd”“Il — Spdual induces a homeomorphism on Balmer spectra. In other words,
the composite, induced by the localization maps,

Spc(Spdual) — Spc(SpOlual ) —> e —> Spc(Spdual

n—1,n

dual
n—1,n

is a homeomorphism. It follows that Spc(L;—1,,): Spc(Spd”‘ﬂ) — Spc(Sp ) is
an injection, and hence a bijection by Proposition 5.20. Using that Spc(L,—1,,) is
continuous and the topologies on each space, we see that it is fact a homeomorphism.
It follows that Spc(Spfl‘f‘l1 2 — Spc(Spd“al) is a homeomorphism, and we can now

repeat the argument. a

By [10, Theorem 4.15], Conjecture 5.17 holds for Sp$"3. Along with Theorem 5.21
we deduce the following.

Corollary 5.22 The Balmer spectrum Spc(Spd“al) = {D1, D, D3} with
0)=D3ED2 & Dy = SP1,2-

In particular, if C is a thick tensor-ideal of Spclhj‘z‘l, thenC =Dy, for 0 <k <3.

6 The Picard group of the Sp, ,—local category

In this section we study invertible objects in the Spy ,—local category. We show that
invertibility of an object can be detected by its Morava module. We construct a spectral
sequence computing the homotopy groups of the Picard spectrum of Spy , and use
this to show that if p is large compared to n, then the Picard group of Spy , is entirely
algebraic, in a sense we make precise.

6A Invertible objects and Picard spectra

We recall that if C is a symmetric monoidal category, we denote by Pic(C) the group of
isomorphism classes of invertible objects; a priori this could be a proper class, but if
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C is a presentable stable co—category (which it will always be in our cases), then it is
actually a set [44, Remark 2.1.4].

The following standard lemma will be useful for us. Here we write D¢ (X) for the dual
of an object in a category C, ie D¢(X) = F(X,1). Note that an invertible object is
always dualizable [30, Proposition A.2.8].

Lemma 6.1 Let F:C — D be a symmetric-monoidal conservative functor between
stable co—categories. Then X € C is invertible if and only if F(X) € D is invertible.

Proof We first note that X is invertible if and only if the natural morphism
X ®c D¢ (X ) — 1c

is an equivalence; see [30, Proposition A.2.8]. Because F is assumed to be sym-
metric monoidal and conservative, this is an equivalence if and only if it is so after
applying F; ie if and only if F(X) ®p F(D¢(X)) — 1p is an equivalence. But
F(D¢(X)) ~ Dp(F (X)), as symmetric-monoidal functors preserve dualizable objects,
and the result follows. O

Remark 6.2 To our symmetric monoidal category C we can instead associate the
Picard spectrum pic(C) [44, Definition 2.2.1]; this is a connective spectrum with the

ty that
property tha Pic(C) ifi =0,

i (pic(C)) = 4 (wo(Endc(1))* ifi =1,
wi—1(Ende (1)) if i > 1.
The key advantage of using the Picard spectrum is that, as a functor from the co—category
of symmetric monoidal co—categories to the co—category of connective spectra, pic
commutes with limits [44, Proposition 2.2.3].

Example 6.3 Let C be a category and A € CAlg(C). Then the Picard spectrum of the
category Mody4 (C) of A—modules internal to C satisfies

Pic(Mod4(C)) ifi =0,
i (pic(Mod4(C)) = | (mo(Home(1c, A))* ifi =1,
wi—1(Home(1¢, A)) ifi > 1.
This follows because A is the tensor unit in Mod4 (C). Indeed, writing F':C — Mod¢(A)
for the extension of scalars functor (so that A >~ F(1¢)), we have

Endpjoq, () (A) = Homygeq, () (F (1¢), A) >~ Home(1¢, A)

by adjunction.
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6B Invertible objects in the Sp; ,-local category

Our main group of interest is the Picard group of K(k) Vv ---Vv K(n)-local spectra.

Definition 6.4 Let Pic , = Pic(Spy ;). the group of invertible K (k) V- -V K(n)-local
spectra.

Remark 6.5 By [36, Lemma 2.2] the localization functors induce natural morphisms
Pico,, — Picy,n — -+ — Picy 5.

Remark 6.6 The morphism X +— E, A X induces a functor

Picy , — Pic(ModE,, (Spy.»))-

We can fully understand the latter Picard group.

Lemma 6.7 Forall 0 <k <n,

Pic(Modg,, (Spg,)) = Pic(Modg,,) = Pic(Ey,) = Z/2.

Proof We always have Pic(Modg, ) € Pic(Modg, (Spg_,)) because any invertible
E,—module is compact, and hence E(n, Ji)-local. The other inclusion follows if any
M € Pic(Modg,, (Spy ,)) is compact as an Ey—module. Such an M is automatically
dualizable in Modg,, (Spy ,,), and hence compact in Modg,, by Proposition 5.9. This
gives the first of the above isomorphisms, and the others hold by work of Baker and
Richter [2]. O

We now give criteria for when X € Picy ,, is invertible. This (partially) extends work
of Hopkins, Mahowald and Sadofsky [26], who considered the case k = n.

Theorem 6.8 Let X € Spy ,,. The following are equivalent:
(1) X €Picgp.
(2) En A X €Pic(Modg, (Spk »))-
(3) EnAX €Pic(Modg,).
(4) (Ek.n)y X = (En)«, up to suspension.

Proof The equivalence of (1) and (2) follows from Corollary 4.7 and Lemma 6.1,
while the equivalence of (2) and (3) follows from Lemma 6.7, which also shows that
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(3) implies (4). Finally, to see that (4) implies (3), we note that if M is any E,—module
whose homotopy groups are free of rank one over (E,)x«, then M is equivalent to a
suspension of Ej; for the elementary proof, see [23, Proposition 2.2]. Thus, (4) implies
that E, A X >~ E,, up to suspension, and hence (3) holds. a

Remark 6.9 When n = 1, there are two possibilities, the K(1) and E(1)-local Picard
groups, both of which are known:

ZeZ]2 ifp=2, Pic, | = Iy ®Z/4D7/2 if p =2,
Z if p> 2, ’ Zp®Z/(p—1)DZ/2 if p>2.
These are due to Hovey and Sadofsky [31] and Hopkins, Mahowald and Sadofsky [26],
respectively.

When n = 2, we have three possibilities, the K(2), K(1) Vv K(2), and E(2)-local Picard
groups. The first and last are known for p > 2:

PiC(),l = {

. ZSL/3BL)3 if p=3,

P1002= .
’ Z if p > 3,

b, _ |23 ®LI®L/I6®L/3BL/3 if p =3,
22T\ Z, 2, @) 2(p2 - 1)) if p > 3.

These are due to a combination of authors: Hovey and Sadofsky [31], Lader [38],
Goerss, Henn, Mahowald and Rezk [20], Karamanov [37], and Hopkins (unpublished).

This leaves the remaining case of Picy ;. We note the following.
Proposition 6.10 If p > 3, then the morphism Picg » — Pic1,1 of Remark 6.5 is an
injection.

Proof The morphism in question factors through the morphism Picg > — Pic; > and
so it suffices to show that this is an injection. When p > 3 this is clear, and so we focus
on the case p = 3. In this case, the calculations of Goerss, Henn, Mahowald and Rezk
[20] show that this map is an injection. O

Remark 6.11 As noted in the proof, the interesting case in the above proposition is
the case p = 3. In fact, for all n and p >> n we have that Picg , — Pic; ; is an injection
for i > 0. However, here Pico , = Z (by [31]), so this is not particularly helpful.

6C Descent and Picard groups

In Remark 6.2 we recalled that we can associate a connective Picard spectrum pic(C) to
a symmetric-monoidal co—category C. Using descent for the E(n, Ji)-local category,
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we now construct a spectral sequence whose o computes Picy ,. We need to introduce
another algebraic gadget to describe the spectral sequence.

Definition 6.12 We let Piczlgn denote the first cohomology of the complex

(En)g = (Egn)y (En))< =5 -+

induced by taking the units in degree O in the cobar complex.

Theorem 6.13 There exists a spectral sequence with
7]2 ifs=t=0,
ES" = {Pici® ifs=t=1,
Ext(y gy (En)es (En)s) 122,

which converges for t —s > 0 to 7r;—spic(Spy ,,). In particular, when t = s, this computes

Picg ,. The differentials in the spectral sequence run d, : E o5 ES trthr=l

Proof Because pic commutes with limits (Remark 6.2), Theorem 4.6 implies that
(6-1) pic(Sp ) = 10 Tot( pic(Modg, (Spy ) =2 pic(Mod g, x £, (SPk,n)) 3 )-
We have (compare Example 6.3)

Pic(ModEnm) ift =0,
(6-2) 7 (pic(Mod g i (Spe ) == { mo (B if 1 =1,

m—1(ENY  ifr>2.
The Bousfield—Kan spectral sequence associated to (6-1) has the form

E3' = H®( mpic(Modg, (Spg ) =3 mrpic(Mod g, 5 g, (SP.)) = ).

By (6-2) when ¢t > 2, the spectral sequence is just a shift of the E(n, J;)-local Adams
spectral for X = S° sequence considered in Proposition 4.13.

When ¢ = 0 and i = 0, we have Pic(Modg, (Spk ,)) = Z/2 by Lemma 6.7. We do
not know the higher terms, but this does not matter as only the Z/2 is relevant for the
s =t = 0 part of the spectral sequence.

Finally, we consider the t = 1 part of the spectral sequence. Again using (6-2),
Ey' = H((En)y = (Exn)y (En)* S --+).

By definition, when s = 1 this is Piczl%l . |
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Remark 6.14 The proof shows that when ¢ = 1, we can compute Eé’l as the s
cohomology of the complex in Definition 6.12. However, unless k = 0 or n we do
not have a convenient description of this group (for the case k = n, see Example 6.18
below).

Definition 6.15 We will say that Picy , is algebraic if the only contributions come
from the s = 0 and s = 1 lines of the spectral sequence.

Remark 6.16 The Eg 0 term of the spectral sequence always survives the spectral
sequence, as it is the Picard group of E,—modules. It is however possible that there is
a nontrivial differential in the E rl & spot.

Theorem 6.17 Suppose that 2p —2 > n? +n —k and p — 1 does not divide k + s for
0 <s <n—k. Then Picy , is algebraic. For example, this holds if 2p —2 > n% +n.

Proof For all primes p and ¢ > 2 we have that E;’l =Ounlesst—1=0mod2(p—1)
by Proposition 4.26. In particular, for s > 2, E;’S =0Ounless s =1 mod2p —2, and
the lowest possible nonalgebraic term is in filtration degree 2p — 1.

By Theorem 4.24 and the assumption that p — 1 does not divide k +s for0 <s <n—k
we have that E5*° = 0 for s > n2 +n —k. Therefore, if additionally 2p —2 > n? +n—k,
there can be no nonalgebraic contributions to the spectral sequence.

Finally, if 2p —2 > n? +n, then p > n + 1, and in particular p — 1 does not divide
k+sforO<s<n-—k. O

Example 6.18 Let us spell out the details in the case kK = n. We first claim that the
spectral sequence of Theorem 6.13 takes the form

72 ifs=t=0,
ES' = S HS(Gy, (Ep)Y)  ift=1,
H(Gy,mi—1Ep) ift>2,

and converges for  —s > 0 to w;—spic(Spg(n))-

The identification is much as in Remark 4.14. For the t = 1 term, we note that
70(E})* = Hom® (G ™V, (E)0)* = Hom® (G5 ™, (En)}).

The existence of such a spectral sequence is folklore; see [18, Remark 6.10] or [45,
Remark 2.6]. In fact, the latter also proves Theorem 6.17 in the case k = n.

Algebraic & Geometric Topology, Volume 23 (2023)



The Spy ,~local stable homotopy category 3699
7 E(n, Ji)-local Brown-Comenetz duality

We recall the classical definition of Brown—Comenetz duality. The group Q/Z is an
injective abelian group, and so the functor

X — Hom(mo X, Q/Z)

defines a cohomology theory on spectra represented by a spectrum /g, z; this is the
Brown—Comenetz dual of the sphere. The Brown—Comenetz dual of a spectrum X is
then defined as I,z X := F(X, Ig,z), and satisfies

[Y, IQ/ZX]() = HOIII(JT()(X AY), Q/Z)

It is an insight of Hopkins [24] that there is a good notion of Brown—Comenetz duality
(also known as Gross—Hopkins duality) internal to the K(n)-local category, given by
defining I, X = F(My,X, Ig,z) for a K(n)-local spectrum X. For details on this,
see [52]. As we will see, this definition can also naturally be made in the E(n, Ji)-local
category. We begin with the following generalization of a result of Stojanoska [50,
Proposition 2.2]. We recall that, by definition, Mo, = L. In this case, the following
lemma just says that F (L, X,Y) is already L,—local.

Proposition 7.1 For any X and Y, the natural map F(L,X,Y) — F(My ,X,Y) is
an E(n, Ji)-localization.

Proof We can repeat Stojanoska’s argument. First, we show that F(My ,X,Y) is
E(n, Ji)-local. Indeed, let Z be E(n, Ji)—acyclic. Then we must show that

F(Z.F(MypX.Y)) > F(Z AMg,X.Y)~ F(Mg,Z AX.Y)

is contractible. Here we have used that My , is smashing. But My ,Z ~ My , Ly ,Z
by Theorem 2.31 and this is contractible because Z is E(n, J)—acyclic.

We now show that the fiber F(Ly_1X,Y) is E(n, Ji)-acyclic. By Proposition 2.15
it suffices by a localizing subcategory argument to show this after smashing with a
generalized Moore spectrum M (k) of type k. Then (up to suspension),

F(Lg1 X, Y)AM(k) ~ F(Li_1X,Y) A DM(k)
~ F(M(k), F(Ly_1 X, Y))
~ F(Li_y M(K)) A X, Y) = . O
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Definition 7.2 The E(n, Ji)-local Brown—Comenetz dual of X is
I nX = loz(MgnX) = F(Mg n X, Ig/z)-

We let Iy , denote the E(n, Ji)-local Brown—Comenetz dual of Ly ,S 0,

Remark 7.3 It does not matter if we ask that X be E(n, J;)-local in the previous
definition, as I , X only depends on the E(n, Ji)-localization of X. Indeed, we have
equivalences

LinX = FiMn X, Igyz) ~ F(Mg y Ly X, 1g/z) = Tk n (L n X).
In particular, Iy , = Ix »(LgnS®) > Iy »S°.
From the definition of /g,z, we deduce the following.

Lemma 7.4 There is a natural isomorphism

[Y. Ii,n X]o = Hom(so(My,n (X) A Y), Q/Z).
As a consequence of Proposition 7.1 we deduce the following.

Lemma 7.5 Iy , X is always E(n, Ji)—-local. In fact, Iy , X ~ Ly ,Ig/7 (L, X) and
moreover, Iy , X = Lg ,1; X forany j <k.
It follows that we have natural maps given by localization,

Iop—>Tn— - — Inn.
Example 7.6 Letn =1 and p > 2. Then Ig; ~ L1(Sp2), the localization of the p—
completion of S2. On the other hand, when p = 2 we have Io 1 ~ ZZLI(DQQ) where

DQ is the dual question mark complex [15, Remark 1.5]. Similarly, 71,1 >~ Lg(1)S 2
if p>2, while I1; ~ %?Lg)DOQ.

Example 7.7 We always have Iy ,(K;) >~ K. Indeed, first note that Ly , K, >~ K,
so Lemma 7.5 allows us to reduce the case where k = 0 (although the proof is no more
difficult in the other cases — just note that My, K, ~ K, ). Using the fact that

[¥. Knl« 2= Homk,,), (Kn)« X. (Kn)s).
we argue as in [32, Theorem 10.2(a)] to see that
[Y, Kn]o = Hom((K»)o X, Fp) = Hom((K»n)o X, Q/Z) = [Y, 1o,n(Kn)]o-

This implies that /o ,(K,) ~ K, as claimed.
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Theorem 7.8 Let X € Spy ,,. Then the natural map X — Ikan is an isomorphism
when 4« (F(k) A X) = w4 (L, F (k) A X) is finite in each degree. In particular, this
holds for X = Ly, S°.

Proof Letixy:X — 1 lan denote the natural map. We first note that
IR (FR)AX) > IZ (F(k) A X) > F(k) A2, (X),

because F (k) is compact (and hence dualizable) in Sp. As in the proof of Theorem 10.2
in [32], this identifies kK p(x)Ax =~ 1dF Akx, and so it is enough to show that ky is an
equivalence, where Y = F(k) A X.

Because F'(k) has type k, Ly F(k) >~ *, and My , F(k) >~ L, F(k), so
MY =My o (F)ANX) =My pF()ANX =~ Ly F(k)AX Y.

Likewise, My n(Ix nY) = My ,(DF (k) A n X) = DF (k) AN I} y X =~ Iy ,Y . This
implies that n*llfnY =~ Hom(Hom(n.Y,Q/Z),Q/Z), which is the same as m«Y
because 7Y is finite in each degree. Therefore xy is an equivalence, as required. O

Remark 7.9 The Gross—Hopkins dual I, , is always an invertible K(n)—-local spec-
trum. We do not know what happens for Iy ,, in general; however we note the following
result.

Proposition 7.10 The following are equivalent:
(1) Irq € SpRias
(2) Ik,n S PiCk,n;
(3) (Ekn)y (g ) is a finitely generated E«—module;
(4) En Ay is K(n)-local.

Proof Suppose first that (1) holds. Then, F(Ix ,, I n) =~ DIy A I, but on the
other hand F (Iy ., Iy ) =~ 1,3,,1 (Lx.nS°) =~ Ly »S° by Theorem 7.8. It follows that
Iy n € Picg ,, ie that (2) holds. The converse, (2) = (1), always holds; see for example
[30, Proposition A.2.8].

The equivalence of (1) and (3) is just Theorem 5.11.
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Finally to see that (1) <= (4), we note that it suffices to show that (K )« I , is finite.
In fact, because (K;)« is a graded field, it suffices to see that (K,)* Iy , is finite. For
this, we compute, using Example 7.7 and Theorem 7.8,

[Ik,na Knlx >~ [Ik,n’ Ik n (Kn)]«

~ [Ik,nv F(Knv [k,n)]*

x~ [Kn, F(Ik,nv Ik,n)]*

~ [Kn, L nS°]x.
By [32, Lemma 10.4] if M,, denotes a generalized Moore spectrum of type n, then
[En, Lx(n)yMnls > [En, Lk , My« is finite (the last equivalence follows, for example,
from the fact that L, M, >~ Lg )M, for a generalized Moore spectrum of type n).
As in [32, Corollary 10.5] it follows that [E, A DMy, Lg S 0] is finite, and hence so
is [Kn, Li nS 0], as K, lies in the thick subcategory generalized by E, A DM,, (note
that DM, is also the localization of a generalized Moore spectrum of type n; see [32,
Proposition 4.18]). O

Question 7.11 For which values of k and n do the conditions of Proposition 7.10
hold?

Remark 7.12 Condition (4) clearly holds in the case k = n. Of course, Proposition 7.10
is precisely Hovey and Strickland’s proof in this case. However, due to the p-—
completion, this does not hold for n = 1 and k = 0 (Example 7.6). In fact, this
fails at all heights when k& = 0, as we now explain.

Remark 7.13 Fixn > 1 and k = 0, and take p > n. Then Picq , = Z, generated by
L,S'[31, Theorem 5.4]. Therefore, if Proposition 7.10 held for k = 0, we must have
lop = LyS k for some k € Z. On the other hand, work of Hopkins and Gross [24], as
written up by Strickland [52], and known results about the K (n)-local Picard group
[26, Proposition 7.5] show that 7, , ~ xn’-ng (det), where S (det) is the determinant
sphere spectrum [7]. It cannot then be the case that Lg(,)lo,n > In,n; a contradiction
to Lemma 7.5. We do not know what occurs in the cases k # 0, 1.
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Smooth one-dimensional topological field theories are
vector bundles with connection

DANIEL BERWICK-EVANS
DMITRI PAVLOV

We prove that smooth 1-dimensional topological field theories over a manifold are
equivalent to vector bundles with connection. The main novelty is our definition of
the smooth 1-dimensional bordism category, which encodes cutting laws rather than
gluing laws. We make this idea precise through a smooth version of Rezk’s complete
Segal spaces. With such a definition in hand, we analyze the category of field theories
using a combination of descent, a smooth version of the 1-dimensional cobordism
hypothesis, and standard differential-geometric arguments.
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1 Introduction

The goal of this paper is to give a definition of smooth 1-dimensional field theory that
plays well with the differential geometry of manifolds. A technical ingredient in our
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approach is the notion of smooth co—categories (developed in Section 2). A smooth
oo—category is a smooth version of a complete Segal space. This framework can be
used to encode cutting axioms for the value of a field theory on a cobordism rather
than the usual gluing axioms. This perspective on cobordisms is implicit in the work of
Galatius, Madsen, Tillman and Weiss [12] and Lurie [20] in the settings of topological
and oco—categories, respectively. Translating into the smooth setting yields field theories
that are determined by familiar differential-geometric objects.

Theorem A The space of smooth 1-dimensional oriented topological field theo-
ries over a smooth manifold X is equivalent to the nerve of the groupoid of (finite-
dimensional) vector bundles with connection over X and connection-preserving vector
bundle isomorphisms. The equivalence is natural in X .

In our view, the above characterization of smooth 1-dimensional topological field
theories is the only admissible one. As such, the main contribution of this paper is a
precise definition of smooth field theory for which Theorem A holds. The definition
readily generalizes both to higher dimensions and nontopological smooth field theories,
as pursued by Grady and the second author [13, Section 4]. Through its connection
to familiar objects, Theorem A gives a concrete idea of what these more complicated
field theories seek to generalize. Our methods — particularly the role of descent in
Theorem C —are chosen with higher-dimensional generalizations in mind; see [13,
Theorem 1.0.1].

The intuition behind Theorem A goes back to Segal [24, Section 6]. The 1-dimensional
bordism category over X has objects compact 0—manifolds with a map to X and
morphisms compact 1-manifolds with boundary with a map to X'. A 1-dimensional
topological field theory over X is a symmetric monoidal functor from the 1-dimensional
bordism category over X to the category of vector spaces. Hence, to each point in X
a topological field theory assigns a finite-dimensional vector space and to each path
the field theory assigns a linear map. A vector bundle with connection produces this
data using parallel transport. Conversely, given the data of parallel transport one may
assign values to arbitrary 1-dimensional bordisms in X by taking tensor products and
duals. This gives a functor from the groupoid of vector bundles with connection to
the groupoid of 1-dimensional topological field theories. To verify Theorem A, one
must show that this functor is an equivalence. This can be thought of as the following
smoothly parametrized variant of the 1-dimensional cobordism hypothesis of Baez and
Dolan [1]. We note that in dimension 1, orientations are equivalent to framings.
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Theorem B Let Vect® denote the symmetric monoidal smooth co—category of vector
spaces and Vect the underlying smooth co—category without monoidal structure. There
is an equivalence between 1—dimensional oriented topological field theories over X
valued in Vect® and C*°—functors from the smooth path category of X to Vect.

Theorem A follows from Theorem B by identifying a functor from the path category
to Vect with a smooth vector bundle and connection (see Section 4). Such a relation-
ship between parallel transport and representations of path categories goes back to
Kobayashi [17], who introduced the group of smooth based loops modulo thin homotopy
and established that smooth homomorphisms from this group to a Lie group G are in
bijection with isomorphism classes of principal G-bundles with connection. Similar
results were proved by Freed [11], and Schreiber and Waldorf [22]. An analogous
result for gerbes with connections was established for two-dimensional thin homotopies
by Bunke, Turner and Willerton [7]. A statement explicitly relating field theories to
vector bundles with connection was loosely formulated by Segal in his early work on
geometric models for elliptic cohomology. A precise statement was given by Stolz and
Teichner in their language of field theories fibered over manifolds [26, Theorem 1.8],
though a proof has yet to appear. Below we draw inspiration from all of these authors;
the new ingredient is in our treatment of the smooth bordism category.

1.1 What makes a smooth cobordism category difficult to define?

Composition of cobordisms is more subtle than one might hope: given two d—manifolds
and a (d—1)-manifold along which one wishes to glue, one only obtains a glued
manifold up to diffeomorphism. The usual solution is to define morphisms in a cobor-
dism category as smooth d—manifolds up to diffeomorphism, thereby obliterating the
problem. However, if we wish to include extra structures on bordisms, two problems
arise: (1) gluings may fail to exist and (2) gluing isomorphism classes of geometric
structures is typically ill-defined. For example, isomorphism classes of metrics cannot
be glued, and gluing smooth maps to a target manifold X along a codimension 1
submanifold may not result in a smooth map to X. Although the focus in this paper is
on the topological bordism category over X, a guiding principle is to make definitions
for which various flavors of generalization pose no serious technical difficulties.

A reason for pursuing such generalizations comes from Stolz and Teichner’s work on a
geometric model for elliptic cohomology [25; 26], following Segal [24]. Their program
seeks to generalize the relationship between 1-dimensional field theories, vector bundles,
and K-theory to provide a model for elliptic cohomology with cocycles coming from
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(supersymmetric) 2—dimensional Euclidean field theories. They address the problem of
composition by equipping bordisms with germs of collars, so bordisms are composable
when collars match. This allows one to incorporate geometric structures on paths
by simply endowing the collars with geometric structures. However, it introduces
a new technical issue when relating 1-dimensional field theories to vector bundles:
isomorphism classes of objects in their 1-dimensional bordism category are points
of X together with the germ of a collar of a path. Such a large space of objects can be
rather unwieldy in computations (particularly in the presence of geometric structures
on the bordisms). The original motivation for this paper was to find a way around the
technical difficulties brought on by the introduction of collars, with an eye towards
studying supersymmetric Euclidean field theories. We note that since the writing of this
paper, an analog of Theorem A was proved by Ludewig and Stoffel [18] in a framework
that incorporates collared bordisms (we comment further on this work in Section 1.3).

One approach that avoids collars follows Kobayashi [17], Caetano and Picken [8], and
Schreiber and Waldorf [22] who study paths in a manifold modulo thin homotopy;
these are smooth paths modulo smooth homotopies whose rank is at most 1. Each
equivalence class has a representative given by a path with sitting instant, meaning a
path in X for which some neighborhood of the start and end point is mapped constantly
to X. These sitting instants allow concatenation of smooth paths in a straightforward
way, which simplifies many technical challenges (compare Lemma 5.0.1), and leads
to a version of a 1-dimensional bordism category over X. However, endowing an
equivalence class of a path with a geometric structure, eg a metric, is hopeless. If one
does not pass to equivalence classes but instead works with honest paths with sitting
instants, the resulting path category fails to restrict along open covers of X: restricted
paths may not have sitting instants. This destroys a type of locality that we find both
philosophically desirable and computationally essential (compare Theorem C), related
to Mayer—Vietoris sequences in Stolz and Teichner’s program; see [26, Conjecture 1.17].
In summary, techniques involving bordisms with sitting instants seem appropriate only
for a certain class of topological field theories.

Lurie [20] and Galatius, Madsen, Tillman and Weiss [12] take a different road, consider-
ing a topological category (or Segal space) of bordisms, wherein composition need only
be defined up to homotopy. This allows one to effectively add or discard the collars
with impunity since this data is contractible. Geometric structures can be incorporated
as stable tangential structures, ie maps from bordisms to certain classifying spaces.
This framework also leads to field theories that are relatively easy to work with: one
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can obtain a precise relationship between maps from X to BO(k) and 1-dimensional
topological field theories over X'. However, the price one pays is that such bundles
are not smooth, but merely topological. By this we mean a particular space of field
theories is homotopy equivalent to the space of maps from X (viewed as a topological
space, not a manifold) to the classifying space of vector bundles; in particular, from
this vantage the data of a connection is contractible. Our search for a smooth bordism
category is tantamount to asking for a differential refinement of this data. In the case
of line bundles, such a refinement is the jumping-off point for the subject of (ordinary)
differential cohomology, and one can view our undertaking as a close cousin.

1.2 Why model categories?

Our approach combines aspects of Stolz and Teichner’s definition of bordism categories
internal to smooth stacks [25; 26] and the Segal space version (in the world of model
categories) studied by Lurie. What we obtain is not a bordism category strictly speaking,
but rather bordisms in X comprise a collection of objects and morphisms with a
partially defined composition; this is the categorical translation of the geometric idea
to encode cutting laws rather than gluing laws. To make sense of functors out of this
bordism “category” we provide ourself with an ambient category of smooth categories
with partially defined composition. This is directly analogous to Rezk’s category of
complete Segal spaces as a model for co—categories. However, making the framework
precise requires a foray into the world of model categories. This sort of machinery
rarely turns up in standard differential geometry, so might seem a little misplaced
at first glance; however, in the setting of field theories some basic features of this
language seem unavoidable. For example, the bordism category over X ought to be
equivalent to the bordism category over an open cover {U; — X} with appropriate
compatibility conditions on intersections; asking for these categories to be isomorphic is
too strong since, for example, they have different sets of objects. Hence, the appropriate
categorical setting for describing bordisms over X must have some native notion of
(weak) equivalence of bordism categories, and the language of model categories was
built precisely to facilitate computations in such situations.

Smooth co—categories are fibrant objects for a model category structure we place on
simplicial objects in smooth stacks. This model structure is chosen to satisfy three
properties: (1) nerves of categories fibered over manifolds determine fibrant objects,
eg the category of (smooth) vector spaces is fibrant; (2) all objects are cofibrant, and in
particular bordisms over X define a cofibrant object; and (3) there is a weak equivalence
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between 1-dimensional bordisms over X and 1-dimensional bordisms over an open
cover {U;} of X with compatibility on overlaps. These three properties are the only
features of the model structure we actually use. It is important that bordisms over X
do not give a fibrant object: this is precisely the failure of composition to be defined in
general. However, to compute the (derived mapping) space of smooth functors from
bordisms to vector spaces, fibrant replacement of the source is unnecessary.

We refer the reader to Hirschhorn [15], Barwick [2], and Lurie [19, Appendix A] for
background on model categories relevant to this paper.

1.3 Subsequent work

Since the first version of this paper appeared in 2015, its basic ideas have been used
and expanded by several authors. Some of these developments were alluded to above;
we discuss this further presently.

Ludewig and Stoffel [18] constructed a bordism category using model-categorical
techniques, incorporating ideas similar to those in this paper. One important difference
is that their bordisms are equipped with the germ of a collar, following the ideas of
Stolz and Teichner [26]. Ludewig and Stoffel go on to prove a version of Theorem A;
see [18, Theorems 1.1 and 1.2]. This shows that incorporating collars in the context
of 1-dimensional topological field theories has no effect on the underlying geometric
objects of study. Another important result of Ludewig and Stoffel shows that a version
of Theorem A holds where the target category consists of (not necessarily locally
free) sheaves of vector spaces [18, Theorem 5.2]. These more general sheaves are
an important piece of Stolz and Teichner’s formalism; see [26, Remark 3.16]. As
in the formalism below, a crucial tool in Ludewig and Stoffel’s work is the descent
property for field theories. We also mention that the main results of Benini, Perin
and Schenkel [3] verify and utilize descent for a distinct (though related) category of
I-dimensional algebraic quantum field theories.

In [13], Grady and the second author generalize the 1-dimensional topological bordism
category defined in this paper to arbitrary d—dimensional bordism d—categories. Their
definitions also allow one to incorporate a wide class of geometric structures on d—
dimensional bordisms, expanding the ideas of Stolz and Teichner [26] to the fully
extended context. The categorical foundations of Grady—Pavlov involve a smooth
refinement of d—fold iterated Segal spaces, generalizing the definition of smooth
oo—category developed below. The main result of Grady and Pavlov [13] is that fully
extended d—dimensional geometric field theories satisfy descent; their proof generalizes
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the ideas of Section 2. This descent statement leads to good behavior for groupoids
of field theories over a manifold. In particular, concordance classes of d—dimensional
geometric field theories are representable [13, Section 7.2]. This fits nicely with Stolz
and Teichner’s point of view: the main conjectures from [26, Section 1] together with
Brown representability require that concordance classes of 1|1— and 2|1-dimensional
Euclidean field theories be representable. Descent gives a conceptually satisfying
mechanism for representability of a wide class of geometric field theories.

Another important development is a proof — by Grady and the second author [14] —
of a geometric version of the cobordism hypothesis. The model categorical framework
is crucial, as freely adjoining duals to a smooth (oo, d)—category can be realized by
Bousfield localization. The formalism and techniques of Section 2 continue to play a
central role: generalizations of cutting-and-gluing constructions decompose bordisms
into elementary handles that in turn generate the bordism categories of interest.

1.4 Notation and terminology

Definition 1.4.1 Let Cart denote the cartesian site whose objects are R” for n € N, mor-
phisms are all smooth maps, and coverings are the usual open coverings, [ [ R” — R”".

We will use the notation [k] to denote the finite set {0, 1, ..., k} as an object of the
category A of simplices. The word “space” will often be used to refer to simplicial sets
(ie objects in the category sSet = Fun(A°P, Set)), eg a simplicial space is a bisimplicial
set.

We will sometimes refer to objects in C>°~Cat and C>°—Cat® as categories even when
they are not, eg we will often refer to 1-Bord® (X') as the 1-dimensional oriented
bordism category over X .

1.5 Structure of the paper

We have attempted to keep the model-categorical discussion separate from the geometric
one, relegating the former to Section 2 and the latter to Sections 3-5.
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2 From oo—categories to smooth co—categories

Complete Segal spaces provide a model for co—categories. A complete Segal space
is a simplicial space (ie a functor A°® — sSet) satisfying a Segal and completeness
condition reviewed below. As described by Rezk [21], the value of a Segal space on
[k] € A can be thought of as the classifying space for chains of morphisms of length k
in an ordinary category. This has an obvious smooth enhancement via simplicial objects
in smooth stacks A°P — Stacks wherein the value on [k] is a classifying stack for chains
of composable morphisms of length k. This is the approach we take leading to the
definition of a smooth co—category. By adjunction, one can also view these smooth
oo—categories as sheaves of complete Segal spaces on the smooth site Cart.

For our applications to field theories, we will assemble 1-dimensional bordisms in M
into a functor A°P — Stacks whose value on [k] € A is the classifying stack of (smoothly)
composable chains of bordisms in M of length k. As we shall see, this functor does not
satisfy the Segal condition. The problem is geometric and unavoidable: arbitrary chains
of bordisms in M compose to a piecewise smooth bordism that need not be smooth. To
work with such an object, we require a larger category that includes simplicial objects
in stacks that do not satisfy the Segal condition.

A systematic method for dealing with this type of issue is to construct a model category
whose fibrant objects satisfy a Segal and completeness condition. This allows one to
work with nonfibrant objects precisely when their failure to be fibrant is not homotopi-
cally problematic. For example, mapping out of a nonfibrant object usually presents no
issues, whereas mapping into a nonfibrant object can be problematic. For complete
Segal spaces, such a model structure was constructed by Rezk as a localization of the
Reedy model structure on simplicial spaces. It is only a mild elaboration to extend
these ideas to simplicial objects in stacks, ie smooth co—categories.

2.1 Complete Segal spaces as fibrant objects in a model category

We overview the small part of Rezk’s theory of complete Segal spaces that we require;
see Rezk [21] for a more thorough treatment.

Definition 2.1.1 A Segal space is a functor C: A°® — sSet that satisfies the Segal
condition, meaning the Segal map

(2.1.2) C(k) = C(1) Xy Xty CD. k=1,

into the homotopy fibered product is a weak equivalence.
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When the spaces are Reedy fibrant, the homotopy fibered product can be computed as
the ordinary fibered product.

To obtain a category of Segal spaces into which the category of categories can be
naturally embedded, it is important to also enforce a completeness condition that we
recall presently. For any Segal space C, let AC denote the underlying homotopy
category. This is an ordinary category defined by Rezk [21, Section 5], whose objects
are O—simplices of C(0) and whose morphisms from xg to x; are the connected
components of the homotopy fiber of C(1) over (x¢, x1) for the projection

do xdy: C(1) — C(0) x C(0).

For a Segal space C, let Cequiy C C(1) be the subspace consisting of connected
components of the above fiber that correspond to isomorphisms in the homotopy
category. Rezk shows that the degeneracy map sq: C(0) — C(1) factors through the
subspace Cequiy-

Definition 2.1.3 A Segal space (Definition 2.1.1) is complete if the map
(2.1.4) S0 C(O) - Cequiv

is a weak equivalence.

Following Rezk [21, Section 7], we can define a model category co—Cat whose un-
derlying category is simplicial spaces and whose fibrant objects are complete Segal
spaces. We achieve this by localizing a given standard model structure, namely, the
Reedy model structure on simplicial spaces, which coincides with the injective model
structure; see, for example, Bergner and Rezk [5, Propositions 3.10 and 4.1]. For a
brief review of Reedy model structures, see Section 6. The first set of morphisms in
this localization come from the morphisms of simplicial presheaves on A for each
k € N given by

(2.1.5) i [ Ul [T Uy - uf [1] — [K],

where the source is a k—fold iterated homotopy pushout in the category of simplicial
presheaves on A (alias: simplicial spaces), and we have identified [m] € A with its
associated (representable) presheaf. The maps [0] — [1] defining the homotopy pushout
[1] I_If’o] [1] are 0 > 0 and O + 1, and the higher pushouts iterate this basic version.
The homotopy colimit in (2.1.5) can be computed as the ordinary colimit because the
underlying diagram is cofibrant. If we map the source and target of ¢y, into a simplicial
space C and consider the map that ¢ induces on these mapping spaces, we obtain the
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Segal map (2.1.2). (The resulting map ¢ has a cofibrant domain and codomain, which
means that derived mapping spaces out of them can be computed as ordinary mapping
spaces.)

Let E denote the simplicial space associated to the simplicial set given by the nerve of
the groupoid with two objects x and y, and two nonidentity morphisms x — » and
y — x. Consider the canonical map

(2.1.6) x: E—[0],

where again we have identified [0] € A with its associated representable simplicial
presheaf. Rezk [21, Theorem 6.2] shows that Map(E, C) 2~ Cequiv and the map

C(O) - Map(E, C) = Cequiv

induced by (2.1.6) is a weak equivalence if and only if C is complete. (In fact, this
map is weakly equivalent to the map (2.1.4) defined above.)

Definition 2.1.7 Endow the category Fun(A°P, sSet) of simplicial spaces with the
Reedy model structure, which coincides with the injective structure. Define the model
category of complete Segal spaces, denoted by co—Cat, as the left Bousfield localization
of this model structure along the maps ¢ and x from (2.1.5) and (2.1.6).

Remark 2.1.8 It is immediate from the properties of the localized model structure
that fibrant objects in co—Cat are simplicial spaces that are fibrant in the Reedy model
structure and satisfy the Segal and completeness conditions; see Rezk [21, Theorem 7.2],
or compare the proof of Lemma 2.2.7 below. In particular, fibrant objects in co—Cat
coincide with Reedy fibrant complete Segal spaces in the sense of Definition 2.1.3.

2.2 Smooth co—categories

As mentioned at the beginning of the section, we take smooth co—categories to be a
stack-valued version of Segal spaces. A (smooth) stack is a functor F: Cart°®® — sSet
satisfying descent for good open covers {U; } of objects .S € Cart, meaning the canonical
map

221)  F(S)— holim(l_[ FO) 3 [[FUN S]] FU0 = )

is a weak equivalence. It will be useful later to observe this comes from mapping the
source and target of

(2.2.2) S&hocolim(]_[U,- s[Junu £]] U,-mUijk§~-)
i i,j

i,j.k
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to F and considering the map induced by p between the resulting mapping spaces of
simplicial presheaves on Cart. In this description, the above is regarded as a morphism
of simplicial presheaves and (in particular) we have identified S and the U; with their
representable presheaves and taken the homotopy colimit in simplicial presheaves.
The latter homotopy colimit can be computed as the Cech nerve of U in simplicial
presheaves (where U; N U; N Uy is placed in simplicial degree 2, and analogously for
other intersections) due to the Reedy cofibrancy of the underlying simplicial diagram.
The resulting morphism has a projectively cofibrant domain and codomain, which
allows us to compute derived mapping spaces out of them as ordinary mapping spaces
if the target is projectively fibrant, ie an objectwise Kan complex. We emphasize that
in (2.2.2) the coproduct | [ is taken in the category of presheaves (which is different
from the category of sheaves). The original reference for the model structure on stacks
is Jardine [16]. A description in terms of left Bousfield localizations can be found in
Dugger, Hollander and Isaksen [10].

Definition 2.2.3 The model category PreStacks is the projective model structure on
simplicial presheaves on the cartesian site Cart (Definition 1.4.1), ie Fun(Cart°®?, sSet).
The model category Stacks is the left Bousfield localization of PreStacks along the
morphisms (2.2.2) for all good open covers {U;};cy of any S € Cart.

Remark 2.2.4 Fibrant objects in PreStacks (Definition 2.2.3) are precisely presheaves
valued in Kan complexes, whereas fibrant objects in Stacks are precisely those fibrant
objects in PreStacks that satisfy the homotopy descent condition (2.2.1).

We now consider the Reedy model structure on the category of simplicial prestacks, ie
functors A°® — PreStacks. The existence and basic properties of this model structure
follows from Hirschhorn [15, Theorem 15.3.4], as we review briefly. Weak equivalences
are objectwise, meaning a map F — G of simplicial prestacks is an equivalence if we
get an equivalence of prestacks for each fixed [#] € A. Fibrations and cofibrations are
described in terms of relative matching and latching maps; see Section 6. By adjunction,
the Reedy model structure also gives a model structure on the presheaf category

A°P x Cart®® — sSet.

In this description, fibrant objects C : A°P x Cart®°? — sSet are precisely those presheaves
that define Reedy fibrant simplicial spaces C(—, S): A°® — sSet for each S € Cart.

We wish to localize this Reedy model structure on simplicial prestacks along the
morphisms (2.1.5), (2.1.6) and (2.2.2), but to do so we need to promote these to
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morphisms in presheaves on A x Cart. We achieve this in the following way. For
each representable presheaf associated to an object [n] € A or § € Cart, we take the
morphisms of presheaves

(2.2.5) id[n] Xp, QX ids, X X ids,

where ¢, x and p are as in (2.1.5), (2.1.6) and (2.2.2), and id[, or idg denotes the
identity morphism on the corresponding representable presheaf. Letting [1] € A and
S e Cart range over all possible objects, we obtain our localizing morphisms.

Definition 2.2.6 Define the model category of smooth co—categories, denoted by
C%—Cat, as the left Bousfield localization of the Reedy model structure on

Fun(A°P, PreStacks)

along the set of morphisms (2.2.5). A smooth functor is a morphism in C*°—Cat.

Existence and basic properties of such a localization is shown by Barwick in [2,
Theorem 4.7], since the injective or projective model structure on the category of
simplicial presheaves is left proper and combinatorial; see, for example, Lurie [19,
Section A.2.7, Proposition A.2.8.2 and Remark A.2.8.4]. We summarize what we
require as follows.

Lemma 2.2.7 Fibrant objects C € C®°—Cat (Definition 2.2.6) are simplicial presheaves
on A x Cart such that

(1) forany S € Cart, the restriction C(—, S): A°° — sSet is a fibrant complete Segal
space (Remark 2.1.8);

(2) forany [n] € A, the restriction C([n], —): Cart®® — sSet is a fibrant smooth stack
(Remark 2.2.4).

Proof By Barwick [2, Theorem 4.7], an object C is fibrant in the local model structure
if it is fibrant in the Reedy model structure (ie before localization) and has the additional
property that for all maps f: A — B in (2.2.5), the induced map of derived mapping
spaces

(2.2.8) Map(B, C) — Map(4, C)

is a weak equivalence. As observed above, C being fibrant before localization reduces
to C(—, S) being a Reedy fibrant simplicial space for any S € Cart. We observe that the
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maps in (2.2.5) have cofibrant source and fibrant target, so the derived mapping spaces
in (2.2.8) can be computed as the usual mapping spaces. For the maps ¢y, x idg and
x x idg, we see that C(—, S') must be a complete Segal space. For the maps id,) x p
we see that C([n], —) must be a stack. |

2.3 Symmetric monoidal smooth co—categories

For our intended application to field theories, we also require a version of symmetric
monoidal smooth co—categories. Following ideas of Segal [23], we implement this via
the category I', the opposite category of finite pointed sets.

Just like for A, presheaves on I' are first equipped with the Reedy model structure,
which is then localized with respect to appropriate maps. The category I' has nontrivial
automorphisms, so the usual notion of a Reedy model structure must be generalized
to accommodate this new setting, resulting in the strict model structure of Bousfield
and Friedlander [6, Section 3]. This approach was generalized by Berger and Moerdijk
[4], resulting in the notion of a generalized Reedy category and the associated model
structure.

As explained in Segal [23], given a I'-object X, we can think of X,y = X}, as the
space of (formal) n—tuples of elements of some commutative monoid. Here “formal”
means that points of X, are not actual n—tuples, but rather have certain structure that
makes them formally behave like ones. Specifically, given a map of finite pointed
sets f: (m) — (n), the associated map Xr: X{,,) — X,y should be thought of as
multiplying the elements indexed by f~!{;} for each j € (n) (the product of an empty
family is the identity element), and throwing away elements indexed by f~!{x}. Given
a I'—object X, its n™ latching map L, X — X, can be thought of as the subobject of
X, comprising those (formal) n—tuples where at least one element is the identity. Given
a I'—object X, its n™ matching map X,, — M, X can be thought of as sending a formal
n—tuples in X}, to the compatible family of formal tuples given by multiplying two or
more elements, or throwing away one or more elements. A I'—object X is cofibrant in
the strict model structure if for all n € I", the latching map L, X — X}, is a projective
cofibration of objects equipped with an action of ¥,. A I'-object X is fibrant in the
strict model structure if for all n € I", the matching map X,, — M, X is a fibration.

To define the Reedy model structure on presheaves on A x I, it suffices to observe that
generalized Reedy categories are closed under finite products by Berger and Moerdijk [4,
Section 1] and both A°? and I"°P have generalized Reedy category structures by Berger
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and Moerdijk [4, Examples 1.9(a) and (b)]. Thus, we can consider the (generalized)
Reedy model structure on the category of functors

A°P x T'°P — PreStacks.

Next, we turn attention to the morphisms used to define a local model structure. As
above, we define these morphisms in their adjoint form in the category of functors

A°P x T'°P x Cart®? — sSet.

Denote objects of I" by (m) = {x, 1,...,m}, where % is the basepoint. Then consider
the set of morphisms

u:@—(0), ™" (m)Ug) (n) = (m+n),

where the maps """ are induced by a pair of maps of finite pointed sets (which yield
morphisms in I' in the opposite direction) (m) < (m + n) and (n) < (m + n). The

first of these maps is the identity on the subset {1,...,m}andsendsm+1,...,m+n
to *. The second of these maps uses the obvious bijection from {m + 1, ..., m + n} to
{l1,...,n} and sends the remainder to .

We then consider a set of localizing morphisms similar to (2.2.5), only now we have to
fix objects in a pair of the categories A, I' and Cart. Explicitly, we take morphisms
id[n] X id(m) X p, Q@ X id(m) X ids, X X id(m) X ids,

2.3.1
( ) id[n] x ™" x idg, id[n] Xu Xidg,

where [n] € A, (m) € ', and S € Cart vary over all possible objects.

Definition 2.3.2 Define the model category of symmetric monoidal smooth co—cate-
gories, denoted by C*°—Cat®, as the left Bousfield localization of the Reedy model
structure on the category of functors A°P x I'°? — PreStacks with respect to the
morphisms (2.3.1).

Again, existence of such a localization is shown by Barwick [2, Theorem 4.7], which
also proves that fibrant objects in the localized structure are precisely fibrant and local
objects in the original model structure.

Lemma 2.3.3 Fibrant objects C € C*°—Cat® (Definition 2.3.2) are Reedy fibrant sim-
plicial presheaves C : A°P x I'°P x Cart°® — sSet (meaning the adjoint map A°° x ['°P —
PreStacks is Reedy fibrant, where PreStacks is equipped with the projective model
structure of Definition 2.2.3) such that
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(1) for any S € Cart and (m) € I, the restriction C(—, (m), S): A°® — sSet is a
complete Segal space (Remark 2.1.8);

(2) forany fixed [n] € A and (m) € T, the restriction C([n], {m), —): Cart°®® — sSet
is a smooth stack (Remark 2.2.4);

(3) forany fixed S € Cart and [n] € A, the restriction C([n],—, S): I'°?P — sSet is
a special I'—space (Segal [23, Definition 1.2] and Bousfield and Friedlander [6,
Section 4]).

Proof Fibrant objects in the local model structure are fibrant object in the Reedy
model structure (selected by the first condition) that additionally satisfy the locality
condition (2.2.8) with respect to the maps (2.3.1). For the maps ¢ xid,,) x ids and
X X id(y,) x idg we see using the adjunction property that C(—, (m), S) must be a
complete Segal space. For the maps id[,] x id,) x p we see that C([n], [m], —) must
be a stack. For the maps idp,) x t™" xidg and idj,) x u x idg we see that C([n], —, S)
must be a special ['—space. a

Definition 2.3.4 We have a functor
C®—Cat® — C®—Cat

that restricts a simplicial presheaf on A xI" x Cart to A x (1) x Cart = A x Cart. We call
this the forgetful functor from symmetric monoidal smooth co—categories to smooth
oo—categories.

By virtue of Lemmas 2.2.7 and 2.3.3, the forgetful functor preserves fibrant objects
and weak equivalences between them, and in fact is a right Quillen functor, which can
be seen as follows. Hirschhorn [15, Theorem 15.5.2] shows that there is no difference
between the Reedy model structures on

Fun(A°P, Fun(I"°?, PreStacks)),
Fun(I"°?, Fun(A°P, PreStacks)),
Fun(A°P x I"°P, PreStacks),

using that A°P x I'°P is a (generalized) Reedy category, with Hirschhorn’s proof still
working for generalized Reedy categories. In particular, the forgetful functor can be
presented as evaluation at (1) € T,

Fun(T"°P, Fun(A°®?, PreStacks)) — Fun(A°?, PreStacks),

hence it is a right Quillen functor because Reedy (acyclic) fibrations are projective
(acyclic) fibrations.
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2.4 Smooth co—categories from sheaves of categories

The main example of a Segal space comes from a simplicial space-valued nerve of
an ordinary category; see Rezk [21, Section 3.3]. For small categories C and D, let
Iso(CP) denote the category whose objects are functors D — C and whose morphisms
are natural isomorphisms of functors. Then define

(2.4.1) N: Cat — Fun(A%, sSet), C — ([/]~ N(Iso(cl'h))).

Rezk [21, Proposition 6.1] proves that N°°(C) is a complete Segal space; we sketch
the idea. The set of (k, /)-bisimplices of N°°(C) is the set of diagrams in C

€00 f10 c10 So. . _fio clo
Co1 i1 11 f21 Jin I
2.4.2) Nervey (Iso(C [l])) =9 | 1 Lo
S1k Sfor Sik
Cok Cik Clk

where c;; € C are objects, the horizontal arrows f;; are morphisms in C, and the vertical
arrows are isomorphisms in C. These diagrams stack horizontally, from which one
deduces that the resulting simplicial space satisfies the Segal condition. Furthermore, the
space we get from setting / = 0 consists of chains of invertible morphisms; unraveling
the definitions (and with a bit of work), this verifies that the Segal space is complete.

To generalize this construction for a nerve valued in smooth co—categories, we consider
diagrams like (2.4.2) with each ¢;; an object in a category-valued presheaf on Cart.
Definition 2.4.3 Given a (strict) presheaf C: Cart°® — Cat of categories, consider the
presheaf of groupoids Ca : Cart®? x A°P — Grpd defined by the formula

(S.[k) = Tso(c(5)1).
Define the nerve of a category-valued presheaf as N (C) := N(Ca).

Lemma 2.4.4 If C satisfies descent, then so does Ca and therefore NC™ (C) is fibrant
in the model structure of Definition 2.2.6.
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Proof This follows immediately from Lemma 2.2.7. The part with fixed S is verified
by Rezk. The part with fixed [k] is satisfied because (—)!¥! and Iso(—) both preserve
homotopy limits of categories and therefore preserve the descent property for presheaves
of categories. a

We will also need a symmetric monoidal version of the previous lemma. This is the
classical construction of a I'-object from a symmetric monoidal object with a strict
monoidal structure.

Definition 2.4.5 Given a presheaf C: Cart®® — SymCat of symmetric monoidal cat-
egories with a strict monoidal structure (and symmetric strict monoidal functors as
morphisms), consider the presheaf

Cr: Cart®® x I'? — Cat
defined by the formula
Cr(S. (1) =c(s)!

with the naturality in S’ € Cart induced by C and naturality in (/) € I" induced by the
strict monoidal structure on C(S) and its symmetric braiding. Define the nerve of a
symmetric monoidal category-valued presheaf by NC® (€) :=N((Cr)a).

We say a presheaf of symmetric monoidal categories with strict monoidal structure on
Cart satisfies descent if its underlying presheaf of categories (forgetting the symmetric
monoidal structure) does. This construction continues to work when Cart is replaced by
any other site. In Lemma 2.4.6, we need to use the site Cart x I' given by the product
of the site Cart and the category I' equipped with the trivial Grothendieck topology.

Lemma 2.4.6 If C satisfies descent, then so does Cr and therefore N Ce (C) is fibrant
in the model structure of Definition 2.3.2.

Proof The functor (—)’ preserves homotopy limits and therefore preserves the descent

condition. Thus Cr satisfies descent and we can invoke the previous lemma. |

3 Bordisms, path categories, and field theories

In this section we present our definition of a smooth 1-dimensional topological field
theory over a manifold, as well as a closely related notion of a transport functor.
In Section 3.1, we apply the nerve construction of the previous section to the stack
of vector bundles on Cart to obtain the symmetric monoidal smooth co—category of
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smooth vector spaces, which is a fibrant object in C>°~Cat®. The 1-dimensional
oriented bordism “category” over X, denoted by 1-Bord® (X), is defined in Section 3.2
and is a nonfibrant object of C>°~Cat®. Together, these define the main ingredients of
a smooth field theory.

The model categories C*°—Cat and C®°—Cat® are simplicial model categories, so they
are equipped with mapping simplicial set functors of the form

C°P x C — sSet.

These functors are right Quillen bifunctors, and “derived mapping space” below refers
to their right derived functors.

Definition 3.0.1 A 1-dimensional smooth oriented topological field theory over X
is a point in the derived mapping space C>°—Cat® (1-Bord® (X), Vect), and the space
of 1-dimensional smooth oriented topological field theories over X is this derived
mapping space.

We will also define a closely related (nonfibrant) smooth co—category of smooth paths
in X, denoted by P(X), which is a nonfibrant object of C*°—Cat.

Definition 3.0.2 A transport functor on X is a point in the derived mapping space
C®—Cat(P(X), Vect), and the space of transport functors on X is the derived mapping
space C°—Cat(P(X), Vect).

There is a restriction functor
C%®—Cat®(1-Bord” (X), Vect) — C®—Cat(P(X), Vect)
from field theories to transport functors.

Before jumping into detailed definitions of the objects in C°°~Cat, we overview some of
the ideas that go into in Lurie’s definition of the bordism category [20] as a Segal space;
see also Calaque and Scheimbauer [9]. The standard way of chopping up a manifold M
into k pieces is a Morse function on M with a choice of & nondegenerate critical values.
One can consider the group of diffeomorphisms of M that preserve the inverse images
of these critical values. The classifying space of this diffeomorphism group is roughly
the value of Lurie’s Segal space on [k] € A. This is rough because one also wants the
classifying space to allow for varying Morse functions and varying critical values. In
total, the result is a classifying space of the ways of cutting a manifold M along k
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codimension 1 submanifolds. In terms of the usual description of the bordism category,
this corresponds to a composable chain of bordisms of length & — 1. Forgetting a
codimension 1 submanifold or adding extra multiplicity gives maps between these
classifying spaces, producing the requisite simplicial maps. In the 1-dimensional
case, these classifying spaces are particularly easy owing to the simplicity of Morse
decompositions of 1-manifolds. Our approach to 1-Bord®"(X) is the same idea, but
we replace the classifying space with a (smooth) classifying stack.

3.1 Smooth vector spaces

Define the sheaf of symmetric monoidal categories, V: Cart®® — SymCat, as follows.
The objects of V(S) are elements of N, corresponding to the dimension of a trivial
bundle on S =~ R™, and morphisms m — n are smooth maps S — Hom (R, R") into
the space of linear maps. The morphism of groupoids associated with maps S — S’ of
objects in Cart is the identity map on objects, and on morphisms we precompose. The
strict monoidal structure is determined by multiplication in N and tensor products of
linear maps. The (nontrivial) braiding is induced by the obvious block matrix. This
satisfies descent because smooth functions do.

Definition 3.1.1 Let Vect € C*°—Cat® (Definition 2.3.2) be the fibrant object obtained
by applying Lemma 2.4.6 to the sheaf of symmetric monoidal categories V defined
above.

To explain this a bit more concretely, the vertices of the simplicial set associated to
S € Cart, [k] € A and (1) € T" are chains of length k of morphisms of vector bundles
over S,

(3.1.2) Vo2 vy 22, .. %, v 1V, — S,

where the dimensions of the V; correspond to the natural numbers in the formal
definition. The 1-simplices of this simplicial set are commutative diagrams of vector
bundles,

Vo 26 1 &5 L By
(3.1.3) | | NS
vy By By

where the vertical arrows are vector bundle isomorphisms. These 0- and 1-simplices
vary with [k] € A by composing horizontal morphisms of vector bundles or by inserting
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r

Figure 1: A vertex (ie an object) in the simplicial set 1-Bordp (pt)(2, 3). The
bordism is drawn in solid black, the height function is given by the height
in the picture, and the cut functions are represented by the dotted horizontal
lines. The map to {0, 1,2} € I maps the left of the vertical dotted line to 1
and the right of the vertical line to 2. The fiber over zero is empty. Regularity
at the cut values means that the intersections of the bordism with the dotted
lines are transverse. Restricting attention to the bordism confined within an
adjacent pair of horizontal dotted lines gives the three Segal A—maps and
similar restrictions corresponding to the vertical dotted line gives the two
Segal I'-maps. The action by X, interchanges the bordisms on the left and
right sides of the vertical dotted line.

a horizontal identity morphism of vector bundles. We can also pull this data back along
smooth maps S’ — S.

3.2 The definition of the 1-dimensional bordism category

Definition 3.2.1 (the 1-dimensional oriented bordism category over X) Given
X € Fun(Cart®?, Set) (the most important example of X being the presheaf induced
by a smooth manifold), the nonfibrant smooth symmetric monoidal co—category
1-Bord® (X) (Definition 2.3.2) is defined by taking the nerve of the following presheaf
of groupoids on A x Cart x I': send [/] € T', [k] € A, and S € Cart to the groupoid
whose objects are given by data

(1) M, an oriented 1-manifold that defines a trivial bundle M! x S — S,
2) amapy:M1 xS —> X x{x1,...,1},
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(3) cutfunctions 19 <1 <t <--- <1 € C°(S),

(4) apropermap i: M! xS — R x S over S called the height function such that
for each s € S the fiber of /1 over s € S has #;(s) as a regular value for all 7.

Isomorphisms in the groupoid are certain equivalence classes defined as follows. First
consider the set of smooth functions €y, €, 66, e;c 1§ — (0, 00) together with orientation-
preserving diffeomorphisms

¢: ™ ((to — €0, tk +€x) X S) — (W)t — €5, 11, + €)X S)
over S x X such that ¢ restricts to a fiberwise diffeomorphism over S x X of the form
B ([t 1] x S) = (W) (1] 1] x S)

for any 0 <i < j < k. Two such elements are equivalent if their restrictions to
h~([to, tx]x S) coincide. The quotient sets admit a well-defined composition operation,
given by pointwise composition.

Functoriality in S is given by the composition of y, ¢, &, and ¢ with the given map
S’ — S. Functoriality in T is given by postcomposing y with the given map of finite
sets {*,1,...,/} — {*,1,...,I’}. Functoriality in A with respect to a morphism of
simplices [k'] — [k] is given by dropping those ¢; for which 7 is not in the image of [k’]
and duplicating those #; that are in the image of more than one element of [k'], and
restricting ¢ accordingly.

We observe that 1-Bord® (X)) is covariant in X: a smooth map X — Y induces a
smooth symmetric monoidal functor 1-Bord®"(X) — 1-Bord*'(Y").

Remark 3.2.2 The properness assumption on O—simplices in property (1) guarantees
that the 1-dimensional bordism “between” S x {fo} and S x {#;} is compact in each
fiber over S.

Remark 3.2.3 The second piece of data, M ! x S — X x {x,1,...,[}, encodes both
the map from the bordism to X, and the partition of connected components of this
bordism associated with the monoidal structure. Our definition of 1-Bord® (X) does
not satisfy the Segal I"'—condition, but this failure of fibrancy is not a problem for
computing field theories.

Remark 3.2.4 Below, we will find it convenient to replace 1-Bord®"(X') with a weakly
equivalent object 1-Bord’®"(X'), which coincides with 1-Bord® (X) for all [n] € A
except for n = 0, where we replace the '-object 1-Bord®"(X')(0) with the '-object
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(m) — (X U X)™, where (m) = {x,1,...,m} and X" denotes the representable
presheaf of the m—fold cartesian product of X LI X', corresponding to the two orientations
of points. There are canonical homotopy equivalences 1-Bord™"(X) — 1-Bord® (X)
and 1-Bord® (X)) — 1-Bord’*"(X) that identify points in X with constant paths in X’
equipped with the cut function ¢y, = 0. The advantage of this replacement is that
1-Bord™"(X)(0)(m) is a representable presheaf for all {(m) € I', hence a cofibrant
object in the projective model structure on Stacks.

3.3 The category of smooth paths in a smooth manifold

Similar to the intuition behind cutting bordisms, we can also consider an analogous
structure for paths in X. In this case a Morse function is afforded by the parametrization
of the path itself.

Definition 3.3.1 Given X € Fun(Cart®?, Set) (the most important example of X
being the presheaf induced by a smooth manifold), define the smooth path category
PX e C®-Cat (Definition 2.2.6) of X as the nerve of the presheaf of groupoids on
A x Cart constructed as follows. A pair [k] € A, S € Cart is sent to the groupoid whose
objects consist of amap y: S X R — X and cut functions tg <t; <--- <t € C*(S).

Isomorphisms in the groupoid are equivalence classes of a certain equivalence rela-
tion. Elements in the underlying set of this equivalence relation are smooth functions
€0, €k €4 6;{1 S — (0, 0o) together with orientation-preserving diffeomorphisms
¢: (o — €0, g +€x) X S — (t)— €. 1, + €)X S
over S x X such that ¢ restricts to a fiberwise diffeomorphism over S x X of the form
! L
[ti, 4] x S = [t;, ;] x S

for any 0 <i < j < k. Two such elements are equivalent if their restrictions to
[t0, tx] x S coincide. The quotient sets admit a well-defined composition operation,
given by pointwise composition.

Functoriality in S is given by the appropriate composition of y, ¢, and ¢ with the given
map S’ — S. Functoriality in A with respect to a morphism of simplices [k'] — [k] is
given by dropping those #; for which 7 is not in the image of [k’] and duplicating those
t; that are in the image of more than one element of [k’], and restricting ¢ accordingly.

We recall that a manifold X defines a presheaf (of sets) on Cart, and the fiber of PX
over [0] € A is homotopy equivalent to this presheaf via the map (y, t9) — ¥ (%),
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with an inverse that sends a map f: S — X to an S—family of constant paths,
SxR—SLsx , with cut function the zero function. The fiber of P X over .S € Cart
and [k] € A is the nerve of the groupoid of S—families of paths in X with k + 1 marked
points and diffeomorphisms of these paths. The object P X is covariant in X, meaning
a smooth map X — Y induces a smooth functor PX — PY; hence P is a functor

from Mfld to C*°—Cat.

There is a smooth functor PX — U(1-Bord® (X)) in C®°-Cat (where U denotes the
forgetful functor of Definition 2.3.4) we get by viewing a family of paths as the family
of bordisms S x M! = S x R and the height function / the projection to R. This has
an induced restriction map

C®°—Cat®(1-Bord® (X)), Vect) — C®—Cat(PX, Vect)

from 1-dimensional field theories over X to representations to the smooth path category
of X. Here C®—Cat®(—, —) and C*®—Cat(—, —) denote the corresponding derived
mapping simplicial sets.

Remark 3.3.2 In analogy to Remark 3.2.4, we will find it convenient to replace PX
with a weakly equivalent object P’ X, which coincides with PX for all [n] € A except
for n = 0, where we replace PX(0) with X itself. There are canonical homotopy
equivalences X — PX(0) and PX(0) — X that identify X with constant paths in X
equipped with the cut function 7y = 0. The advantage of this replacement is that P’ X'(0)
is a representable presheaf, hence a cofibrant object in the projective model structure
on Stacks.

3.4 Descent for field theories and representations of paths

A key step to verifying the main theorem is that field theories over X and representations
of smooth paths in X can be computed locally in the following sense.

Theorem C Let {U;} be an open cover of a smooth manifold X. The canonical maps
hocolim P(Uy) — P(X), hocolim 1-Bord® (Uy) — 1-Bord® (X)

are equivalences of smooth co—categories and symmetric monoidal smooth co—cate-
gories, respectively. Here k runs over all finite tuples of elements in I and Uy, denotes
the intersection of U; for all i € k. This immediately implies that the assignments

X > C®—Cat(P(X), Vect), X — C®—Cat®(1-Bord (X), Vect)

are stacks on the site of smooth manifolds.
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Proof See Grady and Pavlov [13, Theorem 1.0.1] for the case of bordism categories.
The case of path categories then follows formally. We remark that the most technical
part of the cited proof — Section 6.6 in [op. cit.] —becomes completely trivial in the
1-dimensional case, since the nerves of relevant categories are contractible for trivial
reasons. m]

We apply the above result to reduce our main theorems to the case X € Cart. In
particular, this simplifies the construction of a transport functor from a vector bundle
with connection, since the general case X € Mfld would require us to work with
arbitrary cocycles for vector bundles, bringing considerable technicalities, whereas for
X € Cart all vector bundles over X are trivial, and the problem reduces to manipulating
connection 1-forms.

Definition 3.4.1 We define Vect" € Stacks as follows. Given X € Cart, we send it to the
nerve of groupoid whose objects are pairs (7, ), where n > 0 specifies a finite-dimen-
sional vector space V = R” and w € Q! (X, End(V)). Morphisms (1, wg) — (1, w1)
are smooth maps f* € C*°(X, GL(V)) such that w1 = Adg—1wo + f~ldf, where Ad
denotes the adjoint action.

The groupoid Vect" (X) is equivalent to the groupoid of trivial vector bundles with
connection over the cartesian space X .

Corollary 3.4.2 Consider the functors
C®—Cat(—, Vect"), C*®—Cat(P(—), Vect) : Fun(Cart®, Set)®® — sSet

that send X € Fun(Cart®®, Set) to C*°—Cat(X, Vect") and C®°—Cat(PX, Vect), respec-
tively. The space of natural weak equivalences

C®—Cat(—, Vect"¥) — C®—Cat(P(—), Vect)

is weakly equivalent to the space of natural weak equivalences between the same
functors, restricted along the Yoneda embedding Cart — Fun(Cart°P, Set) to the cate-
gory Cart. In particular, any natural weak equivalence

Vect¥ — C®—Cat(P(—), Vect)

on Cart can be extended to a natural weak equivalence on Fun(Cart®°P, Set) in a unique
way up to a contractible choice.

Proof Cart generates Fun(Cart®?, Set) under homotopy colimits. Both functors,

C®—Cat(—, Vect¥) and C®-Cat(P(—), Vect),
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send homotopy colimits in Fun(Cart®?, Set) to homotopy limits in sSet. For the former,
it boils down to the classical fact that vector bundles with connection satisfy descent,
whereas for the latter it follows from Theorem C. |
In the next section, we construct a specific weak equivalence

VectY — C®—Cat(P(—), Vect)

in PreStacks, which will prove that representations of the path category of any smooth
manifold X are precisely vector bundles with connection over X .

4 Representations of the smooth path category of a manifold

In this section we prove the following.

Proposition 4.0.1 Given X € Fun(Cart®?, Set), the derived mapping space
C®—Cat(PX, Vect)

is naturally weakly equivalent to Vect" (X)) of Definition 3.4.1. (In particular, we can
take X € Mfld.)

Proof By Corollary 3.4.2, it suffices to construct such a natural weak equivalence
for X € Cart. Replace PX with weakly equivalent P’ X from Remark 3.3.2. Recall
that Vect is fibrant in C*°-Cat (Lemma 2.2.7). Furthermore, the stack of objects
(P'X)[0] = P'X(0) = X is a representable (hence cofibrant) presheaf in PreStacks
and Vect and P’ X are constructed as objectwise nerves of groupoids. Hence, the
derived mapping space C>°—Cat(P’X, Vect) can be computed using the nonderived
hom C*°—Cat(P’ X, Vect). The map

VectY (X) — C®—Cat(P'X, Vect)

is constructed in Definition 4.0.2 and is shown to be an isomorphism in Lemma 4.1.2
and Proposition 4.2.10. O

The following construction codifies the parallel transport data of a connection on a
vector bundle as a functor.

Definition 4.0.2 Given X € Cart, we construct a map (natural in X')

VectY (X) — C®—Cat(P'X, Vect)
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as follows. A (trivial) vector bundle with connection (n, w) defines a smooth functor
R:P'X — Vect via parallel transport: to f: S — X, an S—family of points in X, we
assign the object n over S, defining a functor X = P’ X (0) — Vect(0). To a family of
oriented paths S xR — X, we apply the fiberwise parallel transport with respect to the
connection 1-form w, yielding a morphism of (trivial) vector bundles over S. These
maps are invariant under families of diffeomorphisms of 1-manifolds, so we obtain a
functor P X (1) — Vectg(1), which is again natural in S so defines a fibered functor
P’ X (1) — Vect(1) by extension from individual fibers in the usual fashion. We extend
in the obvious way to P’ X (k) — Vect(k), where naturality with respect to maps in A
follows from compatibility of parallel transport with concatenation of paths. Hence,
we have constructed a functor from the path category of X to smooth vector spaces.
Lastly, we observe that an isomorphism of vector bundles with connection leads to a
natural isomorphism of functors of such functors, ie an edge in the simplicial mapping
space. An n—simplex comes from a composable n—tuple of isomorphisms of vector
bundles with connection.

4.1 Reduction to parallel transport data

In this section we whittle the proof of Proposition 4.0.1 down to a statement about
parallel transport data, by which we shall mean smooth endomorphism-valued functions
on paths that compose under concatenation of paths and are compatible with restrictions
to intersections of the cover. The next definition and lemma describe the precise manner
in which a representation of the path category determines a transport functor on X'.

Definition 4.1.1 We define the stack Tran € PreStacks of transport data as follows.
Given X € Cart, we send it to the nerve of groupoid whose objects are pairs (n, F'),
where n > 0 determines a vector space V = R” and F is a morphism

F:R xHom(R, X) — End(V)

in PreStacks such that the following three properties are satisfied: (1) forany p: R — X
and any Ly, L, € R the following functoriality property holds:

F(LvaOSLl)OF(Ll’p)Z F(Ll +L27p)’

where Sy, (t) =t — Ly; (2) for any p: R — X we have F(0, p) = idy; (3) F is
invariant under diffeomorphisms of paths: if g: R — R is an orientation-preserving
diffeomorphism such that g(0) = 0, then

F(L.p)=F(g (L), pog).
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(The first argument of F' specifies the length L of a smooth path p in X. The path itself
is given by the second argument of F and is parametrized by [0, L] C R.) Morphisms
Fi — F, are smooth maps /#: X — GL(V') such that

h(p(L))o Fi(L, p) = F2(L, p) o h(p(0)).
Lemma 4.1.2 There is an isomorphism in PreStacks,
C*®—Cat(P’'(-), Vect) — Tran.
(P’'X is constructed in Remark 3.3.2.)

Proof Fix some X € Cart; we need to define a morphism
C*®°—Cat(P’' X, Vect) — Tran(X).

Both sides are nerves of groupoids, so we define the map first on objects, then on
morphisms. Pick a functor R: P’X — Vect. The presheaf of objects PX(0) = X
maps via R to a fixed object of Vect given by some dimension n > 0. The data
of F is obtained by evaluating on [1] € A with cut function zy = 0. On objects, we
map R +— (n, F). Property (1) boils down to functoriality with respect to the three
coface maps [1] — [2] in A, where the middle face map computes the composition.
Property (2) boils down to functoriality with respect to the codegeneracy map [1] — [0]
in A. Property (3) boils down to the fact that isomorphisms in P X ([n], S) are endpoint-
preserving diffeomorphisms between n—chains of paths in X, whose individual (n 4 1)
vertices are identity maps (this holds for P’ X, not for PX). Finally, a morphism
R — R’ is given by a map h: X = P'X(0) — GL(n), which yields a morphism
h:(n, F)— (n', F") (where n = n’).

Conversely, the inverse map
Tran(X) — C*°—Cat(P’X, Vect)

sends (n, F) to the functor R: P’ X — Vect that maps the presheaf of objects P’ X (0)
to n. The presheaf of k—simplices for k > 1 is mapped to the corresponding transport
maps between endpoints. |

4.2 From parallel transport data to vector bundles with connection

From the above discussion, we have shown that a point in the (derived) mapping
space C°°—Cat(PX, Vect) for X € Cart defines a parallel transport data for a vector
bundle on X, ie an object of Tran(X'). In this section we explain how parallel trans-
port data defines a vector bundle with connection. More precisely, we construct an
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equivalence Tran(X) — Vect" (X). Most of the ideas below are present in Freed [11]
and Schreiber and Waldorf [22], and we have adapted them to our situation with some
minor modifications.

Lemma 4.2.1 Given X € Cart and (n, F) € Tran(X), the map F assigns the identity
map on V = R" to constant paths in X .

Proof Since a constant path y can be factored as the concatenation y * y, the value
of F on y must be a projection in V, denoted by P). Furthermore, there is a family of
constant paths parametrized by [0, ¢] coming from the restriction of y to [0,¢'] C [0, ¢].
Over ¢/ = 0, the constant path is the identity morphism in the path category and
therefore is assigned the identity linear map. Smoothness gives a family of projections
connecting P, on V that is the identity projection at an endpoint. Since the rank of
the projection is discrete, it must be constant along this family. Therefore, P,, is the
identity. |

Lemma 4.2.2 Given X € Cart and (n, F) € Tran(X), the map F lands in the invertible
morphisms, ie the morphism F(y) for an family of paths y is an isomorphism on
V =R"

Proof Since a path of length zero is assigned the identity linear map on V', by continuity
there is an € > 0 such that the restriction of any path y to [0, €] is assigned an invertible
morphism. Observe that this holds for any point on a given path (though possibly with
variable €). Choosing a finite subcover and factoring the value on a path into the value
on pieces of the path subordinate to the subcover, we see that the value on a path is a
composition of vector space isomorphisms, and therefore an isomorphism. |

The remaining work is in the construction of an inverse to the map Vect" (X) — Tran(X)
(see Definition 4.0.2 and Lemma 4.1.2). For this we use the following two lemmas of
Schreiber and Waldorf [22, Lemmas 4.1 and 4.2], reproduced here for convenience.

Lemma 4.2.3 For a finite-dimensional vector space V, smooth functions
F:RxR — Aut(V)

satistying the cocycle condition F(y,z)- F(x,y) = F(x,z) and F(x,x) = id are in
bijection with 1—forms, Q! (R; End(V)).

Proof Given such a 1-form A, consider the initial value problem

(4.2.4) (0r0) (1) = A: () ((1)),  als) =1id,
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where o: R — Aut(V') and s € R. We obtain a unique solution «(¢) depending on s, and
define F(s,t) = a(t). The function F is smooth in s because the original coefficients
were smooth in s, and is globally defined because the equation is linear. To verify that
F(s,t) satisfies the cocycle condition, we calculate

A (F(y.0)F(x,y) =0 F(p. 1)) F(x,y) = A (0) F(y, 1) F(x, y),
and since F(y, y) F(x, y)= F(x, y), uniqueness dictates that F'(y, ¢) F(x, y) = F(x,t).
Conversely, for F: R xR — Aut(V), let a(t) = F(s,t) for some s € R and let
Ar(@r) = @ra()a()™.

When F satisfies the cocycle condition, A;(d;) is independent of the choice of s:
F(so.1) = F(s1.0)F(s0.51) => (3¢ F(s0.0)F(s0.0)™" = 3: F(s1.0)) F(s1.0) ™.
This gives the desired bijection. |
Lemma 4.2.5 Let A, A’ € Q' (R;End(V)) be endomorphism valued 1-forms on R
and g: R — Aut(V') be a smooth function. Let F4 and F4 be the smooth functions

corresponding to A and A" by Lemma 4.2.3. Then
g(y)- Fa(x,y) = Fq(x,p)-g(x)
ifand only if A" = Adg—1 4 + g ldg.

Proof The function g(y)F4(x,y)g(x)~! solves the initial value problem (4.2.4)
for A’,

Iy (g F(x, »)g(x)™") = (0,g() F(x, »)g(x) " + g(»)dy F(x, p)g(x)~!
= (dyg(»)g(» (g F(x,»)g(x)"h
+(g(») Ay (0y)g(») Ng) F(x, »)g(x)™h),

so by uniqueness we obtain the desired equality. O

Now we construct a differential form from the parallel transport data that will give
rise to a connection. Throughout, (d, F) € Tran(X) is a transport data on X € Cart
with typical fiber V = R9. Let y: R — X be a path such that y(0) = p and y(0) = v;
restrictions of y to intervals (as a family over R?) will give a family of paths in PX,
ie a O—simplex. Define

Fy(x,y)=F(y:[x,y] = X), F:RxR—End(V).

By the above lemma, F,, gives us a 1-form A, with values in End(V). By varying y,
we want to promote this to a 1-form on X whose value at (p, v) is A, (9;).
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Definition 4.2.6 The morphism Tran — Vect" is defined as follows. Fix X € Cart
and (d, F) € Tran(X); we need to produce A € Q!(X,End(V)), where V = R¥.
Fix a point p € X and a tangent vector v € X; we need to define 4,(v) € End(V).
We use the linear structure on X = R” to define 4,(v) = (Asy)o(1), where v is
the path through p € X with velocity vector v € X, Ay is a 1-form on R, and
(Asv)o(1) is the value of this 1-form at 0 evaluated at 1 € TyRR. This defines a functor
Tran(X) — Vect" (X)) on objects, and on morphisms we send /1: X — GL(V) to itself,
now viewed as a morphism in VectV(X ).

Lemma 4.2.7 Definition 4.2.6 is well defined: objects in Tran are sent to smooth
differential 1-forms A € Q'(X,End(V)), and isomorphisms are sent to gauge trans-
formations A" +— Adg,—1 4 + g ldg.

Proof The claim on isomorphisms follows from Lemma 4.2.5. To verify the claim
on objects, we first observe that A4 is smooth: choose families of affine paths in a
neighborhood of p and invoke smoothness of the representation. Furthermore, we
claim that A satisfies A(Av) = AA(v) for all A > 0. To see this, define y; (¢) = y (Af)
for A > 0. We compute

AQ) = 31 Fy, (0.0)]1=0 = 1 Fy (0, 16)] 120 = LA ().

Lemma 4.2.8 shows that this property implies 4 is linear. |

Lemma 4.2.8 A smooth function A: V — W between vector spaces that satisfies
A(Av) = AA(v) for A > 0 is linear.

Proof It suffices to show that A is equal to its derivative at zero. From the assumptions
it follows that A(0) = 0. Smoothness of 4 implies that d A(0) exists, and we compute
its value on v by the one-sided limit

(dA0))(v) = lim A(Av)/A = lim AA(v)/A = A(v),
A—0t A—0T
completing the proof. a

The next lemma shows that A determines the given representation. Our techniques are
in the spirit of D Freed’s [11, Appendix B], though benefited from K Waldorf pointing
out to us the utility of Hadamard’s lemma in this context.

Lemma 4.2.9 For X € Cart and (d, F) € Tran(X), the value of F on a path y is the
path-ordered exponential associated to the End(V )—valued 1-form A constructed in
Definition 4.2.6, where V = RY.
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Proof Let X = R” and y: [0, T] — R” be a path. Fix N a large integer, and let y;
denote the restriction of y to [T(i —1)/N,Ti/N]for 1 <i < N. By definition of
Tran(X),

F(y)=F(yn)o---0 F(y2) o F(y1).

Reparametrize y; by y;(¢) :==yi (T (t+i—1)/N) and let £; : [0, T/ N] — R" denote the
affine path of length 1 starting at y; (0) with velocity y;(0) = v;. By Hadamard’s lemma
there is a smooth function g; with y;(s) —£; (s) = s2g;(s). Define G: [0, 1] — End(V)
by G(t) := F(Jiljo,n7)- Using that 7;(s) = £;(s(T/N)) +s*(T*/N?)gi(s(T*/N?))
and applying Hadamard’s lemma to G we obtain

G(t) = G(0) +1tG'(0) + 12 G2 (t) = id + (T /N) Ay, (vi) + O(N2)

for some function G5 : [0, 1] — End(V). The O(N ~?) estimate comes from Taylor’s
formula and the fact that the original domain of definition [0, 7'] is compact, so a uniform
estimate can be given for the coefficient before (7'/ N)?. The claimed form of the deriv-
ative G'(0) follows from Lemma 4.2.8 and an argument in Schreiber and Waldorf [22,
Lemma B.2] (reproduced in the next paragraph) to show that A,, (v;) = Ay, (v;).

First we consider the family of paths I'(¢,«) := £;(¢) + agi(¢t) depending on the
parameter o for 0 < o < 1. Define ¢: [0,1]* — [0,1]®> by (t,a) > (¢,t%a). The
composition

(Tog)(t,@) = £i(t) + ar’gi(t)

defines a smooth homotopy running from ¢; (when o = 0) to 3; (when o = 1). For
a fixed «, we evaluate F on the family of paths ' o ¢ obtained from restriction to
[0, ¢] x {a} C [0, 1]* and differentiate with respect to ¢ using the chain rule,

d dq
EF((F oq)lfo,xta)t=0 = d(F(I'))|4(0,a) © Trlime = d(F(I'))|(0,0y © (1,0).

The right-hand side is independent of «, whereas the left-hand side is Ay, (v;) fora =0
and A, (v;) when o = 1, so the claim follows.

Putting this together, we have F(y;) = id + (T'/N)Ay, (vi) + O(N~?), and taking
N — oo,

Fy)= lim (id+(T/N)Ae, @0)(id+(T/N)Ag, () -+ (id+(T/N) Ay (o))
= lim exp(T/N)Ag, (v0) exp(T/N) Ay (v2) -+ exp((T/N) Ay, (vn))

= Pexp(A(y)),

since the limit is the definition of the path-ordered exponential of 4 along y. |
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Proposition 4.2.10 The morphism
Tran — Vect"

in PreStacks constructed in Definition 4.2.6 is an isomorphism.

Proof The inverse isomorphism is the composition
VectY (X) — C®—Cat(P'X, Vect) — Tran(X),

where the two maps are constructed in Definition 4.0.2 and Lemma 4.1.2. As shown in
Lemma 4.2.9, for every X € Cart, the composition

Tran(X) — Vect (X) — Tran(X)

is an isomorphism on objects. Morphisms in Tran(X) and Vect" (X) were defined as
smooth maps X — GL(V') satisfying certain respective properties, and we have shown
in Lemma 4.2.7 that these properties are preserved by these functors. |

5 Smooth 1-dimensional field theories and the cobordism
hypothesis

We keep the notation of the previous section: X € Cart is a cartesian space, on which
we consider a field theory.

By construction, there is a map PX — U(1-Bord°" (X)) (in the category C*°—Cat of
Definition 2.2.6, where U is the forgetful functor of Definition 2.3.4) that views a path
as a bordism. This will allow us to apply arguments from the preceding section to the
bordism category.

Lemma 5.0.1 The value of a field theory — see Definition 3.0.1 —on a family of
bordisms y: S x M — X as a vertex in 1-Bordg (X) is equal to the value on a bordism
Vsit: S X M — X that has the same image in X as y but has sitting instants, meaning
that the map ysii: M — X is constant near ty and 1.

Proof Using the I'—structure, it suffices to prove the lemma for arcs in X, ie S—
families y: S x I — X for I an interval. Choose b: R — R to be a smooth bump
function such that b|(_x0,1/31 = 0, b|[2/3,00) = 1, and b|(;/3,2/3) C (0, 1). Consider a
new (S xR)-family of 1-manifolds that, for € R, is given by 4t := y o' (x, ), where
I'(x,t) =tx + (1 —¢t)b(x) for x € I. To this family a field theory assigns a smooth
family of linear maps. We observe that for all ¢ € (0, 1], the fibers in this family are
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isomorphic as morphisms in the fiber of 1-Bord® (X') over S = pt € Cart. Therefore, a
field theory assigns the same linear maps for all ¢ # 0. By smoothness, we obtain the
same linear map at ¢ = 0 and the resulting path has sitting instants around 0 and 1 by
construction. |

We are now ready to prove Theorem B.

Theorem D Evaluating at (1) € T" and restricting along P X — U(1-Bord°" (X)) yields
a weak equivalence of derived mapping simplicial sets, natural in X € Mfld (and, more
generally, X € Fun(Cart°P, Set)),

C®—Cat®(1-Bord™ (X), Vect®) — C®—Cat(PX, Vect).

Thus, there is an equivalence between 1—dimensional oriented topological field theories
over X valued in Vect® and C*°—functors from the smooth path category of X to Vect.

Proof Applying Theorem C, we reduce the problem to the case X € Cart. Apply-
ing Remark 3.2.4, we replace 1-Bord® (X)) with 1-Bord’*"(X), for which we have
1-Bord®"(X)([0], (1)) = X U X, corresponding to two possible orientations of points
in X. These two copies of X a priori map to some d,d’ € N = Vect(X)([0], (1)),
which uniquely determines the maps on 1-Bord""(X)([0], (m)) for m # 1. As shown
below, we necessarily have d = d’, which corresponds to the dimension of the vector
bundle determined by the field theory.

To understand the value of a field theory on morphisms, since the target category
Vect® is fibrant (Lemma 2.3.3), in particular, satisfies the Segal A—condition, a functor
1-Bord®" (X') — Vect is determined (up to a contractible choice) by its value over the
fiber [1] € A. Furthermore, since any bordism can be expressed as a disjoint union of
connected bordisms, we can restrict attention to S—families of connected 1-manifolds
in 1-Bord§ (X)(1).

In the case that cut functions satisfy 7y < ¢1, Morse theory of 1-manifolds cuts a given
connected bordism into elementary pieces that are of three types: (1) bordism from a
point to a point (all points of M ! x {s} are regular values for /), (2) bordisms from
the empty set to a pair of points (0—handles), and (3) bordisms from a pair of points
to the empty set (1-handles). For a given bordism, ie 0—simplex of 1-Bord®'(X), this
reduction comes from a choice of (new) height function that is Morse with regular values
at the prescribed cut values, which defines a 1-simplex in 1-Bord® (X)) connecting
the original bordism to one with a Morse height function. Then we can impose
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additional cut points using the Morse height function to reduce to the cases above. The
relations among these generators are precisely the familiar birth-death diagrams from
1-dimensional Morse theory.

When cut functions satisfy 79 = ¢1, since #y is a regular value and the bordism is
connected, this bordism is in the image of the degeneracy map, ie is an identity path in
the bordism category. For S’ connected and 7y < #; with ¢y = ¢#; somewhere on S, then
this is necessarily a bordism of type (1) above.

In the case that the above types of generating bordisms are mapped constantly to X,
meaning the map x: M ! x § — X factors through the projection to S, the standard
dualizable object argument shows that the value of the field theory on the (+)—point
must be a vector space (Vi)x = R?, and the value on the (—)-point is the dual
space, (V_)% = R4, which in our formulation amounts to showing d = d’.

Now we need to show that the value on a generating bordism with an arbitrary map
to X is determined by the value of the field theory on the path category. For generating
bordisms of type (1) this is clear, since such a bordism can be identified with a morphism
in the path category.

For bordisms of type (2) and (3) we use Lemma 5.0.1 to identify the value of a field
theory on a 0— or 1-handle with the value on a handle that has a sitting instant at its
Morse critical point. Then we can factor the handle into 3 pieces: one given by a subset
of the sitting instant of the Morse critical points (ie a handle that is mapped constantly
to X) and two paths given by the closure of the complement of this subset in the
original handle. Hence, the value of the original bordism is determined by previously
computed dualizing data at the sitting instant together with the value on paths between
points. |

Proof of Theorem A The result follows from Theorem B and Proposition 4.0.1. O

6 Reedy model structures

In this auxiliary section we review the necessary facts from the theory of Reedy model
structures.

Let C be a model category. Following Hirschhorn [15, Definition 15.3.3], we review
the Reedy model structure on the category of simplicial objects in C, ie the category
of functors A°? — C.
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First, define the n™ latching functor, L, : Fun(A°®, C) — C as

L,X = colim Xy,

[m]—[n]

where the colimit is indexed by surjections of finite ordered sets [m] <— [r] that are not
isomorphisms (ie the union of degenerate simplices). Similarly, define the n" matching
Sfunctor My : Fun(A°P, C) — C as

M,X = lim X,

[m]<«[n]

where the limit is indexed by injections of finite ordered sets [m] — [1] that are not
isomorphisms (ie the defining data of a boundary of an n—simplex).

Now, in the Reedy model structure on simplicial objects in C, amap X — Y is a
cofibration if

Xn I_]LnX LnY —> Yn
is a cofibration in C for any [r] € A. Similarly, a map X — Y is a fibration if
Xn — Yn XMnY MnX

is a fibration for any [#] € A. In particular, an object X is cofibrant if the latching map
L, X — X is a cofibration in C for any [r] and fibrant if the matching map X — M, X
is a fibration in C for any [n] € A.

By Hirschhorn [15, Theorem 15.6.27] the Reedy model is cofibrantly generated, with
generating (acyclic) cofibrations as in Hirschhorn [15, Definition 15.6.23]: if A — B
is a generating (acyclic) cofibration in C, then A ® [n]U4ga[,) B ® d[n] — B ®|[n]is a
generating (acyclic) cofibration of the Reedy model structure.
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Round fold maps on 3—manifolds

NAOKI KITAZAWA
OSAMU SAEKI

We show that a closed orientable 3—dimensional manifold admits a round fold map
into the plane, ie a fold map whose critical value set consists of disjoint simple closed
curves isotopic to concentric circles, if and only if it is a graph manifold, generalizing
the characterization for simple stable maps into the plane. Furthermore, we also give
a characterization of closed orientable graph manifolds that admit directed round
fold maps into the plane, ie round fold maps such that the number of regular fiber
components of a regular value increases toward the central region in the plane.

57R45; 57K30, 58K30

Dedicated to Professor Kazuhiro Sakuma on the occasion of his 60th birthday

1 Introduction

Let M be a smooth closed manifold of dimension > 2. It is known that if a smooth
map f: M — R? is generic enough, then it has only fold and cusps as its singularities;
see Levine [9; 10] and Whitney [16]. Furthermore, if M has even Euler characteristic
(eg if dim M is odd), then the cusps can be eliminated by homotopy. In particular,
every smooth closed orientable 3—dimensional manifold admits a smooth map into R?
with only fold singularities, ie a fold map.

In [13; 14], the second author considered the following smaller class of generic smooth
maps. A fold map f: M — R? on a smooth closed orientable 3—dimensional mani-
fold M is a simple stable map if for every g € R?, each component of f~1(¢g) contains
at most one singular point and f'|g( s is an immersion with normal crossings, where
S(f)(C M) denotes the set of singular points of f. Note that if f is a fold map, then
S(f) is aregular closed 1-dimensional submanifold of M. In particular, if f|g(r) is
an embedding, then f is a simple stable map. In [14], it has been proved that for a

© 2023 MSP (Mathematical Sciences Publishers). Distributed under the Creative Commons Attribution
License 4.0 (CC BY). Open Access made possible by subscribing institutions via Subscribe to Open.
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smooth closed orientable 3—dimensional manifold M, the following three properties
are equivalent to each other:

(1) M admits a fold map f: M — R? such that fls(r) is an embedding.
(2) M admits a simple stable map into R2.

(3) M is a graph manifold, ie it is a finite union of S '—bundles over compact surfaces
attached along their torus boundaries.

Thus, for example, if M is hyperbolic, then M never admits such a fold map.

On the other hand, the first author introduced the notion of a round fold map [7; 6; 5]:
a smooth map f: M — R? is a round fold map if it is a fold map and fls(r) is an
embedding onto the disjoint union of some concentric circles in R?; for details, see
Section 2. As has been studied by the first author, round fold maps have various nice
properties.

The first main result of this paper is Theorem 3.1, which states that every graph
3—-manifold admits a round fold map into R?. This generalizes the characterization
result obtained in [14] for simple stable maps mentioned above.

It is not difficult to observe that if f: M — R? is a round fold map of a closed
orientable 3—dimensional manifold, then the number of components of the fiber over a
regular value changes exactly by one when the regular value crosses the critical value
set transversely once. We can thus put a normal orientation to each component of the
critical value set in such a way that the orientation points in the direction that increases
the number of components of a regular fiber. Then, a round fold map is said to be
directed if all the circles in the critical value set are directed inward. The second main
result of this paper (Theorem 3.2) characterizes those graph 3—manifolds which admit
directed round fold maps. It will turn out that the class is strictly smaller than that of
closed orientable graph 3—manifolds.

The paper is organized as follows. In Section 2, we prepare several definitions and a
lemma concerning round fold maps and graph 3—manifolds necessary for our purposes.
We also give an observation on fibered links or open book structures associated with
round fold maps and give some examples. In Section 3, we state and prove the main
theorems. Basically, we will follow the proof given in [14, Theorem 3.1]: however, in
some steps we need to modify the strategy for the constructions of round fold maps. In
Section 4, we give some corollaries and show that the class of 3—manifolds that admit
directed round fold maps is strictly smaller than that of all graph 3—manifolds, using
results obtained in [2; 12]. Finally, we give some open problems related to our results.
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Throughout the paper, all manifolds and maps between them are smooth of class C*°
unless otherwise specified. For a space X, idy denotes the identity map of X. The
symbol = denotes a diffeomorphism between smooth manifolds.

2 Preliminaries

2.1 Round fold maps

In this subsection, we recall some notions related to round fold maps and give some
examples.

Let M be a closed orientable 3—dimensional manifold and f: M — R? a smooth map.
We denote by S(f) (C M) the set of all singular points of f.

Definition 2.1 A point p € S(f) is a definite fold point (resp. an indefinite fold point,
or a cusp point) if f is represented by the map

(u,x,y)—~ (u,x2 + y2) (resp. (u, x2 —yz), or (u, y2 +ux —x3))

around the origin with respect to certain local coordinates around p and f(p). We call
a point p € S(f) afold point if it is a definite or an indefinite fold point. A smooth
map f: M — R? is called a fold map if it has only fold points as its singular points.
Note that then S( /') is a closed 1-dimensional submanifold of M and that f|gs) is
an immersion.

Definition 2.2 Let C*°(M,R?) denote the space of all smooth maps of M into R2,
endowed with the Whitney C*°—topology. A smooth map f: M — R? is a stable map
if there exists a neighborhood N ( f) of f in C%° (M, R?) such that for every g € N(f),
there are diffeomorphisms ®: M — M and ¢: R?> — R? such that g = po f o d~ 1,

It is known that a smooth map f: M — R? is a stable map if and only if the following
three conditions hold; for example, see Levine [10].

(1) It has only fold and cusp points as its singularities.

(2) Wehave f~1(f(q))NS(f) = {q} for every cusp point g € S(f).

(3) The restriction of f to the set of fold points is an immersion with normal
crossings.
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Definition 2.3 A stable map f: M — R? is simple if it has no cusp points and for
every ¢ € R?, each component of f~!(g) contains at most one singular point; for
details, see [13; 14].

In the following, for r > 0, C, denotes the circle of radius r centered at the origin
in R%.

Definition 2.4 A finite disjoint union of simple closed curves in R? is said to be
concentric if it is isotopic to a set of concentric circles

m
Ud
i=1
for some positive integer m.

Definition 2.5 We say that a smooth map f: M — R? is a round fold map if it is a
fold map and f'|g( s is an embedding onto a concentric family of simple closed curves.
Note that a round fold map is a simple stable map. Note also that the outermost circle
component of f(S(f)) consists of the images of definite fold points.

By composing a diffeomorphism of R? if necessary, we always assume that a round
fold map f: M — R? satisfies

m
(2-1) fSsGn=Ja

i=1
for some positive integer .

In the following, 4 denotes the annulus S' x [—1,1], and P denotes the compact
surface obtained from the 2—sphere by removing three open disks: in other words, P is
a pair of pants.

Let /: M — R? be around fold map of a closed orientable 3-dimensional manifold M .
For a component C of f(S(f)), take a small arc « 2 [—1, 1] in R? that intersects
f(S(f)) exactly at one point in C transversely. Then, f~!(«) is a compact surface
with boundary f/~!(a) U f~1(b), which is diffeomorphic to a finite disjoint union of
circles, where a and b are the end points of «. Furthermore, /-1y f (@) = a can
be regarded as a Morse function with exactly one critical point. As M is orientable, we
see that /~!(«) is diffeomorphic to the union of D? (or P) and a finite number of copies
of A; see [15], for example. Therefore, the number of components of f~!(a) differs
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from that of /() exactly by one. If /~!(a) has more components than f~!(b),
then we normally orient C from b to a; otherwise, we orient C from a to b. It is easily
shown that this normal orientation is independent of the choice of «. In this way, each
component of /(S(f)) is normally oriented. If the normal orientation points inward,
then the component is said to be inward-directed; otherwise, it is outward-directed.

Definition 2.6 Let /: M — R? be a round fold map. We say that f is directed if
all the components of f(S(f)) are inward-directed. It is easy to see that a round fold
map f is directed if and only if the number of components of a regular fiber over
a point in the innermost component of R?\ f(S(f)) coincides with the number of
components of S(f).

Let f: M — R? be a round fold map satisfying (2-1). Set L = f~1(0), which
is an oriented link in M if it is not empty. Let D be the closed disk centered at
the origin with radius % Then, f~1(D) is diffeomorphic to L x D, which can be
identified with a tubular neighborhood N (L) of L in M . Furthermore, the composition
¢=mo f:M\IntN(L)— S! is a submersion, where 7: R?\ Int D — S! is the
standard radial projection and ¢|yn(r): ON(L) = L xdD — § I corresponds to the
projection to the second factor followed by a scalar multiplication. Hence, ¢ is a smooth
fiber bundle and L is a fibered link. (In other words, M admits an open book structure
with binding L.) The fiber (or the page) is identified with F = f~1(J), where

J =[3.m+1]x{0} CR?

and it is a compact oriented surface. Note that g = f|g: F — J is a Morse function
with exactly m critical points, and that a monodromy diffeomorphism of the fibration
over S'! can be chosen so that it preserves g.

Note that all these arguments work even when L = &. In this case, F is a closed
orientable surface and M is the total space of an F—bundle over S'.

Conversely, if we have a compact orientable surface F, a Morse function g: F —
[% m+ 1] such that g(dF) = % and that g has no critical point near the boundary, and
a diffeomorphism /: F — F which is the identity on the boundary and which satisfies
g oh = g, then we can construct a round fold map f: M — R? in such a way that M
is the union of 3F x D? and the total space of the F—bundle over S' with geometric
monodromy #.
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g1

D=

N |—

Figure 1: Morse functions on surfaces with Euler characteristic —1.

Example 2.7 Let F be a compact connected orientable surface with dF # &. Let
us consider the identity diffeomorphism as the geometric monodromy in the above
construction. Then, we see that the source 3—manifold M of the round fold map is
diffeomorphic to (3F x D?)U(F x S1) = d(F x D?). By using a handle decomposition
argument, we can easily see that F'x D? is diffeomorphic to D* or a boundary connected
sum of a finite number of copies of S! x D3. Therefore, M is diffeomorphic either to
S3 or to the connected sum of a finite number of copies of S! x S2.

For example, if we start with the Morse function g1 : F; — [ 3, 4] as depicted in Figure 1,
left, then the singular point set S( f;) of the resulting round fold map f;: M; — R?
has three components and their images coincide with C;, C, and C5. The first one is
outward directed, while the other two are inward directed. Therefore, the fold map f;

is not directed. In this example, M is diffeomorphic to (S x S?)#f (S! x §2).

On the other hand, if we start with the Morse function g,: Fp — [% 4] as depicted in
Figure 1, right, then we get a round fold map f>: M, — R? with the same singular
values: however, this round fold map is directed. We can also show that M, is again
diffeomorphic to (S! x $2) #(S! x S?).

2.2 Graph 3-manifolds

In this subsection, we recall the notion of graph 3-manifolds and related results
necessary to state our main theorems of the paper, and to get further results.

Definition 2.8 Let M be a compact orientable 3—dimensional manifold possibly with
torus boundaries. It is called a graph manifold if it is diffeomorphic to a union of
S!_bundles over compact surfaces attached along their torus boundaries.
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Let M be a graph manifold. For a boundary component of each S!-bundle piece, we
have a pair of distinguished simple closed curves: an S!—fiber and a cross-section
over the corresponding boundary component of the base surface with respect to a fixed
trivialization. Note that such a pair of simple closed curves are unique up to isotopy
once we fix a trivialization of the S !—bundle over the boundary of the base surface.
More precisely, the manifold M is oriented, and when the base surface is orientable,
we orient the simple closed curves in a way consistent with the orientations of the
base surface and the ambient 3—manifold. A decomposition of M as in Definition 2.8
is said to be of plumbing type if for each gluing of a pair of torus boundaries, the
attaching diffeomorphism, which is orientation reversing, interchanges the S'—fiber
and the cross-section over the corresponding boundary component of the base surface.
It is well-known that every graph manifold admits a decomposition of plumbing type;
for example, see Hirzebruch, Neumann and Koh [4].

Each decomposition of plumbing type can be represented by a weighted graph: each
vertex corresponds to an S'-bundle piece over a connected surface and each edge
corresponds to a gluing of the corresponding torus boundaries. A vertex is weighted
with the genus of the base surface together with its orientability and the Euler number of
the S'-bundle. Furthermore, an edge is weighted by a sign + or — corresponding to the
orientation preserving/reversing property of the gluing map on the pair of an S'—fiber
and a cross-section. Then, Neumann [12] listed up certain operations to weighted
graphs in such a way that the two graph 3—manifolds corresponding to two weighted
graphs are diffeomorphic if and only if the graphs are related by a finite iteration of the
operations. Neumann also established the notion of normal form plumbing graphs as a
special class of weighted graphs as above and showed that every graph 3—manifold has
a unique normal form plumbing graph.

Now, in order to state one of our main theorems, we need the following.

Lemma 2.9 Every closed orientable graph 3—manifold is diffeomorphic to a union of
finite numbers of copies of P x S and the solid torus D? x S attached along their
torus boundaries.

Proof It is known that every such 3—manifold is diffeomorphic to a union of a finite
number of S'-bundles over compact connected orientable surfaces of genus zero
attached along their torus boundaries; for example, see [14, Lemma 3.3]. In fact, if a
base surface is nonorientable, then we can decompose the surface into the union of a
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compact orientable surface of genus zero and some copies of the Mobius band attached
along their boundaries, and we see that the S'—bundle over the Mdbius band can be
further decomposed into the union of S'-bundles over compact orientable surfaces of
genus zero. If a base surface is orientable of positive genus, then we can decompose
it into the union of compact orientable surfaces of genus zero attached along their
boundaries. Then, we can decompose the 3—manifold accordingly so that we obtain a
desired decomposition.

Now, consider a base surface B, which is orientable of genus zero. If the number of
boundary components is greater than or equal to 4, then we can decompose B into
a union of a finite number of copies of P attached along their circle boundaries. If
the number of boundary components is equal to two, then B is diffeomorphic to the
union of P and a disk. If the surface B has no boundary, then we can decompose it
into two disks. As orientable S!-bundles over P or a disk are always trivial, the result
follows. |

As a consequence, a graph manifold can be represented by a (multi-)graph, where
each vertex corresponds to P x S or a solid torus and each edge corresponds to the
gluing along a pair of boundary components. Note that each gluing corresponds to
an element of the (orientation preserving) mapping class group of the torus, identified
with SL(2,Z).

3 Main theorems and proofs

In this section, we state our main results, Theorems 3.1 and 3.2, of this paper and give
their proofs.

Theorem 3.1 Let M be a closed orientable 3—dimensional manifold. Then, it admits
a round fold map into R? if and only if it is a graph manifold.
Theorem 3.1 generalizes the characterization for simple stable maps obtained in [14].

In particular, every closed orientable graph 3—manifold admits a fibered link which is
also a graph link. Compare this with Myers [11]. Here, a link in a graph 3—manifold is
a graph link if its exterior is a graph manifold.
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Theorem 3.2 Let M be a closed connected orientable graph 3—manifold. Then, it
admits a directed round fold map into R? if and only if it can be decomposed into a
union of finite numbers of copies of P x S' and D? x S such that the corresponding
graph is a tree.

Proof of Theorem 3.1 As noted above, a round fold map is a simple stable map.
Therefore, if a closed orientable 3—dimensional manifold admits such a map, then it is
necessarily a graph manifold by [14].

Now, suppose M is a graph manifold. We will follow the proof of [14, Theorem 3.1]
in order to construct a round fold map f: M — R?, except for the first step, in which
a nonsingular map is constructed for each S !-bundle piece in [14] while we construct
a fold map for each piece, as explained below.

By virtue of Lemma 2.9, we have disjointly embedded tori 74, T3, ..., Ty in M such
that each of the components X, X3,..., Xp of M\ |_|f:1 Int N(T;) is diffeomorphic
either to P x S! or to D? x S, where N(T;) denotes a small tubular neighborhood
of T; in M, 1 <i < (. By inserting pieces diffeomorphic to A x S! = T2 x [—1, 1]
if necessary, we may assume that the decomposition is of plumbing type (for details,
see [4]), where T2 = ST x S denotes the torus. Now, each Xj is diffeomorphic either
to PxS! D2xStorAdxS!t.

Take a component X, for some 1 < j < k. Suppose it is diffeomorphic to D?x S!.
Let §: D? — [—1, 1] be the Morse function defined by §(x, y) = —x2 — 2, where D?
is identified with the unit 2—disk in R?; see Figure 2, left. Then, define f| x; to be the
composition

njo@xidg) o X; s D2 x st 2Ny )« st L R2,

where ¢; is a diffeomorphism and 7; is an embedding whose image is a small tubular
neighborhood of the circle of radius j centered at the origin. We also arrange 7; in
such a way that n; ({£1} x § 1) coincides with the circle of radius j + %

Suppose X; is diffeomorphic to P x S'. We define f| x; by the composition
)”jO(LXidsl)OngIXj&)PXSI%[ ll]xS1 > R2,

where ¢; is a diffeomorphism, ¢: P — [—1, 1] is the standard Morse function with
exactly one saddle point (as depicted in Figure 2, right) and n; is an embedding as
described in the previous paragraph.
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Figure 2: Morse functions § and ¢.

Finally, suppose X; is diffeomorphic to 4 x S!. In this case, we define f| x; by the
composition

r]jo(pxidsl)O(pj:Xjﬂ)Axslﬂ)[_l,l]xsln_f')Rz’

where ¢; is a diffeomorphism, p: 4 = § 1'% [=1,1] = [~1, 1] is the projection to the
second factor and 7; is an embedding as described above.

Now, the map f ||_|5."=1 x; has only fold singular points, and its restriction to the singular
point set is an embedding onto a concentric family of circles in R2. Then, we can
extend the map to get a round fold map f: M — R? as follows, by a method similar
to that used in [14, Proof of Theorem 3.1].

In the following, we set I = [0, 1]. For the construction, we need two smooth maps
hyand hy: T? x I — R? as follows. (For details, see [14, Section 3].) The map /; is
constructed as the composition

1 vXids!
BN

T2x T =5 AxS [1,1]x ST 15 R2,

where v: A — [—1, 1] is a Morse function with exactly one saddle point and one
maximum point such that v=!(—1) = 94 (see [14, Figure 8]), and 7 is an embedding.

On the other hand, the smooth map /4, : T2 x I — R? enjoys the following properties.

(1) The image of 4, is the disk of radius 3 centered at the origin.
(2) The singular point set S(/5) is a circle and consists of indefinite fold points.
(3) The map h3|g(n,) is an embedding onto the circle Cs.

(4) The inverse image (/15)~!(C3) coincides with a boundary component of 7% x I,
and (1,)~1(C;) consists of two components one of which coincides with the
other boundary component.
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Figure 3: Quotient space of /.

(5) The quotient space in the Stein factorization of /4, is a 2—dimensional polyhedron
as depicted in Figure 3. (For the definition of the quotient space in the Stein
factorization, see [14, Section 2], for example.)

Here, we omit the detailed construction of /,, as it is fully explained in [14]. The idea
is to use a Dehn surgery on the exterior of a 2—component trivial link in S3.

Note that on the boundary components of 72 x I, the maps /; and /1, are S '-bundles
over their images. Therefore, on the boundary components, we have distinguished
pairs of simple closed curves: pairs of an S'—fiber and a cross-section. Another
important property of .1 and /&, is that for /1; the canonical diffeomorphism between
the components of (72 x I) keeps the S '—fiber and the cross-section, while for /1 it
interchanges them.

Now, let us proceed as in [14, Proof of Theorem 3.1]. Recall that in the proof there, a
simple stable map into S? is first constructed: however, in our case, we can directly
construct a map into R? as the singular value set of f ||_]§f=] X; 1s a concentric family
of circles in R2. In order to extend the map, we need to arrange an appropriate map on
each N(T;) = T? x I. Depending on the location of the images by the map ILk_, x;
of the small collar neighborhoods of the boundary tori for gluing, we have 4 cases.!
Depending on the cases, we may need to decompose N (7;) into two or three parts,
each of which is diffeomorphic to 72 x I, in order to glue the parts as prescribed by
the weighted plumbing graph. The key ideas are to use /1, in order to interchange the
S!_fiber and the cross-section for gluing, and to use /1 in order to adjust the direction
of the gluing. In order to use /5, we need to use a disk region in the target: in such a
case, we can choose the region that does not contain the point co € S% = R? U {oo}.

In [14, Proof of Theorem 3.1], we had only three cases, since S2 was considered as the target. Here, as
the target is R2, we have one more case for Case 2 there: however, the argument that we use is the same.
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We can also arrange f in such a way that f|g(s) is an embedding by appropriately
modifying f near S(f) if necessary. This completes the proof of Theorem 3.1. O

Let us go on to the proof of the second theorem. In the following, we put, for 0 <a < b,
Ay ={(x.y) eR*|a< Vx> +y2 <b}.

We can observe that /! (Ci_%) is a finite disjoint union of tori foreachi =1,2,...,m,
since M is orientable. Let K be the closure of a component of

m
M ( L]/ /2))

i=1
such that f(K) C A[i-1/2,i+1/2]- Let px: K — S be the composition of f|x: K —
Ali—1/2,i+1/2) and the radial projection A[;_1/2;41/2] =~ S1. We can easily see that
pk and its restriction to the boundary are submersions and hence pg is a locally trivial
fibration. The fiber is a disjoint union of copies of D2, 4 and P. Since f ls(r) is an
embedding and K is connected, the fiber is diffeomorphic to D?, P, or a finite disjoint
union of copies of A. If the fiber is diffeomorphic to D?, then K is diffeomorphic to
D?x S, since K is an orientable 3—dimensional manifold. If the fiber is diffeomorphic
to P, then K is diffeomorphic either to P x .S 1 or a nontrivial P-bundle over S!; see
the proof of [14, Lemma 2.4].

Suppose that K is a nontrivial P-bundle over S! and that C; C f(S(f)) is inward-
directed. If i = 1, then this leads to a contradiction, since f is a trivial fiber bun-
dle over the innermost region of R?\ f(S(f)). If i > I, then a component of
f_l(A[i_3 /2,i—1/2]) adjacent to K is either a nontrivial P-bundle over Sl ora
nontrivial (4 U A)-bundle over S, where A LI 4 is the disjoint union of two copies
of A and the monodromy for the latter bundle interchanges the two components of ALl A.
In the former case, C;—; C f(S(f)) is outward-directed. In the latter case, we can
repeat the argument toward inner components to find an outward-directed component.

Thus we have proved the following.

Lemma 3.3 Let f: M — R? be a round fold map of a closed orientable 3—dimensional
manifold such that f(S(f)) = Uiz, Ci. If f is directed, then the closure of a

component of m
M ( ] f—l(ci_l/z))

i=1

is never diffeomorphic to the nontrivial P—bundle over S!.
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Proof of Theorem 3.2 First, suppose that there exists a directed round fold map
f: M — R?. We may assume that it satisfies (2-1). Then the disjoint union of tori
LIz, s (Ci—1/2) decomposes M into a union of copies of P x ST, AxS! and
D? x S attached along their torus boundaries. Note that by Lemma 3.3, a nontrivial
P—bundle over S! does not appear, since f is directed. Furthermore, we can ignore
the components diffeomorphic to A x S! =~ T'? x[—1, 1] for obtaining a decomposition
of M.

Since f is directed and M is connected, we see that the components diffeomorphic to
D? x S are the outermost component /! (Apm—1/2,m+1/2)) together with the com-
ponents of the innermost part f ! (A[0,1/21): no other components are diffeomorphic
to D? x S!. Then, we can easily see that the corresponding graph describing this
decomposition of M into copies of D? x S! and P x S! is a tree, as the number of
components of regular fibers strictly increases toward the central region.

Conversely, suppose that the graph describing the decomposition of M into copies
of P x S! and D? x S! is a tree. By inserting pieces diffeomorphic to 4 x S if
necessary, we may assume that the decomposition is of plumbing type. Then, the
graph I' describing this new decomposition is also a tree. Note that I" has at least one
vertex of degree one. Let k denote the number of vertices of I'. We label the vertices
by {1,2,...,k} in such a way that

(1) the labeling gives a one-to-one correspondence between the set of vertices and
the set {1,2,...,k},

(2) the degree of the vertex labeled k is equal to one,

(3) foreach j €{l1,2,...,k}, the vertices of labels > j together with the edges
connecting them constitute a connected subgraph of T.

This is possible, since I' is a tree with only vertices of degrees one, two or three.

Then, we follow the procedure as in the proof of Theorem 3.1 for constructing a round
fold map on M, except for the components corresponding to vertices of degree one
whose label is different from k. Note that in the process described in the proof of
[14, Theorem 3.1], we do not need to use /11 : T?x 1 — R?2 in our situation. Furthermore,
when we use /15, we make sure that the corresponding image is contained in A[g x].
Finally, for the components corresponding to vertices of degree one with label < k, we
just consider the projection D? x S — D2, where the target D? should be enlarged
depending on the label. This matches with the construction for the adjacent components.
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Now, it is not difficult to see that the resulting map f: M — R? is a directed round
fold map. This completes the proof. a

4 Further results and open problems

4.1 Corollaries and examples

In this subsection, we give some corollaries of our main theorems. We also show that
the class of 3—manifolds that admit directed round fold maps is strictly smaller than
that of all graph 3—manifolds.

Corollary 4.1 Suppose that M is a closed connected orientable graph 3—manifold. If
H,(M:;Q) =0, then it admits a directed round fold map into R?.

Proof Let G be the graph corresponding to a decomposition of M into P x S! and
D? x S as described in Lemma 2.9. Then, we can naturally construct a continuous
map y: M — G in such a way that for each piece, the complement of a small collar
neighborhood of the boundary is mapped to the corresponding vertex. Then, we can
show that y induces a surjection yx: w1 (M) — m1(G). Since H{ (M ; Q) = 0, we see
that G is a tree. Then, the result follows from Theorem 3.2. O

Since every closed orientable Seifert 3—manifold over the 2—sphere admits a decompo-
sition into a union of a finite number of copies of P x S! and D? x S such that the
corresponding graph is a tree, we have the following.

Corollary 4.2 Every closed orientable Seifert 3—-manifold over S? admits a directed
round fold map into R?.

By virtue of the realization result due to [1], as a corollary, we see that every linking
form can be realized as that of a 3—manifold admitting a directed round fold map
into R2. Thus, the linking form cannot detect the nonexistence of a directed round fold
map.

On the other hand, as to the cohomology ring, we have the following.

Corollary 4.3 If a closed orientable 3—manifold M admits a directed round fold map
into R2, then for every pair £, € H' (M ;Q), their cup product £ — 1 vanishes in
H*(M:Q).
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The above corollary follows from [2, Theorem 5.2]. More precisely, let us consider the
decomposition of M into the union of copies of P x S and D? x S! attached along
their torus boundaries such that the corresponding graph is a tree. As P and D? are of
genus 0, and as the cohomology ring of S2 x S! satisfies the property described as in
the corollary, we see that the cohomology ring of M also satisfies the same property.

Thus, for example, for every closed orientable surface X of genus > 1, the 3—manifold
¥ x S never admits a directed round fold map into R?, although it is a graph manifold.

Note that if we use coefficients other than @Q, the result might not hold. For ex-
ample, R P3 admits a directed round fold map into R2, as it is the union of two
copies of D% x S attached along their boundaries; however, for the generator of
HY(RP3;Z,) = Z,, its square does not vanish in H>(R P3;Z,). On the other hand,
we do not know if the result in Corollary 4.3 holds for Z—coefficients.

Now, let us consider the normal form plumbing graphs as explained in Section 2.2.
The following lemma can be proved by following the proof of [12, Theorem 4.1].

Lemma 4.4 If a closed connected orientable graph 3—manitfold is decomposed into
a union of finite numbers of copies of P x S! and D? x S! in such a way that the
corresponding graph is a tree, then its normal form plumbing graph is a finite disjoint
union of trees.

Proof Let us consider the tree that represents a given decomposition into copies of
P x S!and D? x S'. This may not be of plumbing type; however, by inserting copies
of T2 x I if necessary, we may assume that the tree is of plumbing type.

On the other hand, as shown in the proof of [12, Theorem 4.1], there is an algorithm
that turns a given plumbing graph into a normal form. It is not difficult to see that if
we start with a tree, then each operation in the algorithm keeps the property that it is a
finite disjoint union of trees. Then the result follows. |

As a corollary, we have the following.

Corollary 4.5 Let M be a closed connected orientable graph 3—manifold whose
normal-form plumbing graph contains a cycle. Then, M admits a round fold map
into R? but does not admit a directed round fold map into R?.

For example, some torus bundles over .S 1" as described in [12, Theorem 6.1] satisfy
the assumption of the above corollary. (More precisely, those torus bundles over S
whose monodromy matrix has trace > 3 or < —3 give such examples.)
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4.2 Open problems
Finally, we list some related open problems which may interest the reader.

Problem 4.6 (1) Generalize Theorems 3.1 and 3.2 for nonorientable 3—manifolds.

(2) The notion of round fold maps of 3—dimensional manifolds into R? as in
Definition 2.5 can naturally be generalized to that of round fold maps of
n—dimensional manifolds into R? for n > p > 2; for details, see [7; 6; 5]. For
such a fixed pair (#, p) of dimensions, characterize those closed n—dimensional
manifolds which admit round fold maps into R?.

For the dimension pair (n,n — 1), n > 4, such a generalization has been obtained in [8].

Problem 4.7 Classify the right-left equivalence classes of (directed) round fold maps
on a given 3—manifold.

Refer to a certain classification result for simple stable maps given in [14]. For round
fold maps of n—dimensional manifolds into R”~!, a classification result has been
obtained in [8].

Recall that as explained in Section 2.1, a round fold map corresponds naturally to
an open book structure. On the other hand, open book structures are closely related
to contact structures on 3—manifolds; for example, see [3]. Therefore, the following
problem seems to be reasonable.

Problem 4.8 Clarify the relationship between round fold maps and contact structures
on 3—dimensional manifolds through open book decompositions.

One of the main motivations of Neumann’s work [12] on plumbing graphs is to analyze
the topology of the links of normal surface singularities. The following questions have
been addressed by quite a few topologists to the authors.

Problem 4.9 Is there any relation between singularity links and round fold maps? Is it
possible to construct explicit round fold maps on the singularity links in a natural way?
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The upsilon invariant at 1 of 3—braid knots

PAuLA TRUOL

We provide explicit formulas for the integer-valued smooth concordance invariant
v(K) = Tk (1) for every 3—braid knot K. We determine this invariant, which was
defined by Ozsvith, Stipsicz and Szab6 (2017), by constructing cobordisms between
3-braid knots and (connected sums of) torus knots. As an application, we show
that for positive 3—braid knots K several alternating distances all equal the sum
g(K) 4+ v(K), where g(K) denotes the 3—genus of K. In particular, we compute the
alternation number, the dealternating number and the Turaev genus for all positive
3-braid knots. We also provide upper and lower bounds on the alternation number
and dealternating number of every 3-braid knot which differ by 1.

57K10; 20F36, 57K 18

1 Introduction

We study knots in the 3—sphere S 3 e nonempty, connected, oriented, closed, smooth
1-dimensional submanifolds of S*, considered up to ambient isotopy. Two knots K
and J are called concordant if there exists an annulus 4 = S! x [0, 1] smoothly and
properly embedded in S3 x [0, 1] such that 94 = K x {0} U J x {1} and such that the
induced orientation on the boundary of the annulus agrees with the orientation of K,
but is the opposite one on J. Knots up to concordance form a group, the concordance
group C, with the group operation induced by connected sum.

In [46], Ozsvéth, Stipsicz and Szabd used the Heegaard Floer knot complex to define the
invariant Tx of a knot K, which induces a homomorphism from the knot concordance
group to the group of real-valued piecewise-linear functions on the interval [0, 2]. The
function Yg evaluated at ¢ = 1, v(K) := Yg (1), induces a homomorphism C — Z.
In this article, we will call v(K) upsilon of K.

© 2023 The Author, under license to MSP (Mathematical Sciences Publishers). Distributed under
the Creative Commons Attribution License 4.0 (CC BY). Open Access made possible by subscribing
institutions via Subscribe to Open.
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Figure 1: Generators and relation in the braid group Bj;. Left: the two
generators a and b. Right: the braid relation aba = bab.

A 3-braid is an element of the braid group on three strands, denoted B3. The classical
presentation of B3 with generators a and b and relation aba = bab, the braid relation,
was introduced by Artin [5]. A braid word y — a word in the generators of B3 and
their inverses — defines a diagram for a (geometric) 3-braid; the generators a and b
correspond to the geometric 3—braids given by braid diagrams as in Figure 1. In our
figures, braid diagrams will always be oriented from bottom to top. We denote by A
the braid aba = bab, and note that its square A?> = (ab)? (the positive full twist on
three strands) generates the center of B3; see Chow [14, Theorem 3]. A 3-braid knot
is a knot that arises as the closure 7 of a 3-braid y.

As our main result, we determine the upsilon invariant for all 3—braid knots. More
precisely, we show the following.

Theorem 1.1 Let y = A2¢q=P1p914=P2p92 ... Prh4r be a braid word in the gen-
erators a and b of Bs for some integers{ € Z,r > 1 and p;,q; > 1 fori €{1,...,r},
where A? = (ab)?. Suppose that the closure K =  of y is a knot. Then its upsilon

o) = 5 Xtmi-an) 26

i=1

invariant is

By Murasugi’s classification of the conjugacy classes of 3-braids [45, Proposition 2.1],
indeed all 3-braid knots — except for the torus knots that are closures of 3—braids —
are covered by Theorem 1.1. However, for torus knots the invariant v can be calculated
explicitly by a combinatorial, inductive formula in terms of their Alexander polynomial
[46, Theorem 1.15]; see (12) below. Hence, we have indeed determined v(K) for all
3-braid knots K.

As an application of Theorem 1.1, we show that the following invariants coincide for
positive 3—braid knots — knots that are the closure of positive 3—braids.
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Corollary 1.2 Let K be a knot that is the closure of a positive 3—braid, ie an element
of B3 that can be written as a word in the generators a and b only (no inverses). Then

alt(K) = dalt(K) = g7 (K) = A;(K) = g(K) + v(K).

Here, the alternation number alt(K), dealternating number dalt(K) and Turaev genus
g1 (K) are different ways of measuring how far the knot K is from being alternating.
The best known among them is certainly the first one: the alternation number alt(K) of
a knot K was first defined by Kawauchi [31] as the minimal Gordian distance of K to
the set of alternating knots. In Section 5, we will review the precise definition and prove
Corollary 1.2. The invariant Ag(K) introduced by Friedl, Livingston and Zentner [23]
is defined as the minimal number of double point singularities in a generically immersed
concordance from a knot K to an alternating knot. Lastly, g(K) denotes the 3—genus
of K, the minimal genus of a compact, connected, oriented, smooth surface in S3 with
oriented boundary the knot K.

Two other corollaries of Theorem 1.1 for positive 3—braid knots are the following.

Corollary 1.3 Let K be a positive 3—braid knot. Then the minimal r such that K is the
closure of aP1b91aP2p92 ... qPrh9r for positive integers p; and g;, fori € {1,...,r},
isr =g(K)+v(K)+1.

Corollary 1.4 If K and J are concordant knots that are both closures of positive
3—braids, then the minimal r from Corollary 1.3 is the same for both K and J .

Proposition 3.2 provides a normal form for 3-braids, the Garside normal form, which
is different from Murasugi’s normal form mentioned above (see Definition 4.15). The
Garside normal form allows us to read off from a braid word whether it is conjugate to
a positive braid word. In Section 6, we provide formulas for the fractional Dehn twist
coefficient for all 3-braids in Garside normal form; see Corollary 6.1.

Proof strategy for Theorem 1.1 A crucial property of the invariant v is that it
provides a lower bound on the 4—genus g4(K) of a knot K, the minimal genus of
a compact, connected, oriented surface smoothly embedded in the 4-ball B* with
oriented boundary the knot K in S* = 9B*: we have

(1 [v(K)| =< g4(K)
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for any knot K [46, Theorem 1.11]. Our general strategy to find v(K) for any 3-braid
knot K will be to construct a cobordism between K and another knot J for which
the value of v is known. A cobordism between K and J is a smoothly and properly
embedded oriented surface C in S3 x [0, 1] with boundary K x {0} U J x {1} such that
the induced orientation on the boundary of C agrees with the orientation of K and
disagrees with the orientation of J. We have

2 [v(K) —v(J)[ = ¢g(C)

for any cobordism C between K and J, where g(C) denotes the genus of the cobordism;
see inequality (15) in Section 4.1. This provides bounds on v(K) in terms of v(J)
and g(C).

We will find such cobordisms for example by algebraic modifications of a braid word
representing K and by saddle moves corresponding to the addition or deletion of
generators from such braid words. We will also repeatedly make use of the trick
described in Example 4.1 in Section 4.1 of looking at cobordisms of genus 1 between
Y#T5 2441 and m for 3—braid words y and n > 1.

To prove Theorem 1.1, we will first determine v for all positive 3—braid knots and
then generalize our computations to all 3—braid knots. This extension was somewhat
unexpected for the author since, in contrast, the same method would not work to
determine slice-torus invariants — see Lewark [33] — like the invariant t defined by
Ozsvath and Szab6 [48] or Rasmussen’s invariant s [50] for all 3—braid knots. We will
elaborate on this in Section 4.4.2.

Remark 1.5 As we will only use properties of the upsilon invariant (see Section 2.2)
and not its definition, we can similarly determine any concordance homomorphism
C — Z whose absolute value bounds the 4—genus of a knot from below and which takes
the same value as v on torus knots of braid index 2 and 3. An example is —%t for the
concordance invariant ¢ constructed by Ballinger [8] from the E(—1) spectral sequence
on Khovanov homology. The invariant # defines a concordance homomorphism valued
in the even integers which satisfies ‘%Z(K)| < g4(K) for any knot K [8, Theorem 1.1].
Moreover, it fulfills #(7) 4) = —2v(T),4) for the torus knots T} 4 for any coprime
positive integers p and g [8, page 22]. The same method we use for the proof of
Theorem 1.1 shows that #(K) = —2v(K) for any 3—braid knot K.

Remark 1.6 Theorem 1.1 and a result of Erle [17] imply that o (K) = 2v(K) for all
3-braid knots K except when K = £T73 3¢ for odd £ > 0 and k € {1, 2}. Here 0 (K)
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denotes the classical signature of the knot K; see Trotter [54].7 In the exceptional
cases, 0 (K) = 2v(K)—2. This observation improves a result by Feller and Krcatovich
who showed that ‘U(K — %U(K)l < 2 for all 3-braid knots K [20, Proposition 4.4];
see also Section 4.4.1.

Organization The remainder of this article is organized as follows. In Section 2, we
will provide the necessary background on (positive) braids and the upsilon invariant
before providing a normal form for 3-braids (Proposition 3.2) that we call the Garside
normal form in Section 3. Then in Section 4, after a more detailed outline of our
proof strategy (Section 4.1), we will prove Theorem 1.1 first for positive 3—braid knots
(Section 4.2) and afterwards in the general 3—braid case (Section 4.3). We will prove
Corollaries 1.3 and 1.4 in Section 4.2. Section 4.4 will provide further context on our
results. Section 5 is concerned with the proof of Corollary 1.2 (Section 5.1) and the
application of our result about the upsilon invariant to alternating distances of general
3-braid knots (Section 5.2). In particular, we determine the alternation number of any
3-braid knot up to an additive error of at most 1. Finally, in Section 6, we determine
the fractional Dehn twist coefficient for all 3—braids in Garside normal form.
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and for all the helpful discussions. Thanks also to Lukas Lewark for lots of useful
comments, including during my stay in Regensburg in September 2020, and to Xenia
Flamm for her feedback. Finally, I thank the referee for many valuable remarks and
improvements. This project is supported by the Swiss National Science Foundation
grant 181199.

2 Preliminaries

We recall important concepts about knots and braids, and also the necessary properties
of the upsilon invariant and the knot invariant T coming from Heegaard Floer homology.

2.1 Knots and braids

By a fundamental theorem of Alexander [4], every knot in S can be represented as the
closure of a geometric n—braid for some positive integer n. An n—braid is an element

IWe use the standard signature convention that the positive torus knots have negative signatures, eg
o (T 3’2) =-2.
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of the braid group on n strands, denoted by B,;, which is presented by n — 1 generators
01,...,0,—1 and relations
oi0; =ojo; if |i —j|>2,
0i0;i+10i = 0;+10i0j+1;

see [5]. We call a word in the generators of By, and their inverses a braid word. A braid
word defines a diagram for a (geometric) n—braid where the generators o; of the braid
group correspond to the geometric n—braids given by the braid diagrams in which the
i™ and (i 41)% strands cross once positively. In the following, we will always identify
braid words with the corresponding geometric braids, and we suppress # if the context
is clear.

By gluing the top ends of the (oriented) strands of a geometric braid y € B to the
corresponding bottom ends, we get a knot (or link) y, called the closure of y. If y
induces a permutation with only one cycle on the ends of its n strands, then its closure
y is a knot and we call it an n—braid knot. Note that conjugate braids g, Y1 € Ba,
denoted by Yo ~ y1, have isotopic closures py = p;. For a more detailed account on
braids, we refer the reader to [10].

A positive braid is an element of the braid group B;, for some # that can be written as
a positive braid word oy, 05, - - - 05, with s; € {1,...,n—1}. A knot is called a positive
braid knot if it can be represented as the closure of a positive braid. The set of positive
braid knots contains the sets of (positive) torus knots and algebraic knots, while itself
being a subset of the set of positive knots or, more generally, the frequently studied set
of (strongly) quasipositive knots.

Let wr(y) denote the writhe of a braid word y € By, ie the exponent sum of the word y .
If y is a positive n—braid such that K = y is a knot, then, by work of Bennequin [9]
and Rudolph [51] — the latter building on Kronheimer and Mrowka’s proof of the local
Thom conjecture [32] — we have

3) g4(K) = g(K) = 2(wr(y) —n+1).
2.2 The concordance invariants T and Y

In [48], Ozsvath and Szabé constructed the knot invariant t via the knot filtration on
the Heegaard Floer chain complex of S3; the latter was also defined independently
by Rasmussen [49]. The invariant t induces a group homomorphism C — Z from the
(smooth) knot concordance group C to the group of integers Z and gives a lower bound
on the 4-ball genus g4(K): we have |7(K)| < g4(K) for any knot K. For the torus
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knots T} 4, where p and g are coprime positive integers, the invariant t recovers the
3—genus [48, Corollary 1.7]; namely,

4) t(Tpqg) =8(Tpq) = 5(p—D(g—1).

Moreover, it follows from [34, Theorem 4 and Corollary 7] together with (3) above
that, for any knot K that is the closure of a positive n—braid y,

®) ©(K) = 3(wr(y) —n+1) = g4(K) = g(K).

The invariant Y was defined by Ozsvéth, Stipsicz and Szabé in [46]. We will not recall
the definition of Y via the knot Floer complex C FK°°(K) since the properties of T
mentioned below will be enough for our later computations and we will not explicitly
use the Heegaard Floer theory behind it. For an overview on the properties of T, see the

original article [46] or Livingston’s notes on Y [35]; see [28] for a survey on Heegaard
Floer homology and knot concordance.

For every knot K, the knot invariant Yk : [0, 1] — R is a continuous, piecewise linear
function with the following properties [46]:

(6) Tg(0) =0,

@) the slope of Yk (¢) at t = 0 is given by — t(K),

(8) TYk,#k,(t) =Yk, (1) + Yk, (¢) forall 0 <7 <1 and all knots K; and K>,
9) Y_g(t)=—"g(t)forall0 <t <1,

(10) [T ()| < g4(K)t forall 0 <z <1.

Here, —K is the knot obtained by mirroring K and reversing its orientation. Its
concordance class is the inverse of the class of K in the knot concordance group C. It
follows from (8)—(10) that Y induces a homomorphism from the concordance group to
the group of real-valued piecewise-linear functions on the interval [0, 1].

For some classes of knots, the invariant Y can be explicitly computed in terms of

classical knot invariants like the signature and the Alexander polynomial.

Proposition 2.1 [46, Theorem 1.14] We have Yk (1) = %O(K )t for all alternating or
quasialternating knots K and all 0 <t < 1.

For positive torus knots, T (¢) is completely determined by a combinatorial formula
in terms of their Alexander polynomial [46, Theorem 1.15]. For torus knots of braid
index 2 or 3, the following holds; see eg [18]. For £ > 0,

(11) Y7y 500, (0) = —T(T22¢41) 1 =—C-1 forall 0 <7 =<1.
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For £ > 0 and k € {1, 2},

TT3,3£+1 ()= TT3,31{+2(1) +1=-2¢,
(12) Y7y 4 () =—T(T3304%)t = —BC+k—1)t forall 0<r <32

TT3,3£+k (t) is linear on [%’ 1]

3 The Garside normal form for 3-braids

In this section, we provide a classification result on the conjugacy classes of 3—braids;
see Proposition 3.2. This result is basically due to work of Garside [25] who gave the
first solution to the conjugacy problem for all braid groups B, with n > 3 in 1965.
Proposition 3.2 might be known to the experts, but since the explicit formulas appear
to be missing from the literature, we will provide them here.

Throughout, we denote the two generators of the braid group B3 by a := o7 and
b := 0, which are subject to the braid relation aba = bab. Recall that the braid
A? = (aba)? = (ab)? generates the center of Bj.

Remark 3.1 Any 3-braid is conjugate to the same braid with generators a and b
interchanged. More precisely, let y = aP1b9! ---aPrp9" for some r > 1 and integers
pi and g; fori € {1,...,r} be a 3-braid. Then using Aa = bA and Ab = aA, we
have

y = A TAGPIpA .. gPrpdr — ATLpPL4a1 L pPrgdr A ~ hP1 91 ... pPr gdr

In Proposition 3.2, we will provide a certain standard form for the conjugacy classes of
3-braids.

Proposition 3.2 Let y be a 3-braid. Then y is conjugate to one of the 3—braids

(A) A*a?, LeZ, p>0,
(B) A%aPp, teZ, pefl,2,3},
(C) AZyPipar...qPrpar LeZ,r>1, pi,qi=2,i€{l,...,r},

(D) AXH1gPipar.. . qPr—1pdr—14Pr LeZ,r>1, pp,pi.qi=2,i€{l,....,r —1}.

If y is a positive 3—braid, then £ > 0. If p is a knot, then only cases (B)—(D) can occur
and p must be odd in case (B), at least one of the p; and one of the g; must be odd in
case (C), and at least one of the p; or q; must be odd in case (D).
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While we will never use it in this article, we note — without proof — the following
uniqueness result related to Proposition 3.2.

Remark 3.3 Up to cyclic permutation of the powers py,q1,..., pr,qr in (C) and
P1-91>---» Pr—1-4r—1, pr in (D), each 3-braid is conjugate to exactly one of the 3—
braids listed in Proposition 3.2. This follows from Garside’s work [25]. In his notation,
each of the 3-braids listed in (A)—(D) in Proposition 3.2 is the standard form of a
certain element in the (so-called) summit set of y. For 3—braids of the form (C) or (D),
the summit set consists of those 3-braids obtained by cyclic permutation of the powers

P1-91>---» pr.qr in (C) and py1,q1,..., Pr—1,9r—1, pr in (D), respectively.

Definition 3.4 We call a braid word of the form in (A)—(D) a 3-braid in Garside
normal form.

Remark 3.5 The advantage of the Garside normal form over Murasugi’s normal form
for 3-braids used later in Section 4.3 (see Definition 4.15) is that positive 3—braids are
easier to detect in this normal form: if y is a positive 3—braid, then y is conjugate to
one of the braids in (A)—(D) with £ > 0. Since Garside’s solution to the conjugacy
problem works for any n—braid with n > 3, one might hope to generalize an explicit
standard form as in Proposition 3.2 to n—braids for any n > 3.

Remark 3.6 For odd p, case (B) of Proposition 3.2 covers the torus knots of braid
index 3. More precisely, if y ~ A2ab = (ab)**t!, then its closure is 7 = 133041
for £ > 0 and y = —T3 3(—¢—1)42 for £ <0, and if y ~ Ag3h ~ (ab)3£+2, then
Yy =T3,3p42for>0and y = —T3 3¢—1)41 for £ <O0.

Proof of Proposition 3.2 The proof will follow from the following claim.

Claim 1 Let y be a positive 3—braid. Then y is conjugate to one of the 3—braids in
(A)~«D) with £ > 0.

We first deduce Proposition 3.2 from this claim. To that end, let y be any 3-braid. If y
is a positive braid, we are done by Claim 1. If not, then y can be written in the form
y = A™a where m is a negative integer and « a positive 3—braid [25, Theorem 5]. In
fact, inserting A~YA if m is odd, we can assume y to be of the form A~2"¢ for some
n > 1 and a positive 3—braid «. The proposition then easily follows using the claim
for «. It remains to prove Claim 1.

Proof of Claim 1 A positive 3-braid y has the form y = af1621...aPRpLR for
integers R>1and P;, Q; >0fori € {l,..., R}. If all the P; or all the Q; are 0, then
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(possibly using Remark 3.1) y is conjugate to a? for some p > 0 and we are in case (A)
for £ = 0. Possibly after conjugation and reduction of R, we can thus assume that all of
the integers P; and Q; are nonzero. If Py, Q1 > 2 applies for all i € {1,..., R}, then
y is of the form in (C) for £ = 0. If R = 1, ie y = ar1h2! for integers Py, Q1 > 1,
and Py =1 or Q1 = 1, then (possibly using Remark 3.1) y is conjugate to a braid of
the form in (B).

It remains to consider the case where R > 2 and at least one of the P; or Q; is 1. In that
case — if necessary after conjugation — y contains A = aba = bab as a subword and
is thus conjugate to A« for some positive 3—braid «. Now, let n > 1 be maximal with
the property that y is conjugate to A"« for some positive 3—braid @. Then, possibly
after conjugation of y, the braid word o must be one of the following:

a”, =0,
afb, p=1
(13)
aPlpin...qPrpir, r>1, pigi=2,ie{l,....r},
aPrpdt...qPr=1pdr=tgPr y>1,p,>2, pi,qi=2,i €{l,...,r—1}.

Indeed, using Remark 3.1, up to conjugation these are the only possible words such
that A"« does not contain any additional A as a subword. Note that & can be the empty
word, which is covered by the first case in (13) for p = 0. Further, note that

AZfapb ~ A28+1ap—2
A2, L A2E,3p
(14) A2£+1apb~A2€+lap+l,
AL Prpa g Prpr o AZERLgP1tar pa1 P L pdr—1 g Pr
A2 Prpdr L g Pr=1 =1 gPr o A2 P1EDPr R P2 L Pr—1 | Pr—1
forany £ >0, p > 1 and p;,q; > 2 fori €{1,...,r}. It follows from a case by case

analysis of the cases in (13), using (14) and taking the parity of # into account, that
any positive 3-braid is conjugate to one of the 3—braids in (A)—(D) with £ > 0. |

4 The upsilon invariant of 3—braid knots

In this section, we prove Theorem 1.1. Along the way, we compute the invariant
v for positive 3-braid knots in Garside normal form (Proposition 4.2) and prove
Corollaries 1.3 and 1.4.
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4.1 Methodology

We first recall inequality (2) from the introduction — which will be repeatedly used in
Section 4 — in more generality.

The cobordism distance d(K, J) between two knots K and J is defined as the 4—
genus g4 (K #—J) of the connected sum of K and the inverse of J. Equivalently, the
cobordism distance d (K, J) could be defined as the minimal genus of a smoothly and
properly embedded oriented surface C in S3 x [0, 1] with boundary K x {0} U J x {1}
such that the induced orientation on the boundary of C agrees with the orientation of K
and disagrees with the orientation of J. Suppose the genus of a cobordism C between
two knots K and J is g(C). We then have d(K, J) < g(C), so by the properties
(8)-(10) of Y from Section 2.2 we get

(15) (Yg () =Yy O] =Yg O] = ga(K#-T)t =d(K,T)t < g(C)t

for all 0 <t < 1. This provides bounds on Y (¢) in terms of Yy (¢) and g(C).

We now give an example for the cobordisms we will use later on.

Example 4.1 Among other things, we will frequently use the following trick the
author first saw in [20, Example 4.5]. Let y be a 3-braid such that K = 9 is a knot.
Consider the 3-braid o := yb2" for some n > 1. Then & is also a knot and there is a
cobordism between & and the connected sum K # 75 5,41 of genus 1. This cobordism
can be realized by two saddle moves (1-handle attachments) of the form shown in
Figure 2, right, performed in the two circled regions of Figure 2, left. One of them is
used to add a generator b to the braid « to obtain the braid word y»%"*! and the other

is used to transform the closure of this new braid word into a connected sum of K and
T3 254 1. Recall that our braid diagrams are oriented from bottom to top.

Using v(73,2,+1) = —n by (11) and that the genus of the cobordism is 1, by (15) for
t =1 we have

(16) V(@) —v(K# T2 on41)| =1 = |u(@) —v(K)+n| =<1,
which provides the lower bound v(K) > U(o?) +n—1onv(K).
4.2 The upsilon invariant of positive 3—braid knots

In this section, we determine the invariant v for all positive 3—braid knots.

By Proposition 3.2 and Remark 3.6, positive 3—braid knots are either the torus knots
T3 304k for £ = 0 and k € {1, 2} which have braid representatives of Garside normal
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Figure 2: An example illustrating our proof strategy. Left: a schematic of
a cobordism between the knots @ and p # T 5,41 realized by two saddle
moves. Right: a saddle move.

form (B), or closures of positive 3—braids of Garside normal form (C) or (D) (see
Definition 3.4). The following proposition thus proves Theorem 1.1 for all positive
3-braid knots.

Proposition 4.2 Let y be a positive 3—braid such that K = y is a knot. Then

—2{— %(p —-1) if y is conjugate to a braid in (B),
v(K)= —%(ZLI (pi+qi))+r—2¢ if y is conjugate to a braid in (C),

1

—%(er;% (pi+qi)+pr)+r—2¢ —% if y is conjugate to a braid in (D).

Remark 4.3 In fact, the formulas from Proposition 4.2 also give the correct upsilon
invariant in terms of the Garside normal form of a 3—braid representative of a knot K
if K is the closure of any 3-braid in Garside normal form (C) or (D), not necessarily
a positive one. This follows from Theorem 1.1 (proved in the next section) and the
observations of Section 4.4.3.

Recall that for the torus knots of braid index 3, we know the invariant v by (12). In the
following, we will determine the invariant v for all knots that are closures of positive
3—braids of Garside normal form (C) or (D).
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We first provide an upper bound on Y'g (¢) for positive 3-braid knots K and 0 <¢ < 1.
The following inequality (17) in Lemma 4.4 could also be shown using the dealternating
number and a result of Abe and Kishimoto [2, Lemma 2.2], whereas the main work
for the upper bound on v for the knots in the second and third case in Proposition 4.2
will be to rewrite the braid words representing these knots. We use the approach below
since it will also give bounds on the minimal cobordism distance between any positive
3-braid knot and an alternating knot; see Remark 4.14.

Lemma 4.4 Let y = aPth9! ...aP b9 be a positive 3—braid, where r > 1 and
pi qi =1 fori €{l,...,r} are integers such that K = ¥ is a knot. Then

a7 Tg(@) <(—g(K)+r—1)t forall 0 <t =<1.

Proof We claim that there is a cobordism C of genus
(18) g(C)=1(r—1+¢)
between K and the connected sum

Je = TZ,Zle pitep #1og e, # 12 gpter # # 12 g, 46,

where e1,..., &, &p € {0, 1} are chosen such that J; is a connected sum of torus knots
(rather than links), ie such that Z;=1 Pitép,qi+e1,q2+€2, ..., qr +&p are all odd,
and e :=¢,+ Y ;_1 & This cobordism C can be realized by r — 1 + ¢ saddle moves as
follows. Following the schematic in Figure 3, we add & generators b by ¢ saddle moves
and additionally perform r — 1 saddle moves of the form shown in Figure 2, right, in
the circled regions of Figure 3. In Figure 3, a box on the left labeled p; or g; stands for
the positive braid a?i or b?¢, respectively. The Euler characteristic of the cobordism C
is x(C) = —r + 1 —¢. Since C is connected and—as J; and K are knots — has two
boundary components, the genus of C is g(C) = —% x(C) = %(r — 1+ ¢) as claimed.
By (15), we get | Yg (1) — Y, (t)| < g(C)t for all 0 < ¢ < 1; hence

(19) Yr({) <Yy (t)+g(C) forall 0<t=<1.
By (8) and (11) from Section 2.2,

T, = (—%(Zpi+sp—1)—§<q1+sl—1>—§(q2+sz—1)—---—%(qrﬂ,—l))r

i=1

- (Zw+ar-wnre)r

i=1
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Figure 3: A schematic of a cobordism between K =  and the connected

sum of torus knots J, = TZ,Z;;=1 Pitep HTo g +e, #10,gpter ¥ #T0 g. 1,
realized by r — 1 4 ¢ saddle moves.

so (18) and (19) imply

Tg(t) < (—%(Z(pi +q,~)) +r)t forall 0 <t <1.
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The claim follows, since by (3),

2 =02 (S g -2) o
i=1

The following two lemmas improve the bound from Lemma 4.4 for knots that are
closures of positive 3—braids of Garside normal form (C) or (D), respectively.

Lemma4.5 Lety = A1 gPipar ... qPr=1par=1gPr for some £ >0, r > 1, pr>1
and p;,q; > 1 fori €{l,...,r —1} such that K = y is a knot. Then

r—1

1 3
Tg(t) < (—E(Z(pi+qi)+pr) +r—2€—§)t forall 0 <t <1.

i=1
In the proof of Lemma 4.5, we will use that in B3,
(20) (ab)3" ! = abA?" = a*ba’ (aba®)" " 'ba"  forall n> 1,

where A? = (aba)? = (ab)? = (ba)?; see [18, Proof of Proposition 22].

Proof of Lemma 4.5 Let X, = er;} (pi + ¢i) + pr and note that using (3),
1) g(K)=13602t+1)+3y,-2)=1%5, 430+ 1.
If £ =0, then y = AaP1pdt ... qPr-1p9r—14Pr is conjugate to
yi = aPrtipdn .. qPr=1pdr—14Pr+1p
and y; =y =K, s0 g(y1) = %Ey + % By Lemma 4.4,
Tx(t)<(—g@P)+r—Di=(-1%, +r—3) forall 0<r<1.

For £ > 1, using A2+ = (ab)3taba = (ab)**Ha,
y = Azé—i—lambfh ceeqPr=1pr—140r

— (ab)3e+1apl+1bq1 e qPr=1pdr—1,4Pr
= a?ba’ (aba®) b1 T par L g Pro1 pr—1 g Pr (by (20))
~ af”rJr2ba3(aba3)e_1bal”l’%’qbql coe@Pr1pTr =1 =1y
We have p; = p = K and g(p1) = %Ey + 30+ % by (21). Again, Lemma 4.4 implies
Yk () <(—g(P)+r+L—1t= (-3, +r—20—3)t forall 0<t<1,

which proves the claim of the lemma. |
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Lemma 4.6 Let y = A2qP1pa1...qPrpar for some £ >0, r > 1 and p;,q; > 1 for
i €{l,...,r}suchthat K = 7 is a knot. Then

,
1
Tg(t) < (—5(2(}71‘ +6]i)) +r —2€)t forall 0 <t < 1.
=
In the proof, we will need the following statement about positive 3—braids.

Lemma 4.7 In B;, we have (ab)3"~! = a*"b(a*b*)"'a forall n > 1.

Proof Starting with the left-hand side,
(ab)>" ! = a(ba)** Vbab = a(ab)* " Vaba,
which proves the lemma for #» = 1. We now show by induction that
(22) (ab)*" Vg = a®"p(a?b*)"2a?b forall n > 2,
which implies the lemma for all » > 1. For n = 2,
(ab)3a = a(ba)® = a(ab)® = a*babab = a*ba®b.
Assuming that (22) is true for some n — 1 > 2,
(ab)’@ Vg = a(ba)> @D
= a(ab)®@D
= a?(ba)* " Dbabab
= a*(ab)* " Daba®b
= a*(@®"*b(a®*b*)"3a’b)ba’b
— &> h(a®h?) 22D,
using the induction hypothesis in the second to last equality. a
Proof of Lemma 4.6 Let £, =Y i_,(p;i +¢;). If £ =0, then by (3) and Lemma 4.4,
Yk () <(—g(K)+r—1)t=(—3%, +r)t forall 0<r<1.
For £ > 1, using A?> = (ha)?® and Lemma 4.7,
y = (ba)>aP b .. qPrpdr ~ (ab)3t1gPr1H1par .. qPr part]
~ a¥b(@2p2) T g1 g Pt =y
Note that y; = 7 = K and by (3),
g() =g(K) =36+ %y —2) =15, +3C—1.
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Again by Lemma 4.4,
Te() <(—g@P)+r+L€—1t=(—3Zy +r—20)¢ forall 0<:<1. O

We will now focus on v(K) = Yk (1) and prove Proposition 4.2 by showing that the
upper bounds on Yk (¢) from Lemmas 4.5 and 4.6 for ¢t = 1 are also lower bounds. We
will need the following observation used in [20, Example 4.5] about 3-braids, which
we prove here for completeness.

Lemma 4.8 In Bs, a2n+1b(a2b2)n — (ab)3n+1 and b2n+1a(b2a2)n — (ba)3n+1 for
all n > 0.

Proof We prove the first statement by induction. For n = 0, the equality is clearly
true. For n = 1, using Aa = bA and Ab = aA, we have

a*ba*b? = a* Aab? = a’baAb = aA*b = AN*ab = (ab)*.
We now assume the lemma is true for some n — 1 > 0. Using the induction hypothesis
and the equality for n =1,
a2n+1b(a2b2)n — a2(ab)3(n—1)+1a2b2 — a3bA2(n_1)azb2
— AZ("_I)a3ba2b2 — (ab)3(n—l)(ab)4 — (Clb)3n+1. O
Lemmad4.9 Lety = A+ gPipdr .. gPr=1pdr—14Pr for some £ >0, r > 1, pr=>3

and p;,q; > 2 fori €{l,...,r — 1} such that K = y is a knot. Then

r—1

v(K) :_%(Z(Pi+CIi)+Pr) +r—2ﬁ—%.

i=1
Proof Let X, = er;ll (pi +¢i) + pr. From Lemma 4.5, it follows directly that
v(K)=Tg(1) <13, +r—20-3,
so we are left to show that v(K) > —%Ey +r—=20— % To that end, consider
y = AL Pipar L g Pr—1pdr—1 g Pr

~ A G AP pY .. g Pr—1 pr—1 g Pr—]

= A2 pab2aPrpir ... gPr—1pdr—14Pr=1 _. Vi
where we used aA = abab = bab?. Note that ; = 7 = K. Now, define

o= b2ry1 — A2p2r+l,p2 p1par . Pr—1 pdr—1 gPr—1
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and note that & is a knot. By assumption, p, — 1 > 2. There is a cobordism between &
and the connected sum 7% 5,41 # 91 = T2 2,+1 # K of genus 1 by using two saddle
moves similar to the two saddle moves illustrated in Figure 2. Similarly as in (16) from
Example 4.1, we have v(K) > v(&) + r — 1. In order to find a lower bound for v (&),
note that there is a cobordism C between & and the torus knot T = T3 3(¢+4,)+1 of
genus g(C) = %Ey —2r + % Here we think of 7" as the closure of the braid word
B = A2b2rH14(b2g%)", which is equal to A2 (ba)3+! = (ba)3E+)+1 a5 3_braids
by Lemma 4.8. The cobordism C between & and T = ,3 can thus be realized by

P1—2+q1—2++pr1—2+q—1—2+pr—3=%,—4r+1

saddle moves corresponding to the deletion of the same number of generators « and b
from the braid word « to obtain 8. Hence the Euler characteristic of the cobordism C
is x(C) ==X, +4r —1. Since C is connected and has two boundary components (as
aand T = B are knots), the genus of C is indeed g(C) = %Ey —2r + % Now, by
(15) and (12),

v(@) = u(T)—g(C)=—-2(l+r)— (3=, -2r+3)=—-1%, —20- 1.

It follows that
U(K)zv(o?)-l—r—lZ—%Ey—i—r—%—%. O

Lemma 4.10 Let y = A*aP1p91 ...qPrpdr for some £ >0, r > 1, py.q, > 3 and
pi,qi =2fori €{l,...,r—1} such that K = y is a knot. Then

v(K) = —%(Z(pi +q,->) +r—2L.
i=1

Proof The proof uses similar ideas as that of Lemma 4.9. Let X, = er: 1(pi+qi). By
Lemma 4.6, v(K) < —%Zy +r—24, so it remains to show that v(K) > —%Ey +r—2¢L.
To that end, we consider

y = A gpipar . g Prpdr o A2 paPipdr ... gPrpdr—l —. 1.
Note that y; = 7 = K. We define
a:=a* y = a? ApaP it ... qPrptr Tl o AP haPrpet P pTr T2 = gy

Then &; = & is a knot and by assumption we have g, —2 > 1. There is a cobordism
between & and T3 2,41 # V1 = T2,2,+1 # K of genus 1 by using two saddle moves
similar to the cobordism considered in Example 4.1 and in the proof of Lemma 4.9;
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hence v(K) > v(&;) +r — 1. To find a lower bound for v (&), we observe that there
is a cobordism C between the knot &; and the knot B, where

,3 — AZZbaZFb(aZbZ)r—la3b.
Using Lemma 4.8 for n — 1, in B3,
ba*"b(a*b*)" 'a? = ba(ab)> V1142 = paA* " Vaba® = A" forall n > 1.

We thus have 8 = A26A27 gb = (ab)3€+)+1 5o the closure of B is the torus knot
T = T3 3¢0+r)+1 With v(T) = —=2(£ 4 r) by (12). The cobordism C between &; and
T = B can be realized by

pi—2+q1 =24+ +p1—2+¢1-2+pr—3+q—3=5%,—4r -2

saddle moves corresponding to the deletion of the same number of generators ¢ and b
from the braid word o1 to obtain 8. By a similar Euler characteristic argument as in the
proofs of Lemmas 4.4 and 4.9, the genus of this cobordism is g(C) = %Zy —2r—1.
Note that here we used p, > 3 and ¢, > 3. Now, by (15),
v(@) = v(T) —g(C) = —1%, 20+ 1,
v(K)>v(@)+r—1>-1%, +r-2¢ o

Lemma 4.11 Let y = A2qP1pa1 ... qPr b9 for some £ >0, r > 2 and p;,q; > 2 for
i €{l,...,r}. Suppose that ¢, > 3 and py > 3 for some 1 <k <r and that K = y is
a knot. Then

() = =3 ( o +0) 7 -2t

i=1

Proof We proceed as in the proof of Lemma 4.10, but here we will look at a different
cobordism to obtain a lower bound for v(&;). The steps of the proof are exactly the
same until then, so we consider

y = AN gpipar . g Prpdr o A2 pPipdr ... g Prpdr—l —. Vi

and define
o =a*y ~ Apa? paPrpat ... qPrpr—2 = o,

Again, we have v(K) > v(@;) + r — 1. Now, in order to find a lower bound for v(@;),
we observe that there is a cobordism C between &; and the knot 8, where

/3 — Azzbazrb(azbz)k_la3b2(a2b2)r_k_1a2b.
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We find the cobordism C by the deletion of generators from the braid word 8 to
obtain o1, where we use the assumptions ¢, > 3 and py > 3. In fact, the cobordism
can be realized by
P1—2+q1 =24+ pr—1 =2+ qk—1 =2+ pr—3+qk =2
+ Pk+1 =2+ qk+1 =2+ + pr—1—=2+¢r—1 -2
+pr_2+Qr_3 = Ey—4r—2
saddle moves, so its genus is g(C) = %Ey —2r —1. Using
a2k_1b(a2b2)k_l — (ab)3k—2
from Lemma 4.8, we have
13 — AZKbaZr—Zk-i-l (ab)3k—2a3b2(aZbZ)r—k—laZb
— A2€ba2r—2k+lAZ(k—l)aba3b2(aZbZ)r—k—laZb
- A2(£+k—1)Aa2b2(azbz)r—k—lazbzazr—zkﬂ
_ A2(€+k—1)+1(azbz)r—k+1a2r—2k+1 — B,
Note that by our assumptions on £, r and k, we have { +k—1>0,r —k +1> 2 and

2r —2k + 1 > 3, so B; has the form of the braid words considered in Lemma 4.9. We
thus have

vB)=v(h) =L@ —k+ 1) +2r =2k + 1)+ (r—k+2)—2(l+k—1)—3
=—2(0+7).
By (15), )
v(@1) = v(B) —g(C) = 38y =20+ 1,
v(K)Zv(@) +r—1=—3%, +r—2L O

Proof of Proposition 4.2 The first case of Proposition 4.2 follows from Remark 3.6
and (12). Lemmas 4.10 and 4.11 together prove the second case, Lemma 4.9 proves
the third case. Note that up to conjugation, by Remark 3.1 and the remarks in
Proposition 3.2, it is no restriction to assume that p, > 3 in Lemma 4.9 and that
¢r = 3 and either p, > 3 or p; > 3 for some 1 < k < r in Lemmas 4.10 and 4.11,
respectively. a

Before we proceed with the general case where the knot K is given as the closure of
any 3-braid, let us prove the following corollaries of our results in this section.
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Corollary 4.12 (Corollary 1.3) Let K be a knot that is the closure of a positive
3—braid. Then
r=g(K)+v(K)+1

is minimal among all integers r > 1 such that K is the closure of a positive 3—braid
aP1pir ...qPrpir forintegers p;i,q; > 1 fori € {1,...,r}.

Proof By Lemma 4.4,
V(IK)X—g(K)+r—1 < g(K)+uv(K)+1=r

whenever K is the closure of a positive 3-braid a?! b9 ---aPr b for integers r > 1
and p;,q; > 1 fori € {1,...,r}. It remains to show that we can always find a positive
braid representative for K of the form a?1 59! --.aPr b7 with r = g(K) + v(K) + 1.
We will use Proposition 3.2. In fact, if K is the closure of a positive braid y of the form
in (C) with £ > 0, then g(K) +v(K)+ 1 =r +£ by (3) applied to y and Lemmas 4.10
and 4.11. Moreover,

y =aP pit...qPrpdr if £=0,
y ~a*tb (@b g1t 2pa g Prptr T i g > ]
by the proof of Lemma 4.6; these give the desired braid representatives for K. Fur-
thermore, if K is represented by a positive braid y of the form in (D) with £ > 0, then
g(K)+v(K)+1=r+£by (3) and Lemma 4.9, and we have
y,\,apl+lb‘h,,,aPl'—lbqr—laPr+1b if £ =0,
y ~aP t2ba? (aba) T baP HE L g Pro1pdr-tE > ]
by the proof of Lemma 4.5. Finally, if K = T3 3444 for £ >0 and k € {1, 2}, then by (4)
and (12), we have g(K) +v(K)+1={+1 and T3 374 and T3 344, are represented
by the positive 3-braids (ab)3¢*! = a2¢+t1p(a2b2)¢ and (ab)3+2 ~ a2t T3b(a2b?)t,
respectively, by Lemmas 4.8 and 4.7. O

Corollary 4.13 (Corollary 1.4) If K and J are concordant knots that are both closures
of positive 3—braids, then the minimal r from Corollary 4.12 is the same for both K
and J.

Proof If K and J are concordant, then their 4—genus and their upsilon invariants

are equal. So by (3) from Section 2.1 and by Corollary 4.12, positive 3—braids with
closures K and J, respectively, will have the same minimal r. |
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Remark 4.14 Let A, (K) denote the minimal genus of a cobordism between a knot
K and an alternating knot, ie the cobordism distance d(K, {alternating knots}). By
[23, Theorem 8], we have %lr(K) + v(K)| < Ag(K) for any knot K. It thus follows
from our results in this section that

T +l-1)<Ug(K) <L +L-1+¢)

for any knot K that is the closure of a positive 3-braid in Garside normal form (C)
or (D), where ¢ > 0 is an integer depending on K. The lower bound uses Proposition 4.2
and (5) from Section 2.2; see also the proof of Corollary 4.12. The upper bound follows
from the proofs of Lemmas 4.5 and 4.6; see also the proof of Lemma 4.4. Note that
for most positive 3—braid knots, we have ¢ > 0, so we do not get an equality.

A shorter proof of Lemma 4.4 without cobordisms follows from a result of Abe and
Kishimoto on the dealternating number of positive 3-braid knots. Indeed, by (5), (24)
and (27),

[T (@)+g(K)t|=|Yg @)+t (K)t| <alt(K)t <dalt(K)t <(r—1)t forall 0=<¢<1.
The definitions of the dealternating number dalt(K) and the alternation number alt(K)

of a knot K and more details on the inequalities used here will be provided in Section 5.

4.3 Proof of Theorem 1.1

It remains to show Theorem 1.1 when K is the closure of a not necessarily positive
3—braid. We first recall a result of Murasugi, which implies that indeed all 3—braid
knots except for the torus knots of braid index 3 are covered by Theorem 1.1.

Let y be a 3-braid. Then, by [45, Proposition 2.1], ¢ is conjugate to one and only one
of the 3—braids

(@) AXaP or AMH! forleZ, peZ,
) A*ab or Aze(ab)2 fort e Z,
() Ag=Pipar...q=Prpar fordeZ,r>1, pi,qgi>1,ie€{l,....r}.

Definition 4.15 We call a braid word of the form in (a)—(c) a 3—braid in Murasugi

normal form.

Remark 4.16 The closures of the 3-braids in Murasugi normal form (a) are links of
two (if p is odd) or three components and the closures of the 3—braids in Murasugi
normal form (b) are the torus knots of braid index 3 (see Remark 3.6).
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If £ = 0 in case (c), the braid word y = a=#1h%1 -..a—Prp4 for integers r > 1 and
pi,qi = 1fori €{l,...,r} gives rise to an alternating braid diagram. If K = p is a
knot, by Proposition 2.1 we thus have v(K) = %U(K ) in that case and the statement of
Theorem 1.1 follows directly from a result by Erle on the signature of 3—braid knots.

Proposition 4.17 [17, Theorem 2.6] Let y = A2tq=P1pa1 ... q~Prpdr for integers
LeZ,r>1and p;,q; > 1fori €{l,...,r}suchthat K = 7 is a knot. Then

r
o(K) =Y (pi—qi)—4L.
i=1
We still need to show Theorem 1.1 when K is the closure of a 3—braid in Murasugi

normal form (c) with £ # 0. The proof will follow from the following two lemmas.

Lemma 4.18 Let y = A2tq=P1p91 ...q=Prpar forsome £ > 1,r > 1 and p;,q; > 1
fori €{l,...,r} such that K = y is a knot. Then

r
Yk () < (%(Z;(p,- —q,«)) —2£)t forall 0 <t <1.
1=

Lemma 4.19 Let y = A2tq=P1p41 ...q=Prpar for some £ >0, r > 1 and p;,q; > 1
fori €{1,...,r} such that K = 7 is a knot. Then

v(K) = %(;(pi —qz‘)) —2¢.

Proof of Theorem 1.1 For £ > 1, the statement of the theorem follows directly
from Lemmas 4.18 and 4.19. If £ < 0, the knot —K is represented by the braid word
A~2g=arpPr...q~91pP1 with — > 1 and accordingly we have

oK)= (Y= p) + 26

i=1
Using that v(—K) = —v(K) by (9) from Section 2.2, this implies the claim. |

The remainder of this section is devoted to the proofs of the above lemmas.

Proof of Lemma 4.18 We first consider the case where p; > 2 and £ > 2. Using
Aa' =ab and

(ab)3" 2 = p" T la(b3ab)" 'b3ab® forall n > 1
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from [18, Proof of Proposition 22], we have
y = A —Pipdn ... P par
= A2U=D+1 g —pi+lpar | ,~Prpar
— (ba)3(5—1)+2ba—m+lbfh e q P par
~ (ab)3(f—1)+2a—p1+lb111 g Prpartl

~a(BPab) T2p3abPa Pt P ptr R

Now, we claim that there is a cobordism C of genus g(C) = %(ﬁ +r — 1+ ¢) between
the closure K of y; and the connected sum

Je=—Tapi—1—ey #=Topr—er # # =T p—e, # 15 5 g t50—1+4e,

where we choose €1, ..., &r, &4 €{0, 1} such that J; is a connected sum of torus knots,
ie such that Z;:l qgi +50—14¢e4, pr —1—¢1, pp—¢€2,..., pr — & are all odd;
and ¢ = g4 + Y 7, €. This cobordism C can be realized using £ 4+ r — 1 + ¢ saddle
moves as follows. On the one hand, we add ) ;_, &; generators a and &, generators
b to the braid word yy; on the other hand, we perform £ 4+ r — 1 saddle moves of the
form as the » — 1 saddle moves used in the proof of Lemma 4.4 to get a connected sum
of torus knots. The Euler characteristic of C is x(C) = —f —r + 1 —¢. Since C is
connected and has two boundary components (as K and J, are knots), the genus of C
is g(C) = —%X(C) = %(E +r —1+4¢) as claimed. By (8) and (11),

,
Y. (1) = (%(Z(p,——q,-)—s—r—%—i—l))t forall 0 <t <1,

i=1

and by (15),

Yx(6) < Yy (1) + g(C)t = (%(Z(pi —q,-)) —2£)z forall 0<7<1.

i=1
If p;y >2and £ =1, then

Y ~ (ab)?a=P1pdt .. qmPrp@rtl L gp2g Pt pdt g Prpdr T2 g

and similarly as above, there is a cobordism C of genus g(C) = %(r + ¢) between the
closure K of y; and the connected sum

Je = _T2,P1—1—81 #_T2,P2—82 #- "#_TZ,Pr—Er #TZ,Zle qit+4+eg°
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where we choose €1, ..., &r, &4 € {0, 1} such that J; is a connected sum of torus knots
and e = ¢4 + Zle ;. The claim follows also in this case from equations (8) and (11),
and the inequality in (15).

It remains to show the claim when p; = 1. In that case, using Aa~! = ab,
y = A2 =1 par .. P par
= A2 paitl P par o AT pant L oo par L

If £ = 1, then y is conjugate to y; = ab9't2a=P2p42 ...q=Prp9r+2 and if £ > 2, then
using (20) from Section 4.2,

Yy ~ A2E=D+1pai+1 =papas . ,~prpar+1
— (ba)3(€—1)+lbql+2a—pzqu g Prpartl
~ ab®(bab®) " 2abT T gmP2pa2 TP TS =1y
In both cases, there is a cobordism C of genus g(C) = %(ﬁ 4+ r — 2+ ¢) between the
closure K of y; and the connected sum
Je=—Tapy—es# % =T p—e, # Ty 57 _ 4ot 50—1+e,°

where we choose €1, ..., &, &4 € {0, 1} such that J; is a connected sum of torus knots
and ¢ = ¢4 + Zf=1 g;. Using (8), (11), and (15) again, the claim follows. O

We will need the following two technical lemmas for the proof of Lemma 4.19.

Lemma4.20 Let y = A2¢qP1p41 ... qPrp9r for some £ >0, r > 1 and integers p; and
gi such that p; <0or p; >2,and q; <0 or¢q; =2, foranyi € {1,...,r}. Moreover,
assume that K = yp is a knot. Then

v(K) = _%(Z(Pi +qi)) +r—=20—#i | pi <0} —#{i | qi <0},

i=1

where #A denotes the cardinality of the set A.

Lemma 4.21 Let y = A2+1gP1pd1...qPr—1par—14Pr for some £ > 0, r > 1 and
integers p; and ¢; such that p; <0 or p; > 2 foranyi € {1,...,r}and q; <0 or ¢q; > 2
foranyi € {1,...,r —1}. Moreover, assume that K = } is a knot. Then

r—1
1 3 , .
oK)z (St a4 pr) r 203 #ti Ly <03~ 14 <00

i=1
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For the proofs of Lemmas 4.20 and 4.21, we refer the reader to the very end of this
section; we will first prove Lemma 4.19 using these lemmas.

Proof of Lemma 4.19 Let k be the number of exponents ¢; of y with ¢; =1 and let
J =1{J1,..., Jky for 0 < k <r be the set of indices such that g; = 1 if and only if

1

j € J.Forall j € J, we rewrite the subword a2/ b% of y using A lab = a1 as

aPibti =agPib=aPia '\ AN Yab=a" P Aa” = AbTPIT gL,
Note that if j, j + 1€ 7, then a2 b9 a=Pi+1p%i+1 = A2q=Pi~1p=Pi+1724= 1 After

— A2€+k

rewriting a~ %7 b% for all j € 7, the braid y is conjugate to y; a for some

3-braid o which is of the form

aP1pai ...qPnpln forp = r — %k if k is even,

o= ~ o~ ~ ~ ~

bPirgt ... pPn—1qdn—1pPn forp = r — %(k —1) ifkis odd,
where Y7 (Pi + §i) = Y_i—;(—pi + qi) — 3k and where the p; and §; fulfill the
assumptions of Lemmas 4.20 and 4.21, respectively, ie where p; <0 or > 2 and g; <0
or > 2 for any i. The number of negative exponents in « equals the number of negative
exponents — p; in y, SO

#i | pi<O0}+#{i|g <0} =r.

If k is even, by Lemma 4.20,

v(P) z—%(Z(ﬁim)) Fn— QU4 k) —#i | i <0} +#(i | Gi <0}

i=1

d k
=_%(Z(_Pi+qi)—3k)+r—5—(25+k)—r

i=1

(i(pi - ) -2t

i=1

| —

Similarly, if k is odd, the claim follows from Lemma 4.21. O
It remains to prove Lemmas 4.20 and 4.21.

Proof of Lemma 4.20 We will modify the braid word y in 2r steps, where each step
corresponds to one of the 2r exponents p; or g;, fori € {1,...,r}, of y. In every step,
we will either just conjugate y (if the corresponding exponent is positive) or perform
a cobordism of genus 1 between the closure of a?"y or h?"y and the connected sum
T, 2n+1 #p for some n > 0 — similar to the cobordism described in Example 4.1 and
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used in the proofs of Lemmas 4.9, 4.10 and 4.11. We now describe these steps in more
detail. First, let y, 4 = v and define

q~P1t2terp V(;,q = N2 2 e par g p2paz .. P pr
~ N2tpa1yp2paz ... o Pr pdr 21D —. Vl/ » if p; <0,
V(/),q ~ N2tpa1 gp2paz ... o Pr pdr gP1 —- V{,P if p1 >0,
so that y; p= AXpa1gP2 ... qPrpdr Pt for some jy > 2 (note that we assumed p; <0
or py = 2). Here, if p; <0, we choose &1 , € {0, 1} such that —p; +2+ &7 , is even
and | » is a knot. Second, let &1 4 € {0, 1} be such that —q; + 2 + &1 4 is even if

g1 < 0, and define
Vig = b_q1+2+81.4y1’ = A2 p2teragp2pdz ... o Pr par g P
’ P

20 ,P214q2 .., o Prpdr g PL)2 e —. o)) i
~ A“aP2p2 ... qPrpdrgPlp b=ty if g1 <0,
Yi,q = Vl/,p ~ A aP2p g Pr b gP pUt = Vll,q if g1 >0,
so that yl”q = A2 gP2pa2 ... qPrparqP1p91 for some py,G; > 2. Inductively, for any
1<i=<r,welet
—pi+2+eip.,,!
a Di al!pyl.—l,q

= A2 2t pdi gPit1 ... g Prpdr g P1paY .. g Pi-1 pdi-1
~ AN2Epdi g Pit1 ... g Prpr g PLpan .. g Pi-1 pdi-1 g2 i . Vi/,p if p; <0,

Vi/—l,q ~ N2 pai gPit1 L g Prpr g PLYAY . g Pi-1 pdi-1 g PP —- yi/,p if pi >0,
so that
Vi/,p — AZpdigPi+1 ... g Prpdr gPLpan .. g Pi-1 pdi-1 , Pi
for some integers p1,4q1,..., pi—1,qi—1. Pi = 2. Here we choose ¢; , € {0, 1} such
that —p; + 2 4+ ¢;,p is even if p; < 0. Moreover, for 1 <i <r, we let ¢; 4 € {0, 1} be
such that —g; + 2 + ¢; 4 is even, and define
_ b—ait2+eiq Vi/p if g; <0,
=y, if g > 0,
and we define y; , similarly as Y1 o+ Inductively, after 2r steps, we get the positive
3—braid
YL = AP gl
with
pi =

- 2+¢ig if g; <0,
Di if p; >0,

and =
& qi if g; >0,
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forall1 <i <r;so p1,q1,..., Pr.qr = 2. By Proposition 4.2,

qu ___( Z pi+ Zq:+ Z(2+8zp)+ Z(2+qu))+l’—2£

i=1 i=1 i=1 i=1
pi>0 qi >0 pi<O0 qi <0

Now, note that if p; <0 for some 1 <i <r, then there is a cobordism of genus 1 between
?i/p and T o1 #9]_, , DY using two saddle moves, where m = %(—pi +2+8ip),
so similarly as in (16) from Example 4.1, we have

U(yl lq) U(Vl p) +m—1= U()/l p) + 2( Di +81,P)

Similarly, if ¢; <0 for some 1 <i <r, then v(}; ,) Z v(¥; ) + 5(—q,~ +¢iq). In
addition, if p; > 0, then v(;?l./,p) = u()?l./_l,q), and if ¢; > 0, then v(ﬁi/’q) = u()?l./,p).
We conclude that

r r
R R R _p'+8', _q'+8',
V()=o) Z v+ Y — Y —

£ 4 2
i=1 i=1
pi<0 q; <0
1 r r r r
— (Tt T ot Do+ Ca+d) oo
i=1 i=1 i=1 i=1
pi>0 qi>0 pi<0 qi <0
1 r
=—§(Z<p,~+q,-))+r—26—#{i|p,-<0}—#{i|q,~<0}. 0

i=1

Proof of Lemma 4.21 The strategy of the proof is the same as in the proof of
Lemma 4.20. Here, we need 2r — 1 steps corresponding to the 2r — 1 exponents
P1-91>---» Pr—1-4r—1, Pr of y. The steps are similar to the proof of Lemma 4.20, the
only change is that we multiply yl./_I’ 4 by a power of b if p; <0, and yi/’ » by a power
of a if ¢; < 0 (since aAZt+! = A2+1p and A2+ = A2E+14). Thus, starting with
y(’)’q =y, after 2r — 1 steps we obtain the positive 3-braid

— A2 Prpdr L Pr—1pdr—1 Py

Yr.p
with (24, ifpi<O, _ (2+4eig ifgi <O,
pi = . and ¢; = ,

Di if p; >0, qi if ¢; > 0.

By Lemma 4.9,
1 r r—1 r r—1 3
v(y},) = —5( Dopi+ ) ait Y Q+eip+ Z(2+e,-,q)) +r—20-3.
P00 p<o 4i<0
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Since the steps we performed have similar effects on v(y) as the ones in the proof of
Lemma 4.20, we get

"\ —pit & = —gi+e&i
R e

, 2 ,
i=1 i=1
pi<0 qi <0
1 r r—1 r r—1 3
=—§( Db+ Y dit+ Y (pi+2)+ Z(Cli+2))+r—25—§
Pfi=>10 ‘Ili=>10 1l7i=<10 qli=<10

r—1

1 3 . .
—- (St p)+r-2-3—#i 1y <0}—#i L <0} ©

i=1
4.4 Further discussion of Theorem 1.1

In this section, we provide some further context on our main result. In particular, in
Section 4.4.2 we will discuss why it might be surprising that our proof strategy works
for all 3—braid knots.

4.4.1 Comparison of upsilon and the classical signature By Theorem 1.1 and
Proposition 4.17,

(23) o(K) = 2u(K)

for any knot K that is the closure of a 3—braid y = A2¢q=P1pa1 ... q~Pr par for integers
teZ,r>1and pj,q; > 1fori €{l,...,r}. Computations of the signature for torus
knots (and links) of braid index 3, first done by Hirzebruch, Murasugi and Shinora
[45, Proposition 9.1, pages 34-35], together with (12) from Section 2.2 imply that
the equality in (23) is in fact true for all 3—braid knots K except for the cases that
K = £T5 344 forodd £ > 0 or K = +T3 344, for odd £ > 0. In the exceptional
cases, we have 0(K) = 2u(K) — 2. As mentioned in the introduction, this improves
the inequality ‘U(K — %J(K)} < 2 for all 3-braid knots K in [20, Proposition 4.4].

It was shown in [47, Theorem 1.2] that ‘U(K )— %U(K )‘ gives a lower bound on the
nonorientable smooth 4—genus of a knot K, denoted by y4(K), the minimal first Betti
number of a nonorientable surface in B* that meets the boundary S* along K. The
similarity of the invariant v and the classical signature o on 3-braid knots K described
above clearly does not lead to a good lower bound on y4(K).

However, the equality o(K) = 2u(K) for most 3-braid knots is actually no great
surprise when noting that in fact ‘U(K) — %0(K)| < 1 must be true for all 3—braid
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knots K for the following reason. It is not hard to see that for every 3—braid knot K,
there is a nonorientable band move to a 2-bridge knot J, which is alternating [26].
This implies that the nonorientable cobordism distance d,(K,J) = ys(K # —J)
between K and J is bounded from above by 1. On the other hand, using that v
and o induce homomorphisms C — Z (see Section 2.2 and [44]), the inequality
‘U(K) — %O’(K)‘ < y4(K) implies that

[u(K)— L0 (K)| = [u(K#—J)—Jo(K#—J)| <d,(K.J) <1,
where we used v(J) = %0(]) by Proposition 2.1.

Note that a similar argument shows that ‘U(K )— %O’(K )‘ < 2 for all 4-braid knots K,
using two nonorientable band moves to transform K into a 2-bridge link, which is also
alternating.

4.4.2 On the proof technique As mentioned in the introduction, it came as a surprise
to the author that our proof strategy works not only for positive 3—braid knots, but for
all 3-braid knots. Let us make this more precise.

The proofs in Sections 4.2 and 4.3 imply, for any 3-braid knot K, the existence of
cobordisms C; and C, of genus g(Cy) and g(C,) between K and (connected sums of)
torus knots 77 and 75, respectively, such that

g(Cy) +g(Cy) = |u(Ty) —vu(T)|
and
v(K) =v(T1) + g(Cy) = v(T2) — g(Cy).

For example, for knots K that are closures of positive 3—braids of Garside normal
form (D), the proof of Lemma 4.5 shows the existence of such a cobordism C; for
Ty, = J¢ as in the proof of Lemma 4.4; and the existence of such a cobordism C,
between K and Ty = T3 3(¢4-r)+1#—T12,2,+1 follows from the proof of Lemma 4.9.

The same strategy would work to determine the concordance invariants s and t for
all positive 3-braid knots K. Indeed, every positive 3—-braid knot can be realized
as the slice of a cobordism C between the unknot U and a torus knot 7" of braid
index 3 such that g(C) = |t(U) — t(T)| = |s(U) — s(T)| [21, Proposition 4.1].
However, in contrast, there are 3—braid knots where this strategy provably fails to
determine s and 7. A concrete example is the 3—braid knot 10,5 — the closure of
a—>ba®b [36] — which is not squeezed [21, Example 3.1]. This means that every
cobordism C between two connected sums of torus knots 777 and 75 that has 10155 as
a slice satisfies g(C) > |t(T3) — t(T1)| = |s(T2) — s(T1)].
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4.4.3 Comparison of the normal forms for 3-braids An algorithm described in
[11, Section 7] as Schreier’s solution to the conjugacy problem [52] can be used to
convert 3—braids in Garside normal form (see Definition 3.4) to 3—braids in Murasugi
normal form (see Definition 4.15): if y is a 3-braid of Garside normal form (C), then

Y~ A2(£+r)a—1bp1—2a—lb41—2...a—lbl’r_za_lbq’_z,

and if y is of Garside normal form (D), then

y ~ A2 =1 pp1=2 =1 pa1=2 = pPr—1=2~ 1 pdr—1=24= 1 ppr=2

In addition, it is easy to see how 3—braids of Garside normal form (A) or (B) are
conjugate to braids of Murasugi normal form (a) or (b).

5 On alternating distances of 3—braid knots

In this section, we prove Corollary 1.2 from the introduction and provide lower and
upper bounds on the alternation number and dealternating number of any 3—braid knot
which differ by 1.

5.1 Alternating distances of positive 3—-braid knots
We will prove the following proposition.

Proposition 5.1 Let K be a knot that is the closure of a positive 3—braid. Then
alt(K) = dalt(K) = ©(K) + v(K)
B {E if K is the torus knot T 304 for £ > 0 and k € {1,2},
r+£—1 if K is the closure of a braid of the form in (C) or (D),
where (C) and (D) refer to the Garside normal forms from Proposition 3.2.

Remark 5.2 Some of the cases in Proposition 5.1 have already been proved by other
authors. Indeed, Feller, Pohlmann and Zentner used the observation (25) below to
show that alt(773 3¢44) = £ forall £ > 0 and k € {1, 2} [22, Theorem 1.1]. The upper
bound they used was provided by [30, Theorem 8]; in fact, the equality had already
been shown by Kanenobu in half of the cases, namely when £ is even. Moreover, Abe
and Kishimoto [2, Theorem 3.1] showed that alt(K) = dalt(K) =r + £ — 1 if K is
a knot that is the closure of a positive 3—braid of the form in (C). However, to the
best of this author’s knowledge, it is new that alt(K) = g(K) + v(K) for all positive
3-braid knots K. Recall that t(K) = g(K) for all positive 3—braid knots K by (5)
from Section 2.1.
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Before we prove Proposition 5.1, let us provide the necessary definitions and background.
The Gordian distance dg(K, J) between two knots K and J is the minimal number
of crossing changes needed to transform a diagram of K into a diagram of J, where
the minimum is taken over all diagrams of K [43]. The alternation number alt(K)
of a knot K is defined as the minimal Gordian distance of the knot K to the set of
alternating knots [31], ie

alt(K) = min{dg (K, J) | J is an alternating knot}.

The dealternating number dalt(K) of a knot K is defined via a more diagrammatic
approach [3]: it is the minimal number 7 such that K has a diagram that can be turned
into an alternating diagram by » crossing changes. It follows from the definitions that

(24) alt(K) < dalt(K)

for any knot K and alt(K) = dalt(K) = 0 if and only if K is alternating. Note that
there are families of knots for which the difference between the alternation number
and the dealternating number becomes arbitrarily large [38, Theorem 1.1].

In the proof of Proposition 5.1, we will use that

(25) |[t(K) 4+ v(K)| < alt(K)

for any knot K. In fact, for all alternating knots K,

(26) t(K) = 35(K) = —v(K) = =Yg (1) = —30(K)

for any ¢ € (0, 1]—see [46, Theorem 1.14; 48, Theorem 1.4; 50, Theorem 3] — where s
denotes Rasmussen’s concordance invariant from Khovanov homology [50]. It follows
from [1, Theorem 2.1]— which builds on ideas of Livingston [34, Corollary 3] — that
the absolute value of the difference of any two of the invariants in (26) is a lower bound

on alt(K). It was first observed in [22] that the upsilon invariant fits very well in this
context; see also [23, Lemma 8].

Another main ingredient of our proof of Proposition 5.1 is the inequality
(27) dalt(p) <r—1

for any positive 3-braid y = a?1b9! ---aPr b9 with integers r > 1 and p;,q; > 1 for
ie{l,...,r}[2, Lemma 2.2].

Proof of Proposition 5.1 Let K be a knot that is the closure of a positive 3—braid y
of the form in (C) or (D) from Proposition 3.2 with £ > 0. We claim that

(28) r+L—1=1(K)+v(K) = |7(K) + v(K)| < alt(K) < dalt(K) <r +£—1,
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which implies the statement of the proposition for these knots. The two equalities in
(28) directly follow from our computations of v(K) in Proposition 4.2 and (5) applied
to y. The first two inequalities are direct consequences of the inequalities (25) and (24).
Finally, the last inequality follows from inequality (27) applied to the particular braid
representatives of K considered in the proof of Corollary 4.12.

For torus knots of braid index 3, the statement follows analogously. More precisely, if
K =T; 304k for£>0and k € {1, 2}, then by (4) and (12), we have |7 (K)+v(K)| = L.
In addition, the inequality in (27) applied to the particular braid representatives of K
considered in the proof of Corollary 4.12 implies that dalt(73 3¢4%) < £. |

From Proposition 5.1, it is easy to deduce that the alternating positive 3—braid knots
are precisely the unknot and the connected sums 75 5,41 #13 24+1 of two torus knots
of braid index 2 for p,g > 0. This was already known; in fact, the stronger statement
is true that the only prime alternating positive braid knots are the torus knots of braid
index 2 [6, Corollary 3]. Note that by [42] — see also [11, Corollary 7.2] — the only
composite 3-braid knots are the connected sums 75 5,41 #73 24+1 for p,q € Z.

By [1, Theorem 1.1], the only torus knots with alternation number 1 are the torus knots

T3 4 and T3 5. A knot with dealternating number 1 is called almost alternating.

Corollary 5.3 A positive 3—braid knot is almost alternating if and only if it is one of
the torus knots T3 4 or T3 s, or it is represented by a braid of the form

aPlb‘IlaPZb‘IZ’ Aaplbq‘apz, Azaplb‘h or A3ap1

for some integers p1, p2,q1,92 = 2.
Proof This follows directly from Proposition 5.1. |

Remark 5.4 In particular, the seven positive 3—braid knots with crossing number 12 —
see [36] —are all almost alternating.

Remark 5.5 Our results imply that the Turaev genus equals the alternation number
for all positive 3-braid knots. Indeed, let K be a knot that is the closure of a positive
braid of the form in (C) or (D) with £ > 0. Then we have

(29) g7 (K) =alt(K) = dalt(K) = r + £ — 1,
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where g7 (K) denotes the Turaev genus of the knot K. The Turaev genus g7 (K) of
a knot K is another alternating distance [38], which was first defined in [15] as the
minimal genus of a Turaev surface F (D), where the minimum is taken over all diagrams
D of K. The Turaev surface F(D) is a closed orientable surface embedded in S3
associated to the diagram D. It is formed by building the natural cobordism between
the circles in the two extreme Kauffman states (the all- A—state and the all- B—state)
of the diagram D via adding saddles for each crossing of D, and then capping off
the boundary components with disks. More details on the definition can be found, for
example, in a survey by Champanerkar and Kofman [13].

The equality g7 (K) = dalt(K) in (29) easily follows from Proposition 5.1, the in-
equalities |t(K) + 30(K)| < g7(K) [16, Theorem 1.1] and g7(K) < dalt(K) [2,
Corollary 5.4], and the fact that 0(K) = 2v(K) for all knots that are closures of
positive braids of Garside normal form (C) or (D) (see Section 4.4.1).

It is not known whether the alternation number and the Turaev genus of a knot are
in general comparable; namely, it is not known whether alt(K) < g7 (K) for all
knots K —see [38, Question 3]. However, it was shown by Abe and Kishimoto that
g1 (T3,3¢04k) = dalt(T3 304) = £ forall £ > 0 and k € {1, 2} [2, Theorem 5.9], so
g7 (K) = alt(K) = dalt(K) is true for all positive 3-braid knots.

Remark 5.6 In [23], Friedl, Livingston and Zentner introduce the invariant A, (K), the
minimal number of double point singularities in a generically immersed concordance
from a knot K to an alternating knot. In the case that the alternating knot is the unknot,
this is the well studied invariant ¢4 (K) called the 4—dimensional clasp number [53].
A sequence of crossing changes in a diagram of a knot K leading to a diagram of
an alternating knot J realizes an immersed concordance from K to J where any
crossing change gives rise to a double point singularity in the concordance. We thus
have Ag(K) < alt(K) for any knot K, which resembles the inequality c4(K) < u(K)
between the 4—dimensional clasp number and the unknotting number u(K) of K.
Moreover, we have |[v(K) + t(K)| < Ag(K) for any knot K [23, Theorem 18], so
Proposition 5.1 implies Az (K) = alt(K) for all positive 3-braid knots K.

We are now ready to prove Corollary 1.2 from the introduction.

Proof of Corollary 1.2 The corollary follows directly from Proposition 5.1 and
Remarks 5.5 and 5.6. |
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5.2 Bounds on the alternation number of general 3—braid knots

In the following, we turn our attention to 3-braid knots in general, which are not
necessarily the closure of positive 3—braids. We will use that

(30) |15(K) +v(K)| < alt(K)

for any knot K, which follows from [1, Theorem 2.1]; see also (26) from Section 5.1.
Rasmussen’s invariant s was computed for all 3—braid knots in Murasugi normal form
(see Definition 4.15) by Greene.?

Corollary 5.7 Let y = A2aq=P1p91 ...q=Prpdr for some L € Z,r > 1 and p;, qi > 1
fori € {1,...,r} such that K = y is a knot. Then

€] — 1 <alt(K) <dalt(K) < |¢] if £ 0.

Proof The lower bound on the alternation number follows from (30), Theorem 1.1
and the values of the invariant s for K = p [27, Proposition 2.4]; namely
S(K) = {_Z£=1(Pi —qi)+6{—2 %ff >0,
—> imi(pi—qi)+6L+2 ifL<0.
Moreover, it follows from [2, Theorem 2.5] that dalt(y) < |£|. ad

Remark 5.8 An alternative way to prove the upper bound on dalt(K) in Corollary 5.7
for £ > 1 follows from our observations in the proof of Lemma 4.18. In fact, the braid
diagrams given by the braid representatives y; of K = p considered in that proof can
easily be transformed into alternating diagrams by £ crossing changes: it is enough to
change the positive crossings corresponding to the single generators « in y; to negative
crossings; we obtain generators ¢~ ! in the corresponding braid words which then
correspond to alternating braid diagrams.

Remark 5.9 If K is represented by a 3-braid of Garside normal form (C) or (D) (see
Definition 3.4), then using the observations in Section 4.4.3, Corollary 5.7 implies
3D |r +4]—1<alt(K) <dalt(K) < |r+£| if |r+£|>0,

alt(K) =dalt(K) =0 if r+£4=0.

By Proposition 5.1, the lower bound in (31) is sharp whenever K is the closure of
a positive 3—braid of Garside normal form (C) or (D). However, there are examples

2These computations were generalized to all links that are closures of 3—braids in [41].
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where the upper bound in (31) is sharp. The two easiest such examples in terms of
crossing number are the nonalternating knots 8, and 8,1, which are represented by
the 3-braids

b la3b VAT, @BPhaTh ~ AT A3 a%h3,
respectively; see [36]. The lower bound on the alternation number from (31) is
r+£|—1=0

in both cases. Indeed, by [7, Theorem 8.6] both knots are quasialternating, so all the
invariants from (26) are equal [7, Proposition 1.4; 40; 46].

Remark 5.10 In a similar fashion as Corollary 5.7, the Turaev genus of all 3—braid
knots was determined up to an additive error of at most 1 by Lowrance using his
computation of the Khovanov width for these knots [37, Proposition 4.15]. More
precisely,

| —1T=gr(K)=|f if £#0
for any knot K that is represented by y = A2tq=P1pa1...q~Prpar for some £ € Z,
r>1and pj,q; > 1fori €{l,...,r}.

6 The fractional Dehn twist coefficient of 3—braids in Garside
normal form

In this section, we compute the fractional Dehn twist coefficient of any 3-braid in
Garside normal form (see Definition 3.4).

The fractional Dehn twist coefficient is a homogeneous quasimorphism on the braid
group B, that assigns to any n—braid y a rational number w(y). Here, a quasimorphism
on a group G is any map ¢: G — R such that
sup  [p(ab) —¢(a) —¢(b)| =: Dy < 00,
(a,b)eGxG

where D,, is called the defect of ¢. A quasimorphism ¢: G — R is called homogeneous
if p(ak) = ke(a) for all k € Z and a € G. Any homogeneous quasimorphism is
invariant under conjugation, so w(y’) is invariant under the conjugacy class of y.

The fractional Dehn twist coefficient first appeared in [24] in a different language. It
can be defined for mapping classes of general surfaces with boundary, where we here
view braids as mapping classes of the » times punctured closed disk. Malyutin defined
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the fractional Dehn twist coefficient w: B, — R, with n > 2, for all braid groups and
showed that its defect is 1 if » > 3 and 0 if n = 2 [39, Theorem 6.3]. We refer the
reader to [39] for a more detailed account.

Corollary 6.1 Let y be a 3—braid. Then its fractional Dehn twist coefficient is
L if y is conjugate to a braid in (A),
w(y) = %(p + 1)+ £ if y is conjugate to a braid in (B),
r+4 if y is conjugate to a braid in (C) or (D),

where (A)—D) refer to the Garside normal forms from Proposition 3.2.

Remark 6.2 The fractional Dehn twist coefficient was computed for 3—braids in
Murasugi normal form (see Definition 4.15) in [29, Proposition 6.6].

In the proof of Corollary 6.1, we will use that the fractional Dehn twist coefficient
of any 3-braid y is completely determined by the writhe wr(y) and the homogenized
upsilon invariant U of y: we have, by [19, Theorem 1.3],

(32) w(y) =0(y) + 5 wr(y)

for any 3-braid y. The invariant U is another real-valued homogeneous quasimorphism
on the braid group B3 which can be defined as

v(y®kab)
6k '

More generally, Brandenbursky [12, Theorem 2.6] showed that a homogeneous quasi-

U:B3; >R, y+—0(y)= lim
k—o00

morphism B, — R can be assigned to any concordance homomorphism C — R that is
bounded above by a constant multiple of the 4—genus. We refer the reader to [12] or
[19, Appendix A] for more details on homogenized concordance invariants.

Proposition 6.3 Let y be a 3—braid. Then

—% p—2L if y is conjugate to a braid in (A),
5(y) = —% p+1)—2¢ if y is conjugate to a braid in (B),
= —%(Z,;l (pi +qi)) +r—24 if y is conjugate to a braid in (C),

—%(er;% (pi+aqi)+ pr) +r—2¢ —% if y is conjugate to a braid in (D).

Proof We will use that U(af) = U() + U(B) if « and f commute [19, Lemma A.1].
In particular, for any 3—braid y and any ¢ € Z,

(33) 0(A%*y) = 5(A%) + B(y).
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Moreover, by the definition of U, equation (12) and the homogeneity of U,
(34) (A% =20 forall £LeZ.

We will now compute U(y) for the positive 3-braids y of the form (A)—(D), ie assuming
£ > 0 in (A)—(D). The statement of Proposition 6.3 will then follow from (33) and (34).

First, let y = A2¢qP for some £ > 0 and p > 0. If p = 0, we have 0 (y) = —2¢ by (34).
If p > 1, we have

]/6kab — AlZZka6pkab ~ A12£k+la6pk—1’
so by Lemma 4.9, for k > 1,

v(ySkab) = —L(6pk — 1) + 1 — 120k — 3 = —3pk — 12(k,

) o u(Skab) . —3pk—12tk
= lim ——— = lim —M = —= —2/.
v = e T T 6 2
Second, let y = A2 aPb for some £ > 0 and p € {1,2,3}. We have
y6kab=Alzek(ab)Gkab:Alzek+4kab if p= 1,

)/Gkab = Alzek(azbaZb)%ab = AIZEk(ababab)%ab = A12tk+6kgp f p=2,
v ab = A** (@B baPba’b)*kab = A2 (@2babababa®b)** ab
— Al2tk+8k ,p) if p=3.

By (12),
y (12) —126k—Q2p+ 2k

6k 3

Third, let y = A2gPipdi ... qPrpdr for some £ > 0, » > 1 and p;,q; > 2 for
ie{l,...,r}. Then

y® ab = AR (@P1pa1 ... qPrpar)®Rgp

~ AP g1 pan g Prpdr (gPLpAL . g Pr pr)Ok—1

U(y) = lim
k—o00

~ AV (1 P22 L Prpdr g P1YOK—1pd1 P2 pda . PrpPLHEr ]

where p; + ¢, — 1 > 3. By Lemma 4.9,

.
v(y®kab) = =3k Y (pi + qi) + 6kr — 12tk — 1,

i=1

B() =—3 D (i +a) +7 2L,

i=1
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Finally, let y = A1 gPipar ... qPr=1par=1Pr for some £ >0, r > 1, pr =2, and
pi.qi =2fori e{l,...,r—1}. Then

y6kab = AIZEk(Aaplb‘“ --~apr—‘bqf—‘ap’)6kab
— Alzgk(Aszlaql e pPr=1g9r—1 [ Pr o P11 _,,apr—lbqr—lapr)Skab
— A12€k+6k(bp1 e hPrgPr. __ap,‘)3kab
~ AV2bk+6k jaippa L por P

cee@Pr PV pPr Py qPry3k2p 1 PPy g Pt

where p, 4+ 1, p; +1 > 3. By Lemma 4.10,
r—1

i=1

r—1
- 1 3
U(V):_z(z;(Pi+Qi)+Pr)+r—2€—§. O
1=
Proof of Corollary 6.1 This follows directly from Proposition 6.3, (32), and a straight-
forward calculation of the writhe of the braids in (A)—(D). O

Remark 6.4 If y is a 3-braid conjugate to a braid of the form in (C) or (D) such that y
is a knot, then Proposition 6.3 and Theorem 1.1 imply ©(y) = v(p). If y additionally
is a positive 3-braid, then w(y) =r + £ = g(y) + v(y) + 1 is the minimal number
from Corollary 1.3 (ie Corollary 4.12).

Remark 6.5 Our computation of w(y) in Corollary 6.1 together with [19, Theorem 1.3]
completely determines Y (¢)(y) for all 0 <¢ <1 for any 3-braid y, where Y (¢)(y) is the
homogenization of the invariant Y'(¢): C — R, defined similarly as the homogenization
U of v.
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Cusps and commensurability classes
of hyperbolic 4-manifolds

CONNOR SELL

There are six orientable compact flat 3—manifolds that can occur as cusp cross-sections
of hyperbolic 4-manifolds. We provide criteria for exactly when a given commensu-
rability class of arithmetic hyperbolic 4—manifolds contains a representative with a
given cusp type. In particular, for three of the six cusp types, we provide infinitely
many examples of commensurability classes that contain no manifolds with cusps of
the given type; no such examples were previously known for any cusp type.

57M50; 11E20, 11F06, 16H0S, 57K50

1 Introduction

Let M = H"/T be a finite-volume noncompact hyperbolic n—manifold. A cusp of
M is homeomorphic to B x R*, where B is a compact flat (n—1)—manifold. If M is
orientable, then B must be orientable. In [13], Long and Reid proved that every compact
flat (n—1)-manifold, up to homeomorphism, must occur as a cusp cross-section of a
hyperbolic n—orbifold; this result was upgraded from n—orbifolds to n—manifolds by
McReynolds in [15]. Long and Reid [13] give a constructive algorithm which, given a
compact flat (n—1)-manifold, outputs an arithmetic hyperbolic n—orbifold with a cusp
with the specified cross-section. We discuss this algorithm in more detail in Section 5.

For ease of notation, we may refer to a cusp with cross-section B as a cusp of type B,
as the cross-section of a cusp determines its homeomorphism class. We may also refer
to a homeomorphism class of cusps, or “cusp type”, by its cross-section. See Section 4
for a description of the six possible cusp types for hyperbolic 4-manifolds, and the
names used below.

The above results tell us that each compact flat (n—1)-manifold occurs as a cusp of
some hyperbolic n—manifold, but little is known about which conditions give rise to

© 2023 MSP (Mathematical Sciences Publishers). Distributed under the Creative Commons Attribution
License 4.0 (CC BY). Open Access made possible by subscribing institutions via Subscribe to Open.
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each cusp type. To investigate the occurrence of cusp types further, it makes sense
to look at compact flat 3—manifolds in finite-volume hyperbolic 4—manifolds, as this
is the lowest dimension in which multiple orientable cusp types can occur. It is well
known that the 3—torus occurs as a cusp in every commensurability class of cusped
hyperbolic 4-manifolds. Indeed, in every commensurability class of cusped hyperbolic
4-manifolds, manifolds where all cusp types are the 3—torus occur; see McReynolds,
Reid, and Stover [16]. A striking result by Kolpakov and Martelli [10] showed that there
exist one-cusped hyperbolic 4—manifolds having cusp type the 3—torus. Furthermore,
Kolpakov and Slavich [11] showed that the %—twist also occurs as the cusp type of a one-
cusped hyperbolic 4-manifold. On the other hand, the %—twist and %—twist have been
obstructed from occurring as cusps of one-cusped manifolds; see Long and Reid [12].
Although it is as yet unknown whether the Hantzsche—Wendt manifold occurs as a cusp
type of a one-cusped hyperbolic 4-manifold, it was shown by Ferrari, Kolpakov, and
Slavich [9] that there exists a finite-volume hyperbolic 4-manifold where all cusp types
are the Hantzsche—Wendt manifold. We also note that the isometry classes within each
homeomorphism class that occur geometrically as cusps of hyperbolic 4-manifolds are
dense in the moduli space of any compact flat 3—manifold; see Nimershiem [20].

We provide the first known examples of commensurability classes that avoid three cusp
types. In fact, we provide infinitely many such examples, obtaining the result below.
Furthermore, given any commensurability class C of cusped arithmetic hyperbolic
4-manifolds and any cusp type B, we give conditions on when C contains a manifold
with a cusp of type B in Theorem 5.1. Notably, three cusp types occur in every such
class. We refer to Section 2 for terminology used in Theorems 1.1 and 1.2.

Theorem 1.1 Every commensurability class of arithmetic hyperbolic 4—manifolds
contains manifolds with the 3—torus, the %—tWist, and the Hantzsche—Wendt manifold
as cusp types. There exist infinitely many commensurability classes C of hyperbolic
4—manifolds such that no manifold in C has a cusp of type %—twist. The same holds for
cusps of type %—twist and %—twist.

Additionally, we can use “inbreeding” of arithmetic hyperbolic 4-manifolds (see
Agol [1]) to construct some nonarithmetic manifolds that avoid some cusp types, up to
commensurability.

Theorem 1.2 There exist infinitely many commensurability classes of finite-volume
cusped nonarithmetic hyperbolic 4—manifolds that avoid each of the following cusp
types: the %—twist, the %—twist, and the %—twist.
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We briefly review the organization of the paper. In Sections 2, 3, and 4, we provide
preliminary information about quadratic forms, quaternion algebras, arithmetic hy-
perbolic manifolds, and the six orientable compact flat 3—manifolds that are the cusp
types of orientable hyperbolic 4—manifolds. In Sections 5 and 6, we prove Theorem 1.1
and generalize it to give complete conditions on when a given commensurability class
contains a manifold with a cusp of given type. In Section 7, we use this result to show
that there are some commensurability classes of hyperbolic 5-manifolds that avoid
some compact flat 4—manifold cusp types, and explain why we can’t make the same
argument in higher dimensions. In Section 8, we show that there are commensurability
classes of nonarithmetic hyperbolic manifolds in both 4 and 5 dimensions that avoid
certain cusp types as well, proving Theorem 1.2.

Acknowledgements The author wishes to thank his PhD advisor Alan Reid for his
guidance and useful discussions. This paper is partially supported by NSF grant
DMS-1745670.

2 Quadratic forms and quaternion algebras

2.1 Quadratic forms

Definition 2.1 (quadratic form) A quadratic form over a field K is a homogeneous
polynomial of degree 2 with coefficients in K.

A quadratic form ¢(x) = ZLI 27=1 ajjxiXj in n variables is said to have rank n,
and can be written as an n x n symmetric matrix Q such that ¢(x) = x’ Qx. This can
be accomplished by defining the entries by Q;; = a;; and Q;; = %ai i wheni # j.

For any quadratic form ¢ of rank n and ring R, we can define the orthogonal group
O(g, R) to be the group of all invertible n x n matrices A with entries in R such that
q(x) = q(Ax) for any x € R". We can similarly define the special orthogonal group
SO(g, R) to be the subgroup of O(g, R) of matrices with determinant 1. Note that
SO(g, R) is a Lie group, and thus has an identity component SOy (g, R). Then, for any
subring R C R, we define SOy (g, R) = SOy (g, R) NSO(gq, R). Our focus is quadratic
forms over QQ and the corresponding groups SOq(q, Z).

Definition 2.2 (rational equivalence) Quadratic forms given by symmetric matrices
01. 0, € GL(n,Q) are rationally equivalent (or equivalent over Q) if there exists
T € GL(n,Q) such that 7" QT = Q5.
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All quadratic forms over QQ are rationally equivalent to a diagonal quadratic form, by
which we mean a quadratic form whose corresponding matrix is diagonal. Thus, when
working with a rational equivalence class of quadratic forms, we will always choose a
diagonal representative. For ease of notation, we will denote diagonal quadratic forms
q(x)=>"71_, a,-xl.2 by writing their coefficients {a1,...,ay). Here all quadratic forms
will be nondegenerate; that is, a; # 0 for all 7.

There is another relevant notion of equivalence, which is closely related to rational
equivalence [18]:

Definition 2.3 (projective equivalence) Quadratic forms ¢ and g, are projectively
equivalent over Q, or just “projectively equivalent”, if there are nonzero integers a and
b such that agq and bg, are rationally equivalent.

Let g1 and ¢, be quadratic forms of odd rank with the same signature and discriminant.
We can check for projective equivalence by scaling ¢; and ¢, so they have the same
discriminant, and then checking for rational equivalence.

A complete set of invariants for diagonal quadratic forms up to rational equivalence is
given by the signature, discriminant, and the Hasse—Witt invariants over all primes p.
A quadratic form g = {(ay, ..., ay,) of signature (a, b) has a positive coefficients and b
negative coefficients. The discriminant d € Q/(Q)? is given by d = [[}_, a;; note
that it is defined only up to multiplication by squares. The Hasse—Witt invariants are a
little harder to define, and contain the bulk of the number-theoretic information. For
integers a@ and b and prime p, we first define the Hilbert symbol

1 if z2 = ax? + by? has a solution in Qp,

w¢»={

—1 otherwise.

Here Q) denotes the p—adic field at p, or R if p = oo.

Definition 2.4 (Hasse—Witt invariant) For a diagonal quadratic form ¢ = (ay, ..., ay,)
over Q and a prime p, possibly oo, the Hasse—Witt invariant of q at p is given by

@)= [] (aajp.

1<i<j<n

Every Hasse—Witt invariant must have value 1 or —1. There is a closed-form equation
that allows us to easily compute a Hilbert symbol; thus, a Hasse—Witt invariant is easy
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to compute as well. Let a = p%u and b = pﬂv with # and v both relatively prime to p
in Z. Then for p > 2
B o
u v
(a.b)p = ()PP (L)7(2),
i p) \p

and, for p =2,
(a,b)p, = (—1)T@TO+eo@)+pow).

Here we use the Legendre symbol and the functions t(x) = %(x —1) and w(x) =
%(x2 —1), both of which only need to be defined modulo 2 [25, Chapter III, Theorem 1].

We can see from these equations that (a, b), can only be —1 if either a or b is divisible
by p an odd number of times. This means that €,(¢) = 1 for all primes p that don’t
occur as a factor of a coefficient of ¢. In particular, for any given quadratic form ¢,
€p(q) =1 for all but finitely many values of p.

Additionally, Hilbert’s reciprocity law states that the Hilbert symbols satisfy the identity
]_[p (a,b)p, = 1, where the product is taken over all places p of Q, including p = oo
[25, Chapter III, Theorem 3]. From this, we deduce the identity [ | »€p (¢) = 1 for any
quadratic form ¢. Since (a, b)~ depends on the existence of a nonzero solution to
22 = ax? + by? over the field Qoo = R, we know (a, b)oo = —1 if and only if both a
and b are negative. We’ll be working mostly with quadratic forms of signature (4, 1),
so in this case H1§i<j <n(ai,aj)oo =1, as no pair (a;, a;) of distinct coefficients are
both negative. As a result, the identity ]_[p €p(q) = 1 holds when we consider only
finite places p for quadratic forms of signature (4, 1).

2.2 Quaternion algebras

Definition 2.5 (quaternion algebra) A quaternion algebra over a field F with
char(F) # 2 is an algebra consisting of elements w+xi +yj+zij, withw, x, y,z€ F,
equipped with relations i2 = a, j2 =b,and ij = —ji for some fixed a,b € F. We
write this as ((«, b)/ F).

Alternatively, a quaternion algebra Q over F is any central simple algebra of dimension
4 over F. Every such Q =((a, b)/ F) has anorm form, givenby N(w+xi+yj+zij)=
w? —ax? —by? 4 abz?, which is compatible with multiplication in Q.

The pure quaternions Q¢ of Q are the elements w + xi + yj + zij with w = 0.
Restricted to the pure quaternions, the norm form of Q (or, for short, the norm form
of Q¢) becomes N (xi + yj + zij) = —ax?> —by? 4 abz?. Note that any quadratic
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form of rank 3 and discriminant 1 is rationally equivalent to such a form. To see
this, observe that if {a, b, ¢) has discriminant 1 then ¢ = ab up to multiplication by a
square. In particular, the quadratic form (a, b, ab) coincides with the norm form of
((—a,—b)/Q)o. We will make use of quadratic forms of signature (4, 1) that are the
direct sum of a positive definite norm form of some Qg and (1, —1).

Definition 2.6 (quaternion type) A quadratic form of quaternion type is a quadratic
form g = (a, b, ab, 1,—1) for some positive a, b € Z.

Lemma 2.7 Every quadratic form g over Q of signature (4, 1) is projectively equiva-
lent to a quadratic form g’ of quaternion type.

In order to prove this lemma we’ll need to use Conway’s p—excesses, as described in
[7, Chapter 15]. These will not appear in the rest of the paper, so readers not interested
in the proof of this lemma may ignore these definitions.

Definition 2.8 (p—excess of rank-1 quadratic form) Let p # 2 be a prime, possibly oo,
and let ¢ = (a) be a rank-1 quadratic form such that a = pku with u relatively prime
to p. If p = oo, then let pk be the sign of ¢ and u its magnitude. Then we define the
p—excess of ¢ to be

)=
If p =2, then

ep(q) = {

p¥ 43 (mod8) if k is odd and u is a quadratic nonresidue modulo p,
Pk —1 (mod8) otherwise.

—u—3 (mod8) ifkisoddandu = 3,5 (modS8),
—u+1 (mod 8) otherwise.

Definition 2.9 (p-excess of arbitrary quadratic form) Let p be a prime, possibly oo,
and let ¢ = {ay,...,a,) be a diagonal quadratic form. Then we define the p—excess
of g to be "

ep(q) = ep({ai)) (mod38).

i=1

The most notable properties of the p—excesses are that they are additive under direct
sum of quadratic forms, and that they are invariant under rational equivalence. In fact,
p—excesses are part of a complete invariant of quadratic forms up to rational equivalence,
together with the signature and, in the case of forms of even rank, the discriminant
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[7, Section 15.5.1, Theorem 3]. We can also extract the Hasse—Witt invariants of a
quadratic form ¢ from the discriminant d and p—excesses e,(g) [7, Section 15.5.3]:

ep<q)={ 1 ifeplg) = epld. 1. 1)),

—1  otherwise.
To prove Lemma 2.7, we’ll use the additivity of e, to construct a rank-3 form g3
of discriminant 1 such that g3 & (1, —1) has certain desired Hasse—Witt invariants.
We’ll also use the following lemma, which can be found in greater generality in
[25, Chapter 1V, Proposition 7].

Lemma 2.10 Let d, r, s, and n be integers, and €, be 1 or —1 for each prime p,
including oo. Then there exists a rank-n quadratic form q of discriminant d , signature
(r,s), and Hasse—Witt invariants €, if and only if the following conditions are satisfied:

(1) €, =1 foralmost all p and [[e, = 1 over all primes p.

(2) e, =1ifn=1,orif n =2 and the image of d in Q;/(QI”;)2 is —1.
3) rns=0andn=r+s.

(4) The sign of d is equal to (—1)°.

(5) €00 = (=1)*6D/2,

Proof of Lemma 2.7 We can scale ¢ to ensure it has discriminant —1 by multiplying
the entire form by —d, where d is its discriminant. This will multiply the product of
the terms by —d°, and thus we’ll obtain the new discriminant —d® = —1. Note that
scaling a form does not change its projective equivalence class.

Now, compute the p—excesses e,(g) and set 81/7 =ep(q) —ep({1,—1)). By definition
ep({ar,az,...,an)) =Y i_; ep(ai), so if we can find a quadratic form ¢3 of signature
(3,0), discriminant 1, and p—excesses equal to ¢/, then ¢’ = g3 & (1, —1) will have
p—excesses equal to those of ¢ and discriminant —1. Since it will also have signature
(4, 1), ¢’ will be rationally equivalent to ¢.

It suffices, then, to show that g3 exists. Lemma 2.10 gives five conditions on the
Hasse—Witt invariants, signature, and discriminant under which a quadratic form must
exist. Conditions (2)—(4) hold trivially for g3, either because they only apply to forms
of rank 2 or less, or because they merely require that the signature is valid and agrees
with the sign of the discriminant. This is true because the desired signature of g3 is
(3, 0) and the discriminant is 1.
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Conditions (1) and (5) concern the desired Hasse—Witt invariants e;, of ¢3, which can
be determined from the desired discriminant 1 and desired p—excesses 61/7' We will
show that e;) = €,(g) for all p, and thus that conditions (1) and (5) are satisfied.

Recall that €, = 1 if e, = ¢,({d(g3),1,1)) = ep({1,1,1)), and —1 otherwise. We
can similarly compute the Hasse—Witt invariants of g to be €,(¢) = 1 if and only if
ep(q) = ep((—1,1,1,1,1)). By construction, 61/7 = ep(q) —ep({1,—1)). Then note
thate,((1,1,1)) =ep((—1,1,1,1,1))—ep({1, —1)) by additivity of p—excesses. Thus,
€, = €p(q) for all p.

In particular, for any quadratic form ¢, €,(¢) = 1 for all but finitely many p, and
[1€p(¢) =1 over all primes p. These same properties must hold for €/, so condition (1)
holds. Similarly, €x0(q) = 1 since ¢ has signature (4, 1), so €/, = 1 as well, satisfying
condition (5). Now we can apply Lemma 2.10 to deduce that a valid quadratic form
g3 exists with signature (3, 0), discriminant 1, and Hasse—Witt invariants €,(q3) = e;,.

As stated above, we can take the form ¢’ = g3 @ (1, —1), which is rationally equivalent
to ¢, has discriminant —1, and is of the form {(a, b, ¢, 1, —1), where g3 = (a,b,c). O

On the pure quaternions of any quaternion algebra, we can define the orthogonal group

O(N, Qo) ={f:00— Q| f islinear and N(f(x)) = N(x) for all x € Q¢}

as the set of linear transformations on Q that preserve the norm form. These transfor-
mations can be described as conjugation by the units Q* of Q. This is the intuition
behind the following theorem from [14, Section 2.4]:

Theorem 2.11 Let Q = ((—a,—b)/Q) and q = (a, b, ab). Then SO(q, Q) is isomor-
phic to Q*/Z(Q*), where Z(G) denotes the center of G.

There are three more theorems from [14] that are used in our argument. We state them
here, along with a relevant definition, and remark that it will be important to obstruct
certain torsion from occurring in Q*/ Z(Q%*).

Definition 2.12 (ramification) A prime p ramifies a quaternion algebra Q over Q
if O ®q Qp is isomorphic to the unique division algebra of dimension 4 over Q.
Otherwise, Q ®q Q, is isomorphic to the algebra of 2 x 2 matrices M>(Q,), and we
say Q splits over p.

Theorem 2.13 [14, Lemma 12.5.6] Let &, forn > 2 be a primitive n™ root of unity,
and Q be a quaternion algebra over Q. Then Q*/Z(Q*) contains an element of
order n if and only if &, + &, ! € Q and Q(&,) embeds in Q.
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Theorem 2.14 [14, Theorem 7.3.3] Given a quaternion algebra Q over Q and a
quadratic extension L of QQ, then L embeds in Q if and only if, for each prime p that
ramifies Q, p does not split in L.

Theorem 2.15 [14, Theorem 2.6.6] Let p # 2,00 be a prime in Q. Consider the
quaternion algebra Q = ((a, b)/Q), with both a and b squarefree.
(1) If p does not divide a or b, then p does not ramify Q.
(2) If p divides a but not b, then p ramifies Q if and only if b is a quadratic
nonresidue modulo p.
(3) If p divides both a and b, then p ramifies Q if and only if —a~'b is a quadratic
nonresidue modulo p.

3 Arithmetic hyperbolic manifolds

3.1 Hyperbolic manifolds

Let g = x12 + -+ x,% - xﬁH be a quadratic form of signature (n,1). We define

hyperbolic space using the hyperboloid model H” = {x e R"*! | g(x) = —1, x4 > 0},
equipped with the metric derived from the inner product

xoy =+ /x1y14 -+ XnIn— Xnt1Vn+1,

so that (x 0x)? = g(x). A hyperplane in H” is an intersection of a subspace V' C R”*!
with H", and H” has a boundary dH" consisting of 1-dimensional subspaces of light-
like vectors y € R"1 such that ¢(y) = 0. The isometries of H” must preserve ¢, and
in fact Isom™ (H") = SOq (g, R).

Observe that we can perform this construction with any form ¢’ of signature (n, 1) in
place of g. The resulting space HZ/ is isometric to H", although both are different
subsets of R”*! and points in Q”*! in one model may not correspond to points in
Q"*1 in the other. Thus, Isom™ (H") is isomorphic to Isom™ (HZ/). In particular, there
is a linear transformation 4 that maps any HZ/ to H” isometrically, so any isometry
y €Isom™ (]HIZ/) can be said to sit in Isom™ (H"”) as AyA~!. We will sometimes abuse
notation and refer to any HZ/ as H" when it is clear which quadratic form is being used.

We will use the notion of hyperplanes P sitting rationally inside HZ. By this, we mean
P is the intersection of Hp with a subspace V' C R”*1 determined by a system of
equations with rational coefficients. This notion depends on our choice of ¢, which in
our case will always have coefficients in Z.
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A hyperbolic n—manifold is a quotient H” /" of hyperbolic n—space by a discrete,
torsion-free group I' acting on H” via isometries. If T" is not torsion-free, a hyperbolic
orbifold results instead. A cusp of a finite-volume hyperbolic n—manifold or orbifold is
a subset of the manifold homeomorphic to B x R for some cross-section B. Cusps
result from the parabolic elements of I" that fix a single point y of dH". Specifically,
since Stabr(y) acts on a horosphere centered at y, which has a flat geometry, the
cross-section of the corresponding cusp is given by B = E”~1/ Stabr(y). We consider
only finite-volume hyperbolic manifolds, so B is compact. Furthermore, if H"?/ T is
orientable then so is B. For more information on cusps of hyperbolic manifolds and
the thick—thin decomposition we refer the reader to [23, Chapter 12].

Definition 3.1 (commensurability) Two subgroups I7 and I of a group I' are
commensurable if I'1 N T3 has finite index in both Iy and I3. Two hyperbolic orbifolds
H”/T; and H"/ T, are commensurable if yT;y~!

Isom(HH") for some y € Isom(H").

and I are commensurable in

Note that two orbifolds are commensurable if and only if they share a finite cover.

3.2 Arithmetic manifolds

Since we are working solely with cusped hyperbolic manifolds, all arithmetic hyperbolic
manifolds in this paper are of simplest type. This allows us to use a simpler definition
of arithmetic hyperbolic manifolds than the more involved general definition. This is
stated, for example, in [19, Proposition 6.4.2] with the condition n # 3, 7, although
this condition is unnecessary.

Definition 3.2 (arithmetic hyperbolic orbifold/arithmetic group) Let M be a finite-
volume cusped hyperbolic n—orbifold with 7{(M) = ' < Isom(H"). Then M is
arithmetic if there exists a quadratic form ¢ of signature (n, 1) such that A7!T'4 <
Isom(H7) is commensurable to SOg(g, Z), where A is the linear transformation that
maps H7 to H" isometrically. We say I is arithmetic under the same condition, that
is, when T is conjugate to a subgroup of Isom™ (HZ) commensurable to SOy (g, Z).

A hyperbolic arithmetic n—manifold is a hyperbolic arithmetic n—orbifold that is also a
hyperbolic manifold. Henceforth we may refer to the arithmetic orbifold Hz /SO0 (q,Z)
as H" /SOy (g, Z) using this particular embedding, without ambiguity.

To any cusped arithmetic hyperbolic n—orbifold M we can associate the (nonunique)
quadratic form ¢ from the definition. There are easily checkable conditions on quadratic
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forms ¢q and ¢, that determine whether I} = SOq(g;,Z) and I, = SO¢(¢», Z) are
commensurable as subgroups of Isom(H"), identifying both Isom(H7, ) and Isom(H7,)
with Isom(H"), and are thus associated to the same orbifolds.

Proposition 3.3 [18, Theorem 1] Let M; and M, be arithmetic hyperbolic orbi-
folds with associated quadratic forms ¢ and ¢, respectively. Then M, and M, are
commensurable if and only if q; and ¢, are projectively equivalent.

One way to determine whether two quadratic forms ¢; and ¢, of signature (4, 1) are
projectively equivalent is to scale both so they have the same discriminant, and then
compare Hasse—Witt invariants. In particular, since such forms have odd rank, if ¢;
has discriminant —d; then the form d;¢g; must have discriminant —1. Thus, we can
deal with rational equivalence rather than projective equivalence by associating to a
commensurability class of arithmetic hyperbolic 4-manifolds a (nonunique) quadratic
form ¢ of discriminant —1. Furthermore, by Lemma 2.7 we can take ¢ to be of
quaternion type. We summarize this discussion:

Corollary 3.4 Every commensurability class C of cusped arithmetic hyperbolic 4—
orbifolds has an associated quadratic form q of quaternion type such that H*/SOq(q,Z)
liesin C.

3.3 Systoles

Definition 3.5 (systole length) The systole length of a manifold M is the minimal
length of a closed geodesic in M.

The arithmetic n—manifolds we deal with have a minimum bound on the systole length.
The following proposition is an application of Corollary 1.3 or 1.8 from [8], depending
on whether 7 is even or odd:

Proposition 3.6 There is a lower bound on the systole length of a cusped arithmetic
hyperbolic 4—manifold.

We will use this fact to show that certain finite-volume hyperbolic n—manifolds are
nonarithmetic.

4 Compact flat 3-manifolds

Recall from Section 3.1 that finite-volume cusped hyperbolic n—manifolds M = H"/T"
have compact flat (n—1)-manifolds B for the cross-sections of their cusps, and if M
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M (M) Hol(r1(M))
3—torus L3 = (11,2, 13 | tit; = 1;1;) 1
I-twist (a1, 0.0 | ity =it 0> =11, e =17 ana™ =15") 7./27

H-W (x,y,z|xy2x71y2 =1, px2y7Ix2 =1, xyz = 1) [4] 7.)27.x7.]27.
%—twist (o, t1, 12, t3 | 1t} =tjt,-,oz3 =t,aba" =1, at307! =t2_113_1) 7/37
twist (.t b | Gl =G et =t abaT =5, ana =151 ALY/
-twist (.t b | Gt =108 =t aba =6, a0 =1;711) 7./6Z

Table 1: The six orientable compact flat 3-manifolds [21].

is orientable then so is B. Considering only orientable manifolds, this means that
hyperbolic 2— and 3-manifolds only have one type of cusp cross-section each: S'!
and T2, respectively. However, there are six orientable compact flat 3-manifolds up
to homeomorphism, which means there are six possible cusp cross-sections for an
orientable finite-volume hyperbolic 4-manifold. We give a brief description of each in
Table 1 and Figure 1.

In the images depicting the fundamental domains, a face without a label is paired with
its opposite face via translation, and labeled faces are paired in such a way that the
labels align. Note that all but the Hantzsche—Wendt manifold differ from the 3—torus by
at most a twist on one of the face pairings. All six flat manifolds are commensurable,
and are in fact finitely covered by the 3—torus.

P b
P d AR
P P F G
R B
3—torus L_twist Hantzsche-Wendt
2
s s
=¥
P
a4 a4
%—twist %—twist %—twist

Figure 1: The fundamental domains for the manifolds in Table 1.
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Every isometry of Euclidean 3—space E? is an affine transformation v — Av + w for
some A € SO(3). For a group G < Isom(E?3), the holonomy of G is given by

Hol(G) = {4 € SO(3) | (v~ Av + w) € G for some w € R3}.

Hol(G) is independent of the faithful representation of G into Isom(IE?).

5 Classes with a given cusp

One goal of the next two sections is to prove Theorem 1.1. In fact, we generalize
Theorem 1.1 to a full description of exactly when a commensurability class of cusped
arithmetic hyperbolic 4-manifolds contains a manifold with a given cusp type.

Theorem 5.1 Let C be a commensurability class of cusped arithmetic hyperbolic
4-manifolds, with associated quadratic form ¢, scaled so that the discriminant of g
is —1. Then:

e ( must contain a manifold with a 3—torus cusp, a manifold with a %—twist cusp,

and a manifold with a Hantzsche—Wendt cusp.

e (C contains a manifold with a %—tWiSt cusp if and only if €,(q) = 1 for all
p =1 (mod4).

e (C contains a manifold with a %—tWist cusp if and only if €,(q) = 1 for all
p =1 (mod 3). C contains a manifold with a %—twist cusp under the same
condition.

In this section, we prove the positive portion of the theorem, namely that C does indeed
contain certain cusp types.

Proposition 5.2 Let C be a commensurability class of arithmetic hyperbolic 4—
manifolds, with associated quadratic form g of discriminant —1. Then:

e C must contain a manifold with a 3—torus cusp, a manifold with a %—twist cusp,

and a manifold with a Hantzsche—Wendt cusp.

e Ifey(q) =1forall p=1 (mod4), then C contains a manifold with a %—twist
cusp.

e Ifey(q)=1forall p=1 (mod3), then C contains a manifold with a %—twist

cusp and a manifold with a %—twist cusp.

Our primary tool for showing that a commensurability class must contain a given cusp
type is the algorithm given by Long and Reid [13]. Given a compact flat n—manifold B,
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this algorithm yields an arithmetic hyperbolic (n+ 1)—orbifold with a cusp of type B. We
can always find an (n41)—-manifold with a cusp of type B covering this orbifold by [15].

Given a cusp type B of dimension #, the algorithm works as follows. Consider the
holonomy group of 1 (B). We can find a faithful representation of Hol(sr{ (B)) into
GL(n, Z), which yields an embedding Hol(rr{ (B)) C GL(n, Z). Further, we can choose
a signature-(#n, 0) quadratic form ¢, that is invariant under Hol(sr (B)) by considering
an arbitrary signature-(#, 0) quadratic form r and taking the average of all the quadratic
forms r o A over A € Hol(;r{(B)), since Hol(;r{(B)) is finite. Then, using linear
algebra, the algorithm extends the representation into GL(n + 2, Z) in such a way that
Hol(7r1(B)) leaves a quadratic form ¢’ rationally equivalent to g, @ (1, —1) invariant.
As a result, we see that some cover of H”+!/SOq(g’, Z) must contain a cusp of type B,
and is commensurable to H"*1 /SO (g, @ (1, —1), Z).

By investigating properties of quadratic forms ¢, invariant under Hol(rr(B)), we
characterize the commensurability classes of arithmetic hyperbolic manifolds that can
be output by this algorithm. Since we’re working with flat 3—-manifolds and hyperbolic
4-manifolds, we apply the algorithm with n = 3.

Proof of Proposition 5.2 Given the commensurability class C, we can choose a
quadratic form ¢ = (x, y, xy, 1, —1) of quaternion type such that H*/SO¢ (¢, Z) € C
by Lemma 2.7. Note that ¢ has discriminant —1. We can compute the Hasse—Witt
invariants €,(q).

First let B be the 3—torus, %—twist, or Hantzsche—Wendt manifold. These have holo-
nomy groups of 1, Z /27, and Z /27 x 7./ 2Z, respectively. Each holonomy group has
a representation into GL(3, R) consisting solely of diagonal matrices with £1 along
the diagonal. In particular, these representations fix any quadratic form {a, b, ab) of
rank 3. Thus, we can apply the Long—Reid algorithm to find a representation of the
corresponding Bieberbach group into SOg({a, b, ab, k,—k),7Z). Seta =x and b = y.
Then {(a, b, ab, k,—k) is rationally equivalent to {a, b,ab,1,—1) = (x, y,xy,1,—1).
This yields an orbifold commensurable to H*/SOg(g,Z) that has the desired cusp
type. By [15], there is also a manifold with the desired cusp type.

Next, consider the %—twist cusp. This flat manifold has holonomy group Z /47, and
has a representation p into SL(3, Z) mapping its generator g4 to

010

p(ga)=|-100
001

Algebraic & Geometric Topology, Volume 23 (2023)



Cusps and commensurability classes of hyperbolic 4—manifolds 3819

This holonomy preserves any quadratic form g3 = {(a, a, b), so the Long—Reid al-
gorithm finds a representation of B into SO ({a,a, b, k, —k), Z), which is commen-
surable to SOy ({ab,ab,1,1,—1),7Z). The Hasse—Witt invariant at p of the form
q' = (ab,ab, 1,1,—1) is equal to the Hilbert symbol (ab, ab),. Let ab = up®, where
u is an integer not divisible by p. By definition, for p > 2 and t(p) = %(p -1,

(ab, ab), = (—1)7Pee (Z)Ot(Z)a = (—1)*Pe,

p p

Note that t(p) is even if p =1 (mod 4) and odd if p = 3 (mod 4).

Soif p =1 (mod 4), we always have €,(¢q") = (ab,ab), = 1. Butif p =3 (mod 4),
then €, (¢’) = —1 if and only if p divides ab an odd number of times. Given the finite set
of primes p; > 2 such that €,,(¢) = —1, as long as there is no p; such that p; =1 (mod 4),
we can now ensure that there is a quadratic form ¢” = (]_[ pi-[1pi. 1,1, —1) such that
€p(q") = €p(q). Note that the identity [[€,(g) = 1 ensures that €3(¢”) = €2(g) as
well. Thus ¢” and ¢ both have the same Hasse-Witt invariants, as well as discriminant
—1 and signature (4, 1). Hence ¢” is rationally equivalent to ¢ and, taking ab =[] p;,
we see that H*/SOg(¢”, Z) must have a finite cover with a %—twist cusp. Thus we can
construct a manifold in C with a %—twist cusp.

The arguments for the %—twist and the %—twist cusps are similar. The holonomy groups

7Z./37 and Z /67 have representations p3 and pg into SL(3, Z) mapping the respective
generators g3 and g¢ as

-1 -10 0—-10
p3(g3)=] 1 00| and pe(ge)=|1 10
0 01 0 01

Under this representation, both holonomy groups preserve quadratic forms of the
form ¢’'(x) = 4ax12 + 4ax§ —daxix; + 3bx§. With some effort, we can show that
this form is projectively equivalent to ¢’ = (ab, 3ab,3,1,—1). We then compute
that €,(¢”) = (ab, 3ab), (3, 3),. The second Hilbert symbol (3, 3), is equal to —1
at p = 2,3 and equal to 1 everywhere else. To compute the first Hilbert symbol
(ab,3ab),, we consider the case p = 3 separately from p # 2, 3. (We'll ignore p =2
for now since the identity [[€,(q) = [[€p(¢”) = 1 will ensure that €3(¢”) = €2(q) if
all other Hasse—Witt invariants are equal.)

For p = 3, suppose ab = 3%u where u is not divisible by 3. Then 3ab = 3**1u, so

s = O (017 (1),

Thus (ab,3ab); = 1if u =1 (mod 3) and —1 if u =2 (mod 3).
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For p # 3, let ab = p*u where u is not divisible by p, so that 3ab = p®(3u). Then

a0y = o (4 (4= (7 ()

Combining (—1)%‘?) with quadratic reciprocity, we can see that, for p > 2, (ab, 3ab) p=
1% if p =1 (mod 3) and (—1)% if p =2 (mod 3). Consider the finite set of primes
pi > 2 such that €,(q) = —1. As long as there is no p; such that p; = 1 (mod 3),
we can take ab = [[ p; over all p; = 2 (mod 3). Additionally, we can multiply ab
by 2 if necessary to set ab = 1 or 2 (mod 3) to obtain the desired value of €3(¢”).
Now €,(q) = €p(¢q”) for all p > 2 and, as before, €,(q) = €2(¢"”) due to the identity
[Tep(@) =11€p(q”) = 1. Now ¢” is rationally equivalent to ¢, and from SO¢(¢”, Z)
we can construct a manifold in C with a %—twist or %—twist cusp, as desired. O

Remark 5.3 In addition to the six orientable compact flat 3—manifolds, there are four
nonorientable ones: two double-covered by the 3—torus and two double-covered by
the %—twist. A thorough description of these manifolds can be found in [6]. Notably,
all of them have holonomies generated by orthogonal reflections. In particular, this
means each fundamental group has a holonomy representation into GL(3, R) with
image consisting of diagonal matrices with 1 along the diagonal. Thus, for the same
reasons as the 3—torus, %—twist, and Hantzsche—Wendt manifold, all four nonorientable
compact flat 3—manifolds occur as a cusp cross-section in every commensurability class
of arithmetic hyperbolic 4-manifolds.

6 Classes without a given cusp

The goal of this section is to prove the negative part of Theorem 5.1, that is, to obstruct
some cusp types from occurring in some commensurability classes of hyperbolic 4—
manifolds. This obstruction will yield infinitely many commensurability classes that
avoid each of the %—twist, é—twist, and %—twist.

Proposition 6.1 Let C be a commensurability class of arithmetic hyperbolic 4—
manifolds, with associated quadratic form g with discriminant —1. Then:

e Ifey(g) # 1 for some p =1 (mod 4), then C does not contain a manifold with
a %—twist cusp.

e Ifey(q) # 1 for some p =1 (mod 3), then C contains neither a manifold with a
%—twist cusp, nor a manifold with a %—twist cusp.
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Proof By Lemma 2.7, we can take ¢ to be of quaternion form. Thus, without loss of
generality, we can set ¢ = {(a, b, ab, 1,—1) for some positive integers a and b.

Let B be the cusp type that we want to obstruct, and let A = 71 (B). We will show that
it suffices to obstruct the existence of an injective homomorphism A — SO (¢, Q).

For the sake of contradiction, suppose C contains a manifold M with the cusp type in
question. This yields an embedding A — 7r1 (M) =T". Because I is an arithmetic lattice
in SO(4, 1), we know that T lies in the Q—points of some quadratic form ¢’ [3]. Because
M € C, g and ¢’ are projectively equivalent. Thus by Proposition 3.3, there exists a
matrix F € GL(5, Q) such that FA F~! is commensurable with SO (¢, Z) and embeds
into SO (g, Q). Note that A acts on a horosphere centered at some point y in 9H*.

Since y is fixed by isometries that lie in SOg(¢, Z), we can take y itself to lie in Q7.
Additionally, since SOg (g, Q) acts transitively on the rational points of dH#, we can
choose y to be (0, 0,0, 1, 1) without loss of generality. Specifically, we can conjugate
the image of A by some matrix 4’ € SOg(g, Q) such that A’y = y5 = (0,0,0,1,1) to
get a new rational representation of A acting on a horosphere H centered at yg.

Let g3 = (a, b, ab) be the quadratic form such that g3 & (1, —1) = ¢. Given any affine
transformation ¢ € Isom(E?), we can write the isometry as ¢(v) = Av + w, with
A €8S0¢(gq3,R). Then we can map ¢ to an action p(¢) on H by taking p to be induced
by an isometry from E3 to H. Imitating [22], we can write p as

A w —w
p@):vi> | fW)'A 14 3q5(w) —5¢3(w) | v.
fy4 Igw) 1-1gsw)

Here 1 is the linear function f(x) = (axy,bx,,abx3)" such that f(x)’x = ¢3(x) for
any x € R3. Since one can recover A from the top left and —w from the top right
of p(¢p), we see that p must be injective. One can check through manual calculation that
p is a homomorphism, and that all elements in p(Isom(E3)) preserve both ¢ and yy,
and thus act on H. All isometries of H must be of the form p(¢) above for some
¢ € Isom(E?), so in particular, every element of p(A) has this form.

If A is the fundamental group of the %—twist, %—twist, or %—twist cusp, it has holonomy
group Z /37, Z/4Z, or Z/6Z, respectively. The holonomy is represented by the
matrix A above, so in order to embed A into SOg(g, Q) there must exist an isometry ¢
with A that is 3—torsion or 4—torsion. Since A is a submatrix of p(¢), which has rational
entries, it must have rational entries. Thus, if we can obstruct 3—torsion or 4—torsion
from SOg (g3, Q), then we can obstruct the existence of an embedding A — SOg (¢, Q).
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Now consider the quaternion algebra Q = ((—a, —b)/Q). The norm form of Qg is
given by a)cl2 + bx% +abx§ = ¢3(x), so by Theorem 2.11, SO(g3, Q) is isomorphic to
0*/Z(Q%). Thus, if we obstruct torsion of some degree from appearing in Q*/ Z(Q%),
then we obstruct it from SOy (g3, Q) < SO(g3, Q) as well.

Now we apply Theorem 2.13. For n = 3 and n = 4, clearly &, + &,! € Q. So
there are no order-n elements of Q*/Z(Q%) if and only if Q(&,) does not embed
in Q. Furthermore, by Theorem 2.14, the field Q(&,) embeds in Q if and only if
Q(n) ®g Qp is afield for each p € Ram(Q). The latter occurs exactly when p does
not split in Q(&;). Thus, in order to obstruct n—torsion, we wish to show there is some
p € Ram(Q) such that p splits in Q(&,).

To check this condition, we must first determine when p € Ram(Q). If neither —a nor
—b is divisible by p an odd number of times, then p does not ramify by Theorem 2.15(1).
Note that if both —a and —b are divisible by p an odd number of times, then ab is
not. Since a, b, and ab are interchangeable when constructing @, in this case we can
pass to Q' = ((—a, —ab)/Q) to ensure that p divides only one of —a and —b an odd
number of times. Without loss of generality, say p divides —a but not —b. Then, by
Theorem 2.15(2), p ramifies if and only if b is a nonsquare modulo p.

We claim that p ramifies over Q exactly when the Hasse—Witt invariant €, (¢) equals —1.
Using the definitions of the Hasse—Witt invariant and the Hilbert symbol, we can
expand €,(g). Leta = p%*j and b = pPlk with j and k relatively prime to p. Then
ab = p*tBjk, so

ep(q) =€p({a,b,ab,1,—1)) = (a,b)p(ab,ab),

= |:(_1)aﬂf(l7) (i)ﬂ (E)a] |:(_1)(a+ﬂ)(a+ﬂ)t(p) (ﬁ)a-i-ﬂ (E)a+ﬂ:|
p p p »
— (_1)r(p)(aﬂ+a+ﬂ) (i)ﬂ (E)a
V4 p

If both & and B are even, then €,(q) = (=1)°(j/p)°(k/p)® = 1. As shown above,
p does not ramify over Q in this case.

If both o and B are odd, then we can choose to use Q' = ((—a, —ab)/Q) as before. So,
unless both « and § are even, without loss of generality we can assume « is odd and
B is even. Then €, (q) = (—1)*P (k/ p). Note that (—1/p) is 1 when p =1 (mod 4)
and —1 when p = 3 (mod 4), so (—1)*® = (—1/p). Thus, since b = pPk with 8
even, we have €,(q) = (—1/p)(k/p) = (=k/p) = (—=b/ p). We already showed that
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p ramifies over Q exactly when —b is a nonsquare modulo p in this case, which is
equivalent to the condition €,(g) = (—b/p) = —1. Now, in all cases, p ramifies over
O exactly when €,(q) = —1.

Next, we investigate when p splits in Q(&,). When n = 3 or 6 we have Q(&,) =
Q(+v/-3), and if n = 4 we have Q(&,) = Q(+/—1). It is well known that p splits in
Q(+/a) if and only if a is a quadratic residue modulo p, so p splits in Q(+/—3) exactly
when p = 1 (mod 3) and in Q(~/—1) exactly when p =1 (mod 4).

Now, suppose there is some prime p such that €,(¢) = —1 and p =1 (mod 4). Then,
p ramifies over Q and p splits in Q(&,). Thus, as stated above, SOq (g3, Q) =
Q*/Z(Q%) has no 4-torsion. As a result, the %—twist group B cannot possibly embed
into SOg (¢, Q), so there is no %—twist cusp in the associated commensurability class
of hyperbolic 4-manifolds. In fact, this same argument suffices to show there are no

%—twist cusps in the class of orbifolds, either.

By similar logic, we can also see that if there is a prime p such that €,(q) = —1 and
p = 1 (mod 3), then there is no 3—torsion in SOy (g3, Q) =~ Q*/Z(Q*). Thus the
commensurability class of hyperbolic 4—manifolds (or orbifolds) associated to ¢ must
avoid %—twist cusps and %—twist cusps. a

Between Propositions 5.2 and 6.1, we’ve exhausted all possible commensurability
classes for each cusp type. This suffices to prove Theorem 5.1. Theorem 1.1 follows.

Example 6.2 For g = (1, 1,7, 7, —1) the commensurability class of H* /SO (gs. Z)
avoids the %—twist and %—twist, since €7(qg) = —1 and 7 = 1 (mod 3).

Example 6.3 Forgs =(1,2,5,10, —1) the commensurability class of H*/SO¢ (¢4, Z)
avoids the %—twist, since €5(q4) = —1 and 5 =1 (mod 4).

7 Obstructions in higher dimensions

Using Theorem 5.1, we can prove a version of Theorem 1.1 one dimension higher.
Namely, some commensurability classes of hyperbolic 5S—manifolds avoid some cusp
types associated to flat 4—manifolds. Our strategy will be to show that an arithmetic
hyperbolic 5—-manifold with cusp B x S must contain a 4-dimensional totally geodesic
submanifold with cusp B, and then manipulate Hasse—Witt invariants to show that,
sometimes, no such submanifold can contain B as a cusp.
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Proposition 7.1 Let B be either the %—

hyperbolic 5—-manifold M with B x S as a cusp cross-section contains an immersed

twist, %—twist, or %—twist. Then any arithmetic

finite-volume totally geodesic submanifold W of codimension 1 with B as a cusp
cross-section.

Proof Let I' be the fundamental group of M. As M is arithmetic, it is commensurable
to some orbifold H> /SO(q, Z). Let y be a light-like vector in H; that lies above the
B x S cusp under the universal covering map of M.

The parabolic elements of I" that fix y act on a horosphere E centered at y which
is isomorphic to E4. Without loss of generality, we can take E to be the horosphere
passing through (0, 0, 0,0, 0, 1) by conjugating by an element of SOq(g, Q). Note that
Stabr(y) is isomorphic to 71 (B x S!) = 7;(B) x Z, which acts on E3 x E!. We can
choose a flat subspace P’ C E of dimension 3 such that H = Stabr(y) N Stabr (P’)
is isomorphic to 1 (B). Let y1, y», and y3 be three translations that generate the
translation subgroup of H.

Unlike in Isom™ (H*), we can’t assume that each y; lies in SO(¢q, Q) fori = 1,2, 3.
However, we can argue as follows. The y; act by translation on E, and so are parabolic
translations. One can check, by applying p from Proposition 6.1 to any translation
v — v + w, that this means each j; must be unipotent as an element of SOg(¢g, R).
For each y;, there is some positive integer k such that )/ik lies in SOg (¢, Z), since I is
commensurable to SOy (g, Z). Hence, the field of coefficients of )/l.k , denoted by F (yl.k ),
is Q. This allows us to argue that F(y;) = Q, and so y; € SOg(g, Q). The justification
of the previous sentence is somewhat technical, so we defer it to Lemma 7.6.

The three translations y; act on the three-dimensional subspace P’ C E. Since each
yi € SO0(q, Q), P’ must sit rationally in E C H;. To see this, pick any rational point
in E,say O = (0,0,0,0, 1), and notice that y;(0) € Q> forall 7.

The four points O, y1(0), v»(0), and y3(0), together with y a rational line in
8]HI2 C RS, determine a four-dimensional hyperplane P which must also sit rationally
in H f]. Hence, after an appropriate change of basis over QQ, the quadratic form ¢ restricts
to a rank-5 form f on the S—dimensional subspace V C R® containing P. Then since P
consists of exactly the points in V' satisfying f(x) =¢(x) =—1and xg >0, Psitsin V
as H}. In particular, this means Isom™ (P) = SOq( £, R), so Isom™ (P) NSOy (q, Z) =
SOy(f, 7). Note that this group is commensurable to Isom™ (P) N T, as SOy(q, Z)
is commensurable to I'. Thus Isom™ (P) N T is arithmetic and its action on P has
finite covolume. Furthermore, Isom™ (P) N Stabr(y) = Isom™ (P’) N Stabr(y) = H,
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so W = P/(Isom™(P)NT) has a cusp at y with cross-section B. Now, W is an
immersed finite-volume totally geodesic submanifold of M with cusp B. a

This completes the first half of the proof. For the second, using Hasse—Witt invariants
we prove that we should not find any totally geodesic 4—manifolds in our 5—manifold
class with a cusp of type B, yielding a contradiction. The next step, then, is to find the
Hasse—Witt invariants associated to such submanifolds.

Proposition 7.2 Let g be a quadratic form of signature (5, 1), discriminant —1, and
Hasse—Witt invariants €, (q), and let M be a hyperbolic 5-manifold commensurable to
H?3/SO¢(g.Z). Then any immersed finite-volume totally geodesic 4—dimensional sub-
manifold W C M must be commensurable to H*/SO( f, Z), where f is a quadratic
form of signature (4, 1), discriminant —1, and Hasse—Witt invariants €,(f) = €,(q).

Proof Since M is arithmetic, W is also arithmetic [17, Theorem 3.2]. Thus, we know
W is commensurable to H*/SOq( f, Z) for some quadratic form f of signature (4, 1),
which we can scale to ensure discriminant —1. All that remains to be shown is that
ep(f) = €p(g) at all primes p.

Let f = {(a,b,c,d,—abcd) over a quadratic space with basis {vy,...,vs5}. Since
W is an arithmetic manifold commensurable to H*/SO¢( £, Z), we know 71 (W) <
SOo( £, Q) [3]. In particular, 71 (W) acts on H? in such a way that it preserves f and
a 4—dimensional hyperplane P. Taking a vector w transverse to P and adding it to the
basis above, we have a basis {vy, ..., vs, w} upon which we can define our quadratic
form g. Though ¢ may not be diagonal, we can use the Gram—Schmidt process to find a
basis which makes ¢ diagonal. And, since ¢ restricted to span({vy, ..., vs}) is already
diagonal, the only basis element that is affected is w. Thus, since ¢ has signature (5, 1),
it can be written as a diagonal form (a, b, ¢, d, —abcd, e) for some positive e € Z. Since
we started with the assumption that the discriminant of ¢ is —1, we can conclude e = 1.

It is now easy to show that the Hasse—Witt invariants of f = (a, b, c,d,—abcd) are
equal to the Hasse—Witt invariants of ¢ = (a, b, c,d,—abcd, 1). Since any Hilbert
symbol (1, x), equals 1,

ep(q) = (a,b)pla.c)pla,d)p(a,—abed)y(b,c)p(b,d)p(b, —abed)y(c,d)p
“(c,—abcd)p(d, —abed)p(1,a)p(1,0)p(1,¢)p(1,d)p(1, —abed),

= (@.b)p(a.c)p(a. d)p(a.~abed) (b, ) (b. d)p(b. ~abed)p(c. ),
(c,—abcd)p(d, —abed),
=€, (f). |
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Theorem 7.3 Let B be either the %—twist, %—twist, or %—twist. Then there exist
infinitely many commensurability classes of arithmetic hyperbolic 5—manifolds that
contain no manifolds with cusp cross-section given by B x S!.

Proof Consider any quadratic form ¢ of signature (5, 1) and discriminant —1. We
claim that if €,(¢) = —1 for any p = 1 (mod 3) then the commensurability class C
of H°/SOq(q,Z) cannot contain B x S! for B the %—twist or the %—twist, and if
€p(q) = —1 for any p =1 (mod 4) then this commensurability class cannot contain
B x S for B the %—twist.

By Proposition 7.1, any manifold M in C with a Bx S cusp must contain an immersed
totally geodesic submanifold W with a B cusp. By Proposition 7.2, W must be
commensurable to some H*/SOq(¢’, Z) with €,(g") = €,(g) for all primes p. But by
Theorem 5.1, a manifold with these Hasse—Witt invariants cannot have a cusp with cross-
section B. Thus we’ve reached a contradiction, and such an M cannot existin C. O

It is tempting to apply this argument repeatedly to find commensurability classes in
higher-dimensional hyperbolic manifolds that avoid certain cusp types. Unfortunately,
this argument fails to work even in dimension 6, because Proposition 7.2 fails to
generalize. Proposition 7.2 relies on the fact that we can rescale a quadratic form of
rank 5 to control the discriminant. In rank 6, rescaling a quadratic form by & multiplies
the discriminant by k°, so the discriminant does not change in Q*/(Q*)2.

In fact, we can prove that repeatedly taking products of a compact flat manifold B with
S will eventually yield a manifold that occurs as a cusp cross-section in all arithmetic
hyperbolic manifolds of the appropriate dimension. Thus, if we want to find cusp types
with obstructions in higher dimensions, we’ll have to use nontrivial high-dimensional
flat manifolds.

Theorem 7.4 Let B be a compact flat n—manifold. Then B X (Sl)k occurs as a
cusp cross-section in every commensurability class C of cusped arithmetic hyperbolic
(n+k+1)—manifolds of simplest type for sufficiently high k.

Proof First, we prove the result for n + k + 1 even. When n + k + 1 is even, any
commensurability class C is associated with a quadratic form ¢ of discriminant —1,
since ¢ has odd rank and we can scale ¢ to control the discriminant.

Note that B x (S l)k has the same associated holonomy group as B. Since B is a
flat manifold, the holonomy of its fundamental group Hol(sr (B)) must be finite. As

Algebraic & Geometric Topology, Volume 23 (2023)



Cusps and commensurability classes of hyperbolic 4—manifolds 3827

such, Hol(sr;(B)) must be a subgroup of a symmetric group S;,. Let g, denote
the quadratic form (1,...,1) of rank m. The natural representation o of Sy, into
permutation matrices in GL(m, Z) clearly preserves ¢,. Restricting o to Hol(7r (B)),
we have a representation of Hol(sr1 (B)) that preserves ¢, and must have entries in Z.
Let ¢, = gm ® (1, —1). We can use the Long—Reid algorithm [13] as in Proposition 5.2
to construct an orbifold with cusp cross-section B x (S l)k in the commensurability
class of H"*k+1/S0¢(q’ @ ¢/,,. Z) for any positive definite quadratic form ¢’ of rank
n+k—m=>0.

Now, if miseven,letk =m—n-+3sothatn +k + 1 =m + 4, and if m is odd, let
k=m-—n+4sothatn+k 4+ 1 =m+ 5. This ensures n 4+ k + 1 is even. Consider
the class C of (n+k-+1)-manifolds with quadratic form ¢ of discriminant —1. We can
show that ¢ must be rationally equivalent to a quadratic form f = (a,b,c) &g, (or
f={a,b,c,1)®g,, if mis odd) by the same argument used to prove Lemma 2.7, with
¢, in the place of (1, —1). Then H"**+1/SO¢( £, Z) lies in C and is commensurable
to a manifold with a cusp of type B x (S1)k.

When n + k + 1 is odd, we cannot control the discriminant of the quadratic form
g associated to C. However, we can take a rank-(n+k) subform ¢’ of ¢ such that
g = q' ® (x) for some positive integer x. Then we can scale ¢’ by y so that it
has discriminant —1, and, as in the paragraph above, ¢’ is rationally equivalent to
f={ab,c)dq,or f={ab,c1)®q,. Butnow yg = yq’ & (xy) is rationally
equivalent to f @ (xy), and we can conclude that H"t4+1 /SO (f @ (xy)) lies in C
and is commensurable to a manifold with a cusp of type B x (S Yk as before. |

Corollary 7.5 Every commensurability class C of cusped arithmetic hyperbolic §—
manifolds contains a manifold with a cusp of type B x (S')3, where B is any compact
flat 3—manifold.

Proof According to Theorem 5.1, every B occurs in the commensurability class of
H*/SO({1,1,1,1,—1), Z). The result follows from the third paragraph of the proof
of Theorem 7.4, using m = 3. O

7.1 Fields of coefficients of unipotent matrices

In proving Proposition 7.1, we used the fact that, for a unipotent matrix M, the field of
coefficients F (M), defined to be the number field obtained by adjoining the entries of
M to Q, is unchanged under powers of M. We prove this result here:
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Lemma 7.6 For any unipotent matrix M and any positive integer k, F(M) = F(M¥).

Proof Because the entries of M ¥ are polynomial in the entries of M, F(M*) c F(M).
This holds for any M, so in particular, F (M ak )CF(M k ) for any nonnegative integer a.
We will show that M can be written as a linear combination over Q of matrices M ak
and thus that each entry in M is polynomial in entries of M*. This will suffice to
show F(M) c F(M¥).

By definition, a unipotent matrix M can be written as M = I + T, where T is a
nilpotent matrix. There is a positive integer / such that T’ I'= 0. Now we can expand
Mk = (I + T)* using binomial coefficients:

ok k
k_ i_ i
=3 () =3 ()
i=0 i=0
Consider the vector space V over Q consisting of the matrices spanned by all 7 for
nonnegative integers i. ¥ must have dimension at most /, since only / of the T are

nonzero. We will show that if 7/ = 0 then the / + 1 matrices Mk for a € {0,1,....0}
span V. Since M € V, this will show that M is a linear combination of these M ak

Choose some n € Z 1, and consider the linear combination of matrices M ak

é(_l)nw( )Mak Z( 1)n+a( )[(ik:(alfc)Tb]

_iz( e (4 )Tb

a=05b=0

55 ()

b=0a=[b/k]
nk n
=S Xen ()]

Note that when we interchange the summations in line three, we see that ¢ is indexed
from [b/ k] to n. However, when ak < b, (alf‘ ) = 0 anyway, so we can start ¢ at O in
line four to get the same value.

The coefficient of 7% in this sum is given by > (=1t (Z) (abk ) Note that for
fixed b, (2) is a degree-b polynomial in ¢, defined over all nonnegative integers . When
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b < n, the coefficient of 7' is 0; we apply Lemma 7.7, proven below, with f(r) = (2)
and y = k. Since the function g}'i’k (x) is uniformly 0, it is 0 at x = 0 in particular.
Furthermore, when b = n, (It)) is a degree-n polynomial, @, x" + a1 x" ! 4 - +aq.
The coefficient of 7'? then must be a,n!(—k)" # 0, by Lemma 7.7.

Now we can use induction on i to construct each 77 as a linear combination of M 2.
For the base case, consider i =/ — 1. Choose n = [ — 1, and in the above summation,
T'® has coefficient 0 when b <n =1—1, and T? = 0 when b > n because b > /. Thus
we’ve obtained a rational multiple of T’ =1 which we can rescale to write 7/~! as a
linear combination of M2k,

For the induction step, assume 7'/ can be written as such a linear combination for all
i < j <[ —1. Consider the linear combination above with n = i. Then, by Lemma 7.7,
the coefficients of 7'® are 0 for b < i, nonzero for b =i, and T® = 0 for b > /. Since
T can already be written as a linear combination for i < b <[ — 1 by the induction
hypothesis we can subtract out the appropriate linear combinations to leave only a
multiple of 7.

This suffices to show that every 7" is a linear combination of M2k and thus M =
T° + T is some linear combination of matrices M 9. Since F(M %) c F(M¥) for
all ¢ and we have already proven F(M*) c F(M), we conclude F(M) = F(M*¥). o

Finally, we prove here the technical result that allowed us to conclude certain coefficients
Were Zero or nonzero:

Lemma 7.7 Let f:R — R be a function, and fix y e R and n € Z". Let
n
n
g7 =Y 0 S +an)(]).
a=0

If f is a polynomial of degree less than n, then g}'i’y = 0 uniformly. Furthermore, if
f(x) = x", then g;’y is the constant function n!(—y)".

Proof First, we prove that g}”y = 0 when f is a polynomial of degree less than n by

induction on #. For the base case, consider # = 1. In order for f to be a polynomial of
degree less than 1 it must be a constant function f(x) = ¢. Then

1
g () = Y0 G +an(y) = ) - f+ ) =e—c =0,
a=0
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Now assume the statement holds for » — 1. We can compute

700 = L1 S (xa) ()

:é(_l)af(x_,_ay)(z:i)+§(—l)af(x+ay)(”;1)

_ _ X8 . _
== g 0= [ S o= [ g o
x+y XTy

The second line above follows from the identity (%) = (Z:i) + (" ;1) The final equality
follows from the fact that g;’y is a particular linear combination of f(x 4+ ay), with
fixed coefficients depending on 7; concisely, g is linear in f. Since f is a polynomial
of degree less than n, its derivative /" is a polynomial of degree less than n — 1. Thus,

gj'ﬁ,_l’y () = 0 everywhere by induction, and therefore g}’y =0.

Next, we prove that gj'f’y =n!(—y)" for f = x" by induction on n. For the base case,
consider n = 1. Then

1
=D ran()) =@ -+ =
a=0

Now assume the statement holds for n — 1. Let f(x) = x” and A(x) = x"*~!, so that
f’" =nh. Then

X X
grw=[ g wdi=n [ g war
x+y x+y

X

=n / (n—DI(=p)" 1 dt = nl(—p)".
x+y

We proved the first equality in the first part of this proof. The rest follows from the fact

that g;’y is linear in f', and the induction hypothesis. O

8 Commensurability classes of nonarithmetic manifolds

We can turn arithmetic commensurability classes that avoid certain cusp types into
nonarithmetic ones by “inbreeding” the arithmetic manifolds with themselves, in a
manner introduced by Agol [1]. We mimic the argument in [1] to construct a manifold
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with arbitrarily short geodesic, which must be nonarithmetic by Proposition 3.6. Further,
this nonarithmetic group is constructed in such a way that it still lies in the Q—points of
the original quadratic form, so we can conclude by the same argument as our proof of
Proposition 6.1 that it avoids the same cusps. Since this construction can be performed
on any of the infinitely many classes that avoid the %—twist, %—twist, and %—twist cusps,
there are infinitely many nonarithmetic commensurability classes that avoid such cusps.

Proof of Theorem 1.2 Let g be a quadratic form such that the commensurability class
of H*/SO¢(gq. Z) does not contain any manifolds or orbifolds with a certain cusp B.
Let M be any manifold in this commensurability class, and T" its fundamental group.
By [5, Theorem 4.2], there exist infinitely many closed totally geodesic hyperbolic
3—-manifolds immersed in M . These 3-manifolds lift to copies of H* in H*; pick one
such copy and call it P. Since the immersed 3—manifold is compact, H = Isom(P)NT
acts cocompactly on P.

By Margulis’ commensurability criterion for arithmeticity [19, Theorem 16.3.3], since
I' is arithmetic, its commensurator Comm(I") contains PO(g, Q). Thus for any € > 0,
we can choose y € Comm(I") such that y(P) is disjoint from P and the distance
d(P,y(P)) is less than %e. Since y € Comm(I'), the stabilizer of y(P), namely
(yHy~')NT, acts cocompactly on y(P). Then H, = Isom(y(P)) N I must act
cocompactly on y(P), since (yHy !)NT < H,.

Let g be the geodesic segment orthogonal to both P and y (P) intersecting P at p;
and y(P) at p,. Because H is discrete and residually finite, as a finitely generated
linear group we can choose a finite-index subgroup H; < H such that d(py, h(p1)) >
2 arctanh(sech(4e)) for all nonidentity 4 € Hj. Similarly, choose H, < H,, such that
d(pa,h(py)) > 2arctanh(sech(%e)) for all nonidentity & € H,. Let ¥; = P/H; and
¥, = y(P)/H,. Let E; C H* be the Dirichlet domain of H; centered at p;.

Now, U = X Up, g Up, X5 is an embedded compact spine for £y N E,, with one
component of H*— P retracting to X1, the opposite component of H*—y ( P) retracting
to X, and the space in between P and y (P) retracting to g.

We claim G := (H;, H,) = Hy * H, and G is geometrically finite, and defer the proof
to Lemma 8.1.

Then G is separable in I' [2]. By Scott’s separability criterion [24], for some finite
index subgroup Iy < I', U embeds in H*/T. Thus, ¥, and X, embed in H*/T}.
Now let N = (H*/T}) — (Z; U X,), and D be the double of N along its boundary.
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D is a hyperbolic manifold, since N is a hyperbolic manifold with totally geodesic
boundary. Note that the double of g is a closed geodesic of length bounded by e, since
g is perpendicular to ¥; and X,. Through choice of €, we can construct D so that it
has a geodesic of arbitrarily small length. Thus, by Proposition 3.6, we can construct
D to be nonarithmetic.

Next, we claim that 71 (D) < SOg (g, Q). First, note that the universal cover of N is
H* with some half-spaces removed, with its group action given by I';. By construction,
I < T <SOy(g, Q). Thus, we can find a fundamental domain S for N such that all
the face pairings of S lie in SOg (¢, Q). We can construct a fundamental domain for D
by taking two copies of S glued together at one of the boundary faces F that lifts
to 3, and pairing the remaining boundary faces by mapping each to its counterpart
in the other copy of S. We will show that 77; (D) < SO¢(g, Q) by showing that these
face pairings, which generate 71 (D), each lie in SOg(q, Q).

By construction, the face pairings ¢; on the original copy of .S must lie in SOy (g, Q).
The corresponding face pairings in the other copy of S are given by rp¢;rp, where rp
is reflection across P. Recall that P was constructed as a hyperplane perpendicular to
some v € Q3 so the reflection rp across P lies in SOgy(q, Q). Thus each rp¢;rp must
also lie in SOq(g, Q).

The remaining face pairings are the new ones formed from identifying boundary
components of N. To pair a boundary component C with its corresponding mirror
component, we can use the isometry rprg, where rr is the reflection across the
hyperplane F containing C. Note that F must be the image of y(P) under some

Urpya. Since we chose y to lie in

isometry o € w1 (N), sorg = oz_lry(P)a =a 1y~
SOy (¢, Q) and o must be an element of 71 (N), rr lies in SOgy(g, Q) as well. Now
rrrp lies in SOy (¢, Q), and thus every face pairing does as well. Therefore, 71 (D) is

generated by elements of SOg(g, Q), and so 71 (D) < SOy (g, Q).

Now, if we choose the quadratic form ¢ in such a way that the commensurability class
of H*/S0¢ (g, Q) avoids cusps with cross-section B, then D cannot have cusps with
cross-section B, using the same argument as in the proof of Proposition 6.1. In this
way, we use Theorem 1.1 to construct infinitely many commensurability classes of
nonarithmetic manifolds that avoid the %—twist, %—twist, and %—twist. d

The same proof can be applied to provide examples of commensurability classes of
nonarithmetic hyperbolic 5S—manifolds that avoid certain cusp types, with Theorem 7.3.
We finish the proof by proving the claim we deferred:
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Lemma 8.1 Let H,; and H, be as above. Then G = (Hy, H,) is isomorphic to
Hy x H,, and is geometrically finite.

Proof As in the proof of Theorem 1.2, we let g be the geodesic segment connecting
p1 € P with p, € y(P), meeting both planes perpendicularly. Let L be the 3—
plane that perpendicularly bisects g, and consider the projections pr;: H* — P and
pr,: H* — y(P) that map each point in H* to the closest point on the target 3—plane.
Using hyperbolic geometry (see Theorem 3.5.10 in [23]), we can see that pr;(L) is a
disk with radius bounded by arcsinh(csch(%e)) = arctanh(sech(%e)) centered at p;.
We defined H; so that d(py, h(p1)) > 2 arctanh(sech(%e)) for all nonidentity & € Hj,
so pr; (L) must lie inside E, the Dirichlet domain of H; centered at p;. Thus, since
H; < Isom(P), L must lie inside of E£{. Similarly, L lies in £, as well. Now L
splits H* into two parts, with dE; lying in the part with P, and dE, lying in the part
with y(P). Thus dE; N 0E, = @. Since E; and E, are each geometrically finite,
E | N E,, the fundamental domain of G, is geometrically finite too. Also, note that
E.NE, = E#E,, with the two sets glued along L, so it’s a fundamental domain of
Hy % H,. We can conclude that G is geometrically finite and G = H; * H,. O
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The group of quasi-isometries of the real line
cannot act effectively on the line

SHENGKUI YE
YANXIN ZHAO

We prove that the group QI (R) of orientation-preserving quasi-isometries of the
real line is a left-orderable, nonsimple group, which cannot act effectively on the real
line R.

20F65

1 Introduction

A function f: X — Y between metric spaces X and Y is a quasi-isometry if there
exist real numbers K > 1 and C > 0 such that

%d(xl,xz) —C =d(f(x1), f(x2)) = Kd(x1,x2) +C

for any x1, x5 € X, and d(Im f, y) < C for any y € Y. Two quasi-isometries f and g
are called equivalent if they are of bounded distance; ie sup,cyx d(f(x), g(x)) < oo.
The quasi-isometry group QI(X) is the group of all equivalence classes [ f] of quasi-
isometries f: X — X under composition. The notion of quasi-isometries is one of
the fundamental concepts in geometric group theory. In this note, we consider the
quasi-isometry group QI(R) of the real line. Gromov and Pansu [3, Section 3.3B] noted
that the group of bi-Lipschitz homeomorphisms has a full image in QI(R). Sankaran [9]
proved that the orientation-preserving subgroup QI™ (R) is torsion-free and many large
groups, like Thompson groups and free groups of infinite rank, can be embedded into

QI (R).

Recall that a group G is left-orderable if there is a total order < on G such that g <h
implies fg < fh for any f € G. We will prove the following.

Theorem 1.1 The quasi-isometry group QIT(R) — or QI([0, +00)) — is not simple.

© 2023 MSP (Mathematical Sciences Publishers). Distributed under the Creative Commons Attribution
License 4.0 (CC BY). Open Access made possible by subscribing institutions via Subscribe to Open.
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Theorem 1.2 The quasi-isometry group QI (R) — or QI([0, +00)) — is left-order-
able.

Theorem 1.3 The quasi-isometry group QI (R) cannot act effectively on the real
line R.

Other (uncountable) left-orderable groups that cannot act on the line are been known.
For example, the germ group Goo(R), due to Mann [4] and Rivas; and the compact
supported diffeomorphism group Diff, (R”) for n > 1, due to Chen and Mann [1].

2 The group structure of QI(R)

Let QI(R4) (resp. QI(R_)) be the quasi-isometry group of the ray [0, +00) (resp.
(—o00, 0]), viewed as subgroup of QI(RR) fixing the negative (resp. positive) part.

Lemma 2.1 QI(R) = (QI(R4) x QI(R-)) x (t), where t € QI(R) is the reflection
t(x) = —x for any x € R.

Proof Sankaran [9] proves that the group PLgs(R) consisting of piecewise linear
homeomorphisms with bounded slopes has a full image in QI(R). Since every homeo-
morphism f € PLg(R) is of bounded distance to the map f — f(0) € PLg(R), we see
that the subgroup

PLso(R) ={/f € PLs(R) | /(0) =0}

also has full image in QI(R). Let

PLs 4 (R) ={f € PLs(R) | f(x) =x, x <0},

PLs _(R) ={f € PLs(R) | f(x) = x, x = 0.
Since PLs 1 (R) N PLs _(R) = {idr}, we see that PLs  (R) x PLs _(R) has a full
image in QI (R), the orientation-preserving subgroup of QI(R). It’s obvious that
PLs 1 (R) (resp. PLs _(R)) has a full image in QI(R) (resp. QI(R-)). Therefore,
QI[R) = (QI(R ) x QUR-)) (). m
Let Homeo (R) be the group of orientation-preserving homeomorphisms of the real
line. Two functions f, g € Homeo4 (R) are of bounded distance if

sup | f(x)—g(x)| <o0
[x|=M

for a sufficiently large real number M. This means when we study elements [ /] in
QI(R), we don’t need to care too much about the function values f(x) for x with small
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absolute values. We will implicitly use this fact in the following context. As PLg(RR)
has a full image in QI(R) (by Sankaran [9]), we take representatives of quasi-isometries
which are homeomorphisms in the rest of the article.

2.1 QI(R,) is not simple
Let QI(R4) be the quasi-isometry group of the half-line [0, +00). Note that the quasi-
isometry group QIT(R) = QI(R ) x QI(R_) and QI(R) = QI(R_), by Lemma 2.1.

Let H={[f] € QI(R4) | limx—oo(f(x) —x)/x = 0}. Theorem 1.1 follows from the
following theorem.

Theorem 2.2 H is a proper normal subgroup of QI(R4.). In particular, QI(R4.) is
not simple.

Proof For any [f],[g] € H,
fleg)—x _ fg(x)—g(x) g(x) L8 —x

X g(x) X X

Since g is a quasi-isometry, we know that (1/K)x —C < g(x) —g(0) < Kx + C.
Therefore, 1/K —1 < g(x)/x < K + 1 for sufficiently large x. When x — oo, we have

g(x) — oo. This means ( f(g(x))—g(x))/g(x) — 0. Therefore, ( f(g(x))—x)/x —0
as x — oo. This proves that [ fg] € H.

Note that
) —x| 1) = )] _Kx—/[+¢
X N X - X ’
Therefore, .
xlggo'f(xﬁ —0.

This means [f~!] € H and that H is a subgroup.

For any quasi-isometric homeomorphism g € Homeo(R4) and any [f] € H,

g (fg)) —x _ g7 (f(g(x) -5 (g(x))

X

X
_ 8 (f()) g (g(x)) g(x)
g(x) x
Note that when x — oo, the function g(x)/x is bounded. Let y = g(x). We have
g O - W _ KIS W =yI+C
y B y
Therefore, [g~! fg] € H.

0, x—o0.
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It’s obvious that the function f defined by f(x) = 2x is not an element in H. The
function defined by g(x) = x + In(x + 1) gives a nontrivial element in H. Thus H is
a proper normal subgroup of QI(R4). m|

Lemma 2.3 Let

W(R) = {f €Diff(R) | sup | f(x) — x| < oo, sup | f(x)| < oo}

x€R x€R
be the group consisting of diffeomorphisms with bounded derivatives and of bounded
distance from the identity. Define a homeomorphism h: R — R by h(x) = e* when
x >1,h(x) = —h(—x) whenx < —1, and h(x) = ex when —1 <x < 1. Then hf h™!
is a quasi-isometry for any f € W(R).

Proof For any f € W(R) and sufficiently large x > 0, its derivative satisfies that
[hfH ()| = [(e7 Y]
— |(xef(lnx)—lnx)/|
— |ef(lnx)—]nX(l + f/(lnx) _ l)l
— |€f(lnx)—1nxf/(lnx)|
< ePxer /O™ gup | 7).

x€eR

The case for negative x < 0 can be calculated similarly. This proves that 1fh~! is a
quasi-isometry. O

The following result was proved by Sankaran [9].

Corollary 2.4 The quasi-isometry group QI(R) contains Diffz(RR) (the lift of Diff(S!)
to Homeo(R)).

Proof For any f € Diffz(R), we have f(x + 1) = f(x) + 1 for any x € R. This
means sup,.cg | f(x) —x| < +o0. Since f(x)— x is periodic, we know that f”/(x) is
bounded. Suppose that f(x) > x for some x € [0, 1]. Take y, = e* 1" for n > 0. Let
h be the function defined in Lemma 2.3. We have

hf Y () — yn| = |/ OFW — X ¥ = e/ ¥ s o0,
which means [ifh™1] # [id] € QI(R). a

Lemma 2.5 QI(R) contains the semidirect product Diffz (R) x H .
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Proof Since H is normal, it’s enough to prove that Diffz(R) N H = {e}, the trivial
subgroup. Actually, for any f € Diffz(R), the conjugate hfh~! is a quasi-isometry

as in the proof of Corollary 2.4. If hfh~! € H, then
AT L xe/ (00 Flinx)—inx

i = lim e
X—>00 X X—>00 X X—>00

=1.

Since f(x) — x is periodic, we know that f(Inx) = Inx for any sufficiently large x.
But this means that f(y) = y for any y, so f is the identity. |

2.2 Affine subgroups of QI(R)

Lemma 2.6 The quasi-isometry group QI(R ) (actually, the semidirect product
Diffz (R) x H) contains the semidirect product R ¢ x (@ieR>1 R), generated by A;
and B; s fort € R>o,i € R>1 =[1,00) and s € R satisfying

-1
AtBisAy =B i, Bis Bis, = Bis +s,s
i,sti+l

AtlAtz = AtltZ’ Bi,Sl Bj,Sz = Bj,SzBi,Sl ’

forany t1,t2 € Rsg,i,j € R>1 and s1, 52 € R.

Proof Let
As(x) =tx, t eRsy,

Bis(x)=x +sxi41rl , seR,
for x > 0. We define A;(x) = B; s(x) = x for x <0. Since the derivatives
s —i
Xi+1
i+1

are bounded for sufficiently large x, we know that 4; and B; s are quasi-isometries.

Ay(x)=1, Bl(x)=1+

For any x > 1,

A Bi g A7 (x) = A,B,-,S(f) = A,(f +s(§) i*‘) —x+stHIXxHT =B ().

For any x > 1,

1 1 1 1
Bi s Bis,(X) = Bi g (X +52xTHT) = x + 52X 7+ 4 51 (x + $2x 7+ ) 7+T

and

r
1 1 1 Sy X!
|Bi,sl Bsz(x)_Bi,Sl+s2(x)| = |S1((X +32xi+l)i+l —xi+l)| 2 i

IA

51 < |s152]

X i+1
by Newton’s binomial theorem. This means that B; 5, B; 5, and B g, 4, are of bounded
distance. It is obvious that A, A, = Ay,s,.
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When i < j are distinct natural numbers,

| Bi s Bjs,(x) — Bj s, Bi 5, (X)]
1 1

1 1 1
=[x + 52X+ +51(x + 52x7FT)HT — (X + 5707+ +55(x + 57x7+7)7+71)]

1 1 1 1 1
= |51((x + $px TFT)THT — XTHT) 4 55 (x THT — (x 4 51X 7+ ) 7HT)|

spx /1 S1xi+1
=51 ; + |52 7

X XTI
< 2[s1582]

for any x > 1. This proves that images [A;], [B; s] € QI(R>0) satisfy the relations. By
abuse of notation, we still denote the classes by the same letters.

We prove that the subgroup generated by {B; s |i € R>1,s € R} is the infinite direct

sum (P;cg_, R. It’s enough to prove that B;, s, Biy.s,, - - - » Biy s, are Z-linearly

independent for distinct i1, i3, ..., i} and nonzero s1, S2,...,Sx € R. This can directly
. ni ny nk 3

checked. For integers ny,ns,...,ng, suppose that Bil’s1 o Biz’s2 0:-+0 Bik,sk =id e

QI(R>p). We have
sup |B'' 0B o---0B'F (x)—x|

11,51 12,52 LSk
x€R~o

= sup |ngspx'c Tt tng_qsp_q (X Fngspx k) k=1t ety sp (X )
x€R~o

< 400,
which implies n; = n, = --- = nj = 0, considering the exponents.

The subgroup R & (€D;cg_ , R) lies in Diffz (R) x H by the following construct)icon.
Let a;,b; s: R — R be defined by a;(x) = x + Int and b; s(x) = In(e* + sei+T)
fort € R5o,i € R>1 and s € R. It can be directly checked that a; € Diffz(R) and
bi s € W(R) (defined in Lemma 2.3). Let #(x) = e*. A direct calculation shows that
ha;h—' = A; and hbi,sh_1 = Bi s, as elements in QI(R ). O

3 Left-orderability

The following is well known; for a proof, see [7, Proposition 1.4]:

Lemma 3.1 A group G is left-orderable if and only if, for every finite collection of
nontrivial elements g1, ..., gk, there exist choices €; € {1, —1} such that the identity is
not an element of the semigroup generated by {gfi |li=1,2,...,k}.
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The proof of Theorem 1.2 follows a similar strategy used by Navas to prove the
left-orderability of the group Goo of germs at co of homeomorphisms of R; cf [2,
Remark 1.1.13] or [4, Proposition 2.2].

Proof of Theorem 1.2 It’s enough to prove that QI(R4) is left-orderable. Let
f1, f2,..., fu € QI(R4+) be any finitely many nontrivial elements. Note that any
1 #[f] € QI(R4) has sup,~|f(x) — x| = oco. This property doesn’t depend on
the choice of f € [f]. Without confusion, we still denote [f] by f. Choose a
sequence {x } C R4 such that supycn | f1(x1,k) — X1 k| = 0c. Foreach i > 1, we
have either supy ey | fi (¥1,4) —X1,k| = 00 or supgen | fi (x1,4) — X1 x| < M for a real
number M. After passing to subsequences, we assume for eachi =1,2,...,n that
either fi (X1 g)—x1k — +00, fi(X1,k)—X1,k = —00 OF SUPgeN | fi (X1,6) —X1,k| =M.
We assign ¢; = 1 for the first case and ¢; = —1 for the second case. For the third case,

let
Sy={fi | sup | fi(x1k) — X1 k| < M}.
keN

Note that f1 ¢ S1. Choose fi, € S1 if S; is not empty. We choose another se-
quence {x } such that supcn | fio(X2,k) — X2,4| = oo. Similarly, after passing
to a subsequence, we have for each f € S; that either f(xzx) — x2x — +00,
f(x2k) — X2k = —00 or supgen | f(X2 k) —x2 k| < M’ for another real number M.
Assign ¢; =1 for the first case and ¢; = —1 for the second case. Continue this process
to define S3, 3, ... and choose sequences {x; x},i = 3,4, ... to assign g; for each f;.
Note that the process will stop at n times, as the number of elements without assignment
is strictly decreasing.

For an element f € QI(R ) satisfying f(x;) —x; — 0o as i — oo for some sequence
{x;}, we assume that f(x;)—x; > 0 for each i. Since f and f~! are orientation-
preserving,

SN —xi = —(xi = T ()
= (T — f 7 ) = (% (f@) —xi) =€) = —ox.

Let w = f:il e fEm e (f1 fo, ..., fu) be a nontrivial word. If {i1, ..., im} & S1,

Im

we have w(x; x) — x1x — oo. Otherwise, supycy [w(x1 k) — X1 4| < 00. Sup-

pose that {iy,...,im} C Sy, but {iy,...,im} € Sr41 with the assumption that So =
{f1. f2...., fu}. We have w(X;4 k) — X¢4+1,4 — 00 as k — oo. This proves that
w # 1 € QI(R4). Therefore, QI(R 4+ ) is left-orderable by Lemma 3.1. a

Lemma 3.2 The group QI(R ) is not locally indicable.
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Proof Note that QI(R.) contains the lift I of PSL(2, R) < Diff(S!) to Homeo(R)
(Corollary 2.4). But this lift I" contains a subgroup I' = ( f, g, h: f2=g>=h" = fgh),
the lift of the (2, 3, 7)—triangle group. There are no nontrivial maps from I to (R, +);
for more details see [2, page 94]. a

4 The quasi-isometric group cannot act effectively on the line

The following was proved by Mann [4, Proposition 6].

Lemma 4.1 Consider the affine group R~ x R, generated by A; and Bg fort € R~
and s € R satisfying

AtBSAt_l = Bl‘S7 le BS2 = BS1+S2’ AtlAtz = Atltz-

The affine group R~ o xR cannot act effectively on the real line R by homeomorphisms
with A; a translation for each t.

Proof Suppose that R.¢ X R acts effectively on the real line R with each A; a
translation. After passing to an index-2 subgroup, we assume that the group is
orientation-preserving. If B; acts freely on R, then it is conjugate to the translation
T:R — R defined by x — x + 1. In such a case, we have A, TA;1 = T2, Therefore,
Ay (x +2) = A71(x) + 1 for any x. Since A5 maps intervals of length 2 to an
interval of length 1, it is a contracting map, and thus has a fixed point.

If By has a nonempty fixed point set Fix(Bj), choose / to be a connected component
of R\ Fix(B1). Suppose that A;(x) = x + a, a translation by some real number a > 0.
Since A, = A;l/n, we have A,1/2(x) = x 4+ a/n for each positive integer n. For
eachn, let F, = Ayi/n BlAgll/n. Since A1/n BlA;l/n commutes with By, we see that
F,Fix(B1) = Fix(B). This means that either F, (/) =1 or F,(I) NI = &. Since
F,(x) = Bi(x —a/n)+a/n for any x € R, we know that F,, (/) = I for sufficiently
large n. Without loss of generality, we assume that / is of the form (x, y) or (—o0, y).

Choose a sufficiently large n such that y —a/n € 1. We have
A21/nB1A;11/n (y) = Bl (y - %) + % ?é Vs
which is a contradiction to the fact that F, (1) = 1. d

Definition 4.2 A topologically diagonal embedding of a group G < Homeo(R) is
a homomorphism ¢: G — Homeo4 (R) defined as follows. Choose a collection of
disjoint open intervals I, C R and homeomorphisms f,: R — [I,. Define ¢ by

$(g)(x) = fugfy ' (x) when x € I, and $(g)(x) = x when x & I.
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The following is similar to a result proved by Militon [6].

Lemma 4.3 (Militon [6]) Let I' = PSL,(R) and T< Homeo (R) be the lift of T
to the real line. Any effective action ¢ : [ Homeo (R) of T on the real line R is a
topological diagonal embedding.

Proof After passing to an index-2 subgroup, we assume the action is orientation-
preserving. Let 7: R — R be the translation x + x + 1. Suppose that Fix(¢ (7)) # @.
Note that 7 lies in the center of I'. The quotient group I' = I' /(t) acts on the fixed
point set Fix(¢(7)). For any f € I" and x € Fix(¢ (7)), we denote the action by f(x)
without confusion. Choose any torsion-element f € I' and any x € Fix(¢(7)). We
must have x = f(x), for otherwise x < f(x) < f2(x) <---< f*(x) for any k. Since
I" is simple, we know that the action of T on Fix(7) is trivial. For each connected
component /; C R \ Fix(¢ (7)), we know that 7|z, is conjugate to a translation. The
group I' = T'/(t) acts on I; /(¢ (z)) = S. A result of Matsumoto [5, Theorem 5.2]
says that the group I is conjugate to the natural inclusion PSL(R) <> Homeo (S!)
by a homeomorphism g € Homeo4 (S1!). Therefore, the group ¢(f)| I; 18 conjugate to
the image of the natural inclusion [ Homeo (R). m]

For a real number a € R, let
ts:R—->R, x+—>x+a

be the translation. Denote by A = (t, : a € R}, the subgroup of translations in the lift
[ of PSLy(R).

Corollary 4.4 For any injective group homomorphism ¢ ' - Homeo(R), the image
¢ (A) is a continuous one-parameter subgroup; ie limy_sq, ¢(t4) = P(t4,) for any
ag € R.

Proof If ¢ is injective, the previous lemma says that ¢ is a topological diagonal
embedding. Therefore, ¢p(A) is continuous. |

We will need the following elementary fact.

Lemma 4.5 Let ¢: (R, +) — (R, +) be a group homomorphism. If ¢ is continuous
at any x # 0, then ¢ is R-linear.

Proof For any nonzero integer n, we have ¢ (n) =n¢ (1) and ¢ (1) = ¢(%n) = n¢(%)
Since ¢ is additive, we have ¢(%) = m¢(%) = Z¢(1) for any integers m,n # 0.
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For any nonzero real number a € R, choose a rational sequence r; — a. When ¢ is
continuous, we have that ¢(r;) — ¢(a) and ¢(r;) = ri¢p(1) — ap (1) = p(a). |

The following is the classical theorem of Holder: a group acting freely on R is semi-
conjugate to a group of translations; see Navas [8, Section 2.2.4].

Lemma 4.6 Let I' be a group acting freely on the real line R. There is an injective
group homomorphism ¢: I' — (R, +) and a continuous nondecreasing map ¢: R — R
such that

¢(h(x)) = ¢(x) + ¢ (h)
foranyx e R andh e T.

Corollary 4.7 Suppose that the affine group R~oxR =(a; : t € R5o)x(bs : s € R)
acts on the real line R by homeomorphisms satisfying

(1) the action of the subgroup R =(bs : s € R) is free;

(2) for any fixed x € R, as(x) is continuous with respect tot € R~y.
Let ¢: (bs : s € R) = (R, +) be the additive map in Lemma 4.6 for T’ = (bs : s € R).
Then ¢ is an R—linear map.

Proof Note that a;bsa; ! = b;s. We have

@(bs(x)) = o(x) + ¢ (brs).

Since bss(x) = asbsa; ! (x) — bs(x) when t — 1, we have that

@(x) + P(brs) = ¢(bs(x)) = @(x) + ¢ (bs).

This implies that ¢(b;s) — ¢ (bs) as t — 1. For any nonzero x € R and sequence

Xp — X,
B(bx,) = (b ) — d(b).
The map ¢ is R-linear by Lemma 4.5. |

Theorem 4.8 Consider G = Rx>¢ x (B;cg_, R). generated by A, and B; for
t €Rsg,i € R5; =[1,00) and s € R satisfying

-1 _ . . . — R.
AtBi,sAt = B, tiJlrl s Bl,S1 Bz,sz = Bz,sl—i-sz,
i,s

Atl Atz = Atlt2’ Bi s, Bj,sz = Bj,szBi,Sl

for any t1,t2 € R>o, i,j € R>1 and 51,52 € R. Then G cannot act effectively on
the real line R by homeomorphisms when the induced action of (A; :t € R>¢) is a
topologically diagonal embedding of the translation subgroup (R, +) < Homeo(R).
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Proof Suppose that G acts effectively on R with the induced action of {4, : t € R~),
a topologically diagonal embedding of the translation subgroup (R, +) < Homeo(R).
Let / be a connected component of R \ Fix((A4;, B; s :t € R>o,i = 1,5 € R)).

Suppose that there is an element B ¢ having a fixed point x € [ for some s > 0. Since
A4Bl,sA4_1 = Blz’s, we know that A4x € Fix(B15) = FiX(BIZ’s). Since there are no
fixed points in I for (4;, B1s :t € R5o,s € R), we know that lim, oo A%x ¢ 1.1

This implies that A4 has no fixed point in /. Since the group homomorphism
(A; 1t € R9) — Homeo(R)

is a diagonal embedding, we see that each A; has no fixed point in / and the action of
(A :t € R5g) on [ is conjugate to a group of translations. By Lemma 4.1, the affine
group (A;, B1,s:t € R, s € R) cannot act effectively on /. Suppose that A; B ¢ acts
trivially on / for some ¢ >0 and s > 0. We have that A; By s = A2 2 (A; Bl,s/)As_zls,_2
acts trivially on /. But A; By s(x) = A;(x) = x implies that # = 1. Therefore, the
element By s (and any By = A;25— Bl,sAt_zls_2 for t € R~¢) acts trivially on /. This
means that the action of (Bj 5 : s € R) on the connected component / is either trivial
or free. Since the action of G is effective, there is a connected component /; on which
B1 s acts freely. A similar argument shows that B; s acts freely on a component /; for
each i € R>q and any s’ € R \ {0}.

Since B; s commutes with B; s, we have B; (1) C R\Fix({Bj s :s € R)). Moreover,
Bi s (1) N1} is either I; or the empty set. Suppose that I; N I; # < and the right end
b; of I; lies in I;. Choose x € I; N I;. Note that B; s([x, b;)) N [x,b;) = & for any
s > 0. This is impossible as B; s/, (x) — x as n — oo. Therefore, I; N [; = I; or is
empty for distinct i, j € R>;. Since we have uncountably many i € R+, there must
be some distinct i, j € R>1 such that /; = I;. This means that the subgroup R & R
spanned by the i, j—components acts freely on I;. Holder’s theorem (Lemma 4.6) gives
an injective group homomorphism ¢: R @R — (R, +) and a continuous nondecreasing
map ¢: R — R such that

@(h(x)) = ¢(x) + $(h)

for any x € R. Since (A; :t € R~¢) — Homeo(RR) is a topological embedding, we have
that for any fixed x € R, A;(x) is continuous with respect to ¢ € R~¢. By Corollary 4.7,

1Otherwise, limy, s o0 Al x € 1. But A (limy— o0 A% x) =limy— 00 AYx for any ¢ > 0 by the topologically
diagonal embedding. For any s’, we have By ¢ = Agn BI,SAS_/%rz and By g (limp—co Afx) =
limy, 00 A% x. This would imply that limy, oo A x is a global fixed point of (A;, By,s:t € R>g.5 €R).
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the restriction map ¢|r is R-linear for each direct summand R. This is a contradiction
to the fact that ¢ is injective. Therefore, the group G cannot act effectively. a

Proof of Theorem 1.3 Suppose that QI (R) acts on the real line by an injective group
homomorphism ¢: QI (R) — Homeo(R). The group QI* (R) contains the semidirect
product R x (;cg., R). by Lemma 2.6. The subgroup R (as the image of the
exponential map) is a homomorphic image of the subgroup R < T, which is the lift
of SO(2)/{x1>} < PSL,(R) to Homeo(RR). Note that [ is embedded into QI (R)
(see Corollary 2.4 and its proof). By Lemma 4.3, any effective action of T on the real
line R is a topological diagonal embedding. This means that the action of R~¢ is a
topological diagonal embedding (Corollary 4.4). Theorem 4.8 shows that the action of
Rsg X (@ieR>1 R) is not effective. O
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Simplicial model structures on pro-categories

THOMAS BLOM
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We describe a method for constructing simplicial model structures on ind- and pro-
categories. Our method is particularly useful for constructing “profinite” analogues of
known model categories. Our construction quickly recovers Morel’s model structure
for pro- p spaces and Quick’s model structure for profinite spaces, but we will show
that it can also be applied to construct many interesting new model structures. In
addition, we study some general properties of our method, such as its functorial
behavior and its relation to Bousfield localization. We compare our construction to
the co—categorical approach to ind- and pro-categories in an appendix.
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3850 Thomas Blom and Ieke Moerdijk

1 Introduction

In [31; 32], Quick constructed a fibrantly generated Quillen model structure on the
category of simplicial profinite sets that models the homotopy theory of “profinite
spaces”. This can be seen as a continuation of Morel’s work in [30], where, for a
given prime p, he presented a model structure on the same category that models the
homotopy theory of “pro-p spaces”.

The purpose of this paper is to present a new and uniform method that immediately
gives these two model structures, as well as many others. For example, while Quick’s
model structure is in a sense derived from the classical homotopy theory of simplicial
sets, our method also applies to the Joyal model structure, thus providing a homotopy
theory of profinite co—categories. Our construction can also be used to obtain a model
category of profinite P—stratified spaces, where P is a finite poset, whose underlying
oo—category is the co—category of profinite P-stratified spaces defined in Barwick,
Glasman and Haine [8].

One general form that our results take is the following version of pro-completion of
model categories:

Theorem 1.1 Let & be a simplicial model category in which every object is cofibrant
and let C be an (essentially) small full subcategory of £ closed under finite limits and
cotensors by finite simplicial sets. Then for any collection T of fibrant objects in C, the
pro-completion Pro(C) carries a fibrantly generated simplicial model structure with the
following properties:

(i) The weak equivalences are the T—local equivalences; that is, f: C — D is a
weak equivalence if and only if

f*:Map(D, t) — Map(C, 1)
is a weak equivalence of simplicial sets for any t € T.
(ii) Every object in Pro(C) is again cofibrant.
(iii) The inclusion C < &£ induces a simplicial Quillen adjunction £ 2 Pro(C).

(iv) If T € C is closed under pullbacks along fibrations (as in Definition 7.10)
and cotensors by finite simplicial sets, then the underlying co—category of this
model structure on Pro(C) is equivalent to Pro(N (T)), where N (T) denotes the
homotopy coherent nerve of the full simplicial subcategory of £ spanned by the
objects of T.
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The model structures of Quick and Morel mentioned above can be obtained from this
theorem by appropriately choosing a full subcategory C of sSet and a collection T
of fibrant objects. Another known model structure that can be recovered from the
above theorem is the model structure for “profinite groupoids” constructed by Horel in
[18, Section 4].

The new model category Pro(C) is a kind of pro-completion of £ with respect to the
pair (C, T), and could be denoted by € or 5(/\C,T). The left adjoint £ — Pro(C) of the
Quillen adjunction mentioned in item (iii) can be seen as a “pro-C completion” functor.
For the model structures of Morel, Quick and Horel mentioned above, this functor

agrees with the profinite completion functor.

We would like to point out that the above formulation is slightly incomplete since there
are multiple ways of choosing sets of generating (trivial) fibrations, which theoretically
could lead to different model structures on Pro(C), though always with the weak
equivalences as described above. A noteworthy fact is that the above theorem also
holds for model categories enriched over the Joyal model structure on simplicial
sets, so in particular it applies to the Joyal model structure itself. In this case, the
model structure obtained on Pro(C) is enriched over the Joyal model structure, but
not necessarily over the classical Kan—Quillen model structure on sSet. Another fact
worth mentioning is that there exist many simplicial model categories satisfying the
hypotheses of the above theorem, that is, all objects being cofibrant. Indeed, by a result
of Dugger [11, Corollary 1.2], any combinatorial model category is Quillen equivalent
to such a simplicial model category.

Even though we are mostly interested in model structures on pro-categories, we will first
describe our construction in the context of ind-categories, and then dualize those results.
We have chosen this approach since in the case of ind-categories our construction
produces cofibrantly generated model categories, which to most readers will be more
familiar territory than that of fibrantly generated model categories. In addition, this
will make it clear that the core of our argument, which is contained in Section 3, only
takes a few pages. Another reason for describing our construction in the context of
ind-categories is that an interesting example occurs there: if we apply our construction
to a well-chosen full subcategory of the category of topological spaces, then we obtain
a model category that is Quillen equivalent to the usual Quillen model structure on Top,
but that has many favorable properties, such as being combinatorial.

Our original motivation partly came from the desire to have a full-fledged Quillen-style
homotopy theory of profinite co—operads, by using the category of dendroidal Stone
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spaces (ie dendroidal profinite sets). However, not every object is cofibrant in the
operadic model structure for dendroidal sets, so the methods from the current paper
do not apply directly to this case. The extra work needed to deal with objects that are
not cofibrant is of a technical nature, and very specific to the example of dendroidal
sets. For this reason, we have decided to present this case separately; see Blom and
Moerdijk [9].

Relation to the construction by Barnea and Schlank There are several results in the
literature that describe general methods for constructing model structures on ind- or pro-
categories. The construction in the current paper is quite close in spirit to that by Barnea
and Schlank in [7]. They show that if C is a category endowed with the structure of a
“weak fibration category”, then there exists an “induced” model structure on Pro(C)
provided some additional technical requirements are satisfied. However, there are
important examples of model structures on pro-categories that are not of this form. For
example, Quick’s model structure is not of this kind, as explained just above Proposition
7.4.2 in [4]. In the present paper, we prove the existence of a certain model structure on
the pro-category of a simplicial category endowed with the extra structure of a so-called
“fibration test category” (defined in Definition 5.1). While the definition of a fibration
test category given here seems less general than that of a weak fibration category, there
are many interesting examples where it is easy to prove that a category is a fibration
test category while it is not clear whether this category is a weak fibration category in
the sense of [7]. In particular, Quick’s model structure can be obtained through our
construction; see Example 5.5 and Corollary 6.6. Another advantage is that we do not
have to check the technical requirement of “pro-admissibility” (see [7, Definition 4.4])
to obtain a model structure on Pro(C), which is generally not an easy task. We also
believe that our description of the weak equivalences in Pro(C), namely as the T-local
equivalences for some collection of objects T, is often more natural and flexible than
the one given in [7]. It is worth pointing out that if both our model structure and that
of [7] on Pro(C) exist, then they agree by Remark 5.12 below.

Overview of the paper In Section 2, we will establish some terminology and mention
a few facts on simplicial model categories and ind- and pro-categories. We will then
describe our general construction of the model structure for ind-categories in Section 3.
We illustrate our construction with an example in Section 4, where we construct a
convenient model category of spaces. In Section 5, we dualize our results to the context
of pro-categories, and illustrate this dual construction with many examples. We show
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that some of these examples coincide with model structures that are already known to
exist in Section 6, such as Quick’s and Morel’s model structures. We then continue the
study of our construction in Section 7, where we discuss its functorial behavior, and in
Section 8, where we prove results about the existence of certain Bousfield localizations.
The latter section also contains the proof of Theorem 1.1, except for item (iv). We then
give a detailed discussion of two examples in Section 9; namely the model structure for
complete Segal profinite spaces and the model structure for profinite quasicategories.
In the appendix, we compare our construction to the co—categorical approach to ind-
and pro-categories.

Acknowledgements We would like to thank the referees for numerous comments that
helped improve the exposition.

2 Preliminaries

In this section, we will briefly review some basic definitions concerning simplicial
objects, and then discuss ind- and pro-categories.

2.1 Simplicial conventions

We assume the reader to be familiar with the basic theory of simplicial sets, as in
[28; 23; 13; 14]. We will say that a simplicial set X is skeletal if it is n—skeletal for
some natural number 7, ie if the map sk, X — X is an isomorphism. Dually, X is
coskeletal if X — cosk, X is an isomorphism for some n. Recall that a simplicial
set X is degreewise finite if each X}, is a finite set, and finite if it has finitely many
nondegenerate simplices. Note that the latter is equivalent to X being degreewise finite
and skeletal. We will say that a simplicial set is lean if it is degreewise finite and
coskeletal, and write L for the full subcategory of sSet on the lean simplicial sets. One
can show that if X is a lean simplicial set and if Y is a degreewise finite simplicial set,
then the cotensor XY = Map(Y, X) is again a lean simplicial set.

Most categories we deal with are simplicial categories, ie categories enriched over
simplicial sets. Moreover, they will generally be required to have tensors or cotensors
by finite simplicial sets. For objects ¢ and d in a simplicial category C, we will write
Map(c, d) for the simplicial hom set. Recall that for a morphism ¢ — d in C and a
morphism U — V of simplicial sets, the pushout-product map is the map

dQU Ueguc®V - dQV,
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which makes sense in C if the necessary pushouts and tensors exist. Dually, we refer to

= YUxyud”

as the pullback-power map (if it exists). If given another morphism ¢ — b in C, we

refer to
Map(b, ¢) — Map(a, ¢) Xmap(a,4) Map(b, d)

as a pullback-power map as well. Note that this map always exists.

We assume the reader to be familiar with the basic theory of Quillen model categories,
as in [19; 17]. Basic examples include the classical Kan—Quillen model structure
on simplicial sets, which we denote by sSetkq, and the Joyal model structure sSet;
modeling the homotopy theory of co—categories [24]. A simplicial model category is a
model category £ that is enriched, tensored and cotensored over simplicial sets, and that
satisfies the additional axiom SM7 phrased in terms of pullback-power maps, or dually
in terms of pushout-product maps; see eg [17, Definition 9.1.6 and Proposition 9.3.7]
or [33, Definition I1.2.2]. We emphasize that we will use this terminology in a somewhat
nonstandard way. Namely, by a simplicial model category, we will either mean that
the axiom SM7 holds with respect to the Kan—Quillen model structure or the Joyal
model structure. Whenever it is necessary to emphasize the distinction, we will call
a simplicial model category of the former kind a sSetxq—enriched model category
and the latter a sSetj—enriched model category. Note that any sSetgg—enriched model
category is sSetj—enriched, since sSetkq is a left Bousfield localization of sSet;.

We will make use of the following fact about the (categorical) fibrations in sSet;.

Lemma 2.1 There exists a set M of maps between finite simplicial sets such that a
map between quasicategories X — Y is a fibration in sSet; if and only if it has the right
lifting property with respect to all maps in M .

Proof Let H denote the simplicial set obtained by gluing two 2—simplices to each
other along the edges opposite to the 0™ and 2" vertex, respectively, and then collapsing
the edges opposite to the 1st vertex to a point in both of these 2—simplices. This means
that H looks as follows, where the dashed lines represent the collapsed edges:
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A map from H into a quasicategory X consists of an arrow f € X7, a left and right
homotopy inverse g, & € X; and homotopies g f ~id and f/ ~id. Let {0} — H denote
the inclusion of the leftmost vertex into H. It follows from [24, Corollary 2.4.6.5]
that if X’ — Y is an inner fibration between quasicategories that has the right lifting
property with respect to {0} < H, then it is a categorical fibration. The converse is also
true. To see this, note that for any quasicategory Z, a map H — Z lands in the largest
Kan complex k(Z) contained in Z. Since {0} — H is a weak homotopy equivalence,
we see that Map(H, Z) = Map(H, k(Z)) ~ Map({0}, k(Z)) = Map({0}, Z), so the
inclusion {0} < H is a categorical equivalence. In particular, any categorical fibration
has the right lifting property with respect to {0} — H. We conclude that the set
M ={A} — A" |0 <k <n}U{{0} < H} has the desired properties. |

2.2 Ind- and pro-categories

In this section we recall some basic definitions concerning ind- and pro-categories.
Most of these will be familiar to the reader, with the possible exception of Theorem 2.3
below. For details, we refer the reader to [15; 12, Section 2.1; 2, Appendix; 20]. In the
discussion below, all (co)limits are assumed to be small.

For a category C, its ind-completion Ind(C) is obtained by freely adjoining filtered (or
directed) colimits to C. Dually, the free completion under cofiltered limits is denoted
by Pro(C). This in particular means that Pro(C)°P? = Ind(C®P), so any statement about
ind-categories dualizes to a statement about pro-categories and vice versa. We will
therefore mainly discuss ind-categories here and leave it to the reader to dualize the
discussion.

One way to make the above precise is to define the objects in Ind(C) to be all diagrams
I — C for all filtered categories /. Such objects are called ind-objects and denoted by
C ={ci}ier. The morphisms between two such objects C = {¢;}jcy and D ={d};cs
are defined by

(D Homyyg(c)(C, D) = lim colim Homc(¢;, dj).
i

If C is a simplicial category, then Ind(C) can be seen as a simplicial category as well.
The enrichment is expressed by a formula similar to (1), namely

Map({c;}, {d;}) = lim colim Map(c;, d;).
i

One can define the pro-category Pro(C) of a (simplicial) category C as the category
of all diagrams / — C for all cofiltered /, and with (simplicial) hom sets dual to the
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ones above. An object in Pro(C) is called a pro-object. One could also simply define
Pro(C) as Ind(C°P)°P,

It can be shown that any object in Ind(C) is isomorphic to one where the indexing
category [ is a directed poset, and dually that any object in Pro(C) is isomorphic to one
that is indexed by a codirected poset; see [15, Proposition 8.1.6], or [12, Theorem 2.1.6]
with a correction just after Corollary 3.11 of [5].

There is a fully faithful embedding C — Ind(C) sending an object ¢ to the constant
diagram with value ¢, again denoted by c¢. We will generally identify C with its image
in Ind(C) under this embedding. This embedding preserves all limits and all finite
colimits that exist in C. The universal property of Ind(C) states that Ind(C) has all
filtered colimits and that any functor F': C — £, where € is a category that has all filtered
colimits, has an essentially unique extension to a functor F: Ind(C) — & that preserves
filtered colimits. This extension can be defined explicitly by F ({ci}) = colim; F(c;).

Recall that if £ is a category that has all filtered colimits, then an object ¢ in £ is called
compact if Homg(c, —) commutes with filtered colimits. The dual notion is called
cocompact. One can deduce from the definition of the morphisms in Ind(C) that any
object in the image of C — Ind(C) is compact. Dually, the objects of C are cocompact
in Pro(C).

There is the following recognition principle for ind-completions, whose proof we leave
to the reader.

Lemma 2.2 (recognition principle) Let & be a category closed under filtered colimits
and let C — & be a full subcategory. If

(i) any object in C is compact in £, and

(ii) any object in & is a filtered colimit of objects in C,

then the canonical extension Ind(C) — £, coming from the universal property of Ind(C),
is an equivalence of categories.

To avoid size issues, we assume from now on that C is an (essentially) small category.
The fact that the presheaf category Set®” is the free cocompletion of C leads to an
alternative description of Ind(C) that is sometimes easier to work with. Namely, we
can think of Ind(C) as the full subcategory of Set®” consisting of those presheaves
which are filtered colimits of representables. If C is small and has finite colimits, as
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will be the case in all of our examples, then these are exactly the functors C°P — Set
that send the finite colimits of C to limits in Set (see [15, Théoréeme 8.3.3(v)]), that is,

Ind(C) ~ lex(CP, Set),

where the right-hand side stands for the category of left exact functors. From this
description, one sees immediately that Ind(C) has all small limits and that the inclusion
Ind(C) — Set®™ preserves these. The category Ind(C) also has all colimits in this
case. Namely, finite coproducts and pushouts can be computed “levelwise” in C as
described in [2, Appendix 4], while filtered colimits exist as mentioned above. Note,
however, that the inclusion Ind(C) — Set®” does not preserve all colimits, but only
filtered ones.

One sees dually that if C is small and has all finite limits, then
Pro(C) ~ lex(C, Set)°P.
As above, it follows that Pro(C) is complete and cocomplete in this case.

Another consequence of the fact that finite coproducts and pushouts in Ind(C) are
computed “levelwise” is the following: if F': C — &, with £ cocomplete, preserves
finite colimits, then its extension F': Ind(C) — £ given by the universal property also
preserves finite colimits. Since it also preserves filtered colimits, we conclude that
it preserves all colimits. In fact, more is true. The above description of Ind(C) as
lex(C°P, Set) allows us to construct a right adjoint R of F. Namely, if we define
R(E)(c) := Hom(Fc, E), then R(E): C? — Set is left exact, hence R defines a
functor £ — Ind(C). Adjointness follows from the Yoneda lemma. We therefore see
that, up to unique natural isomorphism, there is a one-to-one correspondence between
finite colimit-preserving functors C — £ and functors Ind(C) — £ that have a right
adjoint.

There are two important examples of adjunctions obtained in this way that we would
like to mention here. The first one is the ind-completion functor. If £ is a cocomplete
category and C a full subcategory closed under finite colimits, then the inclusion C C £

induces an adjunction
U:Ind(€) 2 € : (g

whose right adjoint we call ind-completion (relative to C) or ind-C completion. Dually,
if £ is complete and C is a full subcategory closed under finite limits, then we obtain

an adjunction
()pro: € 2 Pro(C) : U,
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whose left adjoint we call pro-completion (relative to C) or pro-C completion. In
many examples, C is the full subcategory of £ consisting of objects that are “finite” in
some sense, and this left adjoint is better known as the profinite completion functor.
For instance, in the case of groups, this functor (T)Pm: Grp — Pro(FinGrp) is the
well-known profinite completion functor for groups.

The other important example is about cotensors in ind-categories. Suppose C is a small
simplicial category that has all finite colimits and tensors with finite simplicial sets,
and that furthermore these tensors commute with these finite colimits. We will call
C finitely tensored if this is the case; see Definition 3.1 for a precise definition. If X
is a simplicial set, then we can write it as colim; X;, where i ranges over all finite
simplicial subsets X; € X . Define

—®X:C—>Ind(C) by c®X ={c® Xi}i.

This functor preserves finite colimits since these are computed “levelwise” in Ind(C),
hence it extends to a functor — ® X : Ind(C) — Ind(C) that has a right adjoint (—)¥ .
These define tensors and cotensors by arbitrary simplicial sets on Ind(C). In particular,
Ind(C) is a simplicial category that is complete, cocomplete, tensored and cotensored;
note the similarity with [6, Proposition 4.10]. The dual of this statement says that
for any small simplicial category C that has finite limits and cotensors with finite
simplicial sets, and in which these finite cotensors commute with finite limits in C, the
pro-category Pro(C) is a simplicial category that is complete, cocomplete, tensored
and cotensored. We call C finitely cotensored in this case.

Let us return to the basic definition (1) of morphisms in Ind(C). If C = {¢;} and
D = {d;} are objects indexed by the same filtered category I, then any natural trans-
formation with components f;: ¢; — d; represents a morphism in Ind(C). Morphisms
of this type (or more precisely, morphisms represented in this way) will be called level
maps or strict maps. Up to isomorphism, any morphism in Ind(C) has such a strict
representation; see Corollary 3.2 of [2, Appendix]. One can define the notion of a
“level” diagram or “strict” diagram in a similar way. Given an indexing category K, a
conceptual way of thinking about these is through the canonical functor

Ind(CX) — Ind(C)X.
A strict diagram can be thought of as an object in the image of this functor. If K is a
finite category and C has all finite colimits, then the above functor is an equivalence of

categories [29, Section 4]. This shows in particular that, up to isomorphism, any finite
diagram in Ind(C) is a strict diagram if C is small and has finite colimits.
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In our context, the following extension of Meyer’s result is important. Suppose that K
is a category which can be written as a union of a sequence of finite full subcategories

KeSKiCKyC---CK= | Kn.
neN

Let C be a small category that has finite colimits. Then any functor f: K,, — C has
a left Kan extension g: K — C defined in terms of finite colimits as in (the dual to)
Theorem X.3.1 of [26]. For X: K — C, write sk, X for the left Kan extension of
the restriction of X to K. We call X n—skeletal if the canonical map sk, X — X
is an isomorphism, and skeletal if this is the case for some n. The full subcategory
sk(CK) € CX spanned by the skeletal functors K — C can be viewed as a full sub-
category of Ind(C)X via the inclusion C < Ind(C). Note that for any X in Ind(C)X, we
have X = colim,, sk,, X. Exactly as in (the dual of) the proof of [4, Proposition 7.4.1],
the result of [29, Section 4] mentioned above can be used to show that the hypotheses of
the recognition principle for ind-categories are satisfied, hence that the induced functor
Ind(sk(CX)) — Ind(C)X is an equivalence of categories. In fact, the assumption that
K is a union of a sequence of finite full subcategories is irrelevant, and the following
more general result, which we write down for future reference, can be proved by
the same argument. Note that a category K can be written as a union of finite full
subcategories if and only if for any k, k" € K, the set Homg (k, k') is finite.

Theorem 2.3 Let C be a small category that has finite colimits, and let K be a small
category that can be written as a union of finite full subcategories. Write sk(CX) for
the full subcategory of CK of those functors K — C that are isomorphic to the left
Kan extension of a functor K’ — C for some finite full subcategory K’ € K. Then
Ind(sk(CX)) ~ Ind(C)X.

This theorem recovers the well-known equivalence Ind(sSetg,) ~ sSet when applied to
AP =], Aospn and C =FinSet. Note that we already (implicitly) used this equivalence
when we defined tensors by simplicial sets for ind-categories above.

We can also apply the dual of this theorem to the same categories K = A° and
C = FinSet. Write Set = Pro(FinSet) for the category of profinite sets, which is well
known to be equivalent to the category of Stone spaces Stone. Since we want to apply
the dual of Theorem 2.3, we need to work with right Kan extensions instead of left
Kan extensions. In particular, we obtain the full subcategory of FinSet®” on those
simplicial sets that are the right Kan extension of some functor A(gn — FinSet. These
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are exactly the coskeletal degreewise finite simplicial sets, ie the lean simplicial sets.
In particular, the theorem above recovers the equivalence Pro(L) >~ sSet proved in
Proposition 7.4.1 of [4].

An example that plays an important role in Section 9 is that of bisimplicial (profinite)
sets. The dual of the above theorem shows that the category of bisimplicial profinite sets
bisSet = sSetA™ = SetA"*A” jg canonically equivalent to the category Pro(L®) for a
certain full subcategory L3 of the category of bisimplicial sets bisSet = sSet®” . This
category L(?) consists of those bisimplicial sets that are isomorphic to the right Kan
extension of a functor Aospt X Aospn — FinSet along the inclusion Aospt X Aospn <> A%Px A°P
for some ¢, n € N. We will refer to such bisimplicial sets as doubly lean.

3 The completed model structure on Ind(C)

In this section, we will describe our construction of the model structure on Ind(C),
where C is what we call a “cofibration test category”. In Section 5, we will dualize this
construction to the context of pro-categories. After that, we will study the functorial
behavior of the construction in Section 7 and discuss Bousfield localizations in Section 8.

Throughout these sections, the terms “weak equivalence” and “fibration” of simplicial
sets refer to either the classical Kan—Quillen model structure or to the Joyal model
structure. When we say that a model category is simplicial, this can mean either that it
is enriched over the Kan—Quillen model structure or over the Joyal model structure.

We wish to single out the definition of being finitely tensored, since it occurs many
times throughout this paper.
Definition 3.1 Let C be a simplicial category. Then C is called finitely tensored if

(i) it admits finite colimits,
(ii) it admits tensors by finite simplicial sets, and

(iii) these commute with each other, meaning that the canonical map
colim(¢; ® X) — (colim¢;) ® X
l l

is an isomorphism for any finite diagram {¢;} in C and any finite simplicial
set X.
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Remark 3.2 Condition (iii) is equivalent to asking that the finite colimits of (i) are
enriched colimits; that is, for any finite diagram {c;} in C and any object d in C, the
canonical map colim; Map(¢;, d) — Map(colim; ¢;, d) is an isomorphism of simplicial
sets.

As explained in Section 2.2, if C is finitely tensored, then the category Ind(C) is a
tensored and cotensored simplicial category that is both complete and cocomplete. We
will endow C with some additional structure, that of a “cofibration test category”, and
show that it induces a simplicial model structure on Ind(C) in Theorem 3.9 below.

Definition 3.3 A cofibration test category (C, T) consists of a small finitely tensored
simplicial category C, a full subcategory T of test objects and two classes of maps
in T called cofibrations, denoted by >, and trivial cofibrations, denoted by >, both
containing all isomorphisms, that satisfy the following properties:

(i) The initial object & is a test object, and for every test object ¢ € T, the map
& — t is a cofibration.

(i) For every cofibration between test objects s > ¢ and cofibration between finite
simplicial set U > V, the pushout-product map t ® U Usou sV =t ®@ V is
a cofibration between test objects which is trivial if either s >> ¢ or U > V is.

(iii) A morphism r — s in T is a trivial cofibration if and only if it is a cofibration
and Map(z, r) — Map(z, s) is a weak equivalence of simplicial sets for every
teT.

(iv) Any object ¢ € C has the right lifting property with respect to trivial cofibrations.

Remark 3.4 Property (iv) implies that Map(z, C) is fibrant for every ¢ € T and
C € Ind(C). Namely, writing C as a filtered colimit colim; ¢; with ¢; € C for every i,
we see that Map(z, C) = colim; Map(¢, ¢;). Hence it suffices to show that Map(, ¢) is
fibrant for every object ¢ in C. This is equivalent to ¢ having the right lifting property
with respect to certain maps of the form 7 ® A}, — ¢ ® A", which is indeed the case by
items (i), (ii) and (iv).

Remark 3.5 The definition of a cofibration test category depends on whether we
work with the Kan—Quillen model structure sSetkq or the Joyal model structure sSet;.
However, since sSetkq is a left Bousfield localization of sSet;, any cofibration test
category with respect to sSetkq is also a cofibration test category with respect to sSet;.
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To see this, suppose that (C, T) is a cofibration test category with respect to sSetgq. It
is clear that items (i), (ii) and (iv) also hold with respect to sSety. For item (iii), note
that the map Map(z, r) — Map(t, s) is a map between Kan complexes by Remark 3.4,
hence it is a weak equivalence in sSet; if and only if it is in sSetkq.

We will often write C for a cofibration test category (C, T), omitting the full subcategory
of test objects T from the notation. We will write cof(C) for the set of cofibrations.
Note that this is a subset of the morphisms of T.

The role of the test objects ¢ € T is to detect the weak equivalences in Ind(C) “from the
left”. More precisely, the weak equivalences in Ind(C) will be those arrows C — D for
which Map(z, C) —Map(¢, D) is a weak equivalence for every ¢ € T. For this reason, we
will call an arrow ¢ — d in C for which Map(¢, ¢) — Map(t, d) is a weak equivalence for
every t € T a weak equivalence, and denote such arrows by —. We write we(C) for the
set of weak equivalences in C. Using this terminology, item (iii) of the above definition
can be rephrased as saying that the trivial cofibrations are precisely the cofibrations
that are weak equivalences. In particular, the set of trivial cofibrations in a cofibration
test category C is fully determined by the full subcategory T and the set cof(C).

Let us look at a few examples. We will discuss more interesting examples in Section 5,
where we consider fibration test categories, the dual of cofibration test categories.

Example 3.6 Suppose £ is a simplicial model category in which every object is
fibrant, and let C C £ be a (small) full subcategory closed under finite colimits and
finite tensors. If we define T to be the full subcategory on the cofibrant objects, then
(C, T) forms a cofibration test category where the (trivial) cofibrations are the (trivial)
cofibrations of £ between objects of T. We say that C inherits this structure of a
cofibration test category from £. Properties (i), (ii) and (iv) of Definition 3.3 follow
directly from the fact that £ is a (simplicial) model category and the fact that any object
in & is fibrant. For one direction of property (iii), note that since all objects in £ are
fibrant, the functor Map(¢, —) preserves weak equivalences for any cofibrant object .
For the converse direction, note that a cofibration r > s is trivial if and only if it is
mapped to an isomorphism in the homotopy category Ho(£). By the Yoneda lemma
applied to the full subcategory Ho(T) € Ho(€) spanned by the objects of T, this is
equivalent to Homy ) (7, r) — Homy, (s (7, 5) being an isomorphism for every 7. Since
Map(z, r) — Map(z, s) is a weak equivalence by assumption and Homy, () (7, —) equals
the set of path components of (the maximal Kan complex contained in) Map(¢, —), this
is indeed the case.
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Example 3.7 Suppose that a cofibration test category (C, T) is given, and let T' C T
be a full subcategory such that & € T’ and such that for any cofibration s >> ¢ between
objects of T and any cofibration U >> V in sSetg,, the object 1 @ U Uggu s @V is again
in T/. We will call such a full subcategory T’ C T closed under finite pushout-products.
Then (C, T’) is again a cofibration test category if we define the (trivial) cofibrations to
be those of (C, T) between objects of T”. All items of Definition 3.3 are straightforward
to show except possibly property (iii). The “only if” direction follows immediately. For
the “if” direction of (iii), suppose r >> s is a map in T’ that is a cofibration with the
property that Map(¢, r) — Map(z, s) is a weak equivalence for any 7 € T'. Applying
this to # = r and ¢ = s and using that these mapping spaces are fibrant, we obtain
left and right homotopy inverses of r >> s, where homotopies in T’ are defined using
the tensor — ® A! (in the case of sSetkq) or — ® H (in the case sSet;, where H is
as in the proof of Lemma 2.1). Since Map(¢, —) is a simplicial functor it preserves
these homotopies, showing that Map(z, r) — Map(t, s) is a homotopy equivalence for
every t € T. We conclude that » > s is a trivial cofibration in T and hence a trivial
cofibration in T’ by definition.

Example 3.8 Let Top be a convenient category of topological spaces, such as k—
spaces or compactly generated (weak) Hausdorff spaces. The Quillen model structure
on Top is a simplicial model structure, in which tensors are given by C® X = C x | X|
for any C € Top and X € sSet. Let C C Top be any small full subcategory of Top that
is closed under finite colimits and finite tensors, and moreover contains the space | X |
for any finite simplicial set X. Define T € C to be the full subcategory consisting of
the objects | X'| for any finite simplicial set X, and define a map |X| — |Y|in T to be
a (trivial) cofibration if it is the geometric realization of a (trivial) cofibration X > Y
in the Kan—Quillen model structure on sSet. Using that there are natural isomorphisms
Y@V =Y xV]and [X|®V U xigu |Y|®U = |X x V Uyxy Y x V| for any
pair of maps X — Y and U — V in sSet, it is straightforward to verify that (C, T) is
a cofibration test category in the sense of Definition 3.3 (with respect to sSetkq). This
example will be studied further in Section 4.

For a cofibration test category C, we will write I for the image of the set of cofibrations
of C in Ind(C), and J for the image of the set of trivial cofibrations of C in Ind(C).
Identifying C with its image in Ind(C), we can write

I ={f:s5s—t] f isacofibration in C} = cof(C),
J={f:5s—1t| f is atrivial cofibration in C} = cof(C) N we(C).
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Recall that the sets of (trivial) cofibrations cof(C) and cof(C) N we(C) in (C, T) are
both contained in T; that is, any (trivial) cofibration is a map between test objects.

The sets I and J are generating (trivial) cofibrations for a model structure on Ind(C)
in which the weak equivalences are as above.

Theorem 3.9 Let C be a cofibration test category. Then Ind(C) carries a cofibrantly
generated (hence combinatorial) simplicial model structure, the completed model
structure, where a map C — D is a weak equivalence if and only if for every t € T,
Map(t, C) — Map(z, D) is a weak equivalence. A set of generating cofibrations
(resp. generating trivial cofibrations) is given by I (resp. J). Every object is fibrant in
this model structure.

Remark 3.10 As mentioned in Remark 3.5, the definition of a cofibration test category
depends on whether we work with the Joyal model structure or the Kan—Quillen model
structure on sSet. In the first case, the model structure on Ind(C) will be sSet;—enriched,
while in the latter case, it will be sSetxg—enriched.

The proof uses the following lemmas.

Lemma 3.11 Let C be a cofibration test category. The weak equivalences of Ind(C)
as defined in Theorem 3.9 are stable under filtered colimits.

Proof Let {C; = D;} be a levelwise weak equivalence between filtered diagrams
in Ind(C) and let ¢ € T. Then Map(¢, colim; C;) — Map(¢, colim; D;) is the filtered
colimit of the maps Map(¢, C;) — Map(¢, D;) since ¢ is compact in Ind(C), which are
weak equivalences by assumption. The proof therefore reduces to the statement in sSet
that a filtered colimit of weak equivalences, indexed by some filtered category I, is
again a weak equivalence. This can be proved for the Kan—Quillen and Joyal model
structure in exactly the same way. Namely, this is equivalent to the statement that
the functor colim: sSet! — sSet, where sSet! is endowed with the projective model
structure, preserves weak equivalences. To see that this is the case, factor { X;} — {Y;}
in sSet’ as a projective trivial cofibration {X;} >~ {Z;} followed by a pointwise
trivial fibration {Z;} —> {Y;}. Then colim X; — colim Z; is again a trivial cofibration,
so in particular a weak equivalence. Furthermore, since the generating cofibrations
dA™ — A" in sSet are maps between compact objects, we see that colim Z; — colim Y;
must have the right lifting property with respect to these maps, ie it is a trivial fibration.
We conclude that colim: sSet! — sSet preserves weak equivalences. |

Algebraic & Geometric Topology, Volume 23 (2023)



Simplicial model structures on pro-categories 3865

Lemma 3.12 Let C be a cofibration test category, let s >> t be a cofibration in C, ie a
map in I, and let C — D be an arrow in Ind(C) which has the right lifting property
with respect to all maps in J. Then Map(z, C) — Map(s, C) Xnap(s, 0) Map(¢, D) is a
fibration, which is trivial if either s > ¢ is trivial or if C — D is a weak equivalence in
the sense of Theorem 3.9.

Proof Let M be a set of trivial cofibrations in sSetg, such that a map between fibrant
objects in sSet is a fibration if and only if it has the right lifting property with respect
to the maps in M. For the Kan—Quillen model structure, one can take the set of horn
inclusions, while for sSety, the set M from Lemma 2.1 works. By Remark 3.4, for any
test object # € T and any C € Ind(C), the simplicial set Map(¢, C) is fibrant. For any
t €T and any map U >~V in M, themapt®U —t®V isin J by items (i) and (ii) of
Definition 3.3. By adjunction, we conclude that for any C — D that has the right lifting
property with respect to maps in J, the map Map(¢, C) — Map(¢, D) is a fibration. If
we are given a map s >> ¢ in [, then Map(s, C) Xmap(s, p) Map(¢, D) is fibrant because
the map to Map(¢, D) is the pullback of the fibration Map(s, C) — Map(s, D). By a
similar argument as above, Map(¢, C) — Map(s, C) Xnpap(s, p) Map(Z, D) is a fibration.
The same argument with the set of boundary inclusions {dA” — A"} instead of M
shows that Map(z, C) — Map(s, C) Xwap(s, p) Map(z, D) is a trivial fibration if s > ¢
isin J. If C — D is a weak equivalence, then the maps Map(s, C) — Map(s, D) and
Map(z, C) — Map(z, D) are weak equivalences by definition, hence trivial fibrations
by the above. As indicated in the diagram

Map(z, C)
—

Map(s’ C) XMap(s, D) Map(l’ D) — MaP(S» C)
W« |
l |
Map(t, D) ——— Map(s, D)
the map Map(z, C) — Map(s, C) Xnpap(s, p) Map(Z, D) is a trivial fibration by the two-

out-of-three property. |

Lemma 3.13 Let C be a cofibration test category and let s >—> ¢ be a trivial cofibration
in C. Then any pushout of s >~ ¢t in Ind(C) is a weak equivalence in the sense of
Theorem 3.9.
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Proof The following proof works if C is a cofibration test category with respect to
the Kan—Quillen model structure on sSet. The same proof works in the case that C is
a cofibration test category with respect to sSet; if one replaces every instance of A!
by H, where H is as in the proof of Lemma 2.1.

We will first show that i : s >~ 7 is a deformation retract. By item (iv) of Definition 3.3,
there exists a lift in

ie aretract r of i. By (ii) and (iv) of Definition 3.3, there exists a lift F in

i i
S® A Uygpar @Al 1200,

(@Al
This lift F: ¢ ® A! — ¢ is a deformation retract.

Now let a pushout square

SL)C

@) in - lj

t 55D
be given, where s — C is any map in Ind(C). The maps fr:¢t — C and idc: C — C
give, by the universal property of the pushout, a retract r’ of j: C — D. Since tensors
preserve colimits, we see that D @ A is the pushout of # ® A! and C ® A! along
s®A!. Thengo F:t ® Al - Dand C ® A! —>C®*ECL>Dgive,bythe
universal property of the pushout, amap G: D® A! — D. Write 19, 11: D — D ® A
for the endpoint inclusions. It follows from the universal property of the pushout (2)
that (oG = idp while 11G = jr’, ie G is a deformation retract.

Now let u € T be any test object. We deduce from the existence of the deformation
retract G that Map(u, C) — Map(u, D) is the inclusion of a deformation retract, hence
a weak equivalence. O

Proof of Theorem 3.9 We check all four assumptions of Kan’s recognition theorem as
spelled out in [17, Theorem 11.3.1]. The weak equivalences satisfy the two-out-of-three
property and are closed under retracts since this holds for the weak equivalences in sSet.
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(1) Since all objects of C are compact in Ind(C), the sets / and J permit the small
object argument.

(2) It suffices to prove that any transfinite composition of pushouts of maps in J is a
weak equivalence. This follows immediately from Lemmas 3.11 and 3.13.

(3) We need to show that any map having the right lifting property with respect to maps
in I has the right lifting property with respect to maps in J and is a weak equivalence.
The first of these follows since J € I. To see that any map that has the right lifting
property with respect to maps in / is a weak equivalence, let such a map C — D be
given. Note that t ® dA[n] — t ® A[n] is in I for any ¢t € T and n > 0, by items (i)
and (ii) of Definition 3.3. This implies that Map(z, C) — Map(¢, D) is a trivial fibration
for any ¢ € T and in particular that C — D is a weak equivalence.

(4) We need to show that if C — D has the right lifting property with respect to maps
in J and is a weak equivalence, then it has the right lifting property with respect to maps
in I. Let s >t in I be given. Then Map(t, C') — Map(s, C) Xnap(s, ) Map(t, D)
is a trivial fibration by Lemma 3.12, and in particular surjective on O—simplices. In
particular, C — D has the right lifting property with respect to s > ¢.

The fact that this model structure is simplicial follows from Lemma 3.12. By (iv), all
objects in C C Ind(C) are fibrant. Since the generating trivial cofibrations are maps
between compact objects and any C € Ind(C) is a filtered colimit of objects in C, it
follows that all objects in Ind(C) are fibrant. a

Example 3.14 Let (C,T) be the cofibration test category from Example 3.8. The
model structure on Ind(C) obtained by applying Theorem 3.9 turns out to be Quillen
equivalent to the Kan—Quillen model structure on sSet and the Quillen model structure
on Top. More precisely, there is a canonical way to factor the geometric realization
functor for simplicial sets | - |: sSet — Top as a composite sSet — Ind(C) — Top,
where both of these functors are left Quillen equivalences. This will be proved in
Proposition 4.2.

Example 3.15 For this example, Top is again a convenient category of spaces as in
Example 3.8. If P is a topological operad, then the category P—Alg of P—algebras
admits a model structure, obtained through transfer along the free-forgetful adjunction
F: Top = P-Alg :U. In particular, any object is fibrant in this model structure.
This category is Top—enriched, since one can view Homp_aig(S, T') as a subspace
of Homy,,(US, UT). For any topological space X and any P-algebra S, one can
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endow the space S¥ with the “pointwise” structure of a P—algebra. By restricting the
usual homeomorphism coming from the cartesian closed structure on Top, we obtain
a natural homeomorphism Homy,_,,(S, TX) >~ Homy,, (X, Homp_ 41, (S, T)). One
can furthermore show that — : P—Alg — P-Alg has a left adjoint that makes P—Alg
into a tensored and cotensored topological category. In particular, it can be viewed
as a tensored and cotensored simplicial category. Since the cotensors, fibrations and
weak equivalences are defined underlying in Top, we see that P—Alg is an sSetxg—
enriched model category with respect to this enrichment. By Example 3.6, any small
full subcategory closed under finite colimits and tensors with finite simplicial sets
inherits the structure of a cofibration test category.

Example 3.16 One can modify the previous example in a way that is similar to
Example 3.8. Namely, suppose that C C P—Alg is a small full subcategory which
is closed under finite colimits and tensors by finite simplicial sets, and suppose that
F|X| is contained in C for any finite simplicial set X', where F: Top — P-Alg is the
left adjoint of the free-forgetful adjunction. Define the full subcategory of test objects
T C C to be the category of objects of the form F|X | for X a finite simplicial set, and
define the (trivial) cofibrations to be the maps of the form F|i|: F|X| — F|Y|, where
i is a (trivial) cofibration between finite simplicial sets in sSetxg. Then (C,T) is a
cofibration test category; hence we obtain a model structure on Ind(C) by Theorem 3.9.
Since the inclusion C < P-Alg preserves finite colimits, it induces an adjunction
Ind(C) 2 P-Alg. One can show that this adjunction is a Quillen equivalence.

4 Example: a convenient model category of topological spaces

Throughout this section, let Top be a convenient category of spaces, such as k—spaces,
compactly generated weak Hausdorff spaces or compactly generated Hausdorff spaces.
Suppose that a small full subcategory C € Top is given that is closed under finite
colimits and tensors with finite simplicial sets, and that contains the space | X'| for any
finite simplicial set X. As explained in Example 3.8, if we define T to be the collection
of spaces of the form | X|, where X is any finite simplicial set, and if we define a map
to be a (trivial) cofibration if and only if it is the geometric realization of a (trivial)
cofibration in sSetkxq between finite simplicial sets, then (C, T) is a cofibration test
category. In this section, we will study this example in more detail.

We begin by characterizing the weak equivalences of Ind(C). Note that the geometric
realization functor | - |: sSets, — C extends uniquely to a filtered colimit-preserving
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functor |-|: sSet — Ind(C) that has a right adjoint Sing defined by (SingC), =
Hom(|A"|, C) for any C € Ind(C).

Lemma 4.1 Let (C, T) be a cofibration test category as above. Then a map C — D
in Ind(C) is a weak equivalence if and only if Map(*,C) — Map(x, D) is a weak
equivalence, where * is the terminal object. In particular, C — D is a weak equivalence
if and only if Sing C — Sing D is a weak equivalence in sSetgq.

Proof If C — D is a weak equivalence in Ind(C), then Map(x, C) — Map(x, D) is
a weak equivalence by definition. Conversely, suppose that Map(*, C) — Map(x, D)
is a weak equivalence and let X be a finite simplicial set. It follows by adjunction that
Map(|X |, C) — Map(| X |, D) agrees with Map(x, C)X — Map(x, D)¥X, hence this
map is a weak equivalence.

For the second statement, note that Map(x, £) = Hom(* ® A®, E) = Sing E. a

The inclusion C — Top induces an adjunction L : Ind(C) 2 Top :(T)Ind as explained
in Section 2.2, where L is defined by L({c;}) = colim; ¢; for any {c;} in Ind(C). Since
geometric realization commutes with colimits, we see that the geometric realization
functor |- |: sSet — Top factors as sSet TN Ind(C) N Top.

Proposition 4.2 Let (C, T) be a cofibration test category as above. The adjunctions
| -|: sSetkq < Ind(C) :Sing and L: Ind(C) = Top : (- )y,q are Quillen equivalences.

Proof It is clear from the definition of the (trivial) cofibrations in (C, T) that
|-|:sSetgq — Ind(C) and L:Ind(C) — Top

send generating (trivial) cofibrations to (trivial) cofibrations. In particular, they are
left Quillen functors. Since the composition of these adjunctions is the well-known
Quillen equivalence |- |: sSetxo = Top :Sing, it suffices to show by the two-out-of-
three property for Quillen equivalences that |- |: sSetxg = Ind(C) :Sing is a Quillen
equivalence. By Lemma 4.1, a map C — D in Ind(C) is a weak equivalence if and
only if Sing C — Sing D is. In particular, this adjunction is a Quillen equivalence if
and only if the unit X — Sing | X| is a weak equivalence for any simplicial set X. If
X is a finite simplicial set, then X — Sing | X| agrees by definition with the unit of
the adjunction | - |: sSetgq = Top :Sing, which is always a weak equivalence. Since
weak equivalences are stable under filtered colimits in sSetkq, it follows that the unit
X — Sing | X| of | - |: sSetkq = Ind(C) :Sing is a weak equivalence for any simplicial
set X. |
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One can show that the model category Ind(C), with (C, T) a cofibration test category
of the type considered above, is very similar to Top. We mention a few similarities.
We first note that it is possible to define homotopy groups for objects of Ind(C), and
that they detect weak equivalences. If C is an object in Ind(C), then by a basepoint
of C we mean a map *x — C.

Definition 4.3 The n™ homotopy group 7, (C, co) of an object C € Ind(C) and a
basepoint ¢y : * — C is defined as the set of pointed maps |A” /dA"| — C modulo
pointed homotopy.

It follows from this definition that 7, (C, co) = 7, (Sing C, ¢¢) for any C € Ind(C) and
co € C. We conclude the following:

Proposition 4.4 A map f: C — D in Ind(C) is a weak equivalence if and only if
mn(C,co) = (D, f(co)) is a bijection for any ¢y € C and n > 0. Moreover, the
homotopy groups for objects in Ind(C) commute with filtered colimits.

Proof The first statement follows since f is a weak equivalence if and only if Sing f is.
The second part follows since both the functor Sing and the homotopy groups of
simplicial sets commute with filtered colimits. |

It can also be shown that one can take the same generating (trivial) cofibrations in
Ind(C) as in the usual Quillen model structure on Top. Define

[ ={dD" < D" |n >0},
J ={D"x {0} < D" x[0,1]| n > 0}.

Proposition 4.5 The sets I and J are sets of generating cofibrations and generating
trivial cofibrations for Ind(C), respectively.

Proof We need to show that the geometric realization of any cofibration (resp. trivial
cofibration) between finite simplicial sets lies in the saturation of I (resp. J). This
follows from the fact that | - |: sSet — Ind(C) preserves colimits and that each map of
the form [0A"| — |A"| (resp. |A%| — |A"]) is isomorphic to a map in [ (resp. J). O

For any two objects C = {c; }; and D = {d;}; in Ind(C), one can compute their product
levelwise by C x D = {c¢; x dj}(, jyer=J- Since the finite colimits of C are computed
in Top, and finite colimits in Ind(C) can be computed levelwise, we see that the functor
— x D: C — Ind(C) preserves finite colimits for any D in Ind(C). As explained in
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Section 2.2, it follows from this that the product functor — x D : Ind(C) — Ind(C) has
a right adjoint. In particular, Ind(C) is cartesian closed. This cartesian closed structure
interacts well with the model structure defined above.

Proposition 4.6 Ind(C) is a cartesian closed model category.

Proof It suffices to show that for any pair of generating cofibrations C > D and
C’ > D', the pushout-product

CxD' Ucxcr DxC'— DxD'

is a cofibration that is trivial if either C >> D or C’ >> D’ is. This is clearly true. O

One can furthermore show that the full subcategory of Top on the CW—-complexes
embeds fully faithfully into Ind(C), by using that any finite CW—complex X is (homeo-
morphic to) an object in C.

Proposition 4.7 There is a fully faithtful functor from the category of CW—complexes
into Ind(C) that preserves and detects weak equivalences.

Proof If X is a CW-complex, then one can always choose a CW-decomposition. The
finite CW-subcomplexes in this decomposition together with their inclusions form a
directed diagram {X;} for which colim; X; = X. Suppose that we have chosen a CW-
decomposition for any CW—complex X, and denote the associated directed diagram
of finite CW—subcomplexes by {X;, }. Since a map from a compact space into a CW—
complex (with a given CW—-decomposition) always lands in a finitte CW—subcomplex,
we see that the canonical map

lim colim Hom(X;
Ix ly

Yi,) = Hom(X,Y)

X

is an isomorphism for any pair of CW—complexes. By definition of the morphisms
in Ind(C), this implies that the functor that sends a CW—complex X to the ind-object
{Xiy } in Ind(C) is well-defined and fully faithful. Preservation and detection of weak
equivalences follows directly from the fact that Sing detects weak equivalences and
that colim;, Sing(X;, ) = Sing(X') for any CW—complex X. m|

We end this section by discussing a specific example of such a full subcategory C,
namely the category CM of compact metrizable spaces. Under Gelfand—Naimark
duality, this category corresponds to the category of separable commutative unital
C*-algebras. If we let Top be the category of compactly generated Hausdorff spaces,
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then CM as a full subcategory is closed under all finite colimits and tensors by finite
simplicial sets. In particular, by the above we obtain a model structure on Ind(CM)
that is equivalent to the Quillen model structure on Top. In [3], Barnea also proposes
a model structure on Ind(CM). However, this model structure does not agree with
the one constructed above, so we will briefly describe his model structure and the
difference with ours. Let us denote our model structure by Ind(CM)q.

Barnea shows in [3] that CM is a “special weak cofibration category”, and hence
that there exists an induced model structure on Ind(CM), which we will denote by
Ind(CM) . This model structure is cofibrantly generated and one can take the set of
Hurewicz cofibrations in CM as a set of generating cofibrations, while one can take the
Hurewicz cofibrations that are also homotopy equivalences as a set of generating trivial
cofibrations. If we define T = CM and if we define amap in T to be a (trivial) cofibration
if it is in the set of generating (trivial) cofibrations just mentioned, then (CM, T) is
a cofibration test category and the completed model structure on Ind(CM) coincides
with the one that Barnea constructed. Since Barnea’s model structure Ind(CM)g has
strictly more generating (trivial) cofibrations than our model structure Ind(CM)q, we
see that the identity functor is a left Quillen functor Ind(CM)q — Ind(CM)g. To see
that the model structures do not coincide, we will show that Ind(CM)q has strictly
more weak equivalences than Ind(CM)g. Let C be any metrizable infinite Stone space,
such as a Cantor space. Then, for Sing and | - | as defined just above Lemma 4.1, the
counit |Sing C| — C is a weak equivalence in Ind(CM)q. However, this map is not a
weak equivalence in Ind(CM)g, since Map(C, |Sing C|) — Map(C, C) is not a weak
equivalence of simplicial sets: since these mapping spaces are discrete, this would
imply that the map is an isomorphism. However, it is not surjective since there is no
map C — |Sing C| that gets mapped to idc. The model structure Ind(CM)q defined
here is similar to the Quillen model structure on Top, while Barnea’s model structure
Ind(CM)g bears some similarity to the Strgm model structure on Top.

5 The dual model structure on Pro(C)

A model structure on £ also gives rise to a model structure on £°P, where the fibrations
(resp. cofibrations) of £°P are the cofibrations (resp. fibrations) of £. In particular,
& is cofibrantly generated if and only if £ is fibrantly generated. Since Pro(C) ~
Ind(C°P)°P, this implies that if C is the dual of a cofibration test category, then Pro(C)
admits a fibrantly generated simplicial model structure. We explicitly dualize the main
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definition and result of Section 3 in this section, and then discuss a few examples of
such fibrantly generated simplicial model structures on pro-categories. Again, we work
with sSet endowed with either the Joyal or the Kan—Quillen model structure.

We say that a simplicial category C is finitely cotensored if CP is finitely tensored in the
sense of Definition 3.1. Explicitly, this means that C admits finite limits and cotensors
by finite simplicial sets, and that these commute with each other. As explained in
Section 2.2, if C is a small simplicial category that is finitely cotensored, then the
simplicial category Pro(C) is tensored, cotensored, complete and cocomplete.

Definition 5.1 A fibration test category (C, T) consists of a small finitely cotensored
simplicial category C, a full subcategory T C C of test objects and two classes of maps
in T called fibrations, denoted by —>, and trivial fibrations, denoted by —>, both
containing all isomorphisms, that satisfy the following properties:

(i) The terminal object * is a test object, and for every test object ¢ € T, the map
t — * is a fibration.

(i) For every fibration between test objects s — ¢ and cofibration between finite
simplicial sets U > V/, the pullback-power map s” — s¥ XU ¢V is a fibration

between test objects, which is trivial if either s —> ¢ or U >~ V is.

(iii) A morphism ¢ — d in T is a trivial fibration if and only if it is a fibration and
Map(d, t) — Map(c, t) is a weak equivalence of simplicial sets for every ¢ € T.

(iv) Any object ¢ € C has the left lifting property with respect to trivial fibrations.

For a fibration test category C, we write fib(C) for the set of fibrations and we(C)
for the set of maps ¢ — d that induce a weak equivalence Map(d, t) — Map(c, t) for
every ¢t € T. By property (iii), the set of trivial fibrations is fib(C) N we(C). Note that
the definition of a fibration test category is formally dual to that of a cofibration test
category. More precisely, (C, T) is a fibration test category if and only if (C°P, T°P) is
a cofibration test category in the sense of Definition 3.3, where the (trivial) cofibrations
of (C°P, T®P) are defined as the (trivial) fibrations of (C, T).

Let P C Ar(Pro(C)) denote the image of the set fib(C) along the inclusion C < Pro(C),
and Q C Ar(Pro(C)) the image of the set of trivial fibrations. The sets P and Q are
the generating (trivial) fibrations of the completed model structure on Pro(C). The
following theorem is formally dual to Theorem 3.9.
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Theorem 5.2 Let (C,T) be a fibration test category. Then Pro(C) carries a fibrantly
generated (hence cocombinatorial) simplicial model structure, the completed model
structure, where a map C — D is a weak equivalence if and only if Map(D, t) —
Map(C,t) is a weak equivalence for every t € T. A set of generating fibrations
(resp. generating trivial fibrations) is given by P (resp. Q). Every object is cofibrant in
this model structure.

Example 5.3 Dualizing Example 3.6, we see that if £ is a simplicial model category
in which every object is cofibrant, then any small full subcategory C € £ which is
closed under finite limits and finite cotensors admits the structure of a fibration test
category. Namely, defining T to be the full subcategory of fibrant objects of C, and
defining the (trivial) fibrations to be those of £ between objects in T, then (C, T) is a
fibration test category. As in Example 3.6, will say that C inherits the structure of a
fibration test category from &.

Remark 5.4 For the fibration test category (C, T) from the previous example, the
completed model structure on Pro(C) is a special case of Theorem 1.1, namely the
case where T is the collection of all fibrant objects in C. By (the dual of) Example 3.7,
it follows that we can take T to be any collection of fibrant objects in C that is closed
under “finite pullback-powers”. The general case, where we let T be any collection of
fibrant objects in C, is discussed in Section 8.

Example 5.5 Recall that we call a simplicial set lean if it is degreewise finite and
coskeletal. The full subcategory of sSet spanned by all lean simplicial sets L is closed
under finite limits and finite cotensors. By Example 5.3, it inherits the structure of a
fibration test category from sSetkq, which we will denote by Lxq. By Theorem 5.2 we
obtain a model structure on Pro(L). Since this category is equivalent to the category of
simplicial profinite sets sSet by (the dual of) Theorem 2.3, we in particular obtain a
simplicial model structure on sSet. This model structure coincides with Quick’s model
structure for profinite spaces [31], as explained in Corollary 6.6 below. We denote it
by Ss/\etQ.

Example 5.6 Consider the full simplicial subcategory T, of sSet whose objects are
those lean Kan complexes that have finite p—groups as homotopy groups. One can
show that T, is closed under “finite pullback-powers”, so by the previous example and
the dual of Example 3.7, we obtain a fibration test category L, = (L, Tj) in which the
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(trivial) fibrations are the (trivial) Kan fibrations between objects of T,. It is proved
in Corollary 6.7 that the completed model structure on Pro(L,) agrees with Morel’s
model structure for pro- p spaces [30].

Example 5.7 The category of lean simplicial sets also inherits the structure of a
fibration test category from the Joyal model structure sSety, which we will denote
by L;j. The corresponding model structure on sSet obtained from Theorem 5.2 will be
called the profinite Joyal model structure, and its fibrant objects will be called profinite
quasicategories. We will come back to this model category in Section 9, and we will
describe its underlying co—category in Remark A.11.

Example 5.8 In [16], Haine defines the Joyal-Kan model structure on sSet, p, where
P is (the nerve of) a poset. This model category describes the homotopy theory of
P—stratified spaces. Since it is a left Bousfield localization of the Joyal model structure
on sSet, p, any object is cofibrant and it is an sSet;—enriched model category. Actually,
this model structure can be shown to be sSetgxg—enriched [16, Sections 2.4-2.5]. In
particular, any small full subcategory C closed under finite limits and cotensors by
finite simplicial sets inherits the structure of a fibration test category. If P is a finite
poset and C = L p is the full subcategory of lean simplicial sets over (the nerve of) P,
then one can show that Pro(L, p) = sSet s p. In particular, by Theorem 5.2, we obtain
a model structure on sSet /p that is sSetgg—enriched. It is shown in Example A.8
that the underlying co—category of this model category is the co—category of profinite
P—stratified spaces defined in [8].

Example 5.9 We call a groupoid finite if it has finitely many arrows (including the
identity arrows). The category of finite groupoids FinGrpd inherits the structure of
a fibration test category from the canonical model structure on Grpd [1, Section 5].
(Note that Grpd can be viewed as an sSetgg—enriched model structure by defining
Map(A4, B) = N(Fun(4, B)) for any A, B € Grpd.) The completed model struc-
ture on the category of profinite groupoids (ﬁ'ﬁl = Pro(FinGrpd) obtained from
Theorem 5.2 coincides with the model structure for profinite groupoids defined by
Horel in [18, Section 4]. To see this, note that Horel shows in [18, Section 4] that the
Barnea—Schlank model structure on (Tr—];i exists and coincides with his model structure.
By Remark 5.12 below, the Barnea—Schlank model structure on (Trﬁi must coincide
with our model structure. In particular, Horel’s model structure agrees with the one
that we construct in this example.
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Example 5.10 Similarly, we call a category finite if it has finitely many arrows. The
category of all small categories admits the canonical model structure, defined for
example in [34]. Since this model structure is sSetj—enriched, the category of finite
categories FinCat inherits the structure of a fibration test category. By Theorem 5.2,
we obtain an sSetj—enriched model structure on Cat = Pro(FinCat), which we will

call the model structure for profinite categories.

Example 5.11 Let bisSet be endowed with the Reedy model structure with respect
to the Kan—Quillen model structure on sSet. Recall that the category of bisimplicial
profinite sets bisSet is equivalent to Pro(L®), where L® denotes the category of
doubly lean bisimplicial sets defined at the end of Section 2.2. Since any object in
bisSet is cofibrant, L(?) inherits the structure of a fibration test category from the Reedy
model structure on bisSet. By applying Theorem 5.2, we obtain a model structure on
Pro(L(?)) ~ bisSet. This model structure coincides with the Reedy model structure
on bisSet with respect to the Quick model structure on sg\et, as will be shown in
Proposition 6.9.

Remark 5.12 As discussed in the introduction, there are similarities between our
construction of a model structure on Pro(C) and the construction of Barnea—Schlank
in [7]. Suppose C is a fibration test category in the sense of Definition 5.1. Then
C comes with a set fib(C) of fibrations and a set of we(C) of weak equivalences. It
is very unlikely that the triple (C, fib(C), we(C)) is a “weak fibration category” in
the sense of Definition 1.2 of [7]. Namely, that definition asks that fib(C) contain
all isomorphisms of C, that it be closed under composition, and that a pushout of a
map in fib(C) be again in fib(C). However, if we define fib’(C) to be the smallest set
that contains fib(C) and that satisfies these properties, then (C, fib’(C), we(C)) might
be a weak fibration category. If this is the case, then the “induced” model structure
on Pro(C), in the sense of Theorem 1.8 of [7], could exist. The cofibrations of this
model structure are defined as the maps that have the left lifting property with respect
to fib’(C) N we(C), while the trivial cofibrations are the maps that have the left lifting
property with respect to fib’(C). Since the maps in fib’(C) are clearly fibrations in
our construction of the “completed model structure” on Pro(C) (see Theorem 5.2),
we conclude that the (trivial) cofibrations for both model structures must agree. In
particular, if both our model structure and the Barnea—Schlank model structure of [7]
exist on Pro(C), then they must coincide. An example where this happens is when
C = FinGrpd. (See Example 5.9 above.)
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6 Comparison to some known model structures

As stated in Theorem 5.2, for any fibration test category (C,T), all objects in the
completed model structure on Pro(C) are cofibrant. We will now show that, in the case
that C is the category L of lean simplicial sets, for many choices of T this statement can
be strengthened to say that the cofibrations are exactly the monomorphisms. We show
how this can be used to prove that the model structures on sSet obtained in Examples 5.5
and 5.6 agree with Quick’s model structure and Morel’s model structure, respectively.
It will also follow that the cofibrations in the profinite Joyal model structure from
Example 5.7 are exactly the monomorphisms. We conclude this section by showing
that the model structure on bisSet from Example 5.11 agrees with the Reedy model
structure on bisSet with respect to Quick’s model structure on sSet. The main result
about cofibrations in sSet is the following:

Proposition 6.1 Let L. be the category of lean simplicial sets endowed with the
structure of a fibration test category. Suppose that for any contractible lean Kan
complex K, the map K — x is a trivial fibration in L, and further that any trivial
fibration L — K in L is a trivial Kan fibration. Then the cofibrations in the completed
model structure on Pro(L) ~ sSet are the monomorphisms.

This proposition clearly applies to the fibration test categories Lkq, L and Ly of
Examples 5.5, 5.6 and 5.7. The following lemmas will be used to prove this result.
Recall that the category Set of profinite sets is equivalent to the category Stone of
Stone spaces.

Lemma 6.2 A map of profinite sets (resp. simplicial profinite sets) S — T is a
monomorphism if and only if it is (isomorphic to) the limit of a cofiltered diagram
{S; > T;}ier consisting of monomorphisms between finite sets (resp. degreewise
finite simplicial sets).

Proof In the category of Stone spaces, the monomorphisms are precisely the injective
continuous maps. Since a cofiltered limit of injective maps is again injective, we see
that if S — T is an inverse limit of monomorphisms S; > 7;, then S — T is itself a
monomorphism.

Conversely, suppose that S — 7" is a monomorphism of profinite sets (resp. simplicial
profinite sets). Write 7" = lim; 7; as a cofiltered limit of finite sets (resp. lean simplicial
sets), and, for every i, write S] for the image of the composition S — 7" — T;. Then
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{S/}ier is a cofiltered diagram since the structure maps 7; — 7 restrict to maps
S/ — ij for any i — j in I. Since {S; — Ti}ies is levelwise a monomorphism,
the proof is complete if we can show that S — lim; S; is an isomorphism. Since
isomorphisms of Stone spaces are detected on the underlying sets, it suffices to show
that this map is both injective and surjective. It is injective since the composition
S — lim; Sl.’ — T is, while it is surjective by [36, Corollary 1.1.6]. O

We will denote the two-element set {0, 1} by 2.

Lemma 6.3 A map of (profinite) sets S — T is a monomorphism if and only if it has
the left lifting property with respect to 2 — .

Proof We leave the case where S — 7' is a map of sets to the reader. For the “if”
direction in the profinite case, suppose that f': S — T has the left lifting property with
respect to 2 — *, but is not a monomorphism. Regarding S and T as Stone spaces,
there must exist distinct s, s” € S such that f(s) = f(s”). Choose some clopen U C S
such that s € U and s’ € U. Then the indicator function 1y : S — 2 is continuous but
does not extend to a map 7' — 2. We conclude that S — 7" must be a monomorphism.

For the converse, note that by Lemma 6.2 we may assume without loss of generality
that S — T can be represented by levelwise monomorphisms {S; — T;}. Since 2 is
cocompact in §\et, any map S — 2 factors through S; for some i. Since S; — 7; is a
monomorphism of sets, the result follows. |

Consider the diagram

* L) FinSet

| <
n Pad

-7 Rp2
Aop

where [n] denotes the inclusion of the terminal category * into A°P at [r], and 2 denotes
the inclusion of * into FinSet at the two-element set 2. Since FinSet has all finite limits,
the right Kan extension R,2 exists. Since the inclusion * < A°P factors through Aospn,

the simplicial set R,2 is n—coskeletal. In particular, it is a lean simplicial set.

Lemma 6.4 A map of simplicial (profinite) sets is a monomorphism if and only if it
has the left lifting property with respect to R,2 — * for everyn € N.
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Proof Since the inclusions of FinSet into Set and Set both preserve limits, we see
that the lean simplicial set R,2 constructed above is also the right Kan extension of
* ﬂ) A°P along * 2, Set and along = 2, Set. In particular, a map of simplicial
(profinite) sets X — Y has the left lifting property with respect to R,2 — = if and
only if X, — Y, has the left lifting property with respect to 2 — x*, hence the result
follows from Lemma 6.3. a

Proof of Proposition 6.1 We first show that any cofibration in the model category
Pro(L) is a monomorphism. Since R,2 — x* has the right lifting property with respect to
all monomorphisms in sSet, we see that it is a trivial Kan fibration, hence by assumption
a trivial fibration in the fibration test category L and a generating trivial fibration in
Pro(L). By Lemma 6.4, any cofibration in Pro(L) =~ sSet is a monomorphism.

For the converse, suppose X — Y is a monomorphism in Pro(L). By Lemma 6.2, we
may assume that X' — Y is a cofiltered limit of monomorphisms between degreewise
finite simplicial sets {X; — Y;}icy. We see that for every i, the map X; — Y; has
the left lifting property with respect to the generating trivial fibrations of Pro(L) since
these are trivial Kan fibrations between lean simplicial sets. Since any generating trivial
fibration is a map between cocompact objects, it follows that X — Y also has the left
lifting property with respect to the generating trivial fibrations. O

Proposition 6.1 shows that, for Lxg and L, the fibration test categories of Examples
5.5 and 5.6, the cofibrations of the model categories Pro(Lkg) and Pro(L,) are the
monomorphisms. This means that the cofibrations coincide with those of Quick’s
model structure [31] and Morel’s model structure [30], respectively. The same is true
for the weak equivalences. This follows from the results in Section 7 of [4] (most
notably Lemmas 7.4.7 and 7.4.10), using that Quick’s and Morel’s model structures on
sSet are simplicial. We state this explicitly as follows:

Proposition 6.5 [4] A map X — Y of simplicial profinite sets is a weak equiva-
lence in Quick’s model structure if and only if Map(Y, K) — Map(X, K) is a weak
equivalence for any lean Kan complex K. It is a weak equivalence in Morel’s model
structure if and only if Map(Y, K) — Map(X, K) is a weak equivalence for any lean
Kan complex K whose homotopy groups are finite p—groups.

From this proposition and the definition of the completed model structure (Theorem 5.2),
we see that the weak equivalences of Pro(Lkq) (resp. Pro(Lp)) agree with the weak
equivalences in Quick’s model structure (resp. Morel’s model structure) on sSet.
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Corollary 6.6 The completed model structure on Pro(Lkq) coincides with Quick’s
model structure.

Corollary 6.7 For any prime number p, the completed model structure on Pro(L,)
coincides with Morel’s model structure.

The proof of Proposition 6.1 admits an analogue for bisimplicial sets (in fact, for the
category of presheaves on K for any small category K that can be written as a union
of finite full subcategories), which we leave as an exercise to the reader.

Proposition 6.8 Let bisSet be endowed with a simplicial model structure in which the
cofibrations are the monomorphisms, and let L2 be the full subcategory of doubly lean
bisimplicial sets, which inherits the structure of a fibration test category in the sense of
Example 5.3. Then the cofibrations in Pro(L(?)) ~ bisSet are the monomorphisms.

Note that this proposition implies that the cofibrations in the model structure on bisSet
from Example 5.11 are exactly the monomorphisms. We will show that, in fact, this
model structure coincides with the Reedy model structure on bisSet with respect to
SS/\etQ. We do this by inspecting the generating (trivial) fibrations of the Reedy model
structure. For the following proof, note that Quick’s model structure coincides with the
completed model structure on Pro(Lkq) by Corollary 6.6, hence that any (trivial) Kan
fibration between lean Kan complexes is a (trivial) fibration in Quick’s model structure.

Proposition 6.9 The model structure on Pro(L(®)) of Example 5.11 coincides with
the Reedy model structure on bisSet (with respect to sSetg).

Proof Note that if L — K is a (trivial) Reedy fibration between Reedy fibrant doubly
lean bisimplicial sets, then L, and My L X, k Ky are lean Kan complexes for every n.
In particular, the map L, — My, L xp1, k Ky 18 a (trivial) fibration between lean Kan
complexes for every n. This shows that any generating (trivial) fibration in Pro(L(®)
is a (trivial) fibration in the Reedy model structure on bisSet.

For the converse, note that the Reedy model structure on bisSet is fibrantly generated.
Its generating (trivial) fibrations are maps of the form

3) GnL — 0G, L Xy, k Gn K

for any n > 0, where G, is the right adjoint to the functor X — X}, while 0G,, is the
right adjoint to the latching object functor X +— L, X, and L — K is a generating
(trivial) fibration in sSet. It can be shown using the right adjointness of G, and dGy,
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that these functors restrict to functors L — L(3). One can furthermore deduce from the
adjointness that if L and K are fibrant in sSet, then both the domain and codomain of
the map (3) are Reedy fibrant in bisSet and hence in bisSet. This shows that any map
of the form (3), with L — K a (trivial) fibration in L, is a (trivial) fibration in L®. In
particular, any generating (trivial) fibration in the Reedy model structure on bisSet is a
(trivial) fibration in Pro(L(z)). We conclude that both model structures coincide. O

7 Quillen pairs

As explained in Section 2.2, there is an easy criterion for constructing adjunctions
between ind-categories: if C is a small category that admits finite colimits and if £
is any cocomplete category, then a functor F': Ind(C) — £ has a right adjoint if and
only if it preserves all colimits. Furthermore, these functors correspond to functors
C — £ that preserve all finite colimits. There is a dual criterion for pro-categories. In
the simplicial case, this can be strengthened as in the following lemma.

If £ is a tensored cocomplete simplicial category, then we say that colimits and tensors
commute in £ if the analogue of item (iii) of Definition 3.1 holds for all diagrams in £
and all simplicial sets.

Lemma 7.1 Let C be a small finitely tensored simplicial category and let £ be a
tensored cocomplete simplicial category in which colimits and tensors commute. Then
any simplicial functor F: C — & that preserves finite colimits and tensors with finite
simplicial sets extends to a functor F: Ind(C) — & that admits a right adjoint. Moreover,
this adjunction is an enriched adjunction.

Proof The simplicial functor F: Ind(C) — £ is defined on objects by F (i} =
colim; F(c;) and on the internal homs by

Map({c;}, {d;}) = lim colim Map(c;, dj) — lim colim Map(F(c;), F(d;))
i Jj 1 J
— Map (coljm F(c;i), colim F(dj)).
l 1

We saw in the preliminaries that F preserves all colimits and has a right adjoint (as
functor of unenriched categories). In particular, it is part of an enriched adjunction if and
only if it preserves tensors. To see that this is the case, let X = colim; X be a simplicial
set written as a filtered colimit of finite simplicial sets. Then {c¢;}; ® X = {¢; ® X} j)-
hence F({c;};i ® X) = colim(; ;) F(c;) ® Xj = F({ci}) ® X, using the hypothesis that
F preserves tensors with finite simplicial sets. |
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In this section we give some assumptions under which an adjunction of the type above
is a Quillen adjunction, and give a further criterion for this adjunction to be a Quillen
equivalence. This gives a straightforward way of constructing “profinite” versions of
certain classical Quillen adjunctions, as illustrated in Example 7.7. At the end of this
section, we show that if C C £ inherits the structure of a (co)fibration test category in
the sense of Example 3.6, then the ind- or pro-completion functor (relative to C) is a
Quillen functor.

Definition 7.2 A morphism of cofibration test categories ¢: (C1,T1) — (C,,Ty)
is a simplicial functor ¢: C; — C, that preserves finite colimits, finite tensors and
(trivial) cofibrations, and in particular maps the full subcategory T; into T,. Dually, a
morphism of fibration test categories ¢: (Cy,T1) — (C,, T,) is a simplicial functor
¢: C; — C, that preserves finite limits, finite cotensors and (trivial) fibrations, and in
particular maps the full subcategory Ty into T5.

Example 7.3 The nerve functor N : FinGrpd — Lkq is a morphism of fibration test
categories. Similarly, taking the nerve of a category gives a morphism of fibration test
categories NV : FinCat — L.

Remark 7.4 If ¢: (Cy, T;) — (C,, T,) is a morphism of cofibration test categories,
then its canonical filtered colimit-preserving extension ¢: Ind(C;) — Ind(C,) has
a right adjoint ¢*: Ind(C;) — Ind(C;) by Lemma 7.1. Since ¢, is an extension of
¢: C; — C,, it sends all objects in the image of C; — Ind(C;) to compact objects
in Ind(C,), hence its right adjoint ¢* must preserve filtered colimits. Dually, if ¢
is a morphism of fibration test categories, then it canonically extends to a functor
¢«: Pro(Cq) — Pro(C,) that admits a left adjoint ¢*: Pro(C,) — Pro(C;) which
preserves cofiltered limits.

Proposition 7.5 Let ¢: (C1,T1) — (C,, T,) be a morphism of cofibration test cate-
gories. Then the induced adjunction from Remark 7.4
¢1:Ind(C;) 2 Ind(Cy) :¢™

is a simplicial Quillen adjunction. Dually, for a morphism of fibration test categories
¢:(Cq,T) = (Cy, Ty), the induced adjunction from Remark 7.4

¢ : Pro(C,) 2 Pro(C) : ¢«

is a simplicial Quillen adjunction.

Algebraic & Geometric Topology, Volume 23 (2023)



Simplicial model structures on pro-categories 3883

Proof Suppose ¢: (Cy,T1) — (C,, T,) is a morphism of cofibration test categories.
By Lemma 7.1, the adjunction ¢ - ¢* is an enriched adjunction of simplicial functors.
Since ¢, extends ¢ and ¢: C; — C, preserves all (trivial) cofibrations, we conclude
that ¢ : Ind(C;) — Ind(C,) preserves all generating (trivial) cofibrations. We conclude
that ¢ 4 ¢* is a simplicial Quillen adjunction. The case of fibration test categories is
dual. |

Remark 7.6 One could weaken the definition of a morphism of (co)fibration test
categories ¢: C; — C, by only asking it to be an (unenriched) functor of underlying
categories and not asking it to preserve (co)tensors. In this case, one would still obtain
a Quillen adjunction between the completed model structures, but it would merely be a
Quillen adjunction between the underlying model categories, and not a simplicial one.
Moreover, the proof of Proposition 7.8 below would not go through in this case.

Example 7.7 The nerve functors from Example 7.3 induce simplicial Quillen adjunc-
tions ﬁl :sSetg 2 Grpd :N and h: sSet; = Cat :N. These left adjoints are profinite

versions of the fundamental groupoid and the homotopy category, respectively.

We call the restriction ¢: Ty — T, of a morphism of cofibration test categories
homotopically essentially surjective if for any ¢’ € T,, there exists a ¢ € T; together
with a weak equivalence ¢ (¢) —> ¢’ in T5.

Proposition 7.8 Let ¢: (C{,T;) — (C,,T,) be a morphism of (co)fibration test
categories.

(a) If the restriction T — T, of ¢ is homotopically essentially surjective, then ¢*
detects weak equivalences.

(b) In the case of a morphism of cofibration test categories, if moreover for any
t € Ty and c € C; the map

Map(z, ¢) — Map(¢ (7). $(c))

is a weak equivalence, then the induced Quillen adjunction of Proposition 7.5 is
a Quillen equivalence.

(b") In the case of fibration test categories, if ¢ is homotopically essentially surjective
and for any t € Ty and ¢ € Cy, the map

Map(c. 1) — Map(¢(c). ¢ (1))

is a weak equivalence, then the induced Quillen adjunction of Proposition 7.5 is
a Quillen equivalence.
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Proof We again only include a proof for cofibration test categories, as the case
of a morphism of fibration test categories is dual. For item (a), let f: C — D be
a map in Ind(C,) and suppose that ¢*( f) is a weak equivalence in Ind(Cy). If
t' € T,, then since ¢: T; — T, is homotopically essentially surjective, there is
at € Ty together with an equivalence ¢(t) — t’. Since C and D are fibrant in
Ind(C,), the map Map(t’, C) — Map(¢’, D) is a weak equivalence if and only if
Map(¢(t), C) — Map(¢(2), D) is so. Since ¢, extends ¢ and the adjunction ¢ 4 ¢*
is enriched, we see that

Map(¢(t), C) —— Map(¢(t), D)

IE IE

Map(t, ¢*(C)) —— Map(t, $* (D))
commutes, hence Map(¢’, C) — Map(¢’, D) is a weak equivalence.

For item (b), since the right adjoint ¢* detects weak equivalences by part (a), it suffices
to show that the unit C — ¢*¢ C is a weak equivalence for every cofibrant C in
Ind(Cy). Since C is a cofiltered limit of objects in Cy, by Remark 7.4 it is enough to
show that ¢ — ¢*¢ic is a weak equivalence for every ¢ in Cq. By definition of the weak
equivalences in Ind(C;) and by the simplicial adjunction ¢ — ¢*, this is equivalent to

Map(z, ¢) — Map(¢1(2). ¢1(c)) = Map(¢(2). ¢(c))

being a weak equivalence, which holds by assumption. |

An interesting consequence of Proposition 7.8 is that if, for a (co)fibration test category
(C,T), one “enlarges” C to a bigger category C’ but keeps T the same, then one obtains
Quillen equivalent model structures on Ind(C) and Ind(C’) (or Pro(C) and Pro(C’)).
The next example gives an illustration of this.

Example 7.9 Recall from Example 5.5 that the category of lean simplicial sets L
inherits the structure of a fibration test category from sSetxq. We could give the category
of degreewise finite simplicial sets sFinSet a similar structure of a fibration test category,
namely by defining the test objects to be the lean Kan complexes and the (trivial)
fibrations to be those of Lkqg. That is, the test objects and the (trivial) fibrations of
sFinSet and of Lk are identical. It is well known that the pro-categories Pro(sFinSet)
and Pro(L) ~ sSet are not equivalent. However, the inclusion ¢: Lxg < sFinSet is a
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morphism of fibration test categories that satisfies item (b) of Proposition 7.8, hence
the induced adjunction
t*: Pro(sFinSet) > sSetq : ¢y

is a Quillen equivalence.

The hypotheses for item (b) of Proposition 7.8 can usually be weakened, namely if T
is “large enough” in the following sense.

Definition 7.10 Let (C,T) be a cofibration test category. We say that T is closed
under pushouts along cofibrations if, for any cofibration > s in T and any map r — ¢
in T, the pushout s U, ¢ is again contained in T.

Dually, for a fibration test category (C, T), we say that T is closed under pullbacks
along fibrations if, for any fibration s — r and any map ¢t — r in T, the pullback s X, ¢
is again contained in T.

This definition can be seen as ensuring that T has all finite homotopy (co)limits. If T
is closed under pushouts along cofibrations, then it is enough to assume in item (b)
that the restriction ¢: Ty — T, is homotopically fully faithful, ie that Map(s, t) —
Map(¢(s), ¢(2)) is a weak equivalence for all s,¢ € Ty. The main ingredient is the
following useful lemma.

Lemma 7.11 Let (C, T) be a cofibration test category and suppose that T is closed
under pushouts along cofibrations. Then any cofibrant object in Ind(C) is a filtered
colimit of objects in T.

Proof The “fat small object argument” of [27] shows that if C in Ind(C) is cofibrant,
then it is a retract of a colimit colim;ey ¢; indexed by a directed poset I that has a
least element _L, such that ¢ is the initial object & and such that ¢; — ¢; is a (finite)
composition of pushouts of generating cofibrations for any i. (This follows from
Theorem 4.11 of [27] together with the fact that all objects in T are compact.) In
particular, since T is closed under pushouts along cofibrations, it follows that ¢; € T for
every i € I. Since ind-categories are idempotent complete, it follows that any retract
of such a colimit is an object of Ind(T) as well. In particular, any cofibrant object of
Ind(C) lies in Ind(T). m|

We leave it to the reader to dualize Lemma 7.11 to the context of fibration test categories.
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Proposition 7.12 Let ¢: (C;,T{) — (C,,Ty) be a morphism of cofibration test
categories (resp. fibration test categories) and suppose that T is closed under pushouts
along cofibrations (resp. closed under pullbacks along fibrations). If the restriction
¢: Ty — T, is homotopically essentially surjective and homotopically fully faithful,
then the induced Quillen adjunction of Proposition 7.5 is a Quillen equivalence.

Proof We prove the statement for ind-categories. As in the proof of Proposition 7.8, it
suffices to show that the unit C — ¢*¢C is a weak equivalence for every cofibrant C
in Ind(C;). By Lemma 7.11 any cofibrant object is a filtered colimit of objects of T,
so by Remark 7.4 it suffices to show that 1 — ¢* ¢t is a weak equivalence for every
t € Ty. This follows exactly as in the proof of Proposition 7.8. |

Recall from Section 2.2 that if £ is a complete category and if C C £ is a small full
subcategory closed under finite limits, then the functor U : Pro(C) — £ that sends
a pro-object to its limit in £ has a left adjoint (T)Pro, the pro-C completion functor.
Dually, if € is cocomplete and C is closed under finite colimits, then the canonical
functor U : Ind(C) — £ has a right adjoint (T)Ind. In the situation where £ is a simplicial
model category and C is a (co)fibration test category, these adjunctions are almost by
definition Quillen pairs. Note that in the case of pro-categories, this is the Quillen pair
mentioned in item (iii) of Theorem 1.1.

Proposition 7.13 Let £ be a simplicial model category in which every object is fibrant
and C C & a full subcategory closed under finite colimits and finite tensors with the
inherited structure of a cofibration test category (in the sense of Example 3.6). Then

U:Ind(C) 2 € :(*)jpg

is a simplicial Quillen adjunction. Dually, if every object in & is cofibrant and C C £
is a full subcategory closed under finite limits and finite cotensors, given the inherited
structure of a fibration test category (as in Example 5.3), then

(Dpro: € 2 Pro(C) :U
is a simplicial Quillen adjunction.
Proof The first adjunction arises by applying Lemma 7.1 to the inclusion C < £.

We need to show that the left adjoint U preserves the generating (trivial) cofibrations.
Note that U agrees with the inclusion C < £ when restricted to C € Ind(C). Since
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the generating (trivial) cofibrations are defined as the (trivial) cofibrations in C C £
between cofibrant objects, they are preserved by U.

The case for pro-C completion follows dually. |

Example 7.14 The proposition above shows that the profinite completion functors for
sSetkq and Grpd are left Quillen. These Quillen adjunctions fit into a commutative
diagram
I,
sSetkq /J_\ Grpd
N
e | 4 |U Opeo| = |U

i,
sS/\etQ \\J__/ @1

N

where N is the nerve adjunction from Example 7.7. There is a similar diagram of
Quillen adjunctions for the (profinite) Joyal model structure and the model category of
(profinite) categories.

8 Bousfield localizations

Suppose we are given a cofibration test category (C, T) and that we wish to shrink
the full subcategory of test objects T to a smaller one T' € T. If T’ is closed under
finite pushout-products, then (C,T’) is a cofibration test category by Example 3.7,
hence we obtain two model structures Ind(C, T) and Ind(C, T) on the category Ind(C).
Since the (trivial) cofibrations of (C,T’) are those of (C, T) between objects of T,
the sets of generating (trivial) cofibrations of Ind(C, T’) are contained in those of
Ind(C, T). In particular, the identity functor is right Quillen when viewed as a functor
Ind(C, T) — Ind(C, T’). Since there are fewer weak equivalences in Ind(C, T) than in
Ind(C, T’), this right Quillen functor is close to being a right Bousfield localization.
Recall that a right Bousfield localization of a model category is a model structure
on the same category with the same class of fibrations, but with a larger class of
weak equivalences. The model category Ind(C, T’) is not necessarily a right Bousfield
localization of Ind(C, T) since it has fewer generating trivial cofibrations, and hence it
might have more fibrations than Ind(C, T). However, it is a general fact about model
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categories that in such a situation, there exists a model structure on Ind(C) with the
weak equivalences of Ind(C, T') and the fibrations of Ind(C, T):

Lemma 8.1 Let &, and &g be cofibrantly generated model structures on the same
category £ and suppose that sets of generating cofibrations I, and Ig and sets of
generating trivial cofibration Jo and Jg respectively, are given. If 1o, C Ig and Jo C Jg,
and if &, has more weak equivalences than Eg, then there exists a cofibrantly generated
model structure on & with the weak equivalences of £y and the fibrations of Eg.

Proof It easily follows by checking the hypotheses of Theorem 11.3.1 of [17] that the
sets Iy U Jg and Jg determine a cofibrantly generated model structure on £ in which
the weak equivalences agree with those of £y. This model structure has the desired
properties. As an example, we check item (4b) of Theorem 11.3.1 of [17], and leave
the other hypotheses to the reader. This comes down to showing that if £ — F has the
right lifting property with respect to Jg and is a weak equivalence in &y, then it must
have the right lifting property with respect to Iy, U Jg. It suffices to show that £ — F
has the right lifting property with respect to I,. Since £ — F has the right lifting
property with respect to Jg, it has so with respect to Jo € Jg, hence it is a fibration
in £y. Since it is also a weak equivalence in &, it follows that it has the right lifting
property with respect to /4 and hence with respect to Iy, U Jg. O

If £ is a simplicial model category with a given full subcategory T C &, then Rt&
denotes (if it exists) the right Bousfield localization of £ in which a map E — E’ is
a weak equivalence if and only if Map(¢, E) — Map(¢, E’) is a weak equivalence for
every ¢ € T. We call such a map a T—colocal weak equivalence. Dually, L& denotes
(if it exists) the left Bousfield localization of £ in which £ — E’ is a weak equivalence
if and only if Map(E’, 1) — Map(E, t) is a weak equivalence for every 7 € T. Such a
map is called a T-local weak equivalence.

Proposition 8.2 Let (C,T) be a cofibration test category and let T" C T be a full
subcategory. Then the right Bousfield localization Ry’ Ind(C) exists and is cofibrantly
generated.

Dually, if (C, T) is a fibration test category and T’ C T a full subcategory, then the left
Bousfield localization Ly Pro(C) exists and is fibrantly generated.

Proof We first prove the proposition in the special case that T’ is closed under finite
pushout-products, and then deduce the general case from this. In this special case,
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(C,T) is a cofibration test category as in Example 3.7, so we obtain a cofibrantly gen-
erated model category on Ind(C, T”) in which the weak equivalences are the T’—colocal
ones. We also have the model structure on Ind(C) corresponding to the cofibration test
category (C, T), which by construction has more generating (trivial) cofibrations than
Ind(C, T'). By applying Lemma 8.1, we obtain the desired right Bousfield localization
Ry Ind(C).

Now suppose that T’ is not necessarily closed under finite pushout-products. Let T” be
the smallest full subcategory of T that contains T’ and is closed under finite pushout-
products and isomorphisms. This category can be obtained by repeatedly enlarging
T’ by adding all objects isomorphic to an object of the form ¢’ ® U Uygy s’ @ V
to T’, for s’ >> ¢’ a cofibration in T and U > V a cofibration of finite simplicial
sets. This produces a sequence of full subcategories T' € T ’1 - T/2 C ... C T such that
T = U,en T,,- We claim that the T'—colocal weak equivalences and the T”—colocal
weak equivalences in Ind(C) agree. By the above inductive construction of T”, it
suffices to show that for any cofibration s’ > ¢’ of (C, T) with s’,# € T’ and any
cofibration U > V in sSetg,, the map

Map(t' ® U Uygy s’ ® V,C) — Map(t' @ U Uggu s’ ® V, D)

is a weak equivalence for any T’—colocal weak equivalence C — D. We leave this as
an exercise to the reader, noting that these pushouts can be taken out of the mapping
spaces to obtain homotopy pullbacks. a

Example 8.3 Let Lkq be the category of lean simplicial sets with the structure of a
fibration test category as in Example 5.5. The model structure Pro(Lkgq) then coincides
with Quick’s model structure sS/\etQ under the equivalence of categories Pro(L) ~ sS/\etQ,
by Corollary 6.6. In particular, by Proposition 8.2, the left Bousfield localization
LTsS/\etQ exists for any collection of lean Kan complexes T. If one takes T to consist of
the spaces K(IF,, n) for all n € N, then one obtains a model structure on sSet in which
the weak equivalences are the maps that induce equivalences in IF,—cohomology and in
which the cofibrations are the monomorphisms. This is exactly Morel’s model structure
on sSet for pro-p spaces [30]. In particular, this is an alternative to the construction in
Example 5.6.

Example 8.4 Recall the Reedy model structure (with respect to Quick’s model structure
on sSet) on bisSet from Example 5.11. By Proposition 6.9, this model structure can be
obtained by applying Theorem 5.2 to a certain fibration test category ngz). In particular,
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Proposition 8.2 ensures that the left Bousfield localization LTbisS/\et exists for any
collection T of Reedy fibrant doubly lean simplicial sets. For example, one can take T
to be the collection of all doubly lean bisimplicial sets that are complete Segal spaces in
the sense of [35]. This model structure will be called the model structure for complete
Segal profinite spaces and denoted by bisS/\etcss. We will study this model structure
in detail in Section 9. In particular, we will show in Proposition 9.3 that bisS/\etcss is
equivalent to the model structure for profinite quasicategories sS/\etJ from Example 5.7.

Proposition 8.2 was the last missing piece in the proof of Theorem 1.1 (except for item
(iv) of that theorem, which follows from Theorem A.7).

Proof of Theorem 1.1 Let £ be a simplicial model category in which every object is
cofibrant, and let C C £ be a small full subcategory of £ which is closed under finite
limits and cotensors by finite simplicial sets. Then (C, T'), where T’ C C is the full
subcategory on the fibrant objects, inherits the structure of a fibration test category
from £ in the sense of Example 5.3.

Now suppose T is any collection of fibrant objects in C. By applying Theorem 5.2 to
(C,T') and then applying Proposition 8.2 (with T and T’ interchanged), we obtain a
model structure on Pro(C) together with a (fibrantly generated) left Bousfield localiza-
tion Pro(C) 2 Lt Pro(C). The weak equivalences of Lt Pro(C) are by definition the
T-local equivalences. By Theorem 5.2, any object in Pro(C) (and hence in Lt Pro(C))
is cofibrant. By Proposition 7.13, we obtain a simplicial Quillen adjunction £ & Pro(C)
and hence a simplicial Quillen adjunction £ 2 Lt Pro(C). We conclude that the model
structure Lt Pro(C) satisfies items (i)—(iii) of Theorem 1.1. m]

9 Example: complete Segal profinite spaces vs profinite
quasicategories

Recall that in Example 5.7, we defined the profinite Joyal model structure. In this
section, we will define another candidate for the homotopy theory of profinite co—
categories, namely a profinite version of Rezk’s model category of complete Segal
spaces. We then show that there are two Quillen equivalences between the model
category of complete Segal profinite spaces and the profinite Joyal model structure.
After establishing these Quillen equivalences, we characterize in both these model
categories the weak equivalences between the fibrant objects as the essentially surjective
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and fully faithful maps, where being fully faithful is defined in terms of the Quick
model structure. It is worth mentioning that in Remark A.11, we moreover give a
precise description of the underlying co—category of these model categories.

Let us start with a short review of the theory of complete Segal spaces, originally
defined by Rezk in [35]. Consider the category bisSet = sSet®” of bisimplicial sets,
or simplicial spaces, equipped with the Reedy model structure (with respect to the Kan—
Quillen model structure on sSet). We denote this model category by bisSetg. Objects
of bisSet have two simplicial parameters. We denote the “inner” one by n,m, ... and
refer to it as the space parameter, and we denote the “outer” one (corresponding to the
A in sSet®™) by s,t,7,.... For any pair of simplicial sets X and Y, one can define
the external product X X Y by (X XY ), = X; X ¥y. Note that the external product
A? x A" is the functor A°P x A°P — Set represented by ([¢], [#]). In particular, the
internal hom of bisSet can be defined by (Y ¥);, = Hom((A? x A") x X, Y). This
internal hom allows one to regard bisSet as a simplicial category in multiple ways; the
two simplicial enrichments that we will use are given by

Map; (X,Y):=(Y¥*).o and Map,(X,Y):=(¥Y¥),..
The category bisSet is tensored and cotensored with respect to both of these enrichments.

As described in [35, Sections 10 and 12], one can localize the Reedy model structure
on bisSet by the Segal maps
Sp Al x A% > AT x A?,
where Sp A’ = A[0, 1]U---U At — 1, ] is the spine of the 7—simplex. This gives the
model category bisSetss for Segal spaces. Localizing one step further by the map
{0} x A > J x A

gives the model category bisSetcss for complete Segal spaces. Here J is the nerve
of the groupoid with two objects and exactly one isomorphism between any ordered
pair of objects. It is part of a cosimplicial object J* in sSet, J? being the nerve of the
groupoid with # + 1 objects and exactly one isomorphism between any ordered pair of
objects.

All three of the model structures bisSetg, bisSetss and bisSetcss are sSetxg—enriched
model structures with respect to the enrichment Map, mentioned above.

The model category bisSetcss is Quillen equivalent to sSety. In fact, there are Quillen
pairs in both directions, whose right Quillen functors are the evaluation at the inner
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coordinate n = 0,
evo: bisSet — sSet; (evo X); = X; o,

and the singular complex functor with respect to J°,
Sing,: sSet — bisSet;  Sing;(X);, = Map(J", X); = Hom(A’ x J", X).

These Quillen equivalences are described in detail in [22]. One can prove, using the
Quillen equivalence evy together with the fact that bisSetcss is a cartesian closed
model category, that bisSetcgs is an sSet;—enriched model category with respect to
the simplicial enrichment Map; mentioned above. Both of the above right Quillen
functors are simplicial functors that preserve cotensors with respect to this simplicial
enrichment. This is explained in detail in the proof of Proposition E.2.2 of [37].

Now let L® be the category of doubly lean bisimplicial sets, ie those bisimplicial
sets X for which X; , is finite for each ¢ and n, and such that X" == cosk; ,(X) for some
t and n. Here cosk; ,: bisSet — bisSet is the functor that restricts X € bisSet to a
functor A;pt X Aospn — Set and then right Kan extends along Ag X A(gn — A% x AP,
This agrees with the notion of doubly lean as defined at the end of Section 2.2, and it
follows from (the dual of) Theorem 2.3 that the inclusion L® < bisSet extends to an
equivalence Pro(L®)) ~ bisSet.

Each of the three model structures bisSetg, bisSetss and bisSetcss gives rise to the
structure of a fibration test category on L® by the general scheme of Example 5.3.
We will mainly be interested in the Reedy and the complete Segal model structures, so
denote the corresponding fibration test categories by L1(12) and Lézs)s, respectively.

Definition 9.1 The model structures on bisSet obtained by applying Theorem 5.2 to
the fibration test categories Ll(f) and L(Czs)s will be called the Reedy model structure for
profinite spaces and model structure for complete Segal profinite spaces, and denoted
by bisS/\etR and bisS/\etcss, respectively. A fibrant object in bisS/\etCSS will be called a
complete Segal profinite space.

Since we can view bisSetcsg as a simplicial model category in two ways, the full subcat-
egory L(czs)s inherits two different structures of a fibration test category, namely one with
respect to the enrichment Map; and one with respect to Map,. The (trivial) fibrations
of both fibration test category structures agree, so they will induce the same model
structures on Pro(L(z)) =~ bisSet. This shows that we can view bisg\etcss as an sSet;—

enriched model category through the enrichment Map,, and as an sSetgg—enriched
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model category through Map,.!

In what follows, we will consider the simplicial
enrichment Map,, since this one is compatible with the right Quillen functors evy and

Sing; discussed above.

By Proposition 7.13, the profinite completion functor bisSet — bisSet is a left Quillen
functor, whose right adjoint is given by the functor U : bisSet — bisSet that sends a
bisimplicial profinite set to its underlying bisimplicial set. Levelwise, this is the functor
that sends a profinite set to its underlying set.

Since Lgs)s has fewer test objects than L(Z), we see that bisS/\ethg has more weak
equivalences than bisS/\etR. By Proposition 6.8, the cofibrations are the monomorphisms
in both model structures, hence bisS/\etcss is a left Bousfield localization of bisS/\etR.
In particular, the construction of the model structure bisS/\etcss given in Example 8.4
agrees with the one given here.

The right Quillen functors evy and Sing; mentioned above restrict to morphisms of
fibration test categories between Ly and Lgs)s’ where Lj is the category of lean simplicial
sets (with the fibration test category structure from Example 5.7). This amounts to
showing that evy maps doubly lean bisimplicial sets to lean simplicial sets, and that
Sing; maps lean simplicial sets to doubly lean bisimplicial sets. In the case of evy, this
follows directly from the definition, while the case of Sing; requires some work.

Lemma 9.2 The functor Sing;: sSet — bisSet takes lean simplicial sets to doubly
lean bisimplicial sets.

Proof Let X be a lean simplicial set and suppose that X is n—coskeletal. It suffices to
show that Sing;(X). » and Sing;(X);,. are both n—coskeletal and degreewise finite
simplicial sets for any #,m € N. Since J is a degreewise finite simplicial set for
every m, we see that Sing;(X ). » = Map(J™, X) is an n—coskeletal degreewise finite
simplicial set for every m. This automatically shows that Sing;(X); . is a degreewise
finite simplicial set as well. It therefore remains to show that, for every n—coskeletal
simplicial set X and every ¢, the simplicial set Sing;(X);,, = Hom(J* x A, X) =
Hom(J*, X At) is n—coskeletal. Since any cotensor XY of an n—coskeletal simplicial
set X is again n—coskeletal, it suffices to prove the case ¢ = 0. To this end, let J k+1
denote the simplicial subset

L I e
xe(Ak+1),

Tn fact, one can show that bisSetcsg is a bisSetcss—enriched model category, strengthening this statement.
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or equivalently, the left Kan extension of J*: A — sSet along the Yoneda embedding
A — sSet, evaluated at A¥T! € sSet. The inclusion 3J*¥+1 < J*k+1 restricts to
an isomorphism sk, 3JK*t! — sk, J¥*! for any k > n. Combining this with the
canonical isomorphism Hom(dAK+! Hom(J*, X)) = Hom(3J**1, X), it follows
that Hom(J*, X)) is n—coskeletal. |

Denote the profinite Joyal model structure by sSet;. We can apply Proposition 7.12
to evp: Lézs)s — Lj and Sing;: Ly — L(czs)s to show that the induced functors between
sS/\etJ and bisS/\etcss are right Quillen equivalences. We will denote these functors by
evg and Sing; as well.

Proposition 9.3 The functors evy: bisSAetcss — sS/\etJ and Sing; : sSAetJ — bisSAetcss
are right Quillen equivalences.

Proof Since there is a natural isomorphism evg Sing;(X) 2 X/, it suffices to show that
evyp: bisS/\etcss — SS/\etJ is a right Quillen equivalence. The same then follows for Sing;
by the two-out-of-three property. Since evg: bisSetcss — sSet; is a (simplicial) right
Quillen equivalence, its restriction evg: L(Czs)s — Lj is a morphism of fibration test cate-
gories that is homotopically fully faithful when restricted to test objects. Furthermore, it
is homotopically essentially surjective since X = evq(Sing; X) for any lean quasicate-
gory X . By Proposition 7.12, we conclude that induced functor evy: bisS/\etcss — sS/\etJ
(and hence Sing;: sS/\etJ — bisS/\etcss) is a right Quillen equivalence. O

One can prove “profinite versions” of many of the properties that complete Segal spaces
enjoy. The general strategy for proving such a profinite version of a given property
is to reduce it to its classical counterpart. We will illustrate this by showing that the
weak equivalences between complete Segal profinite spaces coincide with (a profinite
version of) the Dwyer—Kan equivalences. This is done by exploiting two facts: that
bisS/\etcss is a left Bousfield localization of the Reedy model structure bisS/\etR (with
respect to sg\etQ), and that the weak equivalences between fibrant objects in sg\etQ can
be detected underlying in sSetkq. To state this explicitly, denote the functor that sends a
simplicial profinite set to its underlying simplicial set by U : sSet — sSet. Note that this
functor is right Quillen as a functor from Quick’s model structure to the Kan—Quillen
model structure, and that its left adjoint is the profinite completion functor.

Proposition 9.4 A map X — Y between fibrant objects in sg\etQ is a weak equivalence
ifand only if UX — UY is a weak equivalence in sSetkq.
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Proof This follows from Theorem E.3.1.6 of [25], which states that the functor between
the underlying co—categories of sS/\etQ and sSetkq induced by U (which is called “Mat”
by Lurie) is conservative. Another way to deduce this proposition is to show that the
weak equivalences between fibrant objects in sS/\etQ are the mi—isomorphisms (as in
the proof of Proposition 3.9 of [10]) and that the underlying group/set Un, (X, x) of
the profinite group/set m, (X, x) agrees with 7, (U X, x) for any fibrant X € SS/\etQ and
any x € Xp. |

Since bisS/\etcss is a left Bousfield localization of the model category bisS/\etR, which
by Proposition 6.9 coincides with the Reedy model structure on bisSet with respect to
sS/\etQ, we see that a map between complete Segal profinite spaces is a weak equivalence
if and only if it is levelwise a weak equivalence in sS/\etQ. In particular, we obtain the
following result:

Proposition 9.5 A map X — Y between complete Segal profinite spaces is a weak
equivalence if and only if for every t, the map X;,. — Y;,. is a weak equivalence in
sg\etQ. In particular, X — Y is a weak equivalence between complete Segal profinite
spaces if and only if UX — UY is a weak equivalence between complete Segal spaces.

For a complete Segal profinite space X and two objects x, y € Xy o, ie two maps
A% x A® — X, we can mimic the classical definition of the mapping space by defining
a profinite space mapy (x, y) as the pullback

mapy (x,y) —— Xi.

|
l(d 1.do)
A° &) X0, X X0,0
Since X is Reedy fibrant, the map (d1, dy): X1 « = X0,e X X, is a fibration in sSetQ,
and hence mapy (x, y) is a fibrant object in sSetQ Since U : blsSetcss — bisSetcss
preserves limits, we see that U(mapy (x, y)) = mapy y (x, ) for any complete Segal
profinite space X . If /: X — Y is a map between complete Segal profinite spaces, then
for any x, y € X9, we obtain a map mapy (x, y) — mapy (fx, /) from the universal
property of the pullback. We call a map between complete Segal profinite spaces
S X =Y fully faithful if, for any x, y € Xy o, the map mapy (x, y) — mapy (fx, fy)
is a weak equivalence in sg\etQ. It follows from Proposition 9.4 that X — Y is fully
faithful if and only if UX — UY is a fully faithful map of complete Segal spaces.
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One can also mimic the classical definitions of a homotopy and of homotopy equiv-
alences in a complete Segal space, and use this to define what it means for a map
of complete Segal profinite spaces to be essentially surjective. An equivalent, but
easier, way is to say that X' — Y is essentially surjective if and only if the induced
map 79 Xo,e — Y0, is an epimorphism of profinite sets. Since UngZ = moUZ for
any fibrant object Z in SS/\etQ, and since epimorphisms of profinite sets are detected
underlying, we see that a map of complete Segal profinite spaces X — Y is essentially
surjective if and only if UX — UY is.

Definition 9.6 A map between complete Segal profinite spaces is called a Dwyer—Kan
equivalence or DK—equivalence if it is essentially surjective and fully faithful.

Theorem 9.7 A map between complete Segal profinite spaces is a Dwyer—Kan equiva-
lence if and only if it is a weak equivalence in bisSetcss.

Proof As explained above Definition 9.6, f: X — Y is essentially surjective and fully
faithful if and only if UX — UY is so. By Proposition 7.6 of [35], this is the case if
and only if UX — UY is a weak equivalence in bisSetcss. By Proposition 9.5, this is
equivalent to X — Y being a weak equivalence in bisS/\etcss. m|

One can lift Proposition 9.5 and Theorem 9.7 to analogous results about weak equiva-
lences between proﬁnlte quasicategories using the Quillen equivalences evy and Sing;
between sSetJ and blsSetcss

Proposition 9.8 A map X — Y between profinite quasicategories is a weak equiva-
lence in sSet;y if and only if UX — UY is a weak equivalence in sSet;.

Proof Let f: X — Y be a map between profinite quasicategories. If f is a weak
equivalence in sS/\etJ, then Uf: UX — UY is a weak equivalence of quasicategories
since U : SS/\etJ — sSet; is right Quillen. Conversely, suppose Uf" is a weak equivalence
of quasicategories. Then Sing; Uf : Sing;(UX) — Sing;(UY) is a weak equivalence
between complete Segal spaces. Note that Sing; oU ~ U o Singy, since both functors
preserve cofiltered limits and they agree on lean simplicial sets. By Proposition 9.5,
Sing; X — Sing; Y is a weak equivalence between complete Segal profinite spaces.
Since evy is right Quillen, the original map evg Sing; X = X — Y ~ev( Sing; Y isa
weak equivalence in SS/.\et]. |
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For a profinite quasicategory X and two O—simplices x, y € X, (ie maps A® — X)),
we define mapy (x, y) as the pullback

mapy (x. y) —— XA

J
l(eVo ,evy)

A Y v x

Since the right-hand vertical map is obtained by cotensoring with the cofibration
Al < Al it must be a fibration in SS/\etJ. In particular, mapy (x, y) is fibrant in s§\et1.
One can show that, analogously to the classical case, mapy (x, y) is actually fibrant in
sS/\etQ. However, the proof of this is technical and not necessary for what follows, so it
is not included.

A map f: X — Y of profinite quasicategories induces a morphism mapy (x, y) —
mapy (fx, fy) for any x, y € X by the universal property of the pullback. We say
that f is fully faithful if mapy (x, y) — mapy (fx, ) is a weak equivalence in sS/\etJ
for any x, y € X,.? For a l-simplex « € X; with dja = x and doo = y, ie a O—simplex
in mapy (x, y), we say that o is a homotopy equivalence if A %5 X extends to a
map J! — X. Here J! is viewed as a simplicial profinite set through the inclusion
sFinSet <> sSet. We say that a map of profinite quasicategories f: X — Y is essentially
surjective if for any y € Y, there exists an x € X, and an o € mapy (fx, ) such that
o is a homotopy equivalence.

Since U : sSet — sSet preserves pullbacks, we see that U mapy (x, y) = mapy y (x, »).
By Proposition 9.8, a map X — Y of profinite quasicategories is fully faithful if and
only if UX — UY is. Since Hom(J!, X) =~ Hom(J!, UX) for any X € sSet, we also
see that X' — Y is essentially surjective if and only if UX — UY is.

Definition 9.9 A map between profinite quasicategories is called a Dwyer—Kan equiv-
alence or DK—equivalence if it is essentially surjective and fully faithful.

Theorem 9.10 A map between profinite quasicategories is a Dwyer—Kan equivalence
if and only if it is a weak equivalence in sSet;.

Proof A map X — Y of profinite quasicategories is a DK—equivalence if and only
if UX — UY is. Since the weak equivalences between fibrant objects in sSet; are

2Since the simplicial profinite sets mapy (x, y) and mapy (fx, fy) are actually fibrant in s§e\tQ, this is
equivalent to asking that mapy (x, y) — mapy (fx, fy) is a weak equivalence in sSetg.
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exactly the DK—equivalences, we conclude from Proposition 9.8 that a map of profinite
quasicategories X — Y is a DK—equivalence if and only if it is a weak equivalence. O

Appendix Comparison to the co—categorical approach

The goal of this appendix is to compare the model structures on Ind(C) and Pro(C)
constructed in this paper to the co—categorical approach to ind- and pro-categories.
Since the cases of ind- and pro-categories are dual, we only treat the case of ind-
categories and dualize the main result at the end of this appendix.

Given a cofibration test category C, the underlying co—category of the completed model
structure on Ind(C) will be denoted by Ind(C)eo. Recall that this co—category is defined
as the homotopy-coherent nerve of the full simplicial subcategory spanned by the fibrant-
cofibrant objects. We will show that if (C, T) is a cofibration test category with a suitable
assumption on T, then the co—category Ind(C)eo is equivalent to Ind(N(T)). Here
N(T) is the homotopy-coherent nerve of the simplicial category T, and Ind denotes
the oo—categorical version of the ind-completion as defined in [24, Definition 5.3.5.1].

Warning A.1 There is a subtlety here that we should point out: if (C, T) is a cofibration
test category with respect to the Joyal model structure on sSet, meaning that items
(i1) and (iii) of Definition 3.3 hold with respect to the trivial cofibrations and weak
equivalences of sSet;y, then the “mapping spaces” of T are quasicategories but not
necessarily Kan complexes. Recall that any quasicategory X contains a maximal Kan
complex, which we will denote by k(X). Since this functor k preserves cartesian
products, any category enriched in quasicategories can be replaced by a category
enriched in Kan complexes by applying the functor k to the simplicial hom. If (C, T)
is a cofibration test category with respect to sSet;, then we will abusively write N (T)
for the simplicial set obtained by first applying the functor & to all the mapping spaces
in T, and then applying the homotopy-coherent nerve. Similarly, by the underlying
infinity category Ind(C), of Ind(C), we mean the quasicategory obtained by taking
the full subcategory on fibrant-cofibrant objects, applying k to all mapping spaces, and
then taking the homotopy-coherent nerve.

Since Ind(C) o is the underlying oo—category of a combinatorial model category, we

see that it is complete and cocomplete. Furthermore, since T is a full subcategory of the
fibrant-cofibrant objects in Ind(C), we see that the inclusion T < Ind(C) induces a fully
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faithful inclusion N (T) < Ind(C)eo. By Proposition 5.3.5.10 of [24], this inclusion
extends canonically to a filtered colimit-preserving functor F: Ind(N(T)) — Ind(C)eo.
In order for this functor to be an equivalence, any object in Ind(C) needs to be equivalent
to a filtered homotopy colimit of objects in T. This means that T should be “large
enough” for this to hold. It turns out that this is the case if T is closed under pushouts
along cofibrations (in the sense of Definition 7.10).

Theorem A.2 Let (C,T) be a cofibration test category and suppose that T is closed
under pushouts along cofibrations. Then the canonical functor

F:Ind(N(T)) - Ind(C) o

is an equivalence of quasicategories.

Remark A.3 In many of the examples discussed in this paper, the category T of
test objects is closed under pushouts along cofibrations. For example, this is the case
if (C, T) has inherited the structure of a cofibration test category from some model
category £ in the sense of Example 3.6.

Remark A4 1If (C, T) is a cofibration test category, then one can always “enlarge” the
full subcategory T together with the sets of (trivial) cofibrations to obtain a cofibration
test category (C, T') such that T’ is closed under pushouts along cofibrations, and for
which the completed model structures Ind(C, T) and Ind(C, T’) coincide. To see this,
note that we can define T’ to consist of all objects in C that are cofibrant in Ind(C, T),
and that we can define the (trivial) cofibrations of (C, T”) to be the trivial cofibrations of
Ind(C, T) between objects of T'; that is, we endow C with the structure of a cofibration
test category inherited from Ind(C, T); see Example 3.6. It is then clear that the model
structures Ind(C, T) and Ind(C, T’) coincide, and that T’ is closed under pushouts along
cofibrations. In particular, we see by Theorem A.2 that the underlying co—category of
Ind(C, T) can be described as the ind-category of the small co—category N(T'), which
contains N (T) as a full subcategory.

Before proving this theorem, we will prove the following rectification result.
Lemma A.5 Let (C,T) be a cofibration test category such that T is closed under

pushouts along cofibrations, and let I be a poset with the property that I ; is finite for
every i. For any diagram X : N(I) — N(T), there exists a strict diagram Y : [ — T
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such that N(Y'): N(I) — N(T) is naturally equivalent to X. This diagram Y can be
constructed in such a way that for any i € I, the map
colimY; —Y;
j<i

is a composition of two pushouts of cofibrations in T.
The following lemma is needed for the proof.

Lemma A.6 Let (C,T) be a cofibration test category and let {Y;};c; be a diagram
in T indexed by a finite poset such that for any i € I, the map
colimY; —Y;
j<i
is a finite composition of pushouts of cofibrations of (C, T). Then, for any k € I, the
map

Y, — colim Y;
iel

is a finite composition of pushouts of cofibrations. In particular, if T is closed under
pushouts along cofibrations, then colim; Y; is an object of T.

Proof This follows from the dual of [7, Proposition 2.17]. For the convenience of the
reader, we spell out their argument in our setting. Throughout this proof, we call a
map in C good if it is a finite composition of pushouts of cofibrations. Note that any
pushout of a good map is again a good map. A subposet S C [ is called a sieve if for
any i € S andany j <iin I, one has j € §. Write Ys = colim;cg Y; for any sieve S
and Y; for Y;_, = colim;j<; Y; forany i € [I.

We will prove inductively that for two sieves S C 7', the map Yg — Y7 is good. This
certainly holds if | 7| = 0, so suppose this holds for |T'| < n and let sieves S € T with
|T'| = n be given. If S = T then there is nothing to prove, so suppose that S € 7" and

choose some maximal i € T\ S. We then obtain a diagram

ood
Y<i g—> Yl

[
ood
Ys —> Yy — Y71

where the square is a pushout. The map Y.; — Y; is good by assumption while
Ys — Y7\(iy is good by the induction hypothesis, so we conclude that Yg — Y7 is
good. This completes the induction, and the lemma now follows by considering the
sieves S =I<gand T = 1. d
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Proof of Lemma A.5 To distinguish colimits in quasicategories from homotopy
colimits and ordinary colimits in simplicial categories, we will call them co—colimits.
By a homotopy colimit of a diagram Z: J — T, we mean a cocone Z; — W that
induces an equivalence

Map(W, t) — hpliJm Map(Zj,t) forevery t €T.
je

The following proof is for the case that (C, T) is a cofibration test category with respect
to the Kan—Quillen model structure on sSet. The same proof works if (C,T) is a
cofibration test category with respect to sSety; however, one has to replace Map(—, —)
with the maximal Kan complex k(Map(—, —)) contained in it, and one has to replace
A by the simplicial set H (as defined in Lemma 2.1) in the construction of the mapping
cylinder below.

We will construct the diagram Y : I/ — T and the equivalence N (Y) >~ X inductively.
Let i € I be given and suppose that Y|;_;: I<; — T and N(Y|7_;) >~ X|n(7_,) have
been constructed and have the desired properties. We need to construct Y'|;_,: I<; — T
and an equivalence N(Y7_;) >~ X|r_, extending these. Write Y; := colim; <; ¥;. If
I.; is empty, then Y; is the initial object of C and hence an object of T by definition.
If 1-; is not empty, then it follows from the assumptions on Y'|;_;, and Lemma A.6
that Y<; is an object of T. The assumptions on Y|;_, and the fact that Ind(C) is a
simplicial model structure ensure that, for any ¢ € T, the diagram j > Map(Y},?) is
fibrant in the injective model structure on sSet<)” n particular, we see that

Map(Y<;,t) = limMap(Yj, ) >~ holim Map(Y;, t),
Jj<i Jj<i
so Y<; is a homotopy colimit of the diagram Y'|;_,. By Theorem 4.2.4.1 of [24],
it follows that it is also the co—colimit of the diagram N(Y|;_,): N(I<;) — N(T).
In particular, if we define the diagram Y': I<; — T by Y/ = Yj forall j <i and

Y/ = Y, then the natural equivalence N(Y'|7_,) =~ X|n(;_;) extends to a natural map
N(Y') = X|n(.;)- The map Y-; = Y/ — X; factors through the mapping cylinder

YoizzYi®{0} > Y ® Al Uy, {1} X;i®{1} = X;

in T, where the second map is a weak equivalence. The first map can be written as a
composition of the following two pushouts of cofibrations:

g —— Y, ®{0} Yoi®IA! —— Y, ®{0}UX; ®{1}

[ I

Xi®{l} — Y, ®{0juX; ®{1} Yoi®A! — Y@ Al Uy, gy Xi ®{1}
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Define ¥; =Y.; @ A! Uy_, @1} Xi. This defines a diagram Y'|;_, : I<; — T. The above
factorization of Y<; — X; shows that we obtain a natural equivalence N(Y|r_,) ~
X|Nn(1<;) extending the equivalence N(Y|r_;) >~ X|n(_;)- |

We are now ready to prove Theorem A.2.

99

Proof of Theorem A.2 The terms “colimit”, “homotopy colimit” and *“oco—colimit
are used in the same way as in the proof of Lemma A.5. We will denote mapping
spaces in a simplicial category by “Map”’, while mapping spaces in a quasicategory are
denoted by “map”; that is, with a lowercase m.

We will prove that the functor F': Ind(N (T)) — Ind(C) is fully faithful and essentially
surjective. To see that F is fully faithful, we need to show that

mapy,q(n(ry) (X ¥) = mappqc)., (F(X), F(Y))

is a weak equivalence for any X, Y € Ind(N (T)). Since F preserves filtered co—colimits,
it suffices to show this for X € N(T). Write Y = colim; Y; as a filtered co—colimit of
a diagram Y : I — N(T) (which we also denote by Y'). By Proposition 5.3.1.18 of [24]
and Lemma E.1.6.4 of [25], we may assume without loss of generality that [ is the
nerve of a directed poset, which we also denote by I, with the property that /; is finite
for any i € I. By Lemma A.5, we may replace Y by a strict diagram Z: I — T. Since
a diagram as described in Lemma A.5 is cofibrant in the projective model structure
on Ind(C)’, we see that the ind-object Z = {Z;};ey is the homotopy colimit of the
diagram i — Z;. By Theorem 4.2.4.1 of [24], the object Z is an co—colimit of the
diagram Y : N(I) — Ind(C)o, hence Z is equivalent to F(Y) (note that F preserves
filtered colimits). In particular, we obtain a commutative diagram

colim; mapy,q(n(ry) (X, Zi) — colim; mapy,q(c)., (FX, FZ;)

! !

mapgv(ry) (X, Y) —————— mapyc), (FX, FY)

Here the left-hand vertical map is an equivalence since objects of T are compact (in the
oo—categorical sense), while the right-hand vertical map is an equivalence since it is
equivalent to colim; Mapy,q(c) (X, Zi) = Mappyq(c)(X, Z), which is an isomorphism
since X is compact in Ind(C). The top horizontal map is an equivalence since F' is by
construction fully faithful when restricted to N(T) C Ind(N(T)). We conclude that
the bottom map is an equivalence and hence that F is fully faithful.
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To see that F is essentially surjective, let X' be a fibrant-cofibrant object in Ind(C). By
Lemma 7.11, X is a directed colimit colim; #; of objects in T. By Lemma 3.11, X
is also a homotopy colimit of this diagram, hence X is an co—colimit of the diagram
{t;}; in the underlying oo—category Ind(C)so. View {t;}; as a diagram in N (T) and
let Y denote the co—colimit of this diagram in Ind(N (T)). Since F preserves filtered
oo—colimits, it follows that F(Y) ~ X and hence that F is essentially surjective. 0O

We automatically obtain the following dual result. Note that item (iv) of Theorem 1.1
stated in the introduction is a direct consequence of this theorem.

Theorem A.7 Let (C,T) be a fibration test category and suppose that T is closed
under pullbacks along fibrations (see Definition 7.10). Then the canonical functor

Pro(N(T)) — Pro(C) o
is an equivalence of quasicategories.

The main theorems of this appendix can be used to determine the underlying oco—
categories of many of the examples that were mentioned throughout this paper. More-
over, it shows that the homotopy theory of Pro(C) is often fully determined by the
full simplicial subcategory T of C. By way of illustration, we will single out one
specific example. Namely, we will relate the “profinite” Joyal-Kan model structure
(see Example 5.8) to the profinite stratified spaces defined in [8, Section 2.5]. Note that
one can use similar arguments to determine the underlying co—categories of Quick’s
and Morel’s model structures on sSet (cf [4, Section 7]) and of the profinite Joyal
model structure (see Remark A.11).

Example A.8 Let P be a finite poset and let L/ p be the fibration test category defined
in Example 5.8. The full subcategory of test objects T in this fibration test category
consists of the fibrant objects of the Joyal-Kan model structure on sSet, p whose total
space is a lean simplicial set. We will call these lean P-stratified Kan complexes.
They can be described explicitly as those inner fibrations f: X — P for which X
is lean and the fiber above any point is a Kan complex. We prove in Lemma A.9
below that the homotopy-coherent nerve N (T) of the category of lean P—stratified
Kan complexes is equivalent to Str, p, the co—category of w—finite P—stratified spaces
defined in Definition 2.4.3 of [8]. By Theorem A.7, it now follows that the underlying
oo—category of the profinite Joyal-Kan model structure on sSet /P 1s equivalent to
Pro(Str, p), which is equivalent to the co—category of profinite P—stratified spaces
defined in [8, Section 2.5].
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We conclude this appendix by proving the lemma used in the above example.

Lemma A.9 Let P be (the nerve of) a finite poset and let T be the full simpli-
cial subcategory of sSet, p spanned by the lean P—stratified Kan complexes. Then
the homotopy-coherent nerve N(T) is equivalent to the oo—category of w—finite P—
stratified spaces as defined in [8, Definition 2.4.3].

Proof By slightly rephrasing the definition of “w—finite” given in [8], this comes down
to proving that if X — P is a lean P—stratified Kan complex, then

(i) for any p € P, the set (/' (p)) is finite,

(ii) there exists an n € N such that for all x, y € X, the homotopy groups of
mapy (x, y) vanish above degree n, and

(iii) for all x, y € X, the Kan complex mapy (x, y) has finite homotopy groups,

and conversely that any P-stratified Kan complex X — P satisfying these properties
is equivalent to a lean P—stratified Kan complex. If X is lean, then items (i) and (iii)
follow since X is degreewise finite, while (ii) follows since X is coskeletal. For the
converse, let a P—stratified Kan complex X — P satisfy these items. If we replace
X — P by a minimal inner fibration X—>P (cf [24, Section 2.3.3]), then it is still
a P—stratified Kan complex satisfying items (i)—(iii), so it suffices to show that X is
lean. Since pullbacks of minimal fibrations are again minimal, it follows from (i) that
f~Up)c X has finitely many O—simplices for any p € P, and hence that X has finitely
many O-simplices. Since P is (the nerve of) a poset, two maps A" — X are homotopic
relative to the boundary if and only if they are so over P. This implies that X is
itself a minimal quasicategory, and hence degreewise finite by (iii) and Lemma A.10
below. It is proved in Proposition 2.3.4.18 of [24] that if X is a minimal quasicategory
satisfying (ii), then it is coskeletal, so we conclude that X is lean. |

Lemma A.10 Let X be a minimal quasicategory with finitely many O—simplices and
with the property that for any x, y € Xy, the homotopy groups of mapy (x, y) are finite.
Then X is degreewise finite.

Proof Since X has finitely many O—simplices, it suffices to show that for any n > 1
and any map D: dA" — X, there exist finitely many n—simplices filling D. For n = 1
this is clear: by minimality, the number of 1-simplices from x to y in X agrees with
o map(x, y), which is finite by assumption. Now assume 7 > 1 and let D be given.
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Write E for the restriction of D to the face opposite to the n-th vertex, and write dE for
the restriction of E to dA”~!. This restriction induces a left fibration X g ;= X3E/
where these slice categories are defined as in [21, Section 3]. Let z be the 0—simplex
of X obtained by restricting D to the top vertex, and denote the fibers of X g, and
X3g, above z by map(E, z) and map(dE, z), respectively. Since these are fibers of
left fibrations over X, we see that these are Kan complexes. Note that the restriction
of D to Al! defines a O—simplex in map(dE, z). Now define Fill(D) as the pullback

Fill(D) —— map(FE, z)
Lo

{D|ap} — map(dE, z)
It is clear that the O—simplices of Fill(D) correspond to n—simplices in X that fill D.
A 1-simplex in Fill(D) between two such n—simplices f, g in X is exactly an (n+ 1)-
simplex h: A"T! — X such that d,h = f, dyi1h = g and dih = disy, f for any
i <n. Given such an (n + 1)-simplex /, the sequence (s f, 51 f, ..., Su—1 f> h) defines
a homotopy A” x Al — X between f and g relative to dA”.3 In particular, by
minimality of X, the existence of such an (n + 1)-simplex /4 implies that / = g,

and hence the number of elements in o (Fill(D)) equals the number of fillers of
D:0A" — X.

Since X, — Xy, is a left fibration and map(JE, z) is a Kan complex, the restriction
map(E, z) - map(dE, z) is a Kan fibration and hence Fill(D) is the homotopy fiber
of map(E, z) = map(dE, z). In particular, if map(E, z) and map(dE, z) have finite
homotopy groups, then Fill(D) does as well, and hence D has finitely many fillers. If
we let y denote the top vertex of the (n—1)—simplex E, then map(E, z) >~ map(y, z),
which has finite homotopy groups by assumption. To see that map(dE, z) has finite
homotopy groups, note that
map(dE, z) = lim  map(E|x, 2),
p(IE, 2) e p(E|x,2)
where nd(dA™) denotes the poset of nondegenerate simplices of dA”~!. This follows
from the fact that the join of simplicial sets x preserves connected colimits. We see that
for any x € nd(dA”"), the Kan complex map(E|x, z) is equivalent to map(y, z), where
y denotes the top vertex of E|x. In particular, it has finite homotopy groups. Note that
3The converse is also true: if there is a homotopy between f and f” relative to 9A™, then there exists

an (n+1)-simplex /& in X with the given property. A proof of this statement can be obtained by slightly
modifying the proof of Theorem 1.8.2 in [23] in such a way that one only needs to fill inner horns.
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the diagram x +— map(E |, z) is injectively fibrant since the diagram {x}yenda(aan) is
cofibrant in the projective model structure on sSet"@A") particular, map(dE, z)
is a finite homotopy limit of spaces with finite homotopy groups, so it has finite
homotopy groups as well. We conclude that there are finitely many n—simplices filling
D:0A" — X. m|

Remark A.11 It follows as in the proofs of Lemmas A.9 and A.10 that a quasicategory
is equivalent to a lean quasicategory if and only if it has finitely many objects up to
equivalence and all its mapping spaces have finite homotopy groups that vanish above
a certain dimension; let us call such quasicategories w—finite. Applying Theorem A.7
to the fibration test category Ly of Example 5.7 shows that the underlying co—category
of the profinite Joyal model structure sS/\etJ (and hence also of bisg\ﬁcss) is equivalent
to Pro(Cat, ), where Cato, » denotes the co—category of w—finite co—categories.
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