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An upper bound conjecture for the Yokota invariant

GIULIO BELLETTI

We conjecture an upper bound on the growth of the Yokota invariant of polyhedral graphs, extending a
previous result on the growth of the 6 j-symbol. Using Barrett’s Fourier transform we are able to prove
this conjecture in a large family of examples. As a consequence of this result, we prove the Turaev—Viro
volume conjecture for a new infinite family of hyperbolic manifolds.
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1 Introduction

In [7] Chen and Yang proposed and provided extensive computations for the following conjecture, relating
the hyperbolic volume of a manifold to its Turaev—Viro invariants TV, (see [22, page 869] for the
original definition):

Conjecture 1 (the Turaev—Viro volume conjecture) Let M be a hyperbolic 3-manifold, either closed
with cusps, or compact with geodesic boundary. Then as r varies along the odd natural numbers,

(1-1) lim 27 log(TV, (M, >™/7)) = Vol(M).
r—>o0 r

This conjecture has been verified for the complements of the Borromean rings and of the figure-eight
knot by Detcherry, Kalfagianni and Yang [12], all the hyperbolic Dehn surgeries on the figure-eight knot
(for integral surgeries by Ohtsuki [19] and later for rational surgeries by Wong and Yang [26]), and all
complements of fundamental shadow links by Belletti, Detcherry, Kalfagianni and Yang [5].

A useful tool introduced in [5] to study the asymptotic behavior of quantum invariants such as TV, is a
sharp upper bound on the growth of the 6;-symbol, which is the basic building block in their definition.

© 2025 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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646 Giulio Belletti

Such an upper bound can be used to prove very quickly the volume conjecture for complements of
fundamental shadow links.

The upper bound just mentioned can be interpreted as an upper bound for the Yokota invariant Y, which
is an invariant of embedded graphs (see Definition 2.7). Indeed, the square of the 6j-symbol is also the
Yokota invariant of the tetrahedral graph; thus it is natural to ask if an upper bound analogous to that
of [5] holds for any polyhedral graph (which is to say, any graph which is the 1-skeleton of a hyperbolic
polyhedron). We propose the following:

Conjecture 2 (the upper bound conjecture) Let r > 2 be odd. If T is a polyhedral graph and col is any
r-admissible coloring of its edges (see Definition 2.3), then

I
%log |Y; (T, col)| < sup Vol(P) + 0r—>oo( Og(r))’
P r

where P varies among all proper generalized hyperbolic polyhedra with 1-skeleton I" (see Definition 3.2;
these are hyperbolic polyhedra with possibly hyperideal vertices) and Vol( P) is the hyperbolic volume
of P.

Moreover, the inequality is sharp, with equality attained by the sequence of colorings giving the color
%(r — 2= 1) to each edge (the sign is chosen so that the colors are even).

We are able to prove the upper bound conjecture for a large family of examples:

Theorem 4.9 The upper bound conjecture is verified for any planar graph obtained from the tetrahedron
by applying any sequence of the following two moves:

e blowing up a trivalent vertex (see Figure 1), or

e triangulating a triangular face (see Figure 2).

The upper bound conjecture naturally leads to the question of what is the supremum of all volumes of
polyhedra sharing the same 1-skeleton. This is answered by Belletti [4, Theorem 4.2]:

Theorem 1.1 For any polyhedral graph T,
sup Vol(P) = Vol(T),
P

where P varies among all proper generalized hyperbolic polyhedra with 1-skeleton T' and T is the
rectification of T.

Figure 1: Truncating a vertex.

Algebraic & Geometric Topology, Volume 25 (2025)



An upper bound conjecture for the Yokota invariant 647

Figure 2: Triangulating a face.

The rectification of a graph is defined in [4, Section 3.4] (see also Remark 3.9); for our purposes it
suffices to say that T is the polyhedron with 1-skeleton I" with every edge tangent to dH? in the Klein
model of hyperbolic space (and hence which has dihedral angle 0 at each edge). This polyhedron can be
canonically truncated to give an ideal right-angled hyperbolic polyhedron, and hence it makes sense to
speak of Vol(T') as the volume of the truncation.

As an application of Theorem 4.9, we prove in Theorem 5.6 that the Turaev—Viro volume conjecture holds
for a new infinite family of cusped manifolds. These are complements of certain links in S>3 #& (S x §2);
their hyperbolic structure is obtained by gluing right-angled octahedra.

In Section 2 we set the notation, give the basic properties of the Kauffman bracket and define the Yokota
invariant. In Section 3 we discuss previous volume conjectures for polyhedra and state the upper bound
conjecture. In Section 4 we introduce the Fourier transform of Barrett, and use it to prove Theorem 4.9.
Section 5 contains the proof of the Turaev—Viro volume conjecture for a new family of manifolds. Finally
in an appendix we propose numerical evidence for a related volume conjecture for polyhedra.

Acknowledgments I wish to thank my advisors Bruno Martelli and Francesco Costantino for their
guidance and support. Furthermore I wish to thank Renaud Detcherry, Efstratia Kalfagianni and Tian
Yang for their comments on a preliminary version of this paper. Finally I would like to thank the referee
for their detailed suggestions which greatly improved the readability of this paper. Part of this work
supported by the Deutsche Forschungsgemeinschaft under Germany’s Excellence Strategy EXC-2181/1
-390900948 (the Heidelberg STRUCTURES Cluster of Excellence).

2 The Kauffman bracket and the Yokota invariant

2.1 The Kauffman bracket

Throughout the rest of the paper » > 3 is an odd integer and g = e2% ifr

. All the definitions we give in
this section are standard; the only notable difference is that in some papers (eg [2]) the graphs are colored

with half-integer colors, while here we use integers.

For an integer n > 0, the quantum integer [n] is defined as (¢" —q™")/(q—q~ ') =sin(2wn/r)/sin(2w /1),
and the quantum factorial [n]! is []7_,[i] (with the convention that [0]! = 1). Furthermore, we denote
by I, the set of all even nonnegative integers at most equal to r — 2.

Algebraic & Geometric Topology, Volume 25 (2025)



648 Giulio Belletti

Remark 2.1 Because of the choice of root of unity ¢, we need to work with the SO(3) version of the
quantum invariants, rather than the SU(2) version. This essentially amounts to using only even numbers
as colors; a brief overview of how these invariants are related can be found for example in [12, Section 2].
Because of this, some terms in the upcoming formulas appear redundant; we still include them to keep
the notation uniform with other papers dealing with the SU(2) version.

Definition 2.2 We say that a triple (a, b, ¢) € I} is r-admissible if
e a,b,c<r-2,

e gat+b+cisevenanda+b+c¢ <2r—4,
e a<b+4+c,b<a+4candc <a-+b.

We say that a 6-tuple (11, ny, n3, ng4, ns, ng) of elements in I, is r-admissible if the four triples (ny, n,, n3),
(ny,ns,ng), (ny,n4,n¢) and (n3,n4,ns) are r-admissible.

For n € N define

2-1) Ap= D" +1].

For an r-admissible triple (a, b, ¢) we can define

[J(a+b+c)+1]!
[Fa+b—0)][3@a—b+0o)][3(—a+b+0)]!

and A(a, b, ¢) := O(a, b, )~ /2. Notice that the number inside the square root is real; by convention we

(2-2) O(a,b,c) = (_1)(a+b+c)/2

take the positive square root of a positive number, and the square root with positive imaginary part of a
negative number.

Definition 2.3 An r-admissible coloring for a tetrahedron 7 is an assignment of an r-admissible 6-tuple
(ny,ny,n3,n4,n5,n¢) € Ir6 to the set of edges of 7', as shown in Figure 3. More generally, we say that
an r-admissible coloring for a trivalent graph I' € S3 is an assignment of elements of I, to the edges
of I' such that the colors at each vertex form an r-admissible triple. Even more generally we say that an

ni

ne ns

na nj

ng

Figure 3: An r-admissible coloring for a tetrahedron.

Algebraic & Geometric Topology, Volume 25 (2025)



An upper bound conjecture for the Yokota invariant 649

assignment of elements of /, to edges of a (not necessarily trivalent) graph is a coloring, and a graph I
together with its coloring col is a colored graph (T, col).

If v is a trivalent vertex of a graph whose incident edges are colored by an r-admissible triple (a, b, ¢),
we write for short ®(v) and A(v) instead of ®(a, b, ¢) and A(a, b, ¢).

Moreover, for an r-admissible 6-tuple (1, n,,n3, 14,15, ng) We can define its 6j-symbol as usual as

4 min Q;
—1)? 1!
(2-3) Zl Zz Z3 =[[2aen Y — =1 [Z-: ] ’
s i=1 z=max T; i=1[Z_Ti]!Hj:1[Qj—Z]!
where

* vy = (n1,n3,n3), V2 = (n1,n5,n¢), v3 = (n3,n4,n¢) and v4 = (n3,n4,ns),
o Ty=4%(ny+ny+n3), Ty =3(n1+ns+ne), Ts = 5 (n2+n4+ng) and Ty = 5(n3 +n4 +ns),
o Q1 =11 +ny+ns+ns), Q=31 +n3+ns+ne) and Q3 = 3(n2 +n3 +ns + ne).

By convention we define the 6j-symbol of a non-r-admissible tuple to be equal to 0.

The Kauffinan bracket is an invariant of trivalent framed graphs; before defining the Kauffman bracket

we recall the definition of framed graphs:

Definition 2.4 A framed graph T' C S? is a graph in S'3 together with a 2-dimensional oriented thickening,
considered up to isotopy. More precisely, a framed graph I is a pair (G, F) with G an embedded graph
in S and F an embedded orientable surface containing G as a deformation retract. As is usual for
framed links, we draw planar diagrams of framed graphs with over and undercrossing information, and
such that the “thickness” of the surface always lies flat on the projection plane.
Definition 2.5 The Kauffinan bracket is the unique map

(-): {colored trivalent framed graphs in S3} — C
satisfying the following properties:

(i) If T is the planar circle colored with n € I, then (I') = A,,.

(ii) If T is a theta graph (see Figure 4) colored with the r-admissible triple (a,b,c) € I} then (I') = 1.

Figure 4: A theta graph.

Algebraic & Geometric Topology, Volume 25 (2025)



650 Giulio Belletti

(iii) If T is a tetrahedron colored with the r-admissible 6-tuple (11, ...,ng) € I¢ then
Ty = Zl na nj ‘
4 N5 Ng

(iv) The fusion rule:
b
—_—— b . b
2-4) =) A<>;<>
S — iel, a a
a
(v) If I has a bridge (that is to say, an edge that disconnects the graph if removed) colored with i # 0,
then (I") = 0.
(vi) If at some vertex of I" the colors do not form an r-admissible triple, then (I") = 0.

(vii) If T is colored with an r-admissible coloring such that the color of an edge e is equal to 0, then

Co—<0-awl )

and (T') = (1//AgAp)(T’), where T is T" with e removed, and « and b are the colors of the edges that
share a vertex with e (notice that since the coloring is r-admissible, two edges sharing the same vertex
with e will have the same color).

(viii) The undoing of a crossing:

7 ¢ b
<b¢0> _ (_1)(b+c—a)/2q(b(b+2)+c(c+2)—a(a+2))/4<Y >
a

(ix) If T is the disjoint union of ] and I, then (I') = (I )(I3).

It is absolutely not clear from the definition that such a map exists; a proof is in [16, Chapter 9]. However,
it is straightforward to see that (i)—(ix) are enough to calculate (I"). Taking any planar diagram of T",
apply a fusion rule near each crossing, and then undo the crossing using (viii); therefore we only need
to calculate (-) on planar graphs. For a planar graph, repeated applications of the fusion rule create a
bridge, and (v), (vii) and (ix) allow one to compute (I") from the Kauffman bracket of two graphs, each

with fewer vertices.

Remark 2.6 There are a few different normalizations of the Kauffman bracket in the literature. Here we
use the unitary normalization; it should be noted that [16] uses a different one, however the results there

apply to the unitary normalization with little modification.

In what follows sometimes we will color the edges of I" with linear combinations of colors; the Kauffman
bracket can be extended linearly to this context. In particular, we will use Kirby’s color  := 3 ;¢ Aji.

Algebraic & Geometric Topology, Volume 25 (2025)



An upper bound conjecture for the Yokota invariant 651

N

N

Figure 5: Desingularization of a vertex of valence 6
2.2 The definition of the Yokota invariant from the Kauffman bracket

In this subsection we give an overview of the Yokota invariant, which generalizes the Kauffman bracket
invariant of trivalent graphs to graphs with vertices of any valence; it was first introduced in [27].

Suppose I' € S3 is a framed graph with vertices of valence at least 3; as before r > 2 is odd and
_ ,2x@i/r
g=e .

For a vertex v of I', we can take a small ball B containing v, and replace I' N B with a trivalent planar tree
in B having the same endpoints in dB N T (see Figure 5). We call this procedure a desingularization of T’
at v. Notice that if v has valence greater than 3, then this procedure is not unique; however, any desingu-
larization is related to any other via a sequence of Whitehead moves (see Figure 6). This fact can be most
easily seen by thinking about the dual graph: the vertex corresponds to a polygon and a desingularization
corresponds to a choice of enough diagonals to triangulate the polygon. Then a Whitehead move acts on the
dual as a diagonal flip, and clearly diagonal flips are enough to go from any choice of diagonals to any other.

We say that the trivalent graph I' is a desingularization of T" if it is obtained from I" by desingularization
of each vertex of valence at least 4.

Definition 2.7 Let (T, col) be a framed graph in S3 colored with elements of /,. Let I'” be a desingular-
ization of T'. Call €], ..., e; the edges of " that were added by the desingularization. If k > 0, then the
Yokota invariant of (I, col) is

k
Y, (T.col) = (1_[Acoy(el())HF/,colUcol’)|2,

col’elk ~i=1

> -

Figure 6: A Whitehead move.

Algebraic & Geometric Topology, Volume 25 (2025)



652 Giulio Belletti

with col’ coloring the edges e, e;c. If instead k = 0 (ie I’ = I"/, ie T is trivalent) then Y, (T, col) =
|(T", col)|?.

As we did with the Kauffman bracket, we extend linearly the Yokota invariant to linear combinations of
colors. Notice that in this case, even if I is trivalent, we may get Y, (I, col) # |(T", col)|2.
Remark 2.8 We stress the fact that we are using the unitary normalization for the Kauffman bracket.

If we instead used the Kauffman normalization (- ) of [16], the definition of the Yokota invariant of
(T, col) would be

k
nizl Acol’(et/-)

(T, col Ucol’) g |2.
Hv vertex of I' @(U)

Y, (T, col) := Z

col' eIk

Proposition 2.9 [27] The Yokota invariant does not depend on the choice of desingularization.

We can easily extend the Yokota invariant to graphs with 1-valent and 2-valent vertices as well, via the
following formulas:

Yr(i—o—j) = i—’;Yr(;), Yr(>—io> = 5,-,0Y,<>).

We normalize the invariant so that it is equal to 1 for the graph with a single vertex and no edges.

Now we give three important properties of the Yokota invariant, all easy consequences of the definitions:

Proposition 2.10 (1) The Yokota invariant does not depend on the framing of T".

(2) If anedge e of T is colored with the Kirby color 2, and T" is obtained from I" via a Whitehead
move on the edge e (coloring the edge that replaces e with 2 and keeping every other color the
same) then Y, (T, col) = Y, (I'"/, col).

(3) If T isa vertex sum of Iy and I along trivalent vertices vy € Iy and v, € I} (see Figure 7), then
Y, (T, col) = Y, (I, coly) Yy (I, coly), where coly and col, are the restrictions of col to I'y and I3,

respectively.
< ; -
b b — b
G N C— —~

Figure 7: A vertex sum of two trivalent vertices

Algebraic & Geometric Topology, Volume 25 (2025)



An upper bound conjecture for the Yokota invariant 653

Figure 8: Applying the fusion rule to three edges arising from a vertex sum.

Proof Part (1) holds because (I') depends on the framing of I" only up to a factor of ¢%; thus when
taking squared norms this becomes 1. Part (2) is essentially the fact that the Yokota invariant is well
defined: since both e and the corresponding edge in I'” are colored with 2, both sides of the equality are
equal to the Yokota invariant of the graph obtained by collapsing e to a point.

Part (3) follows from the analogous property for the Kauffman bracket; this is obtained via two applications
of the fusion rule and one application of the bridge rule of Definition 2.5(v); see Figure 8. |

It is very important that the vertex sum in Proposition 2.10(3) is done between trivalent vertices; the
assertion is false in general.

Remark 2.11 The Kauffman bracket (and hence, the Yokota invariant) can also be defined in the much
larger setting of framed trivalent graphs in closed oriented 3-manifolds (see for example [16; 18]); since
we will not need such a generality that carries some more technical details, we will restrict ourselves to
the S* case.

3 Volume conjecture for polyhedra

3.1 The volume conjecture for polyhedra

Costantino first conjectured in [8] that the growth of the 6 j-symbol is given by the volume of a hyperbolic
tetrahedron. A volume conjecture for trivalent graphs (and their Kauffman bracket invariant) was proposed
in [24] and later refined in [10] to the case of planar trivalent graphs and hyperbolic polyhedra with
trivalent vertices. The conjecture of [10] evaluates the invariant at the first root of unity ¢ = ¢ i/7: the
downside of this choice is that they have to consider poles of the Kauffman bracket, instead of its values
directly. Recently Murakami and Kolpakov [17] proposed a volume conjecture for polyhedra at the

second root of unity g = e2mi/r

, but only stated it for simple polyhedra without hyperideal vertices (see
Remark 3.6 and Definition 3.2); remarkably this conjecture directly involves the value of the Kauffman
bracket. Here we propose Conjecture 3, which is an extension of Kolpakov and Murakami’s volume
conjecture to a very general setting, and then propose Conjecture 4, which concerns an upper bound for

the Yokota invariant of polyhedral graphs.

Geometric background Recall the projective model for hyperbolic space H? € R?* € RP? where H?
is the unit ball of R3; for the basic definitions see for example [1]. Notice that for convenience we
have picked an affine chart R? € RIP3, so that it always make sense to speak of segments between two

Algebraic & Geometric Topology, Volume 25 (2025)
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Figure 9: The dual of a point P.

points, half-spaces, et cetera; this choice is inconsequential, up to isometry. It should be mentioned that
isometries, in this model, correspond to projective transformations that preserve the unit sphere.

The space RPP? has a duality that comes from the Minkowski scalar product on R3-!; using this we
can associate to a point p lying in R3\IPT’ a plane I1, C H3, called the polar plane of p, such that
all lines passing through H? and p are orthogonal to IT p (see Figure 9 for a 2-dimensional picture).
If pe R3\IPT3, denote by Hp C H?3 the half-space delimited by the polar plane IT p on the other side
of p; in other words, H), contains 0 € R3. If the line from p to p’ passes through H?, then 1, and I1,
are disjoint [1, Lemma 4]. In particular, if the segment from p to p’ intersects H?3, then IT p © Hp and
I1,, € Hp; if however the segment does not intersect H?3, but the half-line from p to p’ does, then
H, C Hy. If p gets pushed away from H3, then IT p gets pushed closer to the origin of R3.

Definition 3.1 A projective polyhedron in RP? is a convex polyhedron in some affine chart of RP3.
Alternatively, it is the closure of a connected component of the complement of finitely many planes in
RP? that does not contain any projective line.

Definition 3.2 Following [15, Definition 4.7]:

e We say that a projective polyhedron P € R3> C RP3 is a generalized hyperbolic polyhedron if each
edge of P intersects H>.

o A vertex of a generalized hyperbolic polyhedron is real if it lies in H?3, ideal if it lies in 0H? and
hyperideal otherwise.

e A generalized hyperbolic polyhedron P is proper if for each hyperideal vertex v of P the interior of
the polar half-space H, contains all the other real vertices of P (see Figure 10).

Algebraic & Geometric Topology, Volume 25 (2025)
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Figure 10: A proper vertex.

* We define the truncation of a generalized hyperbolic polyhedron P at a hyperideal vertex v to be the
intersection of P with H,; similarly the truncation of P is the truncation at every hyperideal vertex, that
istosay PN (ﬂv hyperideal Hv). We say that the volume of P is the volume of its truncation. Notice that
the volume of a nonempty generalized hyperbolic polyhedron could be 0 if the truncation is empty.

In the remainder of the paper we simply say proper polyhedra for proper generalized hyperbolic polyhedra.

When it has positive volume, the truncation of a generalized hyperbolic polyhedron P is itself a polyhedron;
some of its faces are the truncations of the faces of P, while the others are the intersection of P with
some truncating plane; we call such faces truncation faces. If an edge of the truncation of P lies in a
truncation face we say that the edge arises from the truncation.

Remark 3.3 For proper polyhedra the dihedral angles at the edges arising from the truncation are %n.

Remark 3.4 If I" can be embedded as the 1-skeleton of a projective polyhedron, then it is 3-connected
(that is to say, it cannot be disconnected by removing two nonadjacent vertices). Furthermore, any 3-
connected planar graph can be embedded as the 1-skeleton of a proper polyhedron [20]. If a planar graph
is 3-connected, then it admits a unique embedding in S? (up to isotopies of S2 and mirror symmetry)
[13, Corollary 3.4]. Hence when in the following we consider a planar graph, it is always going to be
3-connected and embedded in S2. In particular, it will make sense to talk about the dual of I', denoted
by I'*. The graph I'* is the 1-skeleton of the cellular decomposition of S? dual to that of T".

Remark 3.5 It is important not to mix up the 1-skeleton of a projective polyhedron with the 1-skeleton
of its truncation. In what follows, whenever we refer to 1-skeletons we always refer to those of projective
polyhedra (and not their truncation) unless specified.

We propose the following formulation of the volume conjecture for polyhedra, generalizing the previously
mentioned versions:
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Conjecture 3 (the volume conjecture for polyhedra) Let P be a proper polyhedron with dihedral angles
o1,...,0y attheedgeseyq, ..., ey, and 1-skeleton I'. Let col, be a sequence of r-admissible colorings
of the edges ey, ..., ey of I such that
1 .
I T A C V——
r—+o0 r

Then
lim Zlog|Y, (T, col,)| = Vol(P).
r—>+oo I
Remark 3.6 In the case where P is a simple polyhedron in H? (ie a compact polyhedron with only
trivalent vertices) this conjecture is the same as the volume conjecture of Kolpakov and Murakami [17].

Conjecture 3 was verified in [6] for tetrahedra with at least one hyperideal vertex; we provide some further
supporting numerical evidence for Conjecture 3 for some pyramids in the appendix, and prove it for a large
family of examples in Proposition 4.8 and Remark 4.10 (however, only for a single sequence of colors).

Remark 3.7 Conjecture 3 would imply that Conjecture 2 is verified when restricted to colors which
correspond to hyperbolic polyhedra.

3.2 The upper bound conjecture

In [5] the authors proved an upper bound on the growth of the 6;-symbol. When stated in terms of the
Yokota invariant of the tetrahedral graph 7, the result is the following:

Theorem 3.8 For any r and any r-admissible coloring col of the graph T', we have

log(r)
r )’

%log|Yr(T,col)| <vg+ 0(

where vg ~ 3.66 is the volume of the regular ideal right-angled octahedron. Furthermore, this inequality
is sharp, with the upper bound achieved at the 6-tuple (3(r —2£1),...,3(r —2 £ 1)) with the signs
chosen so that %(r —2+1)iseven.

It is natural to ask if a similar upper bound holds for other graphs. The reason the quantity vg is involved
in the statement of Theorem 3.8 is that it is the upper bound of the volume of all proper tetrahedra. In [4]
the author proved that, given a polyhedral graph I', the upper bound of the volume of all proper polyhedra
with 1-skeleton I' is equal to the volume of the rectification of I', denoted by T (see Remark 3.9). In
light of this, we reword Conjecture 2 as follows:

Conjecture 4 If I is a polyhedral graph and col is any r-admissible coloring of its edges, then

log(r))

%log Y, (T, col)| < VoI(T) + 0(

Moreover, the inequality is sharp, with equality attained by the sequence of colorings giving the color
%(r — 2= 1) to each edge (the sign is chosen so that the colors are even).
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Figure 11: The rectification of a tetrahedron (left) and its truncation (right), the ideal right-angled
octahedron. The gray faces arise from the truncation of the top and bottom vertices.

Remark 3.9 The rectification of I" is defined as the unique projective polyhedron with 1-skeleton I and
with every edge tangent to dH? (see Figure 11). While T is not a proper (or even generalized hyperbolic)
polyhedron, we can still speak of its truncation and its volume; for more details see [4, Section 3.4].

Remark 3.10 It would be natural to ask whether a similar upper bound would work for nonpolyhedral
graphs; however in this case it is unclear what would be the geometric object to replace T'.

Theorem 4.9 Conjecture 4 is verified for any planar graph obtained from the tetrahedron by applying
any sequence of the following two moves:

e blowing up a trivalent vertex (see Figure 1), or

e ftriangulating a triangular face (see Figure 2).

This theorem will be proven in Section 4.

4 The Fourier transform

In this section we prove Theorem 4.9. The first main tool used is Theorem 3.8.

The second is the Fourier transform introduced in [2] by Barrett. We describe it here in a slightly different
context and notation.

Let H C S3 be the 0-framed Hopf link as in Figure 12. For i, j € I, we denote by H (i, j) € C the value
of the Kauffman bracket of the Hopf link colored with i, j; applying the relation of [18, Figure 22] and
an easy induction on j shows that

o i . i asinQr (@ +1D)(G+1D)/r

H.j) = (D[ + 1) + D) = (-1 ST DU £ D)
sin(27/r)
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Figure 12: The 0-framed Hopf link.

Furthermore define

,
N:=—=U,Q=E A7,
4sin® 27/ 1) ( ) by !

where U is the 0-framed unknot in S3 colored with Q := Yic I, Aji; see [18, page 185].

Remark 4.1 Once again, we are using the SO(3) version of the invariants evaluated at ¢ = ¢27%/7.
However, the Fourier transform and its properties hold with any choice of primitive 27" root of unity, or

any choice of primitive 4r™ root of unity for the SU(2) case; the proofs work verbatim in every other case.

Definition 4.2 The Fourier transform of Y, (T, col) is the invariant of the colored graph (T, col’) given
by the formula
Fr(T,col’) = Z Y, (T, col) H(col, col’),
col coloring of T
where

H(col,col’) := 1_[ H(col(e), col'(e*)).
e edgeof I

The following proposition was first noticed by Barrett in [2, Section 5]; a concise proof was later given
in [3, Theorem 1]. For the sake of completeness, we include a detailed proof.

Proposition 4.3 If T is a planar framed graph, T'* is its planar dual and col’ is a coloring of the edges
of T'*, then

Y,(T*,col)=N"¢ Y Y,(T.col)H(col,col') = N8 F(T, col'),

col coloring of T’

where g is the genus of a regular neighborhood of T'.

Proof The proof is entirely diagrammatic; when we display an equality between (linear combinations of)
diagrams, we mean that they have the same Kauffman bracket. Throughout the proof we will liberally
add 2-colored 0-framed unknots that are unlinked from anything else; this will generate an ambiguity of
a power of NV that we will account for at the end.

Step 1 Calculate Y, (T, col) as the Kauffman bracket of a certain framed colored link L (T, col).

The colored link L(I", col) is obtained from (T, col) as in Figure 13. Every vertex is replaced by a circle
colored with €2, and every edge is replaced by a circle colored with the same color as the edge, wrapping
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P
R

Figure 13: Obtaining L(T, col) using the chainmail rule. Each circle has the same color as its
corresponding edge, and it has two consecutive overcrossings and two consecutive undercrossings.

once around each of the two circles corresponding to its vertices in a minimally twisted way (ie the
circle has two consecutive overcrossings and two consecutive undercrossings). Notice that the link itself
only depends on I'; only its coloring depends on col. Furthermore we can define the framing to be the
blackboard framing of the diagram we just constructed.

The fact that (L(T", col)) = Y, (T, col) can be shown by using the definition of Y, after applying the
following identity to L:

(4-1) — =2
/T iEIr

This holds for any number of strands; it is obtained by repeated application of the fusion rule followed by
the well-known fact (see [18, Lemma 6]) that if a diagram contains the portion depicted in Figure 14 it is
equal to 0 unless 7 = 0.

When passing from I" to L(T", col) we still speak of edges and vertices of L(T", col): we mean the circles
corresponding to edges and vertices of I', respectively. Slightly more improperly, we speak of faces of
L (T, col), by which we mean the portions of the plane delimited by edges of I". To do this, until the start
of Step 3, we fix the diagram of L (I, col) that we just created.

Q
Figure 14
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Figure 15: Stretching edges towards the center and adding an extra component.

Step 2 For a given coloring col’ of T, calculate F, (T, col’) as the Kauffman bracket of a link Z(F, col).
The Fourier transform is given by the formula
Fr(T,col’) = Z (L(T, col)) H(col, col’).
col coloring of I

We wish to express this formula as the bracket of a single colored link; to do so we use the following
relationship (which can be proven via a particular case of the vertex sum formula from (3) after we
introduce extra edges colored with 0):

.. _Q
iel, .
J

Therefore (T, col’) = (L(T, col’)), where L(T,col’) is the colored link obtained from L (T, col) by
changing the color of each edge e of L(I", col) to 2 and by adding a meridional circle around it colored
with col’(e). We call the meridional circles added via this process the transverse circles; they will
correspond to edges of I'*. Notice that this step only added circles, and did not otherwise change the link

diagram we created in Step 1 (not even via planar isotopy).

Step 3 Manipulate L (T, col’) to obtain L(T'*, col’).

Take a face F of Z(I‘, col’), stretch the circles transverse to its edges so that they are close to the center
of F and add an unknot U colored with 2 at the center of F (see Figure 15). Handleslide this new
unknotted component along all the edges of F (see Figure 16); the result is that U gets linked to each
transverse circle and remains unlinked from any edge or vertex of I' as in Figure 17. Because the edges
are colored with €2 this procedure does not change the Kauffman bracket (see for example [18, Corollary,
page 181]). The circle U will correspond to a vertex in ['*. Repeat this procedure for every face of
lA,(F, col’); notice also that the procedure we just carried out only changes the link diagram in the portion
of the plane corresponding to F.
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Figure 16: Handleslide between two different components of L (T, col).

Now apply (4-1) to each circle corresponding to a vertex of I and each circle corresponding to a vertex
of I'*. The result (see Figure 18) is going to be four connected graphs (and several unlinked unknots
that for now we ignore), which lie in parallel planes and are therefore unlinked from each other. Two of
these give Y, (I'*, col’) and two of these give Y, (I, Q) (where we still denote by  the coloring of T’
with color €2 on each edge).

Step 4 Prove that
Y, (I',Q)=NE&.

To do this, recall that the Yokota invariant does not change when performing a Whitehead move on an
edge colored with €2; see Proposition 2.10(2). Further recall that a sequence of Whitehead moves can
change any trivalent graph into any other trivalent graph with the same number of vertices; this is because

e two trivalent graphs with the same number of vertices also have the same number of faces,

e their duals are triangulations with the same number of vertices,

e their duals can be changed into one another via “edge flips” (see [14]),

e edge flips are dual to Whitehead moves,

e two planar graphs with isotopic duals are themselves isotopic by [25, Theorem 11].

Figure 17: The central component U gets linked by handleslides.
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‘,
Figure 18: After applying (4-1), we get four unlinked graphs.

Therefore, we can desingularize and then apply Whitehead moves to I" until it becomes a “bicycle” graph
as in Figure 19, with some circles connected linearly by segments; since desingularizing and performing a
Whitehead move do not change the genus of the regular neighborhood, there are g circles. Because of the
bridge rule (v), the Kauffman bracket is 0 unless the color of every connecting edge is 0, and therefore

Y, (I, Q) = ( > A -~-A,~2g) = N&.
i1,msig€ly

Step 5 Account for the extra N factors.

At the beginning we added an unknot for each vertex of I', and then for each face. However when we
applied the inverse of the chainmail relation we removed the exact same number of components; therefore
there is no additional N factor. |

Proposition 4.4 For any coloring col of a planar graph T,

1
l lOg |Yr(r, COl)l f max E log |Yr(r*’ COl/)| + 0( Og}")’
g col! ¥ p
where the maximum is taken over all r-admissible colorings of the dual graph T'*.

Proof Let colp,x be an r-admissible coloring of I'* such that | Y, (I'*, colyax )| is maximum.
By Proposition 4.3,
% log |Y, (T, col)| = % log |Z H(col, col’)Y, (I'*, col’)|

col’

1
< % log )| H(col, col ), (I'*, colay)| = = log | ¥, (I™, coluay)| + 0( Og’),
;

col’

where the last equality stems from the fact that > H(col, col’) grows polynomially in r. O

col’

O—0O—0

Figure 19: The bicycle with three wheels.

Algebraic & Geometric Topology, Volume 25 (2025)



An upper bound conjecture for the Yokota invariant 663

Figure 20: The 1-skeleton of the rectification is outlined with dashed lines; a blow-up of a vertex
corresponds to gluing an octahedron to its truncation face.

Corollary 4.5 Conjecture 4 is true for I' if and only if it is true for T'*.
Proof Corollary 4.6 of [4] states that Vol(T') = Vol(T'*); this and Proposition 4.4 imply the result. O

We now turn to the proof of Theorem 4.9. This will use a few intermediate propositions which we now
state and prove.

We first calculate the volume of the rectification of the graphs at hand:

Proposition 4.6 If I' is obtained from the tetrahedron by a sequence of g blow-ups of vertices or
triangulations of triangular faces, then

Vol(T) = (g + vs.

Proof The case of g =0 is well known and appears in [23, Theorem 4.2]. Take now any I" obtained from
I’ by a blow-up of a vertex v and consider P the truncated rectification of I'’. The vertex v corresponds
to a truncation face of P: this face is an ideal triangle. Given an octahedron, we can glue it to P by
identifying any of its faces to the face corresponding to v (since they are triangular faces the result does
not depend on any choice). Notice that the gluing is done along an ideal triangular face, and along
right dihedral angles. It is immediate to see that this gluing gives the truncation of T': it has the correct
1-skeleton (see Figure 20) and it is right-angled. Therefore, by blowing up a vertex, the maximum volume
grows by vg. Dually, triangulating a triangular face makes the maximum volume grow by vg as well. O

Next, we prove the upper bound:

Proposition 4.7 If I is obtained from the tetrahedron by a sequence of g blow-ups of vertices or
triangulations of triangular faces, and col is any r -admissible coloring, then

log(r)
r )

%log|Yr(F,col)| <(g+ Dvg+ O(

Proof The base case g = 0 is Theorem 3.8.
If T is obtained from I'’ as a blow-up of a single vertex, then

Y, (T, col) = Y, (I, coly) Y, (T, coly),
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where T is a tetrahedron, and col; and col, are the colorings induced by col on I'” and T, respectively.
Therefore Y, (T, col) < Y, (I, coly) Y, (T, col,), and by induction

log(r
%log|Yr(F,col)|E(g+1)v8+0( gr( ))
By Proposition 4.4, this inequality also holds if " is obtained from I'” by triangulating a single triangular
face. |

Finally we prove the sharpness of the upper bound:

Proposition 4.8 If I' is obtained from the tetrahedron by a sequence of g blow-ups of vertices or
triangulations of triangular faces, and col = (%(r —2+£1),..., %(r -2+ 1)) — where the signs are
chosen so that r —2 £ 1 is a multiple of 4 — then
lim Zlog(Y, (T, col)) = (g + 1)vs.
r—>+oo 1

Proof The proof is by induction; the base case is Theorem 3.8. Suppose I' is obtained from the
tetrahedron by g blow-ups and triangulations, and at least one blow-up. Then I is a vertex sum of
Il and I3, with both graphs obtained from the tetrahedron via g; and g, blow-ups or triangulations,
respectively, and g1 4+ g, = g — 1. Since Y, (I', col) = Y, (I}, coly) Y (I3, col, ) — with col; and col, the
colorings induced by col on I3 and I3, respectively — we have

lim Zlog(Yy(T,col)) = lim Zlog(Y,(I},coly)Y, (I, coly))
r r—>+oo r

r—>—+00
=(g1+1+g2+Dvg=(g+Dus.
We need to deal with the case of I" being obtained via g triangulations. In this case, I'* is obtained from
the tetrahedron via g blow-ups. Apply the Fourier transform to Y, (I'*, col’):
Y, (T, col) = )  H(col, col') Y, (I'*, col').
col’

However, since col is constantly %(V —2 =+ 1) and even, we have

i L1y
H( 241, j) = (1 SED 5 CE DG D)

sin(2z/r)
= (—1)/ sin(z(j + 1) xx(j+1/r) _ sin(En(j +1)/r)
B sin(2z/r) B sin(2z/r)

which has F sign since 0 < j <r—1. Moreover, since I'* is a trivalent graph, Y, (I'*, col’) = |(I'*, col’) |2
is nonnegative for every coloring; therefore Y, (T, col) is a sum with constant sign of Y, (I'*, col’) over
all possible colorings. This shows that Y, (I, col) grows as the maximum growth of Y, (I'*, col’) over all

colorings, which is (g + 1)vg. |

Putting Propositions 4.6, 4.7 and 4.8 together, we obtain the following theorem:
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Theorem 4.9 If T is obtained from the tetrahedron by a sequence of blow-ups of vertices or triangulations
of triangular faces, then Conjecture 4 is verified.

Remark 4.10 Proposition 4.8 actually proves Conjecture 3 for a large family of polyhedra (albeit for a
single sequence of colors each) since the volume of a polyhedron with internal angles 0 is the volume of
its rectification (notice how (27 /r) - %(r +1-2) > masr — 400).

S The Turaev-Viro volume conjecture

In this section we apply Theorem 4.9 to prove the Turaev—Viro volume conjecture for an infinite family
of examples.

Recall (for example from [18, Section 4.2]) that the Reshetikhin—Turaev invariant of a colored framed
link L in a manifold M is defined as
RT, (M, L,col) = nKG(L/)(L UL, colUQ),
where
e L' C S3isaframed link giving M via Dehn surgery,

e L UL’ is the disjoint union of L’ and L viewed as a subset of S (if need be, after isotoping L to
be disjoint from L),

e the components of L’ are all colored with €2,
e o(L’) is the signature of the linking matrix of L’ C S3,
L E (U,Q>_1 =(A2—A_2)/\/—2r,and

k = (U4, Q), where U is the unknot with framing equal to +1.

Proposition 5.1 Let I' € S? be a graph obtained from the tetrahedron by a sequence of g — 1 blow-ups
of vertices or triangulations of triangular faces as in the hypothesis of Theorem 4.9; let eq, ..., e}, be its
edges, and denote by h the number of vertices of I". Then there is a k-component link L. = Ly U---U Ly
in §3#'=1 (S x S2) such that for any coloring col € Il‘ (seen both as a coloring of I and as a coloring
of L) we have

Y, (T, col) =RT,(S* #"1 (S! x $?), L, col).

Proof We have seen in the proof of Proposition 4.3 (specifically, in Step 1) that there is a way to
associate to any (I, col) a colored framed link L (T, col) in S such that Y, (T, col) = (L(T", col)). The
link L(T, col) is a link with k 4+ 4 components; k of these components are in bijection with the edges
of I' and are colored with the corresponding color of col. The other / are unknotted components in
bijection with the vertices of I' and are colored with €. The link L(I", col) — without its coloring —
almost satisfies the requirements we desire; however it has one too many components.
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We now want to remove a component from L (I", col); we do this so that the end result of the proposition
is a link in 3 #%~1 (S x $2) rather than a link in S # (S! x §2).

Pick an equatorial S? in S* and isotope L (T, col) so that all its Q2-colored components lie flat on it, and
all other components intersect the S? twice; the fact that this can be done is evident from the construction
of L(T, col). Each -colored component will bound a disk that contains the intersection of its edges
with S2; every intersection lands inside one of these disks. Pick a component of L (T, col) colored with Q:
it is possible to handleslide it along each other €2-colored component without modifying the Kauffman
bracket (by [18, Corollary, page 181]). Once one such handleslide is performed, the new curve will
bound a disk that contains the intersection points of both families of curves. Repeating this procedure and
handlesliding the chosen component over all others will make it bound a disk containing all transverse
intersection points of L(I', col) with the plane, thus making it unlinked from everything; therefore
(L(T, col)) = (U){(L(T, col)’) = n~1(L(T, col)’), where U is an unknotted unlinked component colored
with € and L(T', col)’ is the remaining part of the colored link. By the definition of the Reshetikhin-Turaev

invariant of links
(L(T, col)’) = nRT,(S*#"~ 1 (S' x §?), L, col),

where L is the link obtained from L (T, col)’ by doing a 0-framed Dehn surgery on the components of
L(T, col) colored with 2. Notice that L only depends on I" and not on the coloring. O

Definition 5.2 We denote the link constructed in Proposition 5.1 by K(I") —notice that this is a link
rather than a colored link. The next several propositions explore the geometric properties of K(I'),
culminating in proving the Turaev—Viro volume conjecture for it.

Proposition 5.3 Let I' € S3 be a graph obtained from the tetrahedron by a sequence of g — 1 blow-ups
of vertices or triangulations of triangular faces; suppose I' has k edges and h vertices. Then L := K(T")
is hyperbolic, and the hyperbolic structure on its complement is obtained by gluing 4g right-angled
hyperbolic ideal octahedra.

Proof Let I be the rectification of ', and let P be its truncation. We have seen in the proof of
Theorem 4.9 that P can be obtained by gluing g right-angled hyperbolic octahedra. Take two copies
of P and glue them along each corresponding truncation face. This gives a manifold homeomorphic
to a handlebody of genus /# — 1 with some annuli removed from the boundary (corresponding to the
ideal vertices of P); the decomposition into octahedra makes it into a finite-volume manifold M with
geodesic boundary. Take the double of M along the geodesic boundary: this gives a manifold N which
is homeomorphic to §3 #'~1 (S x §2)\ L.

To see this, take an octahedron O and truncate a small link of each of its vertices. This truncation can be
seen as the basic building block of the fundamental shadow links (see Figure 21 and [11, Proposition 3.33]):
each truncated vertex corresponds to an arc, four of the faces of the octahedron correspond to the discs
and the remaining four faces correspond to the regions of the spheres delimited by the arcs.
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Figure 21: The building block: a ball with 4 disks in its boundary, and six arcs connecting them.

The polyhedron P is obtained by gluing octahedra together following a certain pattern; we can glue the
building blocks in the same pattern. The result of this gluing is a ball with /4 discs on its boundary and
some arcs connecting the discs. If we take the double of this ball along the discs, we obtain a genus /1 — 1
handlebody with a link in its boundary. The link L (I, col) corresponds to the link on the boundary of the
handlebody plus /# — 1 components corresponding to the boundary of the gluing disks (after pushing them
out of the handlebody slightly).

Doubling this handlebody is equivalent to performing 0-surgery on each of these 4 — 1 components in S?;
therefore by doing this we obtain S3 #"=1 (S x $2) as ambient manifold and the link in the boundary
gives L. a

Proposition 5.4 Let I" be a graph obtained from the tetrahedron by a sequence of g — 1 blow-ups of
vertices or triangulations of triangular faces; let t be the maximal number of disjoint triangular faces in
the truncation of T'. Let L := K(I"), and Ey, be its complement. Then E contains at most t +2g —2
disjoint geodesic thrice-punctured spheres.

Proof The reasoning in this proof is similar to the proof of [9, Proposition 3.4].

Let P be the truncation of I'; we have seen in the proof of Proposition 5.3 that E; is obtained by
doubling P along the truncation faces (to obtain a hyperbolic manifold with geodesic boundary H') and
doubling again along the geodesic boundary.

The truncation faces of P can be colored with black and the remaining with white; this way two faces of
the same color never share an edge.

The proof of Proposition 5.3 shows that £y decomposes into octahedra; take O an octahedron in this
decomposition, and let S be any thrice-punctured sphere.

Claim S N O is either the empty set or a facet of O.
We will prove the claim later; for now let us see how this concludes the proof.
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Figure 22: The six geodesics in a thrice punctured sphere cutting it into triangles.

Let S be a set of disjoint thrice-punctured spheres. This determines a set of disjoint ideal triangles in each
of the four copies of P that make up Er ; some of them are in the boundary of a polyhedron while some
of them are properly embedded. Each polyhedron contains exactly g — 1 disjoint properly embedded
geodesic triangles (the ones that decompose P into octahedra). These glue up to give 2g — 2 disjoint
thrice-punctured spheres in Ey . Furthermore, a disjoint collection 77, ..., Ty of triangles in P induces
a set of disjoint thrice-punctured spheres. Therefore there are at most 2g — 2 + ¢ disjoint thrice-punctured
spheres in E7..

Proof of the claim We first look at S N O as a subset of S. It must be a convex region of S delimited
by geodesics. Since S contains exactly six maximal embedded geodesics (since it contains no closed
geodesics and maximal embedded geodesics are determined by the cusp in which they end) the possible
configurations are easy to list. Figure 22 shows the six geodesics cutting .S into triangles; the possibilities
for S N O can be obtained by looking at all the possible ways to glue these triangles to obtain a convex
set. The convex subsets of S’ obtained by gluing triangle regions are

(1) atriangle with one ideal vertex (a single triangle region),

(2) atriangle with two ideal vertices (gluing two triangle regions without an ideal vertex in common),

(3) asquare with one ideal vertex and two right angles (gluing two triangle regions with an ideal vertex
in common),

(4) atriangle with two ideal vertices and a right angle (gluing a triangle region to the triangle in (2)),
(5) asquare with two ideal vertices (gluing two triangles in (2) along a geodesic),
(6) a bigon with one ideal point in its interior (gluing all triangle regions sharing an ideal vertex),

(7) abigon with one ideal point in its boundary (gluing two triangle regions that have all the edges on
the same geodesics),

(8) aregion with three ideal points (obtained in several possible ways).

Every other possible way of gluing together the triangle regions of Figure 22 does not give a convex
subset.

On the other hand, S N O as a subset of O must coincide with the intersection of O with a plane IT C H3:
therefore it cannot be either a bigon with an ideal point in its interior (6) or a bigon with an ideal point
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Figure 23: A square arising as the intersection of a thrice-punctured sphere and an octahedron of E .

in its boundary (7), since these regions cannot be realized as a hyperbolic polygon in H? (hence, neither
in O). Moreover, I1N O cannot be a triangle with one or two ideal vertices (this excludes (1), (2) and (4)),
nor can it be a square with one ideal vertex and two right angles (3), since none of these configurations can
be realized as intersections of a plane with O. The remaining possibilities are that S N O is a region with
three ideal points (8), a square with two ideal vertices ((5), see Figure 23), or a facet of dimension 0 or 1.
However by construction O is glued to at least three octahedra which are different from O and each other;
therefore the case of a square with two ideal vertices is impossible since the intersection of .S’ with these
octahedra must also be a square with two ideal vertices, which would contradict the fact that S is a thrice-
punctured sphere. Finally there are no properly embedded totally geodesic surfaces with exactly three ideal
points in O; therefore the only possibility is that it is a face of O. To sum up, the only possible cases are
that $'N O (when nonempty) is a vertex, an edge or a face of O. Therefore S N O must be a facet of 0. O

Remark 5.5 If M is the exterior of a fundamental shadow link with volume 2nvg, then it contains
exactly 2n disjoint geodesic thrice-punctured spheres. This can be used to show that some of the exterior
of the links provided by Proposition 5.1 are not homeomorphic to exteriors of fundamental shadow links;
the simplest such example is the link associated to the graph shown in Figure 24. An easy check shows
that the truncation of T contains at most six disjoint triangular faces: they correspond to the truncation
faces of the three vertices on the left half of the picture, and to the three triangular faces on the right half
of the picture. This means that (by Proposition 5.4) Ej contains at most 10 thrice-punctured spheres
and has volume 12vg; on the other hand a fundamental shadow link complement with the same volume
as E7 must contain 12 such spheres.

Figure 24: A graph whose link is not a fundamental shadow link.
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More generally, if I' is obtained from the tetrahedron through at least one triangulation and at least one
blow-up, then the associated link exterior is not diffeomorphic to the exterior of a fundamental shadow
link (and there is at least one such manifold of volume 4nvg for each n > 1).

Theorem 5.6 Let I' € S3 be a graph obtained from the tetrahedron by a sequence of g — 1 blow-ups of
vertices or triangulations of triangular faces; suppose I' has k edges and h vertices. Take the k -component
link L := K(I') € S3#"~1 (S x S2). Then the Turaev-Viro volume conjecture (Conjecture 1) holds for
the exterior of L.

Proof Theorem 4.9 implies that for any choice of r-admissible coloring col,

1
™ log [RT, (S* #71 (8" x §2), L.col)| = ™ log | Y, (", col)| < gvg + 0( Og(r))-
r

The equality is a consequence of Proposition 5.1; the subsequent inequality is the content of Theorem 4.9.
Furthermore if we denote by ¢ the coloring (%(r +1),..., %(r + 1)) (where the sign is chosen so that
the color is always even), we have

1
T 1og [RT, (> #~! (8" x ). L.¢)| = T log |, (.¢)| = gvg + 0( Og(r))
r

because of Proposition 4.8.

If Ep is the exterior of L, then

TV,(EL) = Y [RT,(S*#"71(S! x §?). L, col)|?
cole Ik
by [5, Proposition 5.3], and Vol(E1) = 4gvg by Proposition 5.3.

This implies the result since
lim 27 log(TV,(EL)) = 4gvs,
r—>o0 r

because the sum in the formula for TV, (£ ) has polynomially many terms all with the same sign. O

Remark 5.7 There is an overlap between Theorem 5.6 and [5, Theorem 1.1]. Some links of Theorem 5.6
are also fundamental shadow links (FSL); namely, those links corresponding to graphs obtained from the
tetrahedron by blow-ups. However as we have seen in Remark 5.5 (infinitely) many others are not.

Appendix Numerical evidence for Conjecture 3

Supporting evidence for Conjecture 3 in the case of simple polyhedra can be found in [17]. In this
appendix we show numerical computations supporting the conjecture for the square and pentagonal
pyramids; all the calculations are performed with Mathematica. The notebook is available on GitHub at
https://github.com/Giulio451/UpperBound; all calculations were performed on a Dell XPS 13 laptop.

The ideal regular square pyramid By Bao and Bonahon [1, Theorem 1] there is a unique square
1

27 and the vertical angles are %n. Such a pyramid is ideal and

pyramid such that the angles at the base are
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57

L] L]

4] 4]

3
L5r)
Figure 25: The coloring of a square pyramid associated to the ideal regular pyramid.

is maximally symmetric; it is decomposed into two ideal tetrahedra with angles %n, %n and %n; hence
its hyperbolic volume is equal to 4A(%JT) = %Ug ~ 1.83193 (where A is the Lobachevsky function).
Consider the coloring of Figure 25; it converges to the angles of the ideal pyramid in the sense of
Conjecture 3.

Its Yokota invariant can be calculated by desingularizing the 4-valent vertex and by using the vertex sum

formula; it is given by

4
1 1
ZAk Lar] Lar] &
3 3 3 ’
kel, Lng Lng L§VJ
where | x| is the floor of x. The growth is shown in Figure 26.
Y regular ideal square pyramid
1.94f,
1.92f
1.90F
e e Yokota invariant
1.88F
: . volume
1.86} T
184:_ ........."'Oo.
1.82F
- 500 1000 1500 d
Figure 26
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Y rectified pentagonal pyramid

601

. e Yokota invariant
r volume
5.6 o
541+

L r

200 400 600 800 1000 1200
Figure 27

The 0-angled squared pyramid Because of [4, Theorem 4.2], the square pyramid with every dihedral
angle equal to 0 exists and attains the maximum volume of any square pyramid (it is in fact the rectified
pyramid). Its truncation is the right-angled ideal square antiprism. The volume of a right-angled ideal
antiprism with n-gonal face is given by [21, page 151]

T, T T m
2n(a (5 +3,) + (5= 3)
and for n = 4 this gives ~ 6.02305.
Color the pyramid with L%}’J at every vertex; this coloring converges to the angles of the rectified pyramid.

Its Yokota invariant is given by
rJ k

) L)

9’

and its growth is shown in Figure 27.

The ideal regular pentagonal pyramid As before there is a unique ideal pentagonal pyramid with

vertical angles %n and base angles %77; this pyramid is maximally symmetric. We can decompose it

into three ideal tetrahedra, two with dihedral angles %n, %n and %n and the remaining with dihedral

angles %n, %n and %n. Its volume then is
SA(Em) +2A(37) + A7) ~ 2.49339.

Consider the coloring in Figure 28, converging to the angles of the ideal pyramid. Its Yokota invariant

)

can be calculated (by desingularization and the vertex sum formula) as

W(|Br) ey & [[Be) ey J[[13r) ko
o, (5 G 0 B 2l i 2
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157

157

Figure 28: The coloring of the pentagonal pyramid corresponding to an ideal regular pyramid.

and its growth is shown in Figure 29.
The 0-angled pentagonal pyramid The truncation of the rectified pentagonal pyramid is the pentagonal
antiprism, whose volume is ~ 8.13789, and the corresponding Yokota invariant is
1 1 1 1 . 1 .
) AkAj(LzVJ Lar] & fllar) Lar] 7 ||lar] &

S SN ) Wl U Ul L) L) L%rJ)

Because of the greater range of the sum, it is considerably slower to compute than the other examples;

2

we were only able to arrive to level r = 321, and the Yokota invariant is within 4% of the volume, as
can be seen in Figure 30. However this is similar to the error (at level 321) in the previous examples.

regular ideal pentagonal pyramid

Y
2.9 -
2.8 |
2.7:— e Yokota invariant
[ volume
26 f °o.
25 [ R
.

200 400 600 800 1000 1200
Figure 29

Algebraic & Geometric Topology, Volume 25 (2025)



674 Giulio Belletti
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Arithmetic representations of mapping class groups

EDUARD LOOIJENGA

Let S be a closed oriented surface and G a finite group of orientation-preserving automorphisms of S
whose orbit space has genus at least two. There is a natural group homomorphism from the G-centralizer
in Diff*t(S) to the G-centralizer in Sp(H;(S)). We give a sufficient condition for its image to be a
subgroup of finite index.

57K20, 57M12; 11E39

1 Introduction and statement of the main result

Let S be a closed connected oriented surface of genus > 2. The group Difft (S of orientation-preserving
diffeomorphisms of S acts on H;(S) via its connected component group 7o (Diff ™ (S)), known as the
mapping class group of S, and it is a classical fact that the image of this representation is the full
symplectic group Sp(H1(S)) of integral linear transformations which preserve the intersection form
on H1(S). This paper concerns an equivariant version, where it is assumed that we are given a finite
subgroup G C DiffT (S). The centralizer Diff*(S)© of G in Diff™ (S) lands under the above symplectic
representation in Sp(H1(S))C and the question we address here is how much smaller the image is. Besides
its intrinsic interest, the answer has consequences for understanding the mapping class group of the
G-orbit space of S. We shall regard the latter as an orbifold surface and denote it by Sg; the regular orbits
then define an open subset S¢, C S with finite complement. This punctured surface S¢; has negative
Euler characteristic. The image of Diff*(S)C in the mapping class group of the punctured surface S G
is of finite index and thus makes Sp(H1(S)) a “virtual representation” of that mapping class group.
The work of Putman and Wieland [6] relates our question to the Ivanov conjecture as follows. Let us say
that the G-action on S has the Putman—Wieland property if Diff*(S)© has no finite orbit in H;(S)~ {0}.
These authors prove that if that property holds for a given genus 4 of Sg (no matter what S and G are),
then every finite-index subgroup of a mapping class group of a connected oriented surface of finite type
of genus > h has zero first Betti number. The first part of our main result is about that property.

Theorem 1.1 Let S — Sg be a G -cover as above.

(i) If this cover is trivial over a compact genus-one subsurface of S¢, with connected boundary, then
the action of Diff ™ (S)C on H{(S) has no nonzero finite orbits.

(ii) If this cover is trivial over a compact genus-two subsurface of Sg with connected boundary, then
the image of Diff ™ (S) in Sp(H,(S))C is of finite index.

© 2025 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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We will also obtain an arithmeticity property in the setting of (i). See the discussion and the end of this
introduction as well as Remark 5.6.

Remark 1.2 In either case the cover over the complement of such a subsurface of S must be connected
(for the subsurface has a connected boundary and S is connected). Since this complement has a boundary
component over which the covering is trivial, we may contract that component (and each of the components
lying over it) to obtain a G-covering S — S¢;, where the genus of S, is now one (resp. two) less than
that of Sg. As this covering represents all the topological input, we may paraphrase our main theorem as

saying that the Putman—Wieland property (resp. the arithmeticity property) holds after a “stabilization’
by taking a connected sum of the base orbifold with a closed surface of genus one (resp. two).

We will prove this theorem under the apparently weaker assumption that there exists a closed one-
dimensional submanifold nonempty A C Sz, so a disjoint union of say k > 1 embedded circles (with
k = 1in case (i) and k = 2 in case (ii)) such that S — S is trivial over A and connected over Sg ~ A.
This looks as if this is a more general result, because it is easy to find in the respective cases such an A
inside the postulated subsurface with the property that its complement is connected. But we will see that
this generalization is only apparent.

There is also a useful geometric interpretation for this last formulation: given such an A, then we can
obtain the G-covering S" — S, as above by regarding Sg ~ A as a punctured surface (so with two
punctures for each component of A) and letting S¢; D S ~ A be the closed orbifold obtained by filling
in these punctures as nonorbifold points. Our assumptions say that S é; is a closed connected surface
(the genus drop is the number of connected components of A) and that the given G-covering S — Sg
arises from a G-covering S’ — S /G with, for each component of A, an identification of the fibers of this
covering over the two associated points (as principal G-sets). If we give Sg a complex structure and thus
turn it into a smooth complex-projective curve with an orbifold structure, then an algebraic geometer
might be tempted to regard this orbifold curve as being in its moduli space near the Deligne-Mumford
stratum where the orbifold acquires k nodes, but for which the G-covering stays irreducible and does not
ramify over the nodes. The covering S’ — S é; then appears as the normalization of such a degeneration.
No algebraic geometry is used in the proof, though, for the topological part of this paper uses methods
that directly generalize those of Looijenga [3].

Let us compare the above theorem with the work of Grunewald, Larsen, Lubotzky and Malestein [1],
whose main motivation was to construct, via the virtual isomorphism mentioned above, new arithmetic
quotients of the mapping class group of Sg. They assume that G acts freely so that Sg = S and impose
another, more technical condition, which in our setup translates into requiring that we are in the context
of (i) and demanding that the covering S’ — S’G is of “handlebody type”, in the sense that it extends to
a handlebody that has S, as boundary. They prove that the image of Diff ™ (S)C in each simple factor
of Sp(H (S, Q))Y is arithmetic. Our approach differs from theirs in several aspects, but mostly in our
direct and relatively simple way of constructing G-equivariant mapping classes.

Algebraic & Geometric Topology, Volume 25 (2025)
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When speaking of arithmetic subgroups of Sp(H (S, Q))Y, it is of course tacitly understood that the
latter can be regarded as the group of rational points of an algebraic group defined over Q. Let us make
this explicit.

Denote by X(QG) the set of irreducible characters of QG and choose for every y € X(QG) a representing
irreducible (left) Q G-module V). We also fix on every V), a G-invariant inner product sy: Vy, x V, — Q
(which can be obtained as the G-average of an arbitrary inner product). This exhibits V), as a self-dual
QG-module. Then Endgg (Vy) is a skew field which is of finite Q-dimension. We denote its opposite
by D, (meaning that the underling Q-vector space is Endgg (Vy), but that composition is taken in opposite
order) so that V) is now a right D,-module. Adopting as a convention that D, used as superscript
(resp. subscript) indicates that we are dealing with right (resp. left) D -module endomorphisms, then the
natural map
QGx= [] End®x(vy)
x€X(QG)

is an isomorphism of (Q-algebras. This is in fact the Wedderburn decomposition of QG, as each factor is
a minimal two-sided ideal.

The group algebra QG comes with an anti-involution r > rT which takes each basis element eg for
g € G to the basis element e,—1. This identifies QG with its opposite. Since Vy is self-dual, in the above
decomposition the involution leaves each factor End? (V) invariant and induces one in the skew-field D :
the involution on End®Px (Vy) is given by taking the s,-adjoint, given by s, (ov,v") = s (v, oTv’). Since
we have D, acting on V on the right, this means that s, (vA, V) = s, (v, v'AT). (We note in passing that
any other G-invariant inner product s;( on V, is of the form s, (vA,v”) for some nonzero A with AT =2
the associated anti-involution of D is then a conjugate of 1.) The center of D, which we denote by L,
is a number field, and the fixed-point set of §in L, is a subfield K, C L, with [L, : K,] < 2.

For a finitely generated Q G-module H, denote by H [x] the associated y-isogeny space Homqgg (Vy, H).
The right D ,-module structure on V, determines a left D ,-module structure on H [x] and the isotypical
decomposition of H is the assertion that the natural map

D Vvi®p,Hlx|>H. v&p,ucVy&p, Hlx|~u),
X€X(QG)

is an isomorphism of QG-modules. So the y-isotypical subspace of H , ie the image Hy of V, ®p, H|[ ]
in V, has the structure of a K -vector space.

Assume now that H comes equipped with a nondegenerate G-invariant symplectic form (a, b) € H x H
a-b € Q. Then the isotypical decomposition of H is symplectic, so that we also have a decomposition
Sp(H)S =T] vex(@a) Sp(H X)G. Every factor Sp(H X)G can be understood with the help of the skew-
hermitian form

(f S e H[YIx Hx] = (f. [')x € Dy.
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which is characterized by the property that for all v, v’ € V),

f@)- f'@) = sy (f f ). 0

(skew-hermitian means that the form is D -linear in the first variable and ( f/, f), = —(f, f’ );L(). Indeed,
for fixed f and f’, the map (v,v') € Vy x Vy + f(v)- f(v) € Q is a bilinear form on V. Since
sy: Vy xVy — Q is nondegenerate, there exists a unique Q-linear endomorphism o of V) such that
f()- f(v") = sy(c(v),v"). The G-invariance of both bilinear forms implies that o is G-equivariant,
ie is an element of Endgg (V). We prefer to regard it as an element of its opposite D, so that
f()- f(v') =s4(vo,v’). This o is evidently Q-linear in both f and f’, and that is why we denote it by
(f. f')x € Dy. 1tis then a little exercise to check that (, ) is skew-hermitian. This form is nondegenerate
in an obvious sense. The group of automorphisms H [y] that preserve this form is a generalized unitary
group, and therefore written as U(H [x]).

Any element of Sp(H X)G acts via the isomorphism Hy = Vy ®p, H[] as an element of the form
ly, ® u with u € U(H [x]), and this identifies Sp(HX)G with U(H [x]). The group U(H [y]) is the group
of K -points of a reductive algebraic group defined over K, whereas Sp(H X)G is the group of (Q-points
of an algebraic group defined over Q. Indeed, the latter is obtained from the former by the restriction of
scalars K,|Q.

Theorem 1.1 then amounts to the assertion that the image of Diff ™ (S)© in the product of unitary groups
nxe x@c) U(H1(S:Q)[x]) is arithmetic. We use this decomposition to prove the theorem, since we
first prove arithmeticity for a single factor. This leads to a somewhat stronger result, for we show that in
the setting of (i) of our main theorem (so when S — Sg is trivial over a genus-one subsurface) the image
of Diff*(S)% in U(H,(S; Q)[x]) is almost always arithmetic (see Remark 5.6).

Structure Of the four sections, only the last one is topological, but in order to put the constructions given
there to work, we need a considerable amount of algebra and that explains the nature of the preceding
sections.

Section 2 collects useful (and essentially known) algebraic proprieties of constructs that we encounter in
the symplectic representation theory of a finite group over Q. So there is little or no claim of originality
here, although it was (for us) a bit of an effort to extract this material from the literature. In Section 3 we
introduce and study what we might regard as the basic symplectic module associated to an irreducible
QG-module, where G is a finite group. The main result is Proposition 3.1, which states an arithmeticity
property and also lists the (few) cases for which this arithmetic group has real rank < 1. This prepares us
for stating and proving the arithmeticity criterion Theorem 4.2 in Section 4, which furnishes the main
algebraic input for Section 5. As mentioned, this last section is essentially topological: we there construct
sufficiently many G-equivariant mapping classes to ensure that we can apply said theorem to obtain our
main theorem, Theorem 1.1.
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2 Brief review of special unitary groups

The Albert classification In this subsection, D is a skew field of finite dimension over Q endowed with
an anti-involution . We assume that the involution T is positive in the sense that A € D — trp g (AAT)isa
positive-definite form. We remark that this is so for the cases that matter here, for the given anti-involution
on QG is evidently positive: for r € QG, the Q-trace of rri is |G| times the coefficient of eq in rrT,
and hence is positive definite. The same is then true for its Wedderburn factors EndPx (V) and their
associated skew fields D .

We denote the center of D by L (so it is a number field) and denote by D 4 (resp. K) the j-invariant part of
D (resp. L). Albert’s classification of such pairs (D, 1) — see for example [5, Chapter IV, Theorem 2] —
then tells us that K is totally real, so that R ® g D = ]_[a R ®, D, where o runs over the distinct field
embeddings o : K < R, and that there are essentially four cases:

(I) D=L =K sothat R®,; D =R for each o,

(I) L = K and for each o there exists an isomorphism R ®, D 2 Endg (R?) which sends 1 to taking
the transpose (so [D : L] = 4),

(IIl) L = K and for each o there exists an isomorphism R ®, D =~ K, where K denotes the Hamilton
quaternions, which sends f to quaternion conjugation (so [D : L] = 4),

(IV) L is a purely imaginary extension of K (in other words, L is a CM field) and for each o there
exists an isomorphism R ®, D = Endc (C?), which takes R ®4 L to C (so [D : L] = d?) and
sends 1 to taking the conjugate transpose.

Let M be a left D-module of finite rank. We write M T for M endowed with the structure of a right
D-module via the rule a) := ATa fora € M and A € D. So if M’ is another left D-module, then
MY ®p M’ is defined. It is a K-vector space with the property that a ® p Aa’ = (ATa) ®p a’ for
allA € D,a € M and a’ € M’. In particular, we have in M T p M a K-linear involution defined
by (a ®p b) = b ®p a. We denote its fixed-point set by u(M) c MT ®p M. As a Q-subspace of
MY ®p M, it is spanned by the symmetric tensors ¢ ®p a.
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Isotropic transvections and Eichler transformations Let (a,b) € M x M + (a,b) € D be a skew-
hermitian form on M. We denote its radical by M,, so that the form descends to a nondegenerate one on
M := M/M,. We define the associated unitary group U(M) as the group of D-linear automorphisms of
M that preserve the form and act as the identity on M,. It is the group of K-points of an algebraic group
defined over K. If the form is nondegenerate (M, = 0), then U(M) is what is called in [2, Section 5.2B]
a classical unitary group.

If ¢ € M is isotropic (meaning that {c¢,c) = 0), then we have the associated isotropic transvection
Tc=T(c®pc)eU(M) defined by x € M — x + {x, c)c (so ¢ ®p c is here understood as an element
of MT ®p M). It “generates” an abelian unipotent subgroup of U(M) defined by

AeDy—>T(c®pAc)eUM), T(c®pAc)(x)=x+ (x,Ac)c.

Isotropic transvections are particular cases of Eichler transformations. These are defined as follows:
Let ¢ € M be isotropic, a € M perpendicular to ¢ and A € D such that A — AT = (4, a) (equivalently,
A— %(a, a) € D). Then the associated Eichler transformation is

E(c,a,AM):x e M+ x+ (x,a)c+ (x,c)a+ (x,c)Ac € M.

It is a D-linear transformation which preserves the form. When A = %(a, a), we shall write E(c,a)

instead. Since T(c ®p c) = E (%c c), isotropic transvections are Eichler transformations, as asserted.

One checks that each Eichler transformation lies in U(M ) as defined above. Infact,t € K+ E(tc,a, 1) =
E(c,ta,t?)) is a closed one-parameter subgroup of U(M ) whose infinitesimal generator is represented
by a ®p ¢ + ¢ ®p a € u(M)—or rather by its image in u(M)/u(M,), for if both a and ¢ lie in M,,
then we get the identity. By a general property of algebraic groups [8, Corollary 2.2.7], such subgroups
then generate a closed algebraic K-subgroup of U(M). Following [2], we denote that group by EU(M).

We note the commutator identity
(D) [E(c,a1, A1), E(c,az,A2)]=T(c®Ac) with A = {a1,az) + (al,az)T.

It follows that if we fix ¢, but let @ and A vary (subject to the conditions above, so with a € cJ-), then the
E(c,a, ) generate a unipotent group that appears as an extension of the vector group ¢+ /(M, + Dc)
by the abelian subgroup of U(M) defined by the T'(c ®p Ac).

The group EU(M) is already generated by the isotropic transvections: When 7 is nontrivial this follows
from [2, (6.3.1)]. The remaining case is the one we labeled (I). This is when D = L = K and U(M)
is a symplectic group over K, but then there is no issue, because every a € M is isotropic, and then
E(c,a) = Tat e T IT L.

Unipotent radical and Levi quotient If the form is nondegenerate (ie M, = {0}), then EU(M) is a
K-form of a classical semisimple algebraic group, and hence has finite center. To be precise, it is a group of
symplectic type in cases (I) and (II), of orthogonal type in case (III) and of special linear type in case (IV).
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If M, is possibly nonzero, then per convention, the elements of U(M) act trivially on M,,. The natural
map U(M) — U(M) is evidently onto. Its kernel consists of the transformations that act trivially on
both M, and M/M,, and is therefore the unipotent radical R, (U(M)) of U(M ) —recall that U(M) is
reductive. We have an exact sequence

1 > Ry (UM)) - UM)—UM)— 1.

The elements of R, (U(M)) are the Eichler transformations E(c,a) with ¢ € M, and a € M arbitrary.
In this case E(c,a) only depends on the image of ¢ ®z a in MOJr ®p M), so that the resulting map

M] ®p M — R,(U(M))

is an isomorphism. So R, (U(M)) is a vector group over K (ie a K-vector space regarded as the group
of K-points of a K-algebraic group of additive type). Since EU(M) is a normal semisimple subgroup of
U(M), it has the same unipotent radical: R, (EU(M)) = R, (U(M)).

The relation between EU(M) and U(M) Since in what follows the notion of the real rank of an
algebraic group shows up, let us begin with reviewing this concept briefly.

Let G be a reductive algebraic group. Suppose first that G is defined over R. Then the real rank rkg ()
of G is by definition the dimension of a Cartan subgroup of G defined over R. For example, if G is the
orthogonal group of a nondegenerate quadratic form over R, then its real rank is the Witt index of this
form: the dimension of a maximal isotropic subspace defined over R. If G is defined over a number
field k, then we restrict scalars a la Weil so that Resg g § is a group defined over Q. We then regard
Resg|g G (by base change) as a group over R, and define the real rank of G to be the real rank of the
latter. Concretely, if 01, ..., o, are the real embeddings of k in R and 11, 71, ..., Ts, Ty are the remaining
distinct (complex) embeddings (they come in complex conjugate pairs), then the definition comes down to

tkr(9) = ) ke (So;) + ) ke (Gr)

i=1 i=1

(this is also the sum over all the archimedean valuations of k, taking as general term the real rank of the
corresponding completion of §(k)). The Dirichlet unit theorem often gives lower bounds for the rank. For
example, if the skew field D is as in the Albert classification, the group of units D> is a reductive group
defined over K, and its group of real points and its real rank are then as follows, putting e := [K : Q]:

(D) Resgip D*(R) is open in (R*)®; the real rank of D™ is e,

(I) Resgjp D*(R) is open in GL(R)®; the real rank of D™ is 2e,
(IlT) Resg|p D*(R) is open in (K*)¢; the real rank of D™ is e,
(IV) Resg|g D™ (R) is open in GL;(C)*?; the real rank of D™ is de.

So D has real rank > 2, unless D equals Q (I), is a definite quaternion algebra with center Q (III) or is
an imaginary quadratic extension of Q.
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It is clear that EU(M) is a normal subgroup of U(M'). We already noticed that it is closed in U(M), and
hence the quotient U(M )/ EU(M) is also an algebraic group. Note however that if M has no nonzero
isotropic vectors, then EU(M) is trivial. We mention for future reference a consequence of a theorem of
GE Wall [10]:

Lemma 2.1 If M is nondegenerate and contains a nonzero isotropic vector, then U(M)/EU(M) is
anisotropic (all its real forms are compact). So EU(M) and U(M) have the same real rank, and any
arithmetic subgroup of U(M ) will have finite image in U(M)/ EU(M).

Proof Theorem 1 of [10] identifies U(M )/ EU(M) as a quotient of D* by a normal subgroup which
contains D* N D . It is easy to check that in all four cases (I)-(IV) in the Albert classification such a
quotient must be anisotropic. O

Wall’s result is more specific and tells us that U(M)/ EU(M) is often an anisotropic torus. But this need
not be so when dimp M = 2.

Lemma 2.2 If M is nondegenerate isotropic, then the K -algebraic group EU(M) is almost simple (by
which we mean that EU(M) is perfect and every proper normal subgroup is contained in its center) unless
D = K and M = K* is endowed with a nondegenerate symmetric form which admits an isotropic plane
defined over K.

Proof This follows from [2, Theorem 6.3.16 combined with Theorem 6.3.15]. O

The excepted case is genuine, for in that case M =~ M| ® g M, as modules endowed with K-forms,
where M; is a two-dimensional K-vector space endowed with a nondegenerate symplectic form. The
resulting map SL(M1) x SL(M») — GL(M) has image EU(M ) =~ O(M) and its kernel has (—1, —1) as
its unique nonidentity element.

Remark 2.3 The reduced norm is the homomorphism N : U(M) — L* characterized by the following
property: if T € U(M), then for some (or equivalently, every) real embedding o : K < R, the D-linear T
induces a linear transformation of the (R® L)-vector space R ® ¢ M whose determinant is 1 @4 N(T').
The kernel of N, usually denoted by SU(M ), contains EU(M ) and is often equal to it. But in our context
this group does not show up in a natural manner.

3 The hyperbolic module attached to a finite group

A hermitian extension Our discussion of symplectic QQ G-modules also applies to orthogonal QG-
modules. One such module is QG itself (regarded as a left module). It comes indeed with a G-invariant
pairing QG x QG — Q, the frace form, which assigns to the pair (71, r2) the trace of rlrg considered
as an endomorphism of QG as a Q-vector space (this is simply |G| times the coefficient of e1). This

pairing is symmetric and nondegenerate.
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The Wedderburn decomposition QG = ]_[X EndPx (Vy) is also the isotypical decomposition, for the
K y-linear map

Vy ®p, HomDX(VX, Dy) — EndDX(VX), V1 ®p, [:vEVy—>vf(v),

which assigns to v; ®pp, [ the endomorphism v € V = vy f(v) is well defined and is an isomorphism
of left Q G-modules (and also as right Q G-modules). This also shows that QG[y] = HomPx (V. Dy)
as aright D,-module.

We claim that HomPx (V,,, D,) = V; as left Dy-modules. This is based on a hermitian extension of s,
to V; : if we follow the same recipe as in the introduction for a symplectic representation, then we find
that there is a hermitian form 4 : V; X V; — D, characterized by the property that for all v, v’ € Vy
and f, f' € V; ,

sy, sy V', ) = s hy (f. f7), V).

This formula implies that /1, is G-invariant (we let G act on the right of V; ). By taking v = f = [/,
we also see that 1, (f, f) = s,(f, f), so that i, is a hermitian extension of s,. For every v € V), the
expression /1, (v, —) yields an element of HomPx (Vy. Dy) and defines the stated isomorphism.

Isotropic transvections Henceforth we write R for the integral group ring ZG. Let M be a finitely
generated (left) R-module, free over Z, and let (a,b) € M x M + a -b € Z be a nondegenerate (but not
necessarily unimodular) G-equivariant symplectic form. We extend this in the standard manner to a form

(a,b)e M x M + {a,b) = Z(g_la-b)eg = Z(a -gb)eg € R.
geG geG

This form is skew-hermitian: it is R-linear in the first variable and (a,b) = —(b,a)T. A Z-linear
automorphism of M is G-equivariant and preserves the symplectic form if and only if it is an R-module
automorphism which preserves this skew-hermitian form. We denote the group of such automorphisms
by U(M).

Let R4 stand for the fixed-point set of 1 in R; this is an additive subgroup of R. If a € M is R-isotropic
in the sense that (a,a) = 0, then for every r € R the isotropic transvection

2 T.(r):xeMi—>x+(x,a)raeM

lies in U(M) and r € R4+ + T,(r) is a homomorphism from (the additively written) R4 to (the
multiplicatively written) U(M). Since T, (r) only depends on a ® ra € Mt ® g M, we also denote this
transformation by 7'(a ® ra).

The basic hyperbolic module Let A be a (not necessarily commutative) unital ring with unit endowed
with an anti-involution f. The basic hyperbolic A-module H*(A) is the free left A-module of rank
two (whose generators we denote by e and f) endowed with the skew-hermitian form defined by
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(e,e) = (f,f)=0and (e, f) = 1. Tt can be regarded as the A-form of the standard symplectic
module Z2. In vector notation:

Cl/ b/ AN AN
3) <(a,,), (b,,)>=ab F—a"p'".

It is unimodular in the sense that a € H?(A) +— (—, a) € Homy(#?(A), A) is an antilinear isomorphism.
We will write Up(A) and EUy(A)) for U(H?(A)) and EU(H?(A)), respectively. The latter contains
SL,(Z) in an obvious manner. Let Ay C A be the set of {-invariant elements. One verifies that
T, :x € H*(A) — x + (x, e)e and the similarly defined Ty have the matrix form

T, (a) = ((1) —fa) and Ty (a) = (pla 1)

respectively, where p, stands for right multiplication with a.

The group I'(G) We take A = R(= ZG). The elements of the form r + rT with » € R make up
a subgroup R4+ of R4 such that R /R4 is a finite-dimensional [F»-vector space. Let 'y (G) and
I'_(G) denote the subgroups of EU>(R) generated by T, (R++) and Ty (R4 ), respectively, and let
I',(G) C EUy(R) stand for the subgroup generated by ' (G) and SLy(Z). Since I'_(G) is a SL,(Z)-
conjugate of I'4(G), the group I',(G) contains Ty (R4 ). The right (inverse) action of G on H?(R)
defines an embedding of G in U,(R). One checks that

pgTe (pgr =Te(grg™ "),
and so G normalizes [',(G). We put I'(G) := [',(G).G.

Arithmetic nature of I'(G) The notion of a basic hyperbolic module generalizes in a straightforward
manner to ’;’-lz(V);r ), the skew-hermitian form being given by

v/ w, / 14 " /
4) <<v”)’ (w//)>=hx(v LW —hy (v, w').

So we have defined U2(V; ); it is the group of K ,-points of a reductive algebraic group defined over K.
If we write an element of U2(V; ) in block form (é g), with 4, B, C and D in EndDX(V; ), then the
subgroup defined by C = 0 is parabolic. Its unipotent radical is given by requiring that in addition
A and D are the identity. The corresponding subgroup is then the vector group ((1) lf ) for which B is
hermitian relative to /. In other words, /1 identifies B with an element of u(V, ) —that is, a symmetric
element of Vy ®p, V; —and hence defines an isotropic transvection. In particular, this is also the
unipotent radical of the corresponding subgroup of EUz(V);r ). An opposite parabolic subgroup is defined
by B = 0 and has a similar description of its unipotent radical. Let us denote these unipotent radicals by
R4 (U2 (V) and R_ (U (Vy)), respectively.
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We run into this when we consider the isotypical decomposition of %#?(QG). The isogeny space
H2(QG)[x] = Homgg (Vy, H*(QG)) is then a left Dy-module that is naturally identified with ’;‘-{Z(V);r ).
This gives rise to a decomposition

Q6 =[] L.
X€X(QG)
The image of '+ (G) in UZ(V;) clearly lands in Ri(Uz(V;)). Since EndDX(V;) = EndDX(VX) is a
Wedderburn factor of QG, it follows that the image of R in Endp, (V; ) is an order (a lattice that is
also a unital algebra). This is compatible with the anti-involutions, and hence the image of R4 in
Endp X(V; ) is a lattice in the subspace of hermitian matrices. So the image of '+ (G) in U2(V; )isa
lattice in R (Ua(Vy)).

It is clear that I',(G) maps to EUQ(V;).

Proposition 3.1 The image of I'(G) in Uz(V);r ) is an arithmetic subgroup. The real rank of UZ(V);r )
is > 2 unless dimDX Vy = 1. In that last case, where we can assume that V; = D, with G acting on the
right and mapping to its group of units, one of the following holds:

(i) Dy =Q and G maps to [12,
(ila) Dy is the Gaussian field Q(+/—1) and G maps onto 4,
(itb) Dy is the Eisenstein field Q(~/—-3) and G maps onto 3 or [ie,
(ilia) Dy = Q4+ Qi +Qj + Qk and G maps onto its group of units (a binary tetrahedral group of
order 24) or onto the quaternion group of order 8, or
(iiib) Dy, =Q+ Q+/3i + Qj + Q+/3k and G maps onto the binary dihedral group of order 12.
In all cases, I'(G) acts Q-irreducibly in HZ(V;).

Remark 3.2 It is well known that the quaternion group appearing in Proposition 3.1(iiia) is realized as
the Galois group of a torus ramified at four points (the covering surface has genus three). This example is
like a Swiss army knife for illustrating (and refuting) statements in complex dynamics, which is why that
community refers to it as the eierlegende Wollmilchsau. We do not know whether its appearance here is
just a coincidence.

For the proof we need:

Theorem 3.3 (Raghunathan [7], Venkataramana [9]) Let § be an almost simple simply connected
Q-algebraic group of real rank > 2. Let R_ and R+ be Q-subgroups that contain the unipotent radicals
of opposite Q-parabolic subgroups of G. Then for any pair of lattices '+ C R4 (Q) and T'— C R_(Q),
the subgroup of G(Q) generated by their union I'y U I'_ is a congruence subgroup of G(Q).

Proof We first prove the arithmeticity property of I',(G) in EU2(V; ). Let us first observe that the
group EUz(V; ) is almost simple by Lemma 2.2. Indeed, this can only fail if D, = K, and the form is
symmetric (with dimg V; = 2), and this is clearly not the case.
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If the real rank of EU2(V; ) is > 2, then the theorem of Raghunathan and Venkataramana applies and
we conclude that I', () is an arithmetic subgroup of EUz(V);r ). It is then also easy to see that I'(G) acts
Q-irreducibly in H2(Vy).

Since the real rank of EUz(V);r ) is > dimp,, V; , it remains to treat the case when dimp, V; =1.1In
other words, we can assume that V; = Dy. The real rank of EU(D) is then still > 2 most of the
time. As we saw above, the exceptions are the cases for which K, = Q and D, is either Q, a definite
quaternion algebra over Q with center QQ or an imaginary quadratic extension of Q. Since D is also an
irreducible Q G-module, we have a homomorphism p: G — D ; whose image contains a Q-basis of D .
In particular, D is generated over QQ by its units. So if D is an imaginary quadratic extension of QQ, then
D, is either Q, the Gaussian field or the Eisenstein field. In the definite quaternion case, D;(R) is the
group of unit quaternions, and hence p(G) is one of the subgroups classified by Klein: this group must be
binary tetrahedral, binary octahedral, binary icosahedral or binary dihedral (of order 4n). In these cases
p(QG) NR equals Q, Q(v/2), Q(+/5) or Q(cos(rr/n)), respectively. Since we want this intersection to
be Q, only the two groups listed have that property.

Note that in each of these exceptional cases, Dy,+ = K, = Q. The isotropic subspaces in H2(D x)
are defined over Q, and hence EU> (D) = SL,(Q). The group I',(x) is then a copy of SL>(Z). So
I',(G) is arithmetic in EUz(V; ). In view of Lemma 2.1 this also implies the arithmeticity of I'(G)
in U2(V; ). The actions of G (on the right) and SL,(Z) (on the left) on ”;'-lz(V);r ) commute and make
7—[2(V);r ) an exterior tensor product of irreducible Q-representations: it is the right Q G-module V;
tensored with the tautological representation of SL,(Z) on Q2 (which is absolutely irreducible). Hence
H2( V; ) is irreducible as a representation of SL.»(Z) x G. This implies that ”;'-[Z(V);r ) is irreducible as a
I'(G)-module. |

4 An arithmeticity criterion

In this section we fix a rational character y € X(QG). We therefore suppress the subscript y and write D
for Dy and V for V.

Proposition 3.1 tells us that I'(G) C U»(VY) is an arithmetic subgroup which acts Q-irreducibly on
H2(VT) and that, with a few exceptions, the group U (V') is of real rank > 2.

Eichler transformations revisited Let M be (left) D-module of finite rank endowed with a nonde-
generate skew-hermitian form (—, —): M x M — D. Given a D-submodule N C M, we denote by
Ups (N) the subgroup of the group of transformations that act trivially on N--. This group preserves N
and acts trivially on its radical N, = N N N1. Hence “restriction to N defines a homomorphism
Uy (N) — U(N). This homomorphism is easily shown to be onto. Its kernel consists of the unitary
transformations that act trivially on N + N1, and one checks that this is the image of u(N,) under 7.
We saw that the homomorphism U(N) — U(N) is also onto, and we identified its kernel with the vector
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group NOJr ® N. So the Levi quotient of Ups(N) is U(N) and its unipotent radical R, (Ups(N)) is an
extension of vector groups:

1 - u(Ny) > Ry(Upr(N)) - NJ @p N — 0.

As is clear from (1), this extension is usually nontrivial. If N, is spanned by a single element ¢, then we
can write this sequence as

5) 0—>c®DicL Ry(Upy(N) = c®N — 0.

Any element of R, (U (N)) is an Eichler transformation E(c,a, A) whose image inc ® N is c ® @
(where @ € N is the image of a). We will often use the following lemma:

Lemma4.1 Let ' C Uy (N) be a discrete subgroup whose image in U(N ) is arithmetic and which acts
Q-irreducibly in N . If T' N Ry, (Ups (N)) contains an Eichler transformation E(c,a, \) with a € N~D.c,
then ' N Upg (N) is arithmetic in Upg (N).

Proof We are given that in the exact sequence of algebraic groups
1 - R,(Uy(N)) = Uy (N)— UN) — 1,

the image T of T" in U(N) is arithmetic. Hence for T" to be arithmetic, it suffices that I' N R, (EUps (N))
be a lattice. For this we turn to the exact sequence (5). The Eichler transformation E(c, a, A) has image
c®ain ¢ ® N, and this image is nonzero by assumption. The image of the I'-conjugacy class of
E(c,a,A)inc® N is equal to ¢ ® T'a. Since our assumptions also imply that " acts Q-irreducibly in N,
it follows that the image of I' N R, (Ups(N)) in ¢ ® N is a lattice in c ® N.

Next observe that if E(c,aq,A1) and E(c,az, Az) liein ' Ry, (Ups (N)), then so does their commutator,
which by the identity (1) is T(c ® Ac) with A = (a1, a») + (a1, a»)T. Since the (a1, a») generate a lattice
in D, it follows that the A generate a lattice in D. In other words, the preimage of I' N Ry, (Ups (N)) in
¢ ® D4c is also a lattice. Hence I' N R, (Ups (N)) is a lattice. |

Hyperbolic submodules If j: H2(V1) <> M is an embedding of hermitian D-modules, then M is the
orthogonal direct sum of the image of j and its perp (for H2(VT) is nondegenerate), so that j gives rise
to an injective homomorphism of groups jx: Us(V1) <> U(M). Let us refer to such an embedding as a
V-hyperbolic summand in M .

The following criterion for arithmeticity will be central to our argument:
Theorem 4.2 Let M be a nondegenerate skew-hermitian D -module of finite rank, and
a: Vi M, bV Mipes

a collection of D -linear embeddings (with B finite and nonempty) whose images span M over D and
are such that for each b € ‘B, the pair (a,b) defines a hyperbolic summand of M. If dimp V1 =1
and dimp M > 2, assume in addition that there exist by, by € B for which by (V') and by(V') are
perpendicular.
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Then the subgroup I' of U(M ) generated by {(a, b)«I"(G)}pes is an arithmetic subgroup of U(M') which
acts Q-irreducibly in M .

The proof will be by induction on dimp M. As may be inferred from the statement of the theorem, the
case when dimp VT = 1 is a bit more delicate. Indeed, the first induction step then requires special care
and so we do that case first. Once we have dealt with it, we indicate how to modify the arguments in
order to obtain a proof of the unrestricted version of Theorem 4.2.

Let us say that a D-subspace N C M is I'-arithmetic if I' N Upg (N) is arithmetic in Ups (N) and acts
Q-irreducibly in N (the last property is a consequence of the first if the real rank of Uy (N) is > 2).

The case dimp VT =1 We then identify VT with D and a and each b € B with the image of 1 € D
under these embeddings, so that (@, b) = 1 for all b € B. Note that {a} UB C M consists of isotropic
elements and generates M over D. We write ['(a, b) for the image of I'(G) under (a, b), so that I is
generated by {I'(a, b)}pcn. As any b € B lies in I'(a, b)a, it follows that {a} UB C I'a.

By Proposition 3.1, Da + Db is I'-arithmetic for every b € B. We therefore assume that M is not of the
form Da + Db. So there exist b1, by € B with by ¢ Da + Dby such that (b1, b) = 0.

Lemma 4.3 Put N := Da + Db;. Then N’ := N + Db, is I"-arithmetic.

Proof We verify that the assumptions of Lemma 4.1 are satisfied by I' N\ Ups (N). It is clear that the
radical of N’ is spanned by ¢ := b, — by, so that N’ is the isomorphic image of N. We know that N is
T-arithmetic and so I has arithmetic image in U(N’). Since Ty, and T}, lie in I, so does Tp, Tb_ll. We
check that

Ty, Tj, ' (x) = x — {x.b1) + (x.b1 + c) (b1 + ) = E(c. by, D(x).

So the image of I' N R, (Ups(N')) in ¢ ® N’ contains ¢ ® by. Now apply Lemma 4.1. m|

From this point onward the argument will be inductive. The union of Lemmas 4.4 and 4.5 will establish
the theorem in the case dimp vi=1.

Lemma 4.4 Let N & M be a D-subspace which contains a, by and by, and whose radical is of D -
dimension one. If N is I -arithmetic, then there exists ab € B such that N’ := N + Db is nondegenerate
and T -arithmetic, and the real rank of U(N') is > 2.

Proof Let c € N span the radical of N. Since M is nondegenerate and D-spanned by {a} U B, there
must exist a b € B such that ¢ is not in the radical of N’ := N + Db. Then it is easily seen that N’
is nondegenerate, so that Ups (N') = U(N’). In the case N = Da + Dby + Db, (where we can take
¢ =by—by), one checks that N is the perpendicular sum of two copies of 7£2(D). Otherwise, N’ contains
such a sum. This implies that U(N’) has real rank > 2.
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The U(N')-stabilizer U(N’). of ¢ is equal to Ups (N) and hence contains I' N U(N'). as an arithmetic
subgroup. Observe that ¢’ := T} (c) =c+{c, b)b is another isotropic element with (¢, ¢) = (¢, b) (b, c) #0,
and so Dc 4+ D¢’ 2= H?(D). The two U(N’)-stabilizers of D¢ and D¢’ are opposite parabolic subgroups
of U(N') whose unipotent radicals are contained in U(N”’). and U(N')., respectively. Since U(N'). is
a I'-conjugate of U(N’),, it follows that ' N U(N’)s is an arithmetic subgroup of U(N’).,. We have
thus satisfied the hypotheses of Theorem 3.3 and we conclude that I' N U(N') is arithmetic in U(N').
The fact that ' N U(N') acts Q-irreducibly in N’ follows from the fact that ' N U(N) has this property
in N, for the (CNU(N'))-translates of N span N’ over Q, but do not decompose N'. O

Lemma 4.5 Let N & M be a proper nondegenerate D -subspace of dimension > 4 and contain a, by
and by. If N is I -arithmetic, then so is N' := N + Db’ forevery b’ € B~ N.

Proof when N’ is degenerate We verify that the assumptions of Lemma 4.1 are satisfied by TN Ups (N').
The radical of N’ is necessarily spanned by an element of the form ¢ := b’ —b, where b € N is characterized
by the property that (x,b) = (x,b’) for all x € N. So N maps isomorphically onto N'/Dc = N'. In
particular, the natural map U(N) — U(N’) is an isomorphism, and hence I" N Uz (N’) maps onto an
arithmetic subgroup of U(N’).
Let n be a positive integer such that 7} € I". Then

Ty T, " (x) =x—n{x,b)b+n(x,b")b" =x +n(x,b)c +n{x,c)b+n(x,c)c = E(c,nb,n)(x).

So E(c,nb,n) e T N Ry (Up(N')) and this element has image ¢ ® nb in ¢ ® N'. It then follows from
Lemma 4.1 that N’ is T-arithmetic. O

Proof when N’ is nondegenerate Then N{:=N'Nb’ L is degenerate with radical spanned by b’. We first
prove that N{ is I'-arithmetic by verifying the assumptions of Lemma 4.1. The subspace N1 := N Nb’ L
supplements b in N;. It is therefore nondegenerate and maps isomorphically onto Ny = N{/Db’. This
enables us to regard U(Np) as a subgroup of Ups (N/) that acts trivially on both b’ and its orthogonal
projection in N.

Since I' N Ups (N) is arithmetic in Ups (N ), its subgroup I' N U(Ny) is arithmetic in U(N7) and has
arithmetic image in U(N',). We show that E(b’,¢’) € T for some ¢’ € N{ ~ Db’. Then Lemma 4.1 will
imply that N is I"-arithmetic.

For this we recall that ¢ := b, — b; is perpendicular to b; and has nonzero image in Dbf- /Dby. Let
y€l'(a,b")T(a,by) CT(N’) take by to b’. Since ¢ is perpendicular to by, ¢’ := y(c) € N’ is perpendicular
to y(b1) = b’ (so lies in N{) and has nonzero image [c'] in N, = Nj. Since E(b',¢’) = E(c/,b") Lisa
I"-conjugate of E(c,by)™!, it lies in T.

Now U(N')p = U(N’ Nb'+) and so T N U(N’), is arithmetic in U(N’)p. As a € T'b’, the same is
true for TN U(N"),. Since a and b’ span a copy of H?(D), their U(N')-stabilizers contain the unipotent
radicals of opposite parabolic subgroups of U(N’). The real rank of U(N') is > 2, so Theorem 3.3 applies
and tells us that N’ is [-arithmetic. O
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The case when dim p VT >1 The same scheme works when dimp V> 1. The difference is that we deal
with larger hyperbolic packets, to wit, the images of hyperbolic embeddings (a,b): H2(V1) < M. The
essential difference is that we start off in a better position, since we begin with a VV T-hyperbolic embedding
j:H?>(VT) < M and we already know that its image N is I'-arithmetic and that Ups(N) = U(N) has
real rank > 2.

5 Finding liftable mapping classes

In this section the G-covering S — S is as in the introduction and 4 C S is a nonempty closed
one-submanifold such that the covering is trivial over 4 and is connected over S ~ A. We also choose
a connected component « of A, so that A’ := A ~ « might be empty. We orient & and regard it as the
oriented image of an embedding of the circle in Sg. We will see that this gives rise to enough copies
of T'(G) in the representation of the G-equivariant mapping classes as to satisfy the hypotheses of our
arithmeticity criterion, Theorem 4.2.

We denote by Sg (o) the singular surface obtained from Sg by contracting « to a point (that we will
denote by o0o). Its topological normalization is a closed connected surface, denoted by §G (), whose
genus is one less than that of Sg. The surface §G (a) comes with two points over co and the orientation
of o enables us to tell them apart: we let p— be “to the left” of @ and p4 be “to the right” of «. If we
regard A’ also as a submanifold of S ¢ (), then the surjection S G (o) = S (a) defines a map from the set
H(§ a(@)~A"; p—, py) of path homotopy classes in S ¢ (@)~ A" from p_ to p to the fundamental group
71(Sg (), 00). This map is injective. We do the same (in a G-equivariant manner) for the preimage of
S¢ ~a in S, and thus get G-covers S(«) — Sg () and S° (o) —> S (o), and G-orbits Py, C S(a)° and
PLcC8° (), so that we end up with the diagram below (in which the vertical maps are G-coverings):

7l ————% P 4———— P_UP,

NI | >

S — 3 S(@) ¢—— S()

l

—» {00} 4——|—— {p-., p+}

~ S ~

S¢ ————» Sg(@) ¢——— Sg(a)

o

This construction comes with G-equivariant bijections P— &= Py, = P. Our assumption on the covering
S — Sg amounts to the properties that S (@) is connected and stays so if we remove the preimage of A’,
and the three G-orbits P, and P+ are regular. So the choice of a point in P, (Which is equivalent to the
choice of a lift & of «) identifies these G-sets with G (on which G acts by left translation). In particular, we
thus identify Isog (P—, P+ ) = Autg (Pso) With G (where g € G acts on G by right translation over g~ !).
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Figure 1: The surface Sg, its quotient Sg (o) and the normalization Se ().

For any path in §£’; ()~ A’ from p_ to p4, the G covering is trivial over it, so that we have an associated
G-bijection P_ = P . Since the G-covering over S ¢ () ~ A’ is connected, the resulting map

M(Sg (@)~ A" p—. py) = Isog (P_, P1) = Autg (Peo)

is onto by standard covering theory. We will say that an element of H(§ ¢ @)~ A’ p—, py) is G-trivial
if its image in Autg (Pso) under the above map is the identity. Such elements make up a coset for the
kernel of the natural homomorphism 7 (§ cl)~A", p)—G.

Lemma 5.1 Every element of H(§ c(@)~A'; p_, py) is representable by some arc (ie some embedded
unit interval) in S g a)~ A’ from p_ to py. We can arrange that this arc lifts to an embedding of the
circle R/Z in S¢, which meets « in a single point with intersection number one. In particular, every
element of Autg (P) is realized by the monodromy along an embedded circle 8 which does not meet A’,
and meets o in one point only and does so transversally with intersection number one.

Proof We first represent the homotopy class by an immersion of the unit interval with only transverse
self-intersections. That number of self-intersections is finite and if this number is positive, we lower it by
moving the last point of self-intersection towards p4 and then slide the path over p. By iterating this
procedure we obtain a representative which is an embedding. It is clear that we can make this arc lift to
an embedded circle. The second assertion then follows. O

We choose a lift @ of @ and write a € H;(S) for its homology class. Since Ra is an isotropic sublattice
of Hy(S), we have that (a,a) =0. We let I C H;(S) be the homology supported by the preimage of A’;
this is a free R-submodule (where as before, R = ZG) with a generator for every connected component
of A’. Tt is clear that Ra + [ is isotropic. We saw that the lift & identifies Autg (P) with the group G
with G acting on itself by right translations. Lemma 5.1 above shows that all such elements are obtained
from a loop of the type described there. From that lemma we also derive:
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Corollary 5.2 Let b € I be suchthata-b =1 and ga-b =0 for g € G ~{1}. Then some b’ € b + Ra
can be represented by a lift of an embedded circle B in Sg; ~ A’ which meets a transversally at a unique
point (and for which necessarily «- 8 = 1). In particular, b’ is R-isotropic and the R-linear map defined by

H2(R) > I+, e—a, frb,

is an embedding of skew-hermitian R-modules whose orthogonal complement supplements its image; we
obtain a basic hyperbolic summand of the R-module H1(S).

Proof It is not difficult to see that the homology class b is representable by a map from the circle to S°
which meets the preimage of o exactly once (and hence in a point of &) and does not meet the preimage
of A’. We apply Lemma 5.1 to its image in SZ ~ A’, or rather to the resulting arc in S ¢ (@) ~ A" which
connects p— with p.; this then produces an embedding B of the circle in Sg ~ A" which meets « only
once and with intersection number one over which the G-covering is trivial. The lift ,5 of B which meets &
defines a homology class b’ which differs from b by a class supported by the preimage of «, that is, an
element of Ra.

The proof of the last paragraph is straightforward. a

Let us call an ordered pair (a, b) in Hy(S) R-hyperbolic if {a,a) = (b,b) =0 and {(a,b) = 1. Such a
pair defines a basic hyperbolic summand Ra + Rb C H1(S) and gives rise to an embedding of I'(G) in
Sp(H1(S5))C. We shall denote the latter’s image by I'(a, b) and the image of I',(G) by I',(a,b). We
write B, for the set of b € H1(S) for which the pair (a, b) is R-hyperbolic, and I',(a) and I'(a) for the
subgroups of Sp(H1(S))¢ generated by its subgroups I (a, b) and T'(a, b), respectively, with b € B,.

Fix a basepoint p on o and write p for its preimage in @.

Let & € G and regard / as an element of Autg (P). Let B be as in Lemma 5.1, which we may (and will)
assume to meet o in p such that the lift /§ of B (as an arc) begins in p ends in i p. Let S g be a closed
regular neighborhood of & U B in Sg, ~ A’. This is a compact genus-one surface whose boundary 0 g is
connected. The homotopy class of this boundary (with its natural orientation) is in the free homotopy
class of the commutator [8]~![«]~![B][e] — we write path composition functorially, so the order of travel
is read from right to left. This commutator has trivial image in G (since [«] has), and so the G-covering
S — Sg is trivial over E)Sg. The preimage of 8Sg in S is the boundary of the preimage S# of Sg and
the Dehn twist along 95 g lifts in a G-equivariant manner to a multi-Dehn twist D# along that boundary.
The following lemma generalizes one of the constructions given in [3] for the case when G is cyclic (in

that paper they are depicted as Figures 2 and 3).

Lemma 5.3 The multi-Dehn twist D acts on H,(S) as T,(2 — e, — eZ) (where we use formula (2),
noting that 2 — ey, — e;rl € Ry).
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Proof The lift of the commutator [3]~![e]~![B][c] that passes through p first traverses the embedded
circle &, then traverses ,3 , then traverses the circle ié in the opposite direction and then returns via the
inverse of B to p. So the homology class of this lift of the commutator (and hence of the corresponding
lift of BSg) is a — ha. If we replace p by g p with g € G, then this replaces a by ga and h by ghg™!, so
that the corresponding class is ga — gha = g(1 — h)a. By a standard formula, the resulting action on

H;(S) is given by
DE(x)=x+ ) (x-g(1—h)a)g(1—h)a

geG
=x+ Z ((x-ga)ga—(x-gha)ga — (x-ga)gha + (x - gha)gha)
geG
=x+4+2(x,a)a—{x,ha)a— (x,a)ha =T,(2—ej — eZ)(x). |

Proposition 5.4 Let b € H(S) be such that (a,b) is an R-hyperbolic pair. Then the image of
Diff*(S)Y — Sp(H,(S))C contains I'(a, b).

Proof We first show this for Tg(a, b). Let B be as in Corollary 5.2 (and thus represent an element of
b+ Ra). The diffeomorphisms of Sg with support in the interior of S g have, as their image in the mapping
class group of Sg, a centrally extended copy of SL(2, Z) with the central subgroup generated by the
Dehn twist along the boundary of S g This Dehn twist acts trivially on Hq (S g) These diffeomorphisms
lift to diffeomorphisms of S with support in § P with the central subgroup acting trivially on H;(S). We
thus obtain in the image of Diff ™ (S)C — Sp(H1(S))¢ a copy of SL>(Z).

The multi-Dehn twist associated to « acts on H{(S) as x > x + deG(x -ga)ga = x + (x,a)a =
T,(1)(x). By Lemma 5.3 the image of Diff*(S)% — Sp(H1(S))€ also contains the transvections
Ta(2—ep — e;:) for all 7 € G. Hence that image contains all of 7, (R4 ). This proves that the image of
Diff*(S)¢ — Sp(H1(S))C contains Ty(a, b).

Figure 2: Point pushing (or rather, “small circle pushing”) the genus-one surface S# along Sg /S g

Algebraic & Geometric Topology, Volume 25 (2025)



696 Eduard Looijenga

So it remains to show that the image of G in I'(a, b) is realized by Diff ™ (S)C. For this we use mapping
classes of push type. Consider the smooth surface Sg/ Sg that is obtained as a quotient of Sg by
contracting S g to a point (that we shall call g). If we do the same for the connected components of S B
in G we get a G-cover S)/SP — Sg/S g fitting in the commutative diagram

S —— S)sh

|l
S¢ — Sg/Sh

The covering on the right does not branch over ¢, and so its preimage Q in S/ S# is a regular G-orbit.
For every g € G there is a closed loop y of Sg/S g based at ¢ which avoids branch points and induces
in Q right multiplication by g. The corresponding point-pushing map on Sg /S g (chosen to fix branch
points) lifts to a G-equivariant diffeomorphism ¢ of S/ .S B that extends this permutation.

Such a point-pushing map is isotopic to the identity on Sg/S g, and hence the same is true for its lift ¢. In
particular, ¢ acts trivially on H{(S/ S B). 1t is not difficult to see that the point-pushing map and its lift ¢
can be “lifted” to S and Sg by “small circle pushing”. Since H1 (S ~S#,9(S~S#)) > HY(S/SP)isan
isomorphism, the action on Hy (S ~ S B 3(S ~SP)) will be trivial. Clearly the components of Sg will be
permuted according to the right action of g, and thus g € I'(a, b) is realized in the image of Diff " (S)%. O

Part (ii) of the corollary below establishes the Putman—Wieland property of Theorem 1.1.

Corollary 5.5 (hyperbolic generation) The following properties hold:

(1) The subset {a} U B, of H1(S; Q) spans the latter over QG.

(i) The subgroup I'y(a) of Sp(H1(S)) generated by the subgroups T'y(a, b) with b € B, (and hence
Diff ™ (5)%) has no nonzero finite orbit in H(S).

Proof Letc € Hi(S;Q) be perpendicular to {a} U B,. We prove that ¢ is then perpendicular to every
x € Hy(S); since the intersection form is nondegenerate, this will imply that ¢ = 0 and hence that
the ZG-submodule of H;(S) generated by {a} U B, is of finite index. To this end, let b € B,. Then
x":= (14 (x,a))b + x has the property that (@, x’) = 1. By Corollary 5.2 (a, x”) is a hyperbolic pair
for some x” € x’ + Ra, so that 0 = (x”, c¢) = (x, c).

For (ii) it suffices to show that for every finite-index subgroup I' C T,(a), the fixed part H;(S)' is
trivial. Note that Hy(S)T(®?) is the perp of Ra + Rb in H{(S) with respect to the intersection pairing.
The [y (a, b)-invariant part of H;(.S) is not changed if we replace I',(a, b) by the finite-index subgroup
I'NTy(a,b), and hence H1(S)' is perpendicular to Ra + Rb. As this is true for all 5 € B, and {a} U B,
generates H1(S) as an R-module, it follows that H(S)T must be trivial. m|

We can now finish the proof of our main theorem.
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Proof of Theorem 1.1 Let us denote the image of Diff ™ (M)% in Sp(H,(S;Q))% by I' and the image
of the latter in the factor U(H,(S)[x]) of Sp(H1(S;Q))¢ = Hx U(H1(S)[x])) by I'y. By combining
Corollary 5.5 with Theorem 4.2, we see that under the assumptions of (ii), I'y is an arithmetic subgroup
of U(H1(S)[xD-

Note that I'* := I N EU(H1(S)[x]) is a normal subgroup of I'y. It remains to see that I'X is of finite
index in I'y. Since EU(H1(S)[x]) is almost simple and of real rank > 2, it follows from a general result
of Margulis [4, Assertion (A), Chapter VIII] that this is the case unless 'Y meets EU(H1(S)[y]) in the
center. But Proposition 5.4 shows that I'X contains a subgroup isomorphic to I', (), and so this last
possibility does not occur. a

Remark 5.6 This argument shows that if we are in the setting of (i) (triviality of the cover over a
genus-one subsurface of Sg), then I'y is an arithmetic subgroup of U(H1(S)[x]), unless Vix~D x and
the image of G in V), is of the type given in Proposition 3.1. Denote that image by G, and let GX
stand for the kernel of G — G. Since H1(S)[x] already arises on the G,-cover Sgx — S in the
sense that H1(S)[x] = H1(Sgx)[x], we may for the arithmeticity question just as well focus on this
intermediate cover.

In Proposition 3.1(i)—(ii), that is, when D, equals Q, the Gaussian field or the Eisenstein field, then G
is a group of roots of unity and hence cyclic. When the genus of S is at least three, we can always
find a closed subsurface of genus two over which the covering Sgx — Sg 1is trivial, and so I'y is then
arithmetic. In the remaining cases, G is a particular kind of Kleinian group. It might well be that a
G y-cover is then also trivial over the complement of a genus-two subsurface of the quotient surface when
the genus of the latter is > 3. If true, then it would follow that I" would always be arithmetic if the genus
of S is at least three and the covering is trivial over a genus-one subsurface of Sg.
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The geometry of subgroup embeddings and asymptotic cones

ANDY JARNEVIC

Given a finitely generated subgroup H of a finitely generated group G and a nonprincipal ultrafilter w, we
consider a natural subspace, Coneg (H ), of the asymptotic cone of G corresponding to H . Informally, this
subspace consists of the points of the asymptotic cone of G represented by elements of the ultrapower H“.
We show that the connectedness and convexity of Coneg (H ) detect natural properties of the embedding
of H in G. We begin by defining a generalization of the distortion function and show that this function
determines whether Coneg, (H ) is connected. We then show that whether H is strongly quasiconvex in G
is detected by a natural convexity property of Coneg (H) in the asymptotic cone of G.

20F65

1 Introduction

The asymptotic cone of a group G is a metric space which captures certain aspects of the coarse geometry
of G. Roughly speaking, the asymptotic cone is how the group looks from infinitely far away, and
is constructed by taking a certain limit of scaled-down copies of the group viewed as a metric space.
The roots of asymptotic cones come from a paper of Gromov proving that finitely generated groups
of polynomial growth are nilpotent [8]. Van den Dries and Wilkie added nonstandard analysis to the
construction in this paper, formally introducing asymptotic cones [4]. Since then, several other standard
algebraic and geometric properties of groups have been shown to have natural parallels in their asymptotic
cones. For instance, a finitely generated group is virtually abelian if and only if all of its asymptotic cones
are quasi-isometric to R” for some n € N (see Gromov [9]), and a finitely generated group is hyperbolic
if and only if all of its asymptotic cones are R-trees [9].

Given a group G and an ultrafilter w, we will denote the asymptotic cone of G with respect to w by
Cone®(G). Our goal here is to study the way that geometric properties of embeddings of subgroups in
groups can be detected using asymptotic cones. In order to accomplish this, we define a natural subspace
of Cone®(G) corresponding to a subgroup H. Essentially, points in the asymptotic cone of a group G
can be represented by certain elements of the ultrapower G*. We denote by Conef (H ) the subspace of
Cone®(G) consisting of points with a representative from H®. For the formal definition of this subspace,
see Definition 4.10.

The first property of Coneg, (H ) we study is connectedness. We show that whether Cone, (H ) is connected
is closely related to a generalization of the distortion function of H in G.

© 2025 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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700 Andy Jarnevic

Definition 1.1 Let H be a subgroup of a group G, with G = (X) and H = (Y') where X and Y are
finite sets. The distortion function of H in G with respect to X and Y is defined by the formula

Ay (n) =max{|hly :h € H, |hlx <n},
where ||y denotes the word length of & with respect to the generating set Y. A subgroup H of a group G
is called undistorted if Ag); is bounded from above by a linear function.

We consider distortion up to the following equivalence relation:

Definition 1.2 For nondecreasing functions f, g: N — N, we write that f < g if there exists a constant C
such that f(n) < Cg(Cn) foralln e N. We write f ~gif f <gandg < f.

Under this equivalence, distortion is independent of the choice of the finite generating set. We denote by
Afl the distortion function of H in G for some choice of the finite generating set X .

Definition 1.3 Assume that X is a finite generating set for a group G, and H 1is a subgroup of G such that
X contains a generating set for H. We define the generalized distortion function ,qu’X (m,n):NxN—=>R
by the formula

gy X m.n) = max{|hly,, :h € H.|hlx <n}=AgGY ().

where Yy, ={h € H : |h|x <m}.

We consider generalized distortion functions up to the following equivalence:

Definition 1.4 Given two functions f, g: N x N — R which are nonincreasing in the first variable and

nondecreasing in the second variable, we write f < g if there exists a constant C € N such that
f(Cm,n)<Cg(m,Cn)+C

for all m,n € N, and we say that f ~ gif f <gand g < f.

Under this equivalence, ,ug’X (n) is independent of the choice of the finite generating set X of G, so we use
;Lg to mean ,ug’x where X is some finite generating set of G. For example, if H is undistorted in G, then

G ~
wg(m,n) = —

We show that the generalized distortion function determines whether Coneg, (H ) is connected. Specifically,
we prove the following result, which also shows that for such a subspace, connectedness is equivalent to
path connectedness.

Definition 1.5 We say that a function f: RZ! x RZ0 — R is homogeneous if f(r,s) = g(s/r) for some
function g: R=% — N.

Algebraic & Geometric Topology, Volume 25 (2025)
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Theorem 1.6 (Theorem 4.13) For any finitely generated group G and any subgroup H, the following
conditions are equivalent:

(1) H is finitely generated and ,lLIG{ (m,n) is bounded from above by a homogeneous function.
(i) Coneg (H) is path connected for all nonprincipal ultrafilters w.

(iii) Coneg (H) is connected for all nonprincipal ultrafilters w.

This theorem enables us to relate the ordinary distortion function to the connectedness of Coneg (H ),
and to construct pairs H < G such that Cone{ (H) is disconnected, but the distortion of H in G is small.
Consider the following properties of a finitely generated subgroup H of a finitely generated group G:

(a) H is undistorted in G.
(b) Coneg (H) is connected for all nonprincipal ultrafilters w.

© AIGl, is bounded by a polynomial function.

The following theorem collects the relationship between these three properties:

Theorem 1.7 (Theorem 4.19) For any finitely generated subgroup H of a finitely generated group G,
the following implications hold:
(a) = (b) = ()

Further, the missing implications do not hold. Specifically:

(i) Forany k € N, there exists a finitely generated group G and a finitely generated subgroup H of G
such that Ag (n) ~ nk and Coneg; (H) is connected for any nonprincipal ultrafilter .

(i) For any real number € > 0, there exists a finitely generated group G with a finitely generated
subgroup H such that Ag (n) < n'*€ but Coneg (H) is disconnected for some nonprincipal
ultrafilter w.

Next, we show that the property of a subgroup being strongly quasiconvex, introduced independently
by Tran and Genevois [7; 17], can be detected by a natural property of the embedding of Coneg; (H)
in Cone® (G).

Definition 1.8 A subgroup H of a group G with finite generating set X is said to be quasiconvex if there
exists a number M such that any geodesic in the Cayley graph I'(G, X)) connecting two points in H is
contained in the M neighborhood of H. H is said to be strongly quasiconvex if for all real numbers A > 1
and C > 0 there exists a constant N(A, C) such that any (A, C)-quasigeodesic in I'(G, X) connecting
two points in H is entirely contained in the N neighborhood of H.

In general, quasiconvexity is not independent of the choice of the finite generating set of G. For instance,
in the group Z x Z = (a) x {b), the subgroup (ab) is not quasiconvex with respect to the generating set
{a, b), but is quasiconvex with respect to the generating set (ab, a). In the case where G is hyperbolic,
quasiconvexity is independent of the choice of the finite generating set.

Algebraic & Geometric Topology, Volume 25 (2025)



702 Andy Jarnevic

We have the following relationship between these properties of a subgroup H of a finitely generated
group G:

strongly quasiconvex —> quasiconvex —> finitely generated and undistorted.

None of the reverse implications hold. To see this again consider G = Z x Z = {(a) x {b). The subgroup
{ab) is undistorted but not quasiconvex, and the subgroup (a) is quasiconvex but not strongly quasiconvex.
However, in the case when G is hyperbolic, all of these properties are in fact equivalent.

Strong quasiconvexity is a generalization of quasiconvexity that is preserved under quasi-isometry
in general. Tran [17] characterized strongly quasiconvex subgroups based on a certain divergence
function, and showed that they satisfy many properties of quasiconvex subgroups of hyperbolic groups.
Specifically, any strongly quasiconvex subgroup is undistorted, has finite index in its commensurator, and
the intersection of any two strongly quasiconvex subgroups is strongly quasiconvex. Examples of strongly
quasiconvex subgroups include peripheral subgroups of relatively hyperbolic groups and hyperbolically
embedded subgroups of finitely generated groups.

We show that the property of being strongly quasiconvex is equivalent to a natural property of the
embedding of Cone(; (H) in Cone”(G).

Definition 1.9 We say that a subspace 7" of a metric space S is strongly convex if any simple path in S
starting and ending in 7T is entirely contained in 7.

Theorem 1.10 (Theorem 5.12) Let H be a finitely generated subgroup of a finitely generated group G .
H is strongly quasiconvex in G if and only if Coneg (H) is strongly convex in Cone®(G) for all
nonprincipal ultrafilters w.

This characterization gives useful information about the structure of the asymptotic cones of groups with
strongly quasiconvex subgroups. For instance:

Theorem 1.11 (Theorem 5.13) If G is a finitely generated group containing an infinite, infinite-index
strongly quasiconvex subgroup H, then all asymptotic cones of G contain a cut point.

A precursor to Theorems 1.10 and 1.11 can be found in [2], where Behrstock showed that any asymptotic
cone of a mapping class group contains an isometrically embedded copy of an R-tree, and that this R-tree is
strongly convex in the asymptotic cone. This is then used to deduce that any asymptotic cone of a mapping
class group contains a cut point. I would like to thank Jason Behrstock for pointing out this connection.

Combining Theorem 1.11 with a result of Drutu and Sapir [6] gives the following result:

Corollary 1.12 (Corollary 5.15) If G is a finitely generated group containing an infinite, infinite-index
strongly quasiconvex subgroup, then G does not satisty a law.

This result can be applied to show, for instance, that solvable groups and groups satisfying the law x” = 1
for some n € N cannot have infinite, infinite-index strongly quasiconvex subgroups.

Algebraic & Geometric Topology, Volume 25 (2025)
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Organization Section 2 covers some necessary background on asymptotic cones and establishes our
notation. Section 3 establishes some basic properties of the generalized distortion function and formulates
a relationship between the generalized distortion function and the distortion function. Section 4 contains
the proof of Theorems 1.6 and 1.7. Finally, Section 5 contains the proof of Theorems 1.10 and 1.11.

2 Background

In this section, we provide some background and fix our notation for asymptotic cones.

Recall that given an ultrafilter @ and any bounded sequence of real numbers, (7;), lim® (r;) exists and is

unique.

Now let (S, d) be a metric space, and let ¢; be an unbounded strictly increasing sequence of positive real
numbers. Denote by d; the metric on S defined by d; (x, y) = d(x, y)/c;. We call the sequence (c;) the

scaling sequence.

Definition 2.1 Given a metric space (S, d), a scaling sequence (c;), and an infinite sequence of points
z = (s;) in §, denote by S ;\I the set of infinite sequences (#;) in S such that d; (s;, ¢;) is bounded. The
sequence (s;) is called the observation point.

Definition 2.2 Given (x;), (y;) € S}I, let d*((x;), (yi)) = im® d; (x;, yi).

Note that this is a bounded sequence so the limit exists. However, in general d* will not be a metric, as
there can be different sequences (x;) and (y;) such that d*((x;), (vi)) = 0.

Definition 2.3 We will denote by Cone? ((d;), S) the metric space that results from quotienting the
pseudometric d * by the equivalence relation (x;) ~ (y;) if d*((x;), (vi)) = 0. We will denote the resultant
metric by d¢’. When the choice of the basepoint or the scaling sequence is clear, we will simply write
Cone®(S). We will denote the equivalence class of (x;) by (x;)®, so d¢((x;)®, (yi)®) = d*((xi)., (yi))-

Definition 2.4 A map f between two metric spaces (S, ds) and (T, dt) is called a (A, C)-quasi-isometric
embedding if for all s,t € S,
ds(s,t)
A
Here f is called e-quasisurjective if for all t € T, there exists an s € S such that d7(f(s),?) <e. A map

—C =dr(f(s). f(1)) = Ads(s.1) + C.

fiscalled a (A, C, €)-quasi-isometry it f is a (A, C)-quasi-isometric embedding, and is e-quasisurjective.
When we don’t care about the quasi-isometry constants, we will simply call f a quasi-isometry and say
that S and T are quasi-isometric.

Definition 2.5 Let S be a metric space. A path p: [0,/] — S is called a (A, C)-quasigeodesic if p is a
(4, C)-quasi-isometric embedding.

Algebraic & Geometric Topology, Volume 25 (2025)
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Definition 2.6 Given a pointed metric space (S, x) and (4, C)-quasigeodesic paths p;: [0, ;] — S such
that the sequence /; /c; is bounded and (p; (0)) € SZN, let L =1im® [; /¢c;. If L # 0, define the w-limit of
the paths p;, written

p =1m®(p;): [0, L] — Cone®(S),

by p(x) = (pi(x(li/L)))®. If L =0, define p =1im®(p;): {0} — Cone®(S) by p(0) = (p; (0))*.
Definition 2.7 A geodesic in Cone® (S) is called a limit geodesic if it is an w-limit of geodesic paths.

Note that the limit of geodesics is a geodesic in the asymptotic cone. Thus if ' is a geodesic metric space,
then so is Cone® (.S).

A finitely generated group G can be considered as a metric space using the word metric arising from
any finite generating set X. Given an ultrafilter w, we will denote the asymptotic cone of G with respect
to w by Cone®(G) where we assume all scaling sequences are ¢; = i unless otherwise specified, and
the observation point will always be (e)®. Note that G is (l, 0, %)—quasi—isometric to its Cayley graph
I'(G, X), and so its asymptotic cone is isometric to the asymptotic cone of I'(G, X). This is a geodesic
space, and so Cone®(G) is a geodesic space.

The asymptotic cone of G depends on the choice of a finite generating set X, an ultrafilter @, and the choice
of a scaling sequence (d;). Note that changing the generating set of a group gives a quasi-isometric Cayley
graph, and so will give a bi-Lipschitz asymptotic cone. In general, however, the other choices can matter,
and a group can have many different asymptotic cones. For instance, Thomas and Velickovic exhibited a
group such that one of its asymptotic cones is an R-tree, and another is not simply connected [16]. These
two choices turn out to be closely related. Specifically, given any scaling sequence (c¢;) such that the
sizes of the sets S, = {i : ¢; € [r,r + 1)} are bounded, and any ultrafilter w, there exists an ultrafilter @’
such that Cone®((¢;), G) = Cone“’/((i), G) [14]. This justifies our choice to take all scaling sequences
as ¢; =i unless otherwise specified.

Definition 2.8 We say that a metric space S is transitive if for any two points s,¢ € S there exists an
isometry ¢: S — S such that ¢(s) =¢.

Recall that for any group G, Cone®(G) is a transitive space, and that any asymptotic cone is complete.

3 The generalized distortion function

We begin by defining a variant of distortion that will help us calculate generalized distortion in a variety
of groups.

Definition 3.1 Let H be an infinite subgroup of a group G and let Y and X be finite generating sets of
H and G, respectively. Define the lower distortion function of H in G, written Vg}),( (n), by the formula

VaX(n) = min{|hly : |hlx > n. h € H}.
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We consider lower distortion up to the same equivalence as distortion, and denote by Vg the function
Vgl),( for some choices of the finite generating sets X and Y.

Example 3.2 For p € N with p > 2,let G =BS(1, p) = (a,b : b~ 'ab = a?), and let H = (a). Note
that a?" = b™"ab™, and so Ag (n) > p™. In fact, Ag ~ p™ [9]. Next, note that if k < p”, then we can
write k = Z;:é cip', with 0 < ¢; < p. This in turn means that we can write a* = ]_[;-1:_5 b~"a%b’ =
(IT/=y @ b~1)b"~1. This implies that [aX|x <n +n(p) =n(p +1). Thus V(1) > p".

Example 3.3 Let G be the discrete Heisenberg group, ie the group of all upper triangular integer matrices
with ones along the diagonal, and let H be the center of this group, ie the subgroup of all matrices of the

form
10c
010 with ¢ € Z.
001
Let X be the generating set for the group G given by G = (x, y, z) where
110 100 101
x=]010}), y=]011}), and z=|010],
001 001 001

n,,—n

. _ 2
and let Y = {z}, a generating set for H. Note that x" y" x = z"". Now let m be a natural number

y
such that (n — 1)?> < m < n%. We know that |Z”2|X < 4n. Thus

|z™|x <4n+(n*—(n—1)*)=4n+2n—1<6n.
Therefore if m < n?, then |z™|x < 67, and so Vg (n) > n2.

Now we will show that if |k|x < n, then |h|ly <n?. Let f: G — N and k: G — N be the functions
given by

1ab 1ab
fl101 c]=lal and k|0 1 ¢ |=|b|,
001 001

respectively. We have that

fgx) = f(@)+1. f(gy)=f(g), and f(gz)= f(g),
and thus if |g|y <n, then f(g) <n. Similarly
k(gx) =k(g). k(gy) = f(g)+k(g). and k(gz)=<k(g)+1.
Thus if |g|x <7, then k(g) <n?. If h € H, then |h|y = k(h), and so if ||y < n, then |h|y < n?. Thus

Ag (n) <n?.

Example3.4 LetG = (a,b,c:[a,b]=1,[a,c]=1,c 'bc =b?) =ZxBS(1,2), and let H = (a, b) =
Zx7.Let X ={a,b,c}. Note that |b?" |y <2n+1, s0 Ag(n) > 2" but |a"|x = n, and so Vg(n) <n.
Thus AG £ V§.
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Note that if f1, f2, g1, and g5 are strictly increasing functions such that fi(n) ~ f2(n) and g1 (n) ~ g2(n),
then f1(n)/g1(m) = f2(n)/g2(m). Thus:

Proposition 3.5 For a finitely generated infinite subgroup H of a finitely generated group G,
A (n) AG(n)
A (m) Vi (m)

(M YAUNDE
Proof First choose a finite generating set X for G containing a generating set Y for H. Fix n € N and
let & be an element of H such that ||y <n and |h|y = Ag); (n). By definition, if k € Y, then |k|x <m,
and so |k|y < Ag); (m). Thus |hly,, > [Ag}é (n)/Ag); (m)], and we obtain the first inequality in (1).
For the next inequality, note that if |k|y < n, then ||y < Ag’))f(n). Thus we can write /& as a product of
at most {Ag)é (n)/ (Vg:g(m) —1)] elements of length less £han or equal to Vg:g(m) — 1 with respect

to Y. Note that if /& is an element of H such that |h|y < Vg})’( (m), then by the definition of Vf”},( ,
|h|x <m, and h € Yy,. This gives the second inequality in (1). a

Definition 3.6 We call an infinite subgroup H of a group G uniformly distorted if Af] ~ Vg.
Combining the previous observations gives the following corollary:

Corollary 3.7 If H is an infinite uniformly distorted finitely generated subgroup of a finitely generated
group G, then pu$ (m,n) = AG (n)/ A% (m) = AG (n)/ VG (m).

Example 3.8 Example 3.2 showed that if G = BS(1, p) = (a,b : b~'ab = a”?) and H = (a), then H
is uniformly distorted in G, so we can apply Corollary 3.7 to get that ,ug, (m,n) = p"™™.

Example 3.9 Example 3.3 showed that if G is the discrete Heisenberg group and H is the center of G,
then H is uniformly distorted in G and we have from Corollary 3.7 that ,ug (m,n) = (n/m)?.

We conclude with an example demonstrating that for a group G with finite generating set X containing a
. G.X
generating set for a subgroup H, g~ (n —1,n) can be very large.

Example 3.10 Let H be a finitely generated subgroup of a finitely generated group G such that the
membership problem is undecidable, and let X be a finite generating set for G containing a generating
set of H. The existence of such subgroups was demonstrated independently by Mihailova and Rips [11;
15]. Gromov [9] showed that the distortion function of H in G is bounded by a computable function if
and only if the membership problem is solvable. Note that

G.X G,X G,X G,X G.X
AH,Y(n):/fLH (l,n)fl/«[-] (L2)pug™ (2,3)--py (n—1,n).

Thus, if Mg’X(n —1,n) is bounded by a computable function, then so is Ag’};(n), a contradiction. Thus

Mg’X (n — 1, n) is not bounded by any computable function.
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4 Connectedness in asymptotic cones

We begin by defining an analog of the generalized distortion function for the case of a metric space S.

Definition 4.1 Given a metric space S, a real number r > 0, and two points s, ¢ € S, an r-path connecting
s and ¢ is a sequence of points s = §g, 51, ...,8 = with dg(s;,si+1) <r forall 0 <i <k. We call k
the length of the r-path. We say a metric space S is r-connected if for any two points s, € S there exists
an r-path connecting s and ¢. If (S, s) is a pointed r-connected metric space, and 7 is in S, let |¢|, be the
length of a shortest r-path connecting s and z.

Definition 4.2 Let (S, 5) be a proper r-connected pointed metric space. Define vg (m,n): RZ"xRZ0 - N
to be max{|t|,, : ds(s,t) <n}.

Lemma 4.3 The value vg is well defined, ie for all real numbers m > r, n there exists a constant K € R
such that for any pointt € S withd(s,t) <n, |t|m < K.

Proof Fix n € RZ° and let B be the closed ball centered at s of radius 7. As B is compact, it can be
covered by some finite number p of open balls of radius m. Let s1, ..., s, be the centers of these balls.
As S is r-connected, for each s; there exists a sequence of points

§ =80,i>81,i5---55K;,i = Si

with dg(sji,sj4+1,;)) <mforall 0 <i < K;. Let K =max{K; : 1 <i < p}. Any point in B is within m

of some s;, and so vg(m,n) < K + 1. O

If H is a finitely generated subgroup of a finitely generated group G, and X is a finite generating set
of G containing a generating set for H, then H is 1-connected and proper with respect to the word metric
induced by X. It is clear in this case that ug is the restriction of vy to N x N, where we consider H
with the word metric induced from G.

Definition 4.4 Given two functions f, g: R=" x RZ% — R which are nonincreasing in the first variable,
and nondecreasing in the second variable, we write f <, g if there exists a constant C € R such that
f(Cm,n) < Cg(m,Cn) for all m,n € RZ% with m > r, and we say that f =, g if f <, gand g <, f.

Essentially, v measures how far away S is from being a geodesic metric space. For instance, if S is
geodesic, then vg(m,n) = [n/m].

Lemma 4.5 If (S,s) and (T, t) are proper r-connected pointed metric spaces, and f is a (A, C, €)-quasi-
isometry between S and T such that f(s) =t, then, vy =, vT.

Proof First, fixn e R=% and m e R=", and let y € S with dg (s, y) <n. This means d7 (¢, f(y)) <An+C.
Let K = vr(m, An 4+ C). There exist K + 1 points yg, y1, ..., yx such thatt = yg, y1,...,yx = f(»)
with d7 (i, yi+1) < m. By quasisurjectivity, for each i there exists a y; € S such that dr(f(y]), yi) <e.
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<A(m+2€)+C

Y2
<A(m+2¢)+C

Y1

<A(m+2¢)+C

Figure 1: Lemma4.5.

Thus dr (f(¥)). f(¥{41)) <m+2¢, and so ds(y],y; ;) < A(m + 2€) + C < A'm for some fixed A’
as m > r. Note that we can choose y; to be s, and yj to be y. Thus vg(A'm,n) <vr(m,An +C). If
An 4+ C < m, we have that vy (m,An + C) = 1, so we can assume that An + C is greater than r as well,
and hence vg(A'm,n) < vy (m,A”n) for some fixed A”. By symmetry, vy <, vg, and so vy =, vg. O

Definition 4.6 We call a metric space S asymptotically transitive if Cone®(S) is transitive for all
ultrafilters w.

Theorem 4.7 Let r be a positive number and let (S, s) be an asymptotically transitive proper r-connected
pointed metric space. The following are equivalent:

(i) There exists a function f: RZ% — RZ% such that for all m > r and n >0, vg(m,n) < f(n/m).
(ii) There exists a constant K such that vg(i,4i) < K for all real numbersi > r.
(iii) Cone®(S) is path connected for all nonprincipal ultrafilters .

(iv) Cone®(S) is connected for all nonprincipal ultrafilters .
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Note that the implication (i) = (ii) is clear, simply by letting K = f(4). The implication (iii) = (iv)
is also immediate.

To show that (ii) implies (iii) we will need the following lemma:

Lemma 4.8 Let r € RZ%. If (S, s) is an asymptotically transitive proper r-connected pointed metric
space and there exists a constant K such that vg(i,4i) < K for all real numbersi > r, then for any points
p=i)?,q = (z;)® € Cone®(S), there exist K + 1 points p = po, p1, P2, ---, Pk = q in Cone®(S)
such that d§ (pi, pi+1) < %dé"(p,q).

This lemma is reminiscent of a lemma in [13] used to prove that any group satisfying a quadratic
isoperimetric inequality has a simply connected asymptotic cone. There Papasoglu used the isoperimetric
inequality to build sequences of loops to fill a loop in the asymptotic cone. This is very similar to the
approach we will use to prove that (ii) implies (iii). Similar ideas can also be found in [3; 10; 14].

Proof If (y;)® = (z;)%, the result is trivial, so let (y;)® and (z;)® be points in Cone®(S) such that
dg((i)?,(zi)®) = C > 0. Note that by the transitivity of Cone®(S), we can assume that (y;)* = (s)®.
This means in particular that dg (s, z;) < 2Ci w-almost surely. Note that %C i > r w-almost surely, and
hence vg (%Ci, 2Ci) < K w-almost surely. It follows that there exist points § = y; 0, Vi 1,..., Vi,K = Zi
with ds(yi,j, yi,j+1) < %Ci forall 0 < j < K —1 w-almost surely. Now define p; = (y; ;). Note that
d¢(pj. pj+1) =lim®ds(yi,j, yi,j+1)/i < %C, and so we have our desired py, ..., px. |

We will also need the following lemma in order to prove that (iv) implies (i):
Lemma 4.9 If S is a connected metric space, then for any real number r > 0, S is r-connected.

Proof For a fixed r > 0, and fixed p € S, consider the set C of points ¢ such that there exists a finite
sequence of points p = pg, p1,..., px = q with d(p;, pi+1) <r. If x € C, then clearly B,(x) C C,
and so C is open. Similarly, if x ¢ C, then B,(x) C S\ C, so C is closed. Hence C is open, closed, and
nonempty, so C = S, as desired. O

Proof of Theorem 4.7 We begin by proving (ii) implies (iii).

Let p,q € Cone®(S), and let C = dg (p.q). We will define a uniformly continuous function f from
numbers of the form a/ K" with a,n € N and a < K" to the asymptotic cone such that f(0) = p and
f(1) = g. Note that this is sufficient, since asymptotic cones are complete, and these numbers are dense
in the interval [0, 1].

We will define the function inductively as follows. First define f(0) = p and f(1) =¢. Then fix n € N,
and assume we’ve defined f on all numbers of the form a/K" in such a way that for all s € N U {0}

with s < K", . c
s s+
#(1() 1 (57)) =3
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Now lett = (K[ 4+b)/K"t1 where 1 <b < K and [ € NU{0} with / < K"~!. According to Lemma 4.8,
there exist points po, p1, ..., px such that

l [+1
f(ﬁ)—PO,PL---’pK—f( K )

l [+1 C
42 (pi, pr) < %d?(f(ﬁ),f( - )) <

Let f(¢) = pp. It is straightforward to verify that f is uniformly continuous.

and

We will now show that (iv) implies (i) by contradiction. Assume that Cone®(S) is connected, and
that vg(m, n) is not bounded by any homogeneous function. Hence there exists a ¢ € R>? such that
vs(n,cn) is not bounded. Let n; be a sequence of natural numbers such that vg(n;,cn;) >i. Let
be an ultrafilter containing {n; : i € N}. Consider a sequence of points #; € S such that dg(s,t;) <ci,
and |t;|; = vs (i, ci). According to Lemma 4.9, we can pick points (s)® = po, p1,..., pr = () in
Cone®”(S) such that d¢ (p;. pi+1) < L Let pj = (ti,;)®. We have that ds(#;,;.%,j+1) < i w-almost
surely, so vs(i,ci) = |t;|; < k w-almost surely. On the other hand if j > k, then vg(n;,cn;) > k.
However,
nj:j>ky={nj:jeNiN{n:n>ni} cw,

a contradiction. O

We now want to study how distortion of groups relates to connectedness in asymptotic cones. We begin
by defining a natural subspace of the asymptotic cone of G corresponding to H:

Definition 4.10 Let 7 be a subspace of a metric space S. Denote by Cone’¢(7') the set of all points in
Cone®(S) with a representative (#;)® with each component in 7.

Lemma 4.11 For all subspaces T C S, Cone’g(T') is closed in Cone®(S).

Proof Note that Cone$(7") = Cone®(T'), where we consider 7" under the induced metric from S. Since
asymptotic cones are complete, this is a complete metric space. A complete subspace of a complete
metric space is closed, and so Cone$ (7') is closed in Cone®(S). a

Note that we can think about a subgroup H of a group G as a subspace of the metric space we get by
considering the word metric on G.

Lemma 4.12 If H is a subgroup of a finitely generated group G such that Coneg, (H ) is connected for
all ultrafilters w, then H is finitely generated.

Proof Let H be a subgroup of a finitely generated group G, and let X be a finite generating set for G.
We call an element & of H reducible if there exists a constant k € N and k elements of H, h1, ha, ..., hg,
with |hi|x < |h|x forall 0 <i <k such that h = hyhy---h;. We call an element & € H irreducible if it
is not reducible. We can assume that there exists no i such that all elements 4 € H with |h|y > i are
reducible, as this would imply that H is finitely generated. Thus we can find a sequence (/;) of irreducible
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elements of H such that |h;|x > |h;j—1|x for all i. Fix an ultrafilter @ and consider the asymptotic cone
Coneg (H ) with respect to w and the scaling sequence (|/2;]x ). Assume this asymptotic cone is connected.
As (h;)® € Cone (H ), there exist points (e)” = po, p1, ..., px = (h;)® withd(p;, pi+1) < % for all
0<i<k.Let pj = (h;,;)®. We have that |hl._,jl-h,-,j+1|X < %|h,~|X w-almost surely. Finally, note that
hi =hi,=hi, (h;llhi,z) ‘e (hl._,li_lhl-,k). This, however, implies that /; is w-almost surely reducible, a
contradiction. O

We can apply Lemma 4.8 to a subgroup H of a finitely generated group G, where H is given the word
metric induced from G. In this case, the relationship between vy and Mg combined with Theorem 4.7
gives the following theorem:

Theorem 4.13 The following are equivalent for a subgroup H of a finitely generated group G-

(i) H is finitely generated and there exists a constant K such that /,Lg (i,4i) <K forall i.
(ii) H is finitely generated and there exists a function f such that ug (m,n) < f(n/m).
(iii) Coneg (H) is path connected for all ultrafilters w.

(iv) Coneg (H) is connected for all ultrafilters w.

Example 4.14 We have previously seen that if G = BS(1, p) = (a,b : b~ 'ab = a?) and H = (a), then
;Lg (m,n) = p"~™. Thus ug (i,2i) is unbounded, and we can conclude from Theorem 4.13 that there
exists an ultrafilter  such that Coneg (H) is disconnected. In fact, Cone (H) is disconnected for all
ultrafilters w. This follows from the proof of Theorem 4.7 and observing that for all ¢,n € N the set of
k € N such that uiiii}b}(k, ck) < n is finite.

Example 4.15 If G is the discrete Heisenberg group and H is the center of G, then we have seen in a
previous example that /LIG{ (m,n) = n?/m?, and so ug (i,4i) is bounded and Coneg; (H) is connected
for all ultrafilters w.

We now want to relate the connectedness of Coneg, (H) to the distortion of H in G. In order to do this,
we need a couple preliminary results. The first of these is due to Olshansky:

Theorem 4.16 [12] For any group H, and any function {: H — N satisfying
(1) forallhe H,l(h)=0ifandonlyif h =1,
(i) €(h)y=4L(h ") forall h e H,
(iii) £(gh) <4{(g)+{(h) forall g,he H,
(iv) there exists a constant a such that |{h € H : {(h) <n}| <a",

there exists a group G = (X)) with | X| < 0o, an embedding ¢ of H in G, and a constant C such that for

all he H,
@sﬁ(k)scwnx.
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Definition 4.17 A function f:RZ! — R is called superlinear if for all k € R the set {x : f(x) <kx} is
bounded, and f is called sublinear if for all k € R the set {x : f(x) > kx} is bounded.

Lemma 4.18 Let f:RZ! — R be an increasing sublinear function with f(r) < r for all real numbers
r > 1. There exists a function £: R=Z! — R=! such that

(i) forall m,n € N, £(m)+£(n) > £(m + n),
(ii) foralln e N, £(n) > f(n),

(iii) forall k € N, there exists a py € R such that £ is constant on the interval [py, kp].

Proof We will define pj and £ by induction on k. First let p; = 1 and let £(1) = 1. Assume we have
defined pj and €(n) for n < kpy in a way that satisfies (i)—(iii). Let pg4; be the least real number
such that for all r € R, if r > (k + 1) px 41, then f(r) <r/(k +1)!. Fors e R, if kpx <5 < pr+1,
define £(s) = s/k!. For s € R, if pxyq1 <5 < (k + 1)pg+1, define £(s) = pg+1/k!. By definition,
Ok + Dprs) = prsr /K= Gk + 1) gyt /G + DL

We will now show that £ satisfies (i)—(iii). First, fix r € R=1, and let k € N such that kpy <r < (k+1)pry1.
If kpp < r < pr+1, then £(r) = r/k!, and if s < r, then £(s) > s/k!. Thus, if p + g = r, then
tp)+lq) = p/k'+q/k! =r/k! =L(r). If pryy <r = (k+1)pr1, then £(r) = £(pg1), and (i)
follows immediately as £ is increasing. Fors € R, if kpy <s < pr41,thenf(s)=s/k!> f(s) by definition.

If pry1 =5 <(k+1)px+1, then l(s) =L((k+ 1) pg+1) = (k+ D) pry1/(k+ D! = f((k+ 1D pr41) = f(s),
so £ satisfies (ii). It is clear that this definition of ¢ satisfies (iii). O

We are now ready to relate the connectedness of Coneg (H ) to the distortion of H in G:

Theorem 4.19 If H is a finitely generated subgroup of a finitely generated group G, then the following
implications hold:

1) If Ag (n) is linear, then Coneg, (H ) is connected for all ultrafilters w.
(ii) If Coneg (H) is connected for all ultrafilters w, then Ag (n) < f for some polynomial f.

(iii) For every increasing superlinear function ¢ : N — N there exists a group G with a subgroup H
such that Coneg, (H ) is disconnected for some ultrafilter w, but Ag (n) < ¢.

(iv) Forall k € N, there exists a group G with a subgroup H such that Cone (H ) is connected for all
k

ultrafilters o, and Ag ~n~.
Proof (i) If H is a subgroup of G, then we can define a continuous function p from Cone® (H) to
Coneg (H) by p((hi)®) = (h;)®. Forall h € H, |h|x < C|h|y for some fixed constant C, so p is well
defined. Assume (/;)® € Coneg (H ). This means that there exists B such that forall i € N, |;|x /i < B.
Since distortion is linear, there exists D such that |k;|y /i < D(|h;|x/i) < DB. Thus p is surjective, and
Coneg; (H) is connected, as Coneg (H ) is connected.
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(i) Assume that Cone (H) is connected in Cone® (G ), and hence that ug (i,2i) is bounded by some
constant K for all i. By induction, Ag 2" = ug(l, 2"y < K" for all n € N.

Now let n € N, and let m € R such that 2"~! < n < 2™ We have that

AG(n) < AG (™) < K™ = @M K < (op)en K.
Thus Ag (n) < nlo2 K

(iii) Let ¢ be a superlinear increasing function N — N. Then ¢ can be extended to an invertible
increasing superlinear function from R=! to R. We can now apply Lemma 4.18 to ¢~ ! to get a function
¢ which is always larger than ¢—!. We can then restrict £ to the natural numbers and take ceilings to
get a function from N to N. We can extend this to a function from Z to Z by defining £(0) = 0 and
U(—z) =L(z) for z < 0. As £ > ¢!, we have that ¢ ({(n)) > n. If ¢ is subexponential, then this £ now
satisfies all of the conditions of Theorem 4.16, and hence there exists a group G = (X ), a constant C,
and an embedding {: Z — G such that

) <yl = Cen,

Now note that if | (n)|x < m, then £(n) < C|¢¥(n)|x < Cm, and so n < ¢p(£(n)) < ¢p(Cm). Hence,
distortion is bounded by ¢. On the other hand, £(pr) =£(pr+1) =---=L(kpy) implies that C |/ (q)|x >

E(pr) for all p < g < kpg while [Y(kpi)lx < CL(pk), and so u§ (£(p)/C.CE(pr)) = k. By
Theorem 4.13, Coneg; (H ) is disconnected for some ultrafilter w.

Note that if ¢ is superexponential, then Theorem 4.19(ii) shows that Coneg, (H ) is not connected for all
ultrafilters .

(iv) We will use the same method as in (iii).

Fix k e N, and for z € Z let £(z) = [|z] l/k]. Let G be a group with finite generating set X and v an
embedding of Z into G such that )

z

Wl <Y (2)lx = CL(2).

Note that if [ (z)[x < m, then |z]V/* < [|z|Y*¥] = £(z) < C|¥(z)|x < Cm, which implies that
|z| < C*¥m¥. Thus Ag(m) < mk. Now note that £(m¥) = m, so |y (m¥)|x < Cm, which implies
Ag (Cm) > m*. Thus Ag(m) ~ m¥. The above calculations show that if | (z)|x < 4i, then |z| <
4k C Kk, Further, if |z| < (i/C)X then |y (z)|x < Cl(z) <i. Thus u$(i,4i) < 4*C?*, and so by
Theorem 4.13 we have that Cone (H) is connected. O

5 Convexity in asymptotic cones

Definition 5.1 A subspace T of a metric space S is called Morse if for all constants A and C there
exists a constant M such that any (A, C)-quasigeodesic connecting points in T is contained in the M
neighborhood of T'.
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Di(si)

Figure 2: Theorem 5.3.

Definition 5.2 We say a subset 7' of a metric space S is strongly convex if every simple path starting
and ending in 7 is entirely contained in 7.

Theorem 5.3 Let T be a closed subspace of a geodesic metric space S. Assume that Cone%(T) is
strongly convex in Cone® (S for all ultrafilters w, and for any two points t; and t, in Cone’g(T') there
exists an isometry ¢ of Cone®(S) fixing Cone$ (') such that ¢(t1) = t>. Then T is Morse.

Proof Assume 7 is not Morse. This means that there exist constants A > 1 and C > 0 such that for all
i € N there exists a (A, C)-quasigeodesic p;: [0, k;] — S parametrized by length, and s; € [0, k;] with
pi(0) and p;(k;)in T and ds(p;(s;), T) >i. For all i let

() di = sup{ds(pi(s).T) :s €[0,k;]}.

We can choose our paths p; to make the sequence (d;) increasing with all d; > C. For each i, let s;
be a point in [0, k;] such that ds(p;(s;), T) = d; (such a point exists as paths are compact). Let sl? =
max{s; —3Ad;, 0}, and similarly let s; = min{s; +3Ad;.k;}. By (2), ds(p; (sl?), T)and ds(pi(s]). T)
are less than or equal to d;. Let ds(p; (sf), T)= kf, and dgs(p;i(sj).T) = k] . Let tl.l be a point in T
such that ds (p; (sf), tl.l) = kl?, and let pf .0, kf] — I'(G) be a geodesic from tl.l to p; (sf). Note that by
assumption we can take tl.l =1, where 7 is some fixed point in 7', by taking an isometry fixing 7" sending tl.l
to ¢. Similarly, let p; : [0, k]] be a geodesic from p;(s7) to a point z] € T such that dg(t], pi(s])) = k; .
I .r

i Si

Denote by pi":[s;,s]] — S the segment of p; from p; (sf) to pi(s]).
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We will need the following lemma:

Lemma54 (i) Foralli e N, ifsf #0,a €[s;,s]],and b € [O,kf], then ds (p"(a), pf(b)) >d;.
(i) Foralli € N,ifs] #k;,a€ [Sf,s,-], and b € [0,k]], then ds(p]" (a), p] (b)) > d;.

Proof First, if sf # 0, then sf =s; —3\Ad;. Now note that

3Ad;
A

as p; is a (A, C)-geodesic, and we assumed that d; > C. Thus, as dg (pf (b), pI" (xf)) < d;, we have

ds(p"(a). p"(sh) = =~ — C =3d; — C > 3d; —d; = 2d;.

ds(p!"(a), pf (b)) > d;. The second claim follows similarly. O

We return to the proof of Theorem 5.3.

Fix an ultrafilter w, and consider the asymptotic cone of S with respect to @ and the scaling sequence d;.
By construction, dS(t,pf(kf)) < d;, and so (pf(kf))“’ € Cone®((d;),G). Since |s£ — 57| < 6Ad;,
we have that ds(p;(s?), pi(s)) < 6A%d; + C, and so since (p;(s!))® € Cone®((d;), S), we have
that (p;(s7))® € Cone®((d;), S). Since ds(p;(sl), p/ (k])) = d(p](0), pl(k])) < d;, we have that
(pl (k7)) € Cone®((d;), S). Thus we can define

k! s! s7 k"
kl=1' w l’ l=1' w z’ " — lim® z’ d k" = lim® z’
m _di S m _di S m _di an m _di

and we can define p’: [0, k!] — Cone® ((d;), S) as lim? (pf), p™:[s!, s"]— Cone®((d;), S) as lim?® ("),
and p”:[0,k"] as lim®(p]). We have that p! and p” are geodesics, and p™ is a (A, 0)-quasigeodesic,
and hence all are simple.

Now we have three simple paths, p!, p™ and p”, such that p’(0) and p” (k") are in Cone¢((d;). T), and
p! and p” both intersect p™. Unfortunately, the concatenation of these three paths may not be simple, as
pl and p" could intersect p” more than once. To deal with this case, we need the following lemma:

Lemma 5.5 Let s =1im® s;/d;.

(i) Ifael0,k'land b el[s',s"] with p'(a) = p™(b), then b < s.

(i) ifa [0,k and b € [s',s"] with p"(a) = p™(b), then b > s.
Proof Note that if {i : kf = 0} € w, then pl is a trivial path, and the result is clear. Otherwise
{i: kf # 0} € w. In this case we can use Lemma 5.4 to say that if (b;)® is on p! and (a;) is on p™
after s, then d§ ((b; ), (a;)®) > 1im® d; /d; > 1. The proof of (ii) follows similarly. |
Thus we can form a simple path which starts and ends in Cone%((d;), T) as follows. Let

p =max{t € [s',s"]:3a € [0, k'] such that p’(a) = p™ (1)},
and let
g =min{z € [s',s"]: 3a € [0, k"] such that p" (a) = p™ (1)}
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We obtain a simple path by following p’ up to p™(p), then following p™ up to p™(g), and finally
following p" back to p”(k"). This path contains p™ (s) by Lemma 5.5. Finally, as p" (s) = (p}" (s:))®,

o 40P ) CNGEN ) _ 0y
i i

Thus we have a simple path starting and ending in Cone’§ (T') that is not entirely contained in Cone§ (7). O

dg (p™(s),Cones((d;)T)) = lim

In order to prove a partial converse of this statement we will need the following results from Drutu,
Mozes, and Sapir [5]. Note that an error was found in this paper [1], but none of the following lemmas
were affected.

Lemma 5.6 [5, Lemma 2.3] Let S be a geodesic metric space, @ an ultrafilter, and B a closed subset
of Cone®(S). If x and y are in the same connected component of Cone®(S) \ B, then there exists a
sequence of paths (p;)"_, such that each path is a limit geodesic in X, and the concatenation of the paths
pi is a simple path from x to y.

Definition 5.7 A path is called C-bi-Lipschitz if it is a (C, 0)-quasigeodesic.

Lemma 5.8 [5, Lemma 2.5] In the same setting as Lemma 5.6, let p be a simple path in Cone® (S)
which is a concatenation of limit geodesics. For all § there exists a constant C and a C-bi-Lipschitz
path p’ such that the Hausdorff distance between p and p’ is less than 8, and p’ is also a concatenation of
limit geodesics connecting the same points.

Lemma 5.9 [5, Lemma 2.6] Let p be a C-bi-Lipschitz path in Cone® (S) which is a concatenation
of limit geodesics. There exists a constant C’ and a sequence of paths (py,) in S such that each p, is
C’-bi-Lipschitz, and 1im® (p,) = p.

Theorem 5.10 If T is a Morse subspace of a metric space S, then Cone$§(T') is strongly convex in
Cone®(S).

Proof Let p be a simple path in Cone®(S) starting and ending in Cone’§(7) but not entirely contained
in Cone§(7'). As Cone% (T) is closed, there is a subpath p’ of p which starts and ends in Cone$ (T'), but
no interior point of p’ is in Cone§ (7'). Let x be the initial point of p and let y be the terminal point of p.
Let x’ and y’ be points on p’ such that

max{d§ (x,x),d§ (y,y")} < 7dg (x. ),

and let pl and p” be limit geodesics from x to x” and from y’ to y, respectively. Let p™ be a concatenation
of limit geodesics connecting x” to y” avoiding Cone§ (7). Such a path exists by Lemma 5.6 as Cone§ (T')
is closed. The concatenation of pl , p™, and p” may not be simple, so we let a be the first point of pl
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Cone(T)

Figure 3: Lemma 5.9.

on p™, and b be the last point of p” on p™. By the choice of x” and y’, p’ does not intersect p”, so we
can obtain a simple path by following pl from x to a, p™ from a to b, and p” from b to y. Call this
concatenation q.

Let z be a point on ¢ such that d¢ (z, Cone§(T)) = d > 0. Using Lemma 5.8, we can find a path ¢’
such that ¢ is a C-bi-Lipschitz path which is a concatenation of limit geodesics, and the Hausdorff
distance between ¢ and ¢’ is less than %d. Thus there is a point z’ on ¢ such that d§'(z, z’) < %d, )
d2(z',Conel(T)) > 1d.

Finally we can apply Lemma 5.9 to this new path ¢’ to get that ¢’ = lim® (g, ) with each g, being a C’-
bi-Lipschitz path starting and ending in 7. Thus, as 7" is Morse, each path is in some fixed neighborhood
of T. This implies that ¢ = lim® (g, ) is entirely contained in Cone§(7'), a contradiction.

Thus, if T is Morse in S, then Cone’g(7') is strongly convex in Cone®(S). |

Definition 5.11 A subgroup H of a group G with finite generating set X is called strongly quasiconvex
if it is Morse as a subspace of the Cayley graph G with respect to X .

Note that if H is a subgroup of G, then for any two points (%;)® and (k;)® in Cone{; (H ) there exists an
isometry of Cone® (G) fixing Coneg (H ) which sends (%;) to (k;)®. Thus we can combine the previous

two results to give:
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p(s1)
A p(13)

Figure 4: Theorem 5.13.

Theorem 5.12 A subgroup H of a group G is strongly quasiconvex if and only if Coneg, (H ) is strongly
convex in Cone® (G) for all ultrafilters w.

We conclude by proving a large class of groups cannot contain infinite, infinite-index strongly quasiconvex
subgroups.

Theorem 5.13 If a path connected metric space S contains a proper closed strongly convex subspace T
consisting of more than one point, then S contains a cut point.

Proof Letse S\T,andlettr € T. Let p:[0,/] — S be a simple path connecting s and ¢. Let t; =
min{a € [0,1]: p(a) € T}. This is well defined as T is closed. We will show that p(¢1) is a cut point. Let
ty # p(t1) be apointin T'. If p(¢;) is not a cut point, then there exists a path p’: [0, k] connecting s and 7,
such that p(z1) is not on p’. Let r3 = min{a € [0, k] : p’(a) € T}. Let s; = max{a € [0,11]: p(s1) € p'}.
Create a simple path by following p from #; to s and then following p’ from s1 to 5. This is a simple
path connecting two points of 7' that is not entirely contained in 7', a contradiction. a

Theorem 5.14 (Sapir and Drutu [6]) If G is a nonvirtually cyclic group satisfying a law, then no
asymptotic cone of G contains a cut point.

If H is an infinite, infinite-index subgroup of a finitely generated group G, then it is easy to see that
Cone, (H ) is a proper subspace of Cone®” (G) that consists of more than one point. Thus we can combine
the previous two results to get the following corollary:

Corollary 5.15 If G is a finitely generated group containing a nondegenerate strongly quasiconvex
subgroup H, then G does not satisfy a law.
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On k-invariants for (oo, n)-categories
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Every (00, n)-category can be approximated by its tower of homotopy (m, n)-categories. In this paper,
we prove that the successive stages of this tower are classified by k-invariants, analogously to the classical
Postnikov system for spaces. Our proof relies on an abstract analysis of Postnikov-type systems equipped
with k-invariants, and also yields a construction of k-invariants for algebras over co-operads and enriched
oco-categories.
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1 Introduction

The weak homotopy type of a topological space can be conveniently studied using its Postnikov tower
X =214 X > 141X = = 1<0X = mo(X).

The Postnikov tower allows one (theoretically) to reconstruct X from algebraic and cohomological data.
Indeed, the lowest stages of this tower encode the path components of X and its fundamental groupoid.
For the higher stages, the passage from t<4,—1X to 1<, X is completely determined by a cohomology
class

kg e H* Y (1g 1 X, m4(X)).

© 2025 The Authors, 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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722 Yonatan Harpaz, Joost Nuiten and Matan Prasma

Indeed, given amap f:Y — t<4—1 X, there exists a lift

TSaX

L
(1-1) l

Y 7 T<a1 X

if and only if the cohomology class f*k, vanishes on Y. In this case, the i homotopy group of the
space of lifts (1-1) can be identified (noncanonically) with the (a—i)™ cohomology group of ¥ with
coefficients in f*m,(X). Here it should be noted that the homotopy groups 7, (X)) typically form a local

system of abelian groups.

The purpose of this paper is to describe an analogue of the Postnikov tower for (oo, n)-categories. More
precisely, every (oo, n)-category C admits a tower of homotopy (m, n)-categories, as shown by Lurie [24,
Section 3.5] (see Section 6)

€C— -+ —=hogu,n € —hogy_1,4) C—---—hog, ,) C.

Our main result asserts that there are again cohomology classes which control the passage from the
homotopy (m, n)-category to the homotopy (m+ 1, n)-category:

Theorem 1.1 (informal) For each a > 2, the extension ho(, 44 ) € — ho(,44—1,1) C is classified by a
k-invariant
kq € H* T (hoy+a—1.1) C. 74 (C)),

where 714(C) is a local system of abelian groups on the (oo, n)-category ho(, 41 ) C.

In the case of (0o, 1)-categories, these k-invariants have also been constructed explicitly in terms of
simplicial categories by Dwyer, Kan, and Smith [7]. For n > 1, the above result is stated (without proof)
and used by Lurie in [24]. In [14], we have used this result as part of an obstruction-theoretic proof of the
fact that adjunctions in (o0, 2)-categories are uniquely determined at the level of the homotopy 2-category
(see also the work of Riehl and Verity [29]).

To make Theorem 1.1 more precise, let us recall that for any local system of abelian groups A on a
space X, there exist Eilenberg—MacLane spaces K(A, a) — t<1 X, defined in the homotopy category
ho(8/,_, x) by the following universal property: for every map f:Y — 7<1 X, there is a natural bijection

HA(Y, f*A) = 7o Map/rSI(X)(Y, K(A, a)).
In fact, the Eilenberg—MacLane spaces K(A, a) are related by equivalences
K(A,a) = Q/r_ xK(A,a+1),

where €2/;_, xK(A,a + 1) computes the fiberwise loop space of K(A,a + 1) over 7<1 X (at the base-
points given by the canonical section classifying the zero cohomology class). In other words, these
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Eilenberg—MacLane spaces can be organized into a parametrized spectrum HA over <1 X such that
K(A, a) ~ Q®(XZHA) (see work of May and Sigurdsson [27]). From an co-categorical perspective,
this parametrized spectrum can also be described more precisely as follows (Ando, Blumberg, Gepner,
Hopkins, and Rezk [1]): the local system A determines a functor of oo-categories HA: t<1 X — Ab — Sp
sending each x € 7<1 X to the Eilenberg—-MacLane spectrum of the abelian group A,. By the Grothendieck
construction, such an co-functor to spectra can equivalently be viewed as a spectrum object in spaces
over t<1 X.

In these terms, the k-invariants can be interpreted as maps that fit into commuting squares for a > 2:

TSGX —>T§1X

| l

T<a-1X —— QX (T4 Hr, (X))

Here the right vertical map classifies the zero cohomology class. In fact, this square is homotopy Cartesian,

which implies that the space of sections (1-1) is homotopy equivalent to the space of null-homotopies
of f*k,.

Our more precise version of Theorem 1.1 is then the following:

Theorem 1.2 (Theorem 6.3) For any (0o, n)-category C and a > 2, there is a parametrized spectrum
object Hry (€) internal to (oo, n)-categories, whose base object is ho(, 41 ) C, so that there is a pullback
square of (0o, n)-categories

hog4+a,.n) € —————— ho@41,) €

(1-2) l lo

ho(n+a—l,n) C k—) QOO(E‘H'IHJTa(@))

Furthermore, we prove that the parametrized spectrum Hz, (C) can indeed be thought of as an Eilenberg—
MacLane spectrum: it is contained in the heart of a certain #-structure on the co-category of parametrized
spectrum objects over hog,+1,,) € (Corollary 6.17). This heart consists of local systems of abelian
groups on the (0o, n)-category ho(,+1,,) €, as defined (somewhat informally) by Lurie in [24] (see
Definition 6.13 and Remark 6.15).

To prove Theorem 1.2, the main idea will be to proceed by induction on the categorical dimension 7.
More precisely, the structure of the Postnikov tower, together with its k-invariants, can be axiomatized
in terms of “Postnikov structures”. We prove that a (functorial) Postnikov structure on a symmetric
monoidal co-category 'V that is compatible with the tensor product gives rise to a Postnikov structure on
the co-category Cat(V) of V-enriched oo-categories (Theorem 5.18). Furthermore, the resulting Postnikov
structure on Cat("V) respects the natural symmetric monoidal structure on Cat(V) inherited from V. This
can be used to proceed inductively.

Algebraic & Geometric Topology, Volume 25 (2025)
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More generally, this argument can also be used to provide k-invariants for Postnikov towers of algebras
over oo-operads (see Proposition 4.14 and Example 4.24). These k-invariants typically take values in
certain André—Quillen cohomology groups, and have also been considered (in specific cases) by Goerss
and Hopkins [10], Basterra and Mandell [4] and Lurie [26].

Outline

Let us now give an outline of this paper: In Section 2, we recall the definition of the tangent bundle of an
oo-category and the related theory of “square zero extensions”. Furthermore, we discuss the “square zero”
monoidal structure on the tangent bundle of a symmetric monoidal presentable co-category V, which
is useful to describe tangent bundles to categories of algebras. This square zero monoidal structure is
particularly simple when V is already stable; we discuss this case in a bit more detail in Section 3.

In Section 4, we give an abstract axiomatization of towers of square zero extensions, which we call Post-
nikov structures, as well as multiplicative refinements thereof. In particular, we show how multiplicative
Postnikov structures induce (multiplicative) Postnikov structures for algebras over co-operads. As the basis
of our inductive proof, we show that the Postnikov tower of spaces is part of a multiplicative (functorial)
Postnikov structure. Section 5 contains our main result, Theorem 5.18: we show that multiplicative
Postnikov structures induce multiplicative Postnikov structures at the level of enriched oco-categories.

In Section 6, we apply this result inductively to prove that the homotopy (m, n)-categories of an (oo, 1)-
category are part of a multiplicative Postnikov structure (Theorem 6.3); in particular, this provides the
required pullback squares (1-2). Finally, we discuss how the tangent bundle of (oo, n)-categories carries
a (family of) ¢-structures, whose heart consists of the category of local systems of abelian groups on
(00, n)-categories (Definition 6.13). The parametrized spectra Hrr, (C) appearing in (1-2) then appear as
the Eilenberg—MacLane spectra associated to such local systems.

Conventions

We will make use of the language of co-categories, ie quasicategories, and co-operads, following the
standard references by Lurie [23; 26]; we will not distinguish between an ordinary category and its nerve.
Furthermore, we will refer to symmetric monoidal co-categories as SM oco-categories. Recall that SM
oo-categories and (lax) SM functors form (full) subcategories of the co-category of co-operads, which

we will denote by
SMCat < SMCat'™ < Op,..

A presentable SM oco-category is a presentable co-category equipped with a closed symmetric monoidal
structure, ie an object in CAlg(Pr").

Given an oo-operad O, ie a map O® — Finy, and a collection of objects S in the underlying co-category
Oy1) that is closed under equivalences, the full suboperad of O on S is the full subcategory of O® spanned
by all objects of the form x; & --- @ x,, with all x; € S (see [26, Section 2.2.1]).
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Let f: C — D be an SM functor and let W be the class of maps in C that are sent to equivalences
by f. We will say that f is a monoidal localization if it defines an initial object in full subcategory
of CAlg(Cat)e, on those symmetric monoidal functors g: C — & sending W to equivalences. If C is
an SM oo-category and f: @ — C[W 1] is a (non-SM) localization such that W is closed under tensor
products with objects in C, then f admits a unique lift to a monoidal localization of SM oo-categories
[26, Proposition 4.1.7.4].

If € and D are SM oco-categories, let us define a reflective monoidal localization to be an adjoint pair
L:C® Z D®: R in the homotopy 2-category of co-operads such that € : L R — idq is a natural equivalence.
Note that a reflective monoidal localization is determined uniquely by any one of the two maps L and R
(Riehl and Verity [29]). If (L, R) is a reflective monoidal localization, then the (a priori only lax SM) left
adjoint L is a monoidal localization in the sense above (Lurie [26, Corollary 7.3.2.12], Haugseng [18,
Theorem 4.6]). Conversely, if L is a monoidal localization which admits a (fully faithful) right adjoint
at the level of the underlying oco-categories, then it determines a reflective monoidal localization [26,
Corollary 7.3.2.7].
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2 Tangent bundles of co-categories

The purpose of this section is to recall some elements of the cotangent complex formalism described by
Lurie [26, Section 7.3]. In particular, we will recall the definition of the tangent bundle of an co-category
C and the notion of a square zero extension. To motivate this terminology, we show in Section 2.2 that
the tangent bundle inherits a “square zero” monoidal structure from V. In Section 2.3, we introduce
the notion of a “z-orientation” on the tangent bundle, allowing one to make sense of connective (and
discrete) objects in its fibers. The tangent bundle of stable (or more generally, additive) co-categories has
a particularly simple structure, which we discuss in more detail in Section 3.

2.1 Recollections on tangent bundles and square zero extensions

Let V be an oco-category with finite limits. Following Lurie [26, Definition 7.3.1.9], we define the tangent
bundle of 'V to be the co-category
TV = Exc(8fi", V)

Algebraic & Geometric Topology, Volume 25 (2025)
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of excisive functors F: 8" — V from the co-category of finite pointed spaces, ie those functors sending
pushout squares to pullback squares. The co-category TV comes with functors

T=evi:TV->V, Q¥ =evg:TV—>V

taking the base, or the (parametrized) infinite loop space object underlying such a parametrized spectrum,
respectively. The functor 7 is a Cartesian fibration and admits both a left and a right adjoint, both taking
the constant excisive functor on an object in V. We refer to the fiber of 7 at an object X € V as the
tangent oco-category TxV of V at X. The diagram

TV E—[E(SY)—E ()]

Fun(Al, V)

X%
v

then exhibits each fiber TxV as the stabilization Sp(V, x) of the over-category V,x [26, Section 7.3.1].
When V is presentable, TV and each of the fibers Tx "V are presentable as well and the functor 2°° admits
a left adjoint X°.

Definition 2.1 Let V be a presentable co-category. Then the inclusion TV — Fun(8f", V) admits a left
adjoint, which we will denote by X > X ¢, We will say that a map X — Y in Fun(8fi", V) is a TV-local
equivalence if the map X ¢ — Y ¢ is an equivalence.

Example 2.2 The tangent bundle TS can be thought of as the co-category of parametrized spectra (with
varying base space). Note that TS is in some sense the universal tangent bundle. Indeed, using the tensor
product on presentable co-categories [26, Section 4.8.1] (with unit 8, exhibiting that all presentable
oo-categories are tensored over §), we have that

TV>TERV.

Indeed, using [26, Proposition 4.8.1.17], the full subcategory of Fun(8i", V) on the excisive functors coin-
cides under restriction along the Yoneda embedding with the full subcategory of Fun® (Fun(8f", 8)°P, V)
of right adjoint functors that factor over the localization (—)®*¢: Fun(8f", §) — T8.

Remark 2.3 Forany S € 8" and C € V, let hs ® C = Map(S, —) ® C be the corresponding corepre-
sentable functor, ie the left Kan extension of C: x — V along S: * — 8fi". Note that F € Fun(8f", V) is
excisive if and only if it is a local object with respect to the set of maps

2-1) (hs, th3 hs,) ® Cq = (hs, ® Cq)
for any set of generators {C,} of V and any pushout square in 8fi"

S()—>Sl

L

S2—>S3

In particular, the TV-local equivalences are strongly generated by this set of maps [23, Proposition 5.5.4.15].

Algebraic & Geometric Topology, Volume 25 (2025)



On k-invariants for (00, n)-categories 727

Remark 2.4 For any presentable co-category V, the description of the generating TV-local equivalences
from Remark 2.3 shows that evaluation at * € 8$fi" sends TV-local equivalences to equivalences in V. It
follows that there is a commuting diagram

TV 5 Funsi, v) 27, v

\l/

A%

The vertical functors are Cartesian (and co-Cartesian) fibrations, with right adjoint sections taking
the constant 8f"-diagram. In particular, an arrow in TV or Fun(8fi", V) is Cartesian if and only if
it is the pullback of a map between constant diagrams. It follows that the (right adjoint) inclusion
TV < Fun(8f", V) preserves Cartesian arrows. When V is compactly generated, or more generally
differentiable [26, Definition 6.1.1.6] (see Lemma 6.5), the functor (—)®*¢ preserves Cartesian arrows by
[26, Theorem 6.1.1.10].

Let V be an oco-category with finite limits and B € 'V an object. For every E € TgV, there is a natural
map Q®°(E) — B, arising from the map of finite pointed spaces S® — *. For every map X — B, we
denote by

HQ(X: E) = 7o Map; 5 (X, Q% (E))

the set of homotopy classes of lifts n: X — Q°°(FE). Since Q%°(E) is a grouplike E ,-monoid over
B by Proposition 2.28, this forms an abelian group; its unit is the zero map 0: X — B — Q*°(E)
induced by the map of finite pointed spaces * — S°. More generally, we will refer to the groups
HY(X; E) = HY(X; " E) as the n'™ Quillen cohomology groups of X with coefficients in E. Given a
section n: X — Q%°(E), we will say that the pullback square

X—B
(2-2) l lo
X — Q®(E)
exhibits X as a square zero extension of X [26, Definition 7.4.1.6]. When 7 is homotopic to
0: X - B — Q®(E),

we will refer to X ~ X xpg Q°*1 (E) as the trivial square zero extension.

Remark 2.5 The above definition of a square zero extension looks slightly more general than the one
appearing in [26, Definition 7.4.1.6], where it is assumed that B = X. However, note that there is a
natural map p: X — B (induced by the projection Q°°(E) — B); pulling back the parametrized spectrum
E along p, one can also realize X as the square zero extension of X classified by the canonical map
n:X — Q®(p*E).
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2.2 Monoidal structure on the tangent bundle

Our next goal will be to construct a (closed) symmetric monoidal structure on the tangent bundle TV
of a presentable SM oo-category. To this end, let us recall that if V is an SM oco-category and J is an
oo-category, then Fun(J, V) can be endowed with a levelwise tensor product, as follows:

Construction 2.6 [26, Remark 2.1.3.4] Let V be an SM oco-category, encoded by a co-Cartesian
fibration of co-operads V® — Finy. If J is another co-category, let us consider the map

Fun(J, V)®e := Fun(J, V®) X Fun(7,Finy) Filx — Finy.

This is again a co-Cartesian fibration of co-operads [26, Remark 2.1.3.4], which endows the functor
category Fun(J,V) with a symmetric monoidal structure that we will refer to as the levelwise tensor
product. For every f:J — J, the restriction functor f*: Fun(J,V) — Fun(J, V) has the natural structure
of a symmetric monoidal functor because the induced map f*: Fun(d, V)®e — Fun(J, V)®* preserves
co-Cartesian arrows over Fin,. On the other hand, every SM functor V — W induces an SM functor
Fun(J, V)®e — Fun(J, W)®® by postcomposition.

For future reference, let us mention two alternative descriptions of the levelwise tensor product:

Remark 2.7 The levelwise tensor product is adjoint to the Boardman—Vogt tensor product. Indeed, we can
view J as an co-operad via the functor J — * — Finy, where the second functor is the inclusion of the object
(1). For any co-operad O, recall that the co-category of co-operad maps O® ®gyJ — V® is then equivalent
to the oo-category BiFunc(O®, J; V®) of (dotted) bifunctors of co-operads [26, Definition 2.2.5.3]

0®x7J > VO

l id x{(1)} l

. . . A .
Fin, x *x ——— Fin, x Fin, ——— Fin,

Since the bottom horizontal composite can simply be identified with the identity functor on Finy, the
oo-category BiFunc(O®, J; V®) is equivalent to the co-category of functors f: O%® x J — V® relative to
Fin, with the following equivalent properties:

(a) For each inert map a: x — y in O® and each equivalence B:i — j in J, f(c, B) is an inert map
in VO,

(b) For each inert map a: x — y in O%® and each object i € J, f(«,id;) is an inert map in V.

These conditions are indeed equivalent since f(x,8) >~ f(idy,B) o f(c,id;), where f(idy, B) is an
equivalence. The oo-category of functors f satisfying condition (b) is in turn equivalent to the co-
category of co-operad maps O® — Fun(J, V)® . Consequently, we have natural equivalences

Algog,,7(V®) ~ BiFunc(0®,J; V®) ~ Alg, (Fun(J, V)®=).
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Let us point out that by symmetry of the Boardman—Vogt tensor product, we also have that

Algy(Fun(J, V)®*) ~ Alggg,,s(V®) ~ Fun(J, Algy(V®)).

Remark 2.8 If J has coproducts, then the levelwise tensor product can be identified with the Day
convolution product. Indeed, let TI be the corresponding co-Cartesian co-operad [26, Definition 2.4.3.7]
and let us write Fun(J, V)®P» — Fin, for the co-operad obtained from ¥ and V® by Day convolution
[26, Definition 2.2.6.1]. By [26, Proposition 2.2.6.16], this is a co-Cartesian fibration of co-operads that
endows Fun(J, V) with a (closed) SM structure. For any co-operad O, we then have equivalences of
oo-categories of maps of co-operads (ie algebras)

Algg (Fun(J, V)®P) = Algg,qu (V®) ~ Fun(J, Algy (V®)) =~ Algyg,,s(VE) = Algy(Fun(J, V)®).

Here O x JU is the product of co-operads, given explicitly by O® xgin, 71 — Finy. The first equivalence
then follows from the universal property of the Day convolution [26, Definition 2.2.6.1], the second from
[26, Theorem 2.4.3.18] and the last two equivalences follow from the relation between the levelwise
tensor product and the Boardman—Vogt tensor product (which is symmetric).

Lemma 2.9 LetV be a presentable SM oco-category and f :J — J a functor between co-categories with
finite coproducts that preserves finite coproducts. Then the SM functor f*:Fun(g, V)®e — Fun(J, V)®e
admits a symmetric monoidal left adjoint f.

Proof Remark 2.8 identifies the lax SM functor f*: Fun(d, V)®e — Fun(J, V)® (which happens to
be strong SM) with the lax SM functor f*: Fun(g, V)®b» — Fun(J, V)®» arising from naturality of the
Day convolution product. The latter admits an SM left adjoint f; (given by left Kan extension) by [22,
Remark 3.31]. O

Proposition 2.10 Let V be a presentable SM oo-category and endow Fun(8f", V) with the levelwise
tensor product ®iey. Then the localization of Fun(8f", V) at the TV-local equivalences is monoidal. In
particular:

e The localization functor (—)®¢: Fun(8f", V) — TV has a unique lift to an SM functor between SM
oo-categories with domain given by (Fun(8i", V), ®1ey).

e The closed SM structure on TV is given by X ® Y = (X Qiev V).

Proof By [26, Proposition 4.1.7.4], it suffices to verify that X ®jey ¥ — X ®jey Y/ is a TV-local
equivalence for every X : 8" — V and every TV-local equivalence ¥ — Y’. Since the TV-local
equivalences are closed under colimits and ®jey preserves colimits in each variable, we may assume that
Y — Y’ is a generating local equivalence of the form (2-1) and that X = A7 ® D. Since the tensoring
Fun(8fi", §) x V — Fun(8f", V) is monoidal (for the levelwise tensor product), there are equivalences

X ®ev Y := (h1 ® D) ®tev (s, ® C) == (hr x hsy) ® (C ® D) == (hrvs,) ® (C ® D).
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The last equivalence uses that the copresheaf i1 x hg, = Map(T, —) x Map(So, —) (valued in spaces) is
corepresentable by the coproduct T\ S in 8f". Similarly, we have that

X Qv Y 1= (hT (024 D) Rlev ((hsl Hh53 hSz) X C)
> (hr x (hs, Upg, hs,)) @ (D ®C) = (hrvs, Uppyg, hTvs,) ® (D ®C),

where the last equivalence uses that Fun(8f", 8) is Cartesian closed and that h x h s; = hrys,. It
therefore suffices to show that the map

(hrvs, Uppyg, h1vs,) @ (D ®C) = hrvs, ® (D ® C)
is a TV-local equivalence. This is obvious since

TVSO—>T\/S1

| |

TVS, ——TVS3

is a pushout square in 8fi". |

Lemma 2.11 LetV be a presentable SM oo-category and endow TV with the closed symmetric monoidal
structure from Proposition 2.10. Then:

(1) The functor w: TV — 'V admits a natural symmetric monoidal structure.

(2) The induced oplax symmetric monoidal structure on the left adjoint to r [26, Corollary 7.3.2.7] is
strong monoidal. Consequently, TV is tensored over V via the formula

C®X = (C ey X(—))™.

(3) Q% :TV — V has a natural lax symmetric monoidal structure.

Remark 2.12 The lax monoidal structure on 2°° induces an oplax symmetric monoidal structure on
2PV — TV [19]. This does not make X a strong monoidal functor. For example, taking V = 8, we
have that £%°(X) € Sp(8,x) corresponds to the constant parametrized spectrum over X with fiber given
by the sphere spectrum S. Unraveling the definitions (eg using equivalence (2-3)), one then sees that
EP(X) ® ZP(Y) corresponds to the constant parametrized spectrum over X x Y with fiber S V'S, while
XP(X xY) has fiber S.

Proof Let:* — 8fi" be the inclusion of the initial (and also terminal) object. By Construction 2.6 and
Lemma 2.9, restriction and left Kan extension along ¢ yield an adjoint pair of SM functors

cst=1:V L Fun(8i", V) :t* = evs,
where the left adjoint takes the constant diagram and the right adjoint evaluates at .
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For (1), we then note that ev, is itself a left adjoint and sends TV-local equivalences to equivalences
in V, since the domain and codomain of the generating JV-local equivalences (2-1) are both sent to Cy.
It follows that 7: TV — 'V is symmetric monoidal for ® as well. For (2), one simply notes that the
SM functor cst: V — Fun(8", V) already takes values in TV € Fun(8f", V). For (3), note that Q is
the composite of the lax symmetric monoidal inclusion TV — Fun(8fi", V) and the symmetric monoidal
functor ev go : Fun(8fi", V) — V (for the levelwise tensor product on the domain). a

For any functor X : 8" — "V, there is a canonical (counit) map X (%) — X, where we consider X () € V
as a constant diagram.

Lemma 2.13 Let X, Y : 8" — 'V be two functors. Then the pushout-product map
W(X, Y) X(*) Rlev Y HX(*)(X)IeVY(*) X Rlev Y(*) —- X Rlev Y
is a TV-local equivalence.
Proof Suppose that X = colim X; for some diagram of functors X;. Since evaluation and taking the
constant diagram preserve colimits, we can identify the pushout-product map v (X, Y') with the colimit

colim; ¥ (X;,Y) in the arrow category of Fun(8fi", V). As TV-local equivalences are stable under colimits,
we can therefore reduce to the case where X = hg ® C and Y = ht ® D are corepresentables.

Using that the constant diagram on X (x) is given by hx ® X (), the pushout-product map can then be
identified with

hr ® (C ® D)y, gcep)hs ® (C QD) — (hs ® C) ®iey (hT ® D).

As in the proof of Proposition 2.10, the codomain can be identified with Asy7 ® (C ® D). The above
map is then a TV-local equivalence because

SvT —— S v«

|

* VT —— %V %

is a co-Cartesian square (see Remark 2.3). O

The above lemma can be described somewhat informally as follows: we can identify an object of TV
with a tuple consisting of C € V and E € Sp(V,¢). Using the tensoring of TV over V from Lemma 2.11,
we then have an equivalence

(2-3) (C.EYR(D,F)~(C®D,(CRF)®(E®D)),

where the direct sum is taken in the fiber TcgpV. This justifies the following terminology:

Definition 2.14 Let V be a presentable SM co-category. The square zero tensor product on TV is the
symmetric monoidal structure provided by Proposition 2.10.
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For any SM left adjoint f:V — W, postcomposition with f defines an SM left adjoint Fun(8", V) —
Fun(8fi", W) that descends to a natural SM left adjoint T( f): TV — TW between localizations.

Remark 2.15 Let @ be the initial object of V. Since {&} < V is stable under the binary tensor product
of Vand 7: TV — V is symmetric monoidal, the full subcategory TV = TV xy {&} < TV inherits a
nonunital SM structure from TV. Lemma 2.13 shows that for all E, F € T4V, the tensor product £ Q@ F
is the zero object in Tz'V.

Example 2.16 Let V be a cartesian closed presentable co-category. In this case, the levelwise monoidal
structure on Fun(8f", V) induced by the cartesian product on V is simply the cartesian monoidal structure.
Since the (reflective) full subcategory TV < Fun(8", V) is closed under the cartesian product, the induced
square zero monoidal structure on TV is simply the cartesian product as well.

Proposition 2.17 LetV be a presentable SM oo-category and let O be an co-operad. Then there is an
equivalence of co-categories

Algy(TV) = T(Algy(V)),

where TV is endowed with the square zero monoidal structure.

Proof The fully faithful functor TV — Fun(8f", V) is lax symmetric monoidal and hence realizes TV®
as a full suboperad of the co-operad Fun(8", V)®. The co-category of O-algebras in TV then embeds as
the full subcategory of Alg, (Fun(8f", V)) whose underlying functors are excisive. Using Remark 2.7
together with the commutativity of the Boardman—Vogt tensor product [26, Proposition 2.2.5.13], we
obtain an equivalence

Algy(TV) J(Alge(V))
IQ N
Algy (Fun(Sfn, V), ®ey) - Fun(8fin, Algy (V)

Fun(8", V)

of co-categories over Fun(8fi", V), where the diagonal functors are induced by forgetting algebra structures.
In particular, this equivalence identifies the full subcategory Alg,(TV) on the left-hand side with the full
subcategory on the right spanned by diagrams of O-algebras in 'V whose underlying diagrams are excisive.
But this is the same as diagrams 8" — Algy (V) that are themselves excisive, because the forgetful functor
from O-algebras to 'V detects limits [26, Corollary 3.2.2.4]. We conclude that the horizontal equivalence
above identifies Algy(TV) with T(Algy(V)), so the desired result follows. a

The following result provides a symmetric monoidal refinement of Example 2.2:
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Proposition 2.18 LetV € CAlg(Pr") and consider the commuting square in CAlg(Pr")

s—1 v

CStJ/ J/CSt
T(n)

TS —= TV

where the vertical functors are the SM left adjoints to the projection functors and the horizontal functors are
induced by the map n from the initial presentable SM co-category. This is a pushout square in CAlg(Pr").

The proof requires some results about the tensor product of presentable co-categories [26, Section 4.8.1].
Let us recall that there is a sub-oc-operad Pr'»® C Cat®®> of the cartesian operad of big co-categories,
whose objects are presentable co-categories and Mapp L.e (C1, . .., C4; D) is the union of path components
of Map,pic (C1 X - -+ x €y, D) spanned by the functors preserving colimits in each variable. Then the
oo-operad Prv® describes a (closed) symmetric monoidal structure on Pr" [26, Proposition 4.8.1.15].

In the proof below, let us refer to functors g: €y x C; — D preserving colimits in each variable simply as
bifunctors and let us say that such a bifunctor g is initial if it defines an initial object in the co-category
of presentable co-categories (with left adjoints between them) equipped with a bifunctor from C; x C5.
An initial bifunctor g: €1 x C» — D exhibits D as the tensor product of €1 and €5 in Pr.

Lemma 2.19 Let Gy, C; and D be presentable co-categories, g: C; x C; — D a bifunctor and consider

the functor .
W(g): D s P(D) £ P x ).

Then W(g) takes values in the full subcategory of right adjoint functors
FunR(G?p, ) C Fun((?cl)p, ) C Fun(@?p, P(Cr)) =~ P(C1 x Cp)
and g is an initial bifunctor if and only if ¥(g): D — FunR(Gcl)p, C,) is an equivalence.
Proof This follows from the proof of [26, Proposition 4.8.1.17]. Indeed, the argument in [loc. cit.] shows

that W(g) is in fact a right adjoint functor with values in the full subcategory FunR(C’(l)p, C,) and that the
assignment g — W(g) determines a natural equivalence of spaces

Mapp,1.®(C1, Ca; D) =~ Mappr (D, Fun® (C}', €2)) 2 Mapp. (Fun® (€}, €2), D).
In particular (as concluded in [loc. cit.]), it follows that the presentable co-category FunR(Gcl)p, C2)

corepresents bifunctors, ie C; ® Cp ~ FunR(G(;p ,C2). This immediately implies that g is an initial
bifunctor if and only if ¥(g): D — FunR(C}’, C,) is an equivalence. m|

Proof of Proposition 2.18 Since § is the initial object in CAlg(Pr") and coproducts of [E-algebras are
given by the tensor product in the underlying oo-category [26, Proposition 3.2.4.7], it will suffice to verify
that the SM left adjoint functor F: TS ® V — TV induced by the commuting square is an equivalence. To
verify this, we need to show that the underlying functor (forgetting SM structures) is an equivalence.
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To this end, note that the proof of [26, Proposition 3.2.4.7] implies that F' can be identified with the

composite functor

T
(n)®cst

F:78QV TVRTV S TV,

The corresponding bifunctor is therefore given by
£1T8 %V IS gy g &, gy,

To see that F is an equivalence, we need to show that the bifunctor f satisfies the condition of Lemma 2.19,
ie that U( f): TV — Fun® (T8, V) is an equivalence. To identify the codomain of W( f), consider the
functor h%°: SED’OP > ‘P(SEH’OP) — T8 given by the Yoneda embedding followed by the localization from
Remark 2.3. The universal properties of the Yoneda embedding and this localization imply that restriction
along h%*¢ induces an equivalence

(h)*: Fun® (T8, V) => Exc(8}", V) = TV.

Using this equivalence, W( f') can be identified with the functor U( f): TV — Exc(81", V) sending X € TV
to the functor 8" — V classifying the correspondence

Sty 8, (S,v) > Mapsy((hs ® 19)%° ® cst(v), X).

Here we used that T'(n): T8 — TV sends h§® to the excisive approximation of (hs ® ly). By
Proposition 2.10, the tensor product (ks ® 1v)**“®cst(v) in TV is naturally equivalent to (ks Q@ v)* € TV.
This object has the universal property that

Mapgy((hs ® v)™, X) = Mapy(v, X(S5)).
It follows that W( f') can simply be identified with the identity on TV. In particular, it is an equivalence,

so that Lemma 2.19 shows that f is an initial bifunctor and F is an equivalence, as desired. |

2.3 t-orientations on tangent categories

In later sections, we will consider various examples of tangent bundles whose fibers are stable categories
with a natural “connective part”. Let us axiomatize this situation as follows:

Definition 2.20 Let p: & — B be a stable Cartesian fibration, ie a Cartesian fibration such that each fiber
Ex is stable and each arrow f: X — Y in B induces an exact functor f*: &y — Ex. A t-orientation on
p: & — Bis a tuple of full subcategories (2, £=0) of € such that:

(1) For each p-Cartesian arrow E — F in & with F € £=°, we have that E € £=°.

(2) Forevery X € B, the tuple
EZ%ney, es%ney)

defines a ¢-structure on the stable co-category Cx.

In this case, we will refer to €Y = €29 N £=0 a5 the heart of the r-orientation.
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Example 2.21 Let 7: TV — V be the tangent bundle of a presentable co-category. Then each TxV
carries a ¢-structure such that 3';_1\7 is the full subcategory of E € TxV such that Q°°(F) ~ X is the
terminal object in V,x [26, Proposition 1.4.3.4]. Since such objects are stable under base change along
amap X' — X in the base, it follows that TV comes with a canonical t-orientation in which 7=~1V
consists of those E such that Q°(E) >~ n(E).

Condition (1) of Definition 2.20 is equivalent to €% — B being a Cartesian fibration and the inclusion
£=0 < & preserving Cartesian edges.

Lemma 2.22 Let p: & — B be a stable Cartesian fibration with a t -orientation (€=°, £=°). Then:

(1) The restriction of the projection p to each of the three subcategories €20, €= and € is a Cartesian
fibration.

(2) There exists a commuting square of adjunctions over B, ie in Cateo /B, of the form
0T ¢=0

<—
>0
T<0 H T<0 |H

£20 T ¢

Tz()

Fuarthermore, all right adjoint functors preserve Cartesian edges.
In particular, €¥ — B is a Cartesian fibration whose fibers are (ordinary) abelian categories.

Proof For each X € B, the fiber Ex comes equipped with a ¢-structure. In particular, for each X there
are coreflective localizations [26, Proposition 1.2.1.5],
(2-4) & Tex €7 65

>0 >0
The functors 7> realize their codomain as the localization of the domain at the (—1)-coconnective
morphisms, ie those morphisms whose cofiber in £y is contained in 8;0. By condition (1) from
Definition 2.20, each morphism f: X — Y in & induces a left 7-exact functor f*: y — Ex between
the fibers. It follows that the (—1)-coconnective morphisms in (each fiber of) € and €=° are stable under
the functors f*. Let us pass to a universe U such that & and B are U-small and write XZ° (resp. X©) for
the U-small co-category obtained from & (resp. £=9) by localizing at the (—1)-coconnective arrows in
each fiber. We can then apply [21, Proposition 2.1.4] in the (U-small) setting where the marked arrows in
B are just the equivalences to obtain maps of Cartesian fibrations (preserving Cartesian arrows)

>0 >0

_
B/

e =0 e=o0 x@

_
(2-5)
7 5 /
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By [loc. cit.], on the fiber over an object X € B these maps can be identified with the localization functors
from (2-4). In particular, it follows from [26, Proposition 7.3.2.6] that the localizations from (2-5) both
admit a left adjoint over B. These left adjoints are (fiberwise) fully faithful and identify X=° and X©
with the full subcategories £ and £, respectively. In particular, this shows that the projections from
€20 and &° to B are Cartesian fibrations, proving (1). Furthermore, the functors from (2-5) provide the
horizontal right adjoints (relative to B) in (2). Finally, the inclusions &0 — £20 and =0 — & admit left
adjoints over B by [26, Proposition 7.3.2.6]. |

Let us now specialize to the case of the tangent bundle.

Definition 2.23 Let V be an SM oo-category with finite limits. A z-orientation on TV is monoidal if
TZ9Y is closed under the square-zero tensor product and contains the unit.

Example 2.24 Consider the full subcategories of excisive functors F: 8" — §
7208 I8, T=98C T8

such that for every n, the map F(S”) — F(x) has n-connected, (resp. n-truncated) fibers. This defines a
t-orientation on TS, whose restriction to each fiber Tx 8 ~ Fun(X, Sp) consists of diagrams of connective,
(resp. coconnective) spectra. Furthermore, this f-orientation is monoidal (the square zero monoidal
structure simply being the Cartesian product by Example 2.16). In particular, the heart TS can be
identified with the oo-category of local systems of abelian groups. The inclusion T8 C T8 sends a local
system of abelian groups A to the corresponding parametrized Eilenberg—MacLane spectrum HA.

Let V be an SM oo-category with finite limits and suppose that TV carries a monoidal ¢-orientation. If O
is an oo-operad, we can use Proposition 2.17 to identify the Cartesian fibration 7 : T Algy (V) — Algy(V)
with Algy(TV) — Alg, (V). Using this identification, consider the two full subcategories

T20 Algy (V) = Alg (TZ0V),  T=0 Algy(V) = Algy (T=0V),

where we view 729V and 7=V as full suboperads of TV. In other words, these are the full subcategories of
O-algebras in TV whose underlying objects (for every color x € O) are O-connective (resp. 0-coconnective)
in TV.

Proposition 2.25 These two full subcategories T=° Alg, (V) and T=<° Alg, (V) define a monoidal -
orientation on T Algy (V). For every color x € O, the forgetful functor x*: T Algy(V) — TV is t-exact, ie
it preserves both 0-connective and 0-coconnective objects.

Proof First, to see that the z-orientation is monoidal, note that the full subcategory T=% Alg, (V) ~
Algy(TZ0V) C Algy(TV) is closed under tensor products, since evaluation on the set of colors detects
tensor products of algebras.
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To verify condition (1) of Definition 2.20, notice that a morphism in Algy(TV) is m-Cartesian if and only
if for every color x € O, its image under x*: Algy(TV) — TV is a Cartesian arrow [26, Corollary 3.2.2.3].
This immediately implies that for every Cartesian arrow in Alg(TV) whose codomain is contained in
T=0 Alg,(V), the domain is contained in T=? Alg,(TV) as well.

For condition (2), consider the adjoint pair 7=V z TV from Lemma 2.22. Since the inclusion
720V — TV is symmetric monoidal, its right adjoint 7>¢ inherits a lax symmetric monoidal structure
[26, Corollary 7.3.2.7]. We therefore obtain an adjoint pair at the level of O-algebras which is natural
with respect to restriction along maps of co-operads O — O’ (see [26, Remark 7.3.2.13]). In particular,
both adjoints commute with the forgetful functor for each color x € O

T20 Algy (V) = Algy(T20V) T Algy(TV)

] |+

720V T TV

Since the unit of the adjoint pair 7=V z TV is an equivalence and its counit maps to an equivalence in
V by Lemma 2.22, the induced adjunction on O-algebras restricts to an adjunction between the fibers
over an O-algebra 4

75 Algg(V) T T4 Algy(V)

>0
x*l x*

>0 ) —e—
7;*AV tJ- T4V
>0

The left and right adjoint both commute with the forgetful functors and the unit of the adjunction is an
equivalence. In particular, it follows that an object E € T4 Algy(V) is

(a) contained in inO Algy (V) if and only if 759(E) ~ E,

(b) contained in ‘J'f_l Algy (V) if and only if for every color x € O, x* E € Ty» 4V is (—1)-coconnective,
ie 7>0(x*E) =~ 0; in turn, this is equivalent to 7>9(E) >~ 0 in T4 Algy (V).

By [26, Proposition 1.2.1.16], the subcategories ‘I}O Algy (V) and inO Algy (V) then determine a ¢-
structure on J4 Algy (V) if and only if the essential image of

7>0: T4 Algy(V) = T4 Algy(V)

is closed under extensions. Since this functor is idempotent, (a) identifies its essential image with
‘J’fo Alg(V), which is closed under extensions because the forgetful functors x* (which detect connec-
tivity) preserve extensions and each ‘.T;? 4V is closed under extensions. O

In the remainder of this section, we will show that for a large class of presentable co-categories V, the
connective objects for the canonical ¢-orientation on TV (Example 2.21) admit a simpler combinatorial
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description than that of an excisive functor. To this end, let us start by recalling that every E € TxV
defines a reduced excisive functor E: $i" — v /x - Restricting E to the full subcategory of finite pointed
sets, we obtain a very special I'-space object in V,x in the sense of Segal, whose underlying object is
Q% (E). Indeed, for any two finite pointed sets S, T, the pushout square of finite pointed spaces (in fact,

sets)
SvT ——xvVvT

[

SV — %

induces an equivalence E(S Vv T) — E(S) x E(T), from which the grouplike Segal conditions follow.
In other words, 2°°(E) has the structure of a grouplike [E ,-monoid in the sense of [8].

Conversely, in the presence of loop space machinery, every grouplike [E ~,-monoid arises from a spectrum.
For later purposes, let us make this slightly more precise: suppose that 'V is a presentable co-category and
let

Grp(V) € Fun(A®,V), Grpg_ (V) € Fun(Finy, V)

denote the co-categories of grouplike monoids, (resp. grouplike [Eo,-monoids) in V. Both arise as full
(reflective) subcategories of diagrams satisfying the grouplike Segal conditions [23, Definition 7.2.2.1;
26, Section 2.4.2, Definition 5.2.6.2; 8]. In addition, there is an adjoint pair

(2-6) B:Grp(V) L’ Vs :Q

where the left adjoint sends a grouplike monoid to its bar construction and the right adjoint sends a pointed
object in 'V to its loop space (endowed with the group structure coming from the usual cogroup structure
St stvsh,

Definition 2.26 Let V be a presentable co-category. We will say that V has loop space machinery if it
satisfies the following conditions:

(1) The Cartesian product V x 'V 25 preserves geometric realizations.

(2) The unit of the adjunction (2-6) is an equivalence.

We will say that V has parametrized loop space machinery if each slice oo-category V,x has loop space
machinery.

Example 2.27 Note that V has loop space machinery if and only if V, has loop space machinery.
Using this, one readily sees that all co-toposes and stable presentable oo-categories have parametrized
loop space machinery. More generally, a prestable presentable co-category (ie the connective part of a
t-structure on a stable co-category [25, Section C.1]) has parametrized loop space machinery. If V has
(parametrized) loop space machinery and U : W — V is a right adjoint functor preserving sifted colimits
and detecting equivalences (in particular, it is monadic), then W has (parametrized) loop space machinery.
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Recall that a simplicial object A°? — D in some oco-category D is said to be n-skeletal if it is left Kan
extended from Aospn C AP,

Proposition 2.28 Let V be a presentable co-category with loop space machinery and consider the adjoint
pair
B:Grpg_ (V) (= Sp(V) = Excrea(Sf", V) :Q

whose right adjoint restricts a reduced excisive functor along the inclusion i : Fin, — 8. Then the left
adjoint B is fully faithful and a functor F: 8i" — 'V lies in its essential image (in particular, it will be

reduced excisive) if and only if it satisfies the following two conditions:

(1) Its restriction to Fin, satisfies the grouplike Segal conditions.

(2) It preserves all finite geometric realizations, ie colimits of simplicial diagrams that are n-skeletal

for some n.
Before turning to the proof of Proposition 2.28, let us mention some consequences:

Definition 2.29 For a presentable co-category V, let us say that a functor A: Fin, — V is a Segal
Eso-groupoid if for any two finite pointed sets S, 7" € Finy, the square

ASVT) — A(x Vv T)

| |

A(S V *) —— A(%)

is cartesian. We will write Gpdg__ (V) € Fun(Finx, V) for the full subcategory on the Segal [E oo -groupoids.
A Segal Eo-groupoid in V with A(x) = X is equivalent to a grouplike E-monoid in V, x.

Corollary 2.30 Let'V be a presentable co-category with parametrized loop space machinery. Then the

following hold:
(1) There is a relative adjoint pair
B
Gpdg__ (V) L TV = Exc(8i", V)
QOO
v

whose right adjoint restricts an excisive functor along the inclusion i : Fin, — 81",

(2) The left adjoint B is fully faithful and a functor F : 8i" — 'V lies in its essential image (in particular,
it will be excisive) if and only if it preserves finite geometric realizations and i* F is a Segal
E »-groupoid.

(3) The connective part T=V of the canonical t-orientation (Example 2.21) on TV coincides with the
essential image of B.
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Proof Each excisive functor E: 8" — V can also be considered as a reduced excisive functor with
values in V, g (x). The restriction to Fin, then defines a grouplike [Eoo-monoid in 'V, g («), or equivalently,
an Eoo-groupoid in V. It follows that there is a well-defined functor Q2°°: TV — Gpdg__ (V) compatible
with the projections to V. For each X €V, the induced functor between fibers admits a fully faithful left
adjoint by Proposition 2.28 (applied to V /X)-

For (1), we now note that the projections evs and 7 are both Cartesian fibrations, so that 2°° admits
a relative left adjoint B [26, Proposition 7.3.2.6]. For (2), note that B is given fiberwise by the fully
faithful left adjoint from Proposition 2.28. Since m and ev, are also co-Cartesian fibrations, this implies
that B is fully faithful (by [23, Proposition 2.4.4.2]) and that its essential image is as asserted in (2).

For (3), the proof of [26, Proposition 1.4.3.4] shows that it suffices to verify that the essential image of
B: Grpg_ (V,x) <> TxV is closed under extensions. For this, we just need to verify that the additive
presentable co-category Grpg__(V,x) satisfies the following condition [25, Proposition C.1.2.2]: for
eachmap ¥ — ¥ Z in Grpg__(V,x) to a suspension with fiber F — Y, the natural map OLLp ¥ — ¥Z
from the cofiber is an equivalence. To see this, consider the following diagram in Grpg__(V,x):

- FOZOZ—FFO®Z—3F ——Y

| !
e Z®L——Z——30——3Z

Here the bottom row is the standard augmented simplicial object that computes ¥Z as a geometric
realization of coproducts (by restricting along the cofinal functor (A / A%)"P — A% and taking the left Kan
extension along the left fibration (A / A%)Op — A°P). The top row is obtained from the bottom row by base
change along ¥ — ¥ Z and each of the left vertical maps can be identified with the evident projection
onto a summand. However, note that the simplicial structure of the top row is not just the direct sum of
the bottom row and the constant diagram on F.

Since the forgetful functor Grpg__(V,x) — V,x detects geometric realizations and 'V has parametrized
loop space machinery (so that the fiber product Xy 7 preserves geometric realizations), the top row is
then a colimit diagram as well. The canonical map 0 LI Y — X Z is then an equivalence, since it can be
identified with the geometric realization of the natural equivalence of simplicial objects

OLfp (F®Z%) — 7%, o
Corollary 2.31 LetV be a presentable SM oo-category with parametrized loop space machinery. Then

there is a commuting square of presentable SM oco-categories and symmetric monoidal left adjoint functors

Fun(Finy, V) —— Fun(Sfn, V)

| o

Gpdg_ (V) —2— TV

where the top co-categories come equipped with the levelwise monoidal structure and the vertical functors
are monoidal localizations. In particular, the canonical t -orientation (Example 2.21) is monoidal.
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Proof Corollary 2.30 already provides the desired square of presentable co-categories and left adjoints
without monoidal structures. Here the functors Fun(Fin., V) — Gpdg__(V) and Fun($fi", V) — TV
are the localizations whose right adjoints are the evident inclusions of the full subcategories of Segal
E o-groupoids and excisive functors. Since B is a fully faithful functor, the localization Fun(Finy, V) —
Gpdg__ (V) precisely inverts the class W of maps that are sent to equivalences by (—)®*“ o

To refine this commuting square to a commuting square of SM functors, observe that Fin, and 8" both
admit finite coproducts (given by wedge sums) and that the inclusion i : Finy <> 8fi" preserves coproducts.
Lemma 2.9 now implies that iy : Fun(Finy, V)® — Fun(8fi", V)®i admits a natural SM structure (adjoint
to the SM structure on i *). The functor (—)® is an SM localization by Proposition 2.10.

Since (—)%*¢ o is monoidal, the class W of arrows in Fun(Fin, V) is closed under the tensor product
with an object. It follows that the localization Fun(Fin, V) — Gpdg__(V) is a symmetric monoidal
localization [26, Proposition 4.1.7.4]; the functor B : Gpdg__ (V) — TV then has a unique SM structure
making the square commute.

For the conclusion about the canonical 7-orientation being monoidal, note that Gpdg__ (V) <> TV is a
fully faithful symmetric monoidal functor whose essential image coincides with 7=°V by Corollary 2.30.
This implies that T=%V contains the monoidal unit and is closed under the tensor product, as desired. O

Let us now turn to the proof of Proposition 2.28, which requires some preliminaries.

Lemma 2.32 Leti: Fin, — Sf" be the natural fully faithful inclusion. Then restriction and left Kan
extension define an adjoint pair

1

iy: Fun(Fin., V) L ° Fun(8fin, V) :i *

whose left adjoint is fully faithful. The essential image of i\ consists exactly of those functors F : 8" — V
that preserve finite geometric realizations.

Proof Note that 7y is fully faithful because i is. To identify the essential image, let us factor the Yoneda
embedding as
Finy — 8" -L5 P(Fin,),

where j sends T € 8fi" to Mapgn (i (—), T'). Note that for each finite pointed set S € Finy, the functor
Mapgin (i (S), —) preserves all finite geometric realizations in 8fin_since it sends T > T*IS1=1_ Conse-
quently, j preserves finite geometric realizations as well. Since every finite pointed space is the geometric
realization of some 7n-skeletal simplicial diagram in Fin, and the Yoneda embedding is fully faithful on
Fin, it follows that j is fully faithful.

We then have a sequence of adjunctions given by restriction and left Kan extension

i jv
Fun(8fin ,V) L " Fun(P(Finy), V)
l J T
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where the left adjoints are fully faithful. By [23, Lemma 5.1.5.5], the essential image of jji; coincides
with those functors P(Fin,) — V preserving all colimits. Consequently, the essential image of i) consists
of those functors whose left Kan extension along j defines a colimit-preserving functor P(Fin,) — V.

Since j preserves finite geometric realizations, it follows that any functor in the image of iy preserves
finite geometric realizations. Conversely, given F : 8" — V preserving finite geometric realizations, we

have to verify that the counit map
Hhi*F(T)— F(T)

is a natural equivalence for T’ € 8f". The domain and codomain both preserve finite geometric realizations
in T'. Since each T is the realization of a finite simplicial diagram in Fin., we can reduce to the case
where T € Fin,. But F and )i * F agree on finite pointed sets by construction. a

Recall that S! arises as the geometric realization of the 1-skeletal (finite) pointed simplicial set
No(A'/dAY): A% — Fin,,

given explicitly in simplicial degree n by the finite pointed set (n) with n + 1 elements [31, page 295].
For every S € 8fi", the levelwise smash product N,(A!/dA!) A S then determines a simplicial diagram

in 81" given in degree n by the n-fold wedge sum (n) A S = SV".

Lemma 2.33 Suppose thatV is a presentable co-category with loop space machinery and that A :Fin, —V
satisfies the grouplike Segal conditions. Let F = iy A: 8i" — V be its image under the left adjoint from
Lemma 2.32. For each S € 8fi", the simplicial diagram

F(NJAYJOAY)Y A S): AP -V

endows F(S) with the structure of a grouplike monoid in the sense of [23, Definition 7.2.2.1].

Proof Consider the functor Q: 8" — Fun(A°P, V) sending S to F(N,(A!/dA!) A S). We have to show
that Q takes values in the full subcategory Grp(V) C Fun(A°P, V) of simplicial objects satisfying the
grouplike Segal conditions.

Observe that the full subcategory Grp(V) € Fun(A°P, V) of simplicial objects X satisfying the group-
like Segal conditions (ie the grouplike Segal maps X(n) — X(1)*” are equivalences) is stable under
geometric realizations: for every simplicial diagram X, in Fun(A°P,V), the grouplike Segal maps
| Xe(n)| = | Xo(1)|*" are equivalent to the geometric realizations of simplicial diagram of Segal maps
X.(n) = X.(1)*". On the other hand, the functor Q preserves finite geometric realizations since F
preserves finite geometric realizations (Lemma 2.32). Since every object in 8fi" is the geometric realization
of a k-skeletal simplicial diagram of finite pointed sets, it thus suffices to show that F(N,(A!/dA) A S)

is a grouplike monoid when S is a finite pointed set.

When S = (m), the simplicial object F(N,(Al/dA!) A (m)) can be identified explicitly as follows: it is
obtained from A ((—)A(m)):Fin, — V by restricting along the functor N,(A!/dA!): A — Fin, from [31,
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page 295]. Since A satisfies the grouplike Segal conditions, A((—) A (m)) >~ A(—)>™ satisfies the group-
like Segal conditions as well. The simplicial object obtained by restriction then satisfies the grouplike Segal
conditions as well (as asserted somewhat implicitly in [loc. cit.]; see in particular Proposition 1.5 there). O

Proof of Proposition 2.28 Consider the adjoint pair (i1, i*) from Lemma 2.32. We claim that for every
A: Fin, — V satisfying the grouplike Segal conditions, the functor F := ij(A4): 8i" — V is reduced
excisive. Assuming this, the adjoint pair (iy, i *) simply restricts to an adjoint pair between spectra and
grouplike [Eoo-monoids, ie B =iy and 2°° = i *. The characterization of the essential image of B then
follows from Lemma 2.32.

To verify the claim, note that F(x) ~ A(x) ~ *, so F is reduced. Since * € 8fi" is the initial object, there
is a canonical lift F: 8fin — 'V, such that postcomposing with the forgetful functor V, — V yields F:
indeed, F is simply given by the functor sending S to the pointed object * >~ F(x) — F(S) in V. Since
the forgetful functor V. — V preserves limits, the functor F is excisive if and only if F is excisive.

To see that F is excisive, it suffices to verify that for every S € $fi", the natural map
(2-7) F(S)— QF(ZS)

is an equivalence [26, Proposition 1.4.2.13]. Using that ©§ = S! A S is the geometric realization of
the 1-skeletal simplicial diagram N,(A! /dA!) A S and that F (and hence F) preserves finite geometric
realizations, we have that F (XS) is the bar construction of the group object from Lemma 2.33. The
map (2-7) can then be identified with the map underlying the canonical map of grouplike monoids
F(S) — QB(F(S)), which is an equivalence because V has loop space machinery. a

3 Tangent bundles of stable co-categories

The purpose of this section is to spell out the various definitions from Section 2 in the case where V is a
stable or additive presentable co-category, for which the tangent bundle has a much simpler description.

3.1 Trivializing the tangent bundle

Let V be a pointed oo-category with finite limits and consider the full subcategory Ret C 81" on * and S°.
Then Ret is equivalent to the retract category [23, Definition 4.4.5.2] and there are functors

TV %, Fun(Ret, V) — 25 v x v

G-1) l /

v
Here the first horizontal functor is given by restriction and fib sends a retract diagram X — Y — X to the
tuple (X, Y xx *). The first functor exhibits TV as the fiberwise stabilization of Fun(Ret, V): for every
X €V the induced functor TxV — Fun(Ret, V)x >~ (V, x )« on fibers over X exhibits its domain as the
stabilization of its target.
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Now suppose that V is an additive co-category. Then the functor fib is an equivalence, with inverse
sending (X,Y)to X > X @Y — X (see eg [5, Lemma 1.5.12]). In this case, we therefore obtain an
equivalence

W—)VxSp(V)
N

between TV and the fiberwise stabilization of V x 'V over V. For stable V, the situation is even simpler:

Lemma 3.1 IfV is a stable co-category, then both G and fib are equivalences, so that there is an
equivalence TV ~V xV such that w(X,Y) ~ X and Q¥ (X,Y) >~ X @Y.

Proof The functor fib is an equivalence since 'V is additive, so that the fibers of Fun(Ret, V) are equivalent
to V and hence already stable, which in turn implies that the functor G exhibiting the fiberwise stabilization
is an equivalence (see [16, Corollary 2.2.5] for a similar argument). O

Lemma 3.2 LetV be an additive presentable co-category and let ¥X°°: "V — Sp(V) be the left adjoint
functor exhibiting Sp(V) as the stabilization of V. Then the following induced square of tangent categories
is Cartesian:

7v 2ED 5(sp(V))

nlw |

v ZT L sp(V)

Proof The left adjoint functor ¥°°: V — Sp(V) commutes with the functor fib because one can identify
Y xx 0 >~ Y Iy O for a retract diagram X — Y — X. This implies that the functor T(X°°) is obtained
from the functor ¥ x X%°: 'V xV — Sp(V) x Sp(V) by stabilizing the second factor, which readily
implies the result. a

3.2 Square zero monoidal structure

If V is a stable presentable SM oo-category, then the square zero monoidal structure on TV >~V x V
(Definition 2.14) can be made more explicit using the following:

Definition 3.3 Let D be a presentable SM oo-category. We will say that an object D € D is square zero
if the canonical map @ — D ® D from the initial object is an equivalence and denote by SqZ(D) € D
the full subcategory on the square zero objects. Note that every SM left adjoint F : D — D’ restricts to a
natural map F: SqZ(D) — SqZ(D’).
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Recall that the co-category of V-linear SM oo-categories is given by the oco-category CAlgy, (Prl) ~
CAlg(Prt)y ; of presentable SM oco-categories D equipped with a symmetric monoidal left adjoint functor
V—D.

Definition 3.4 Let W be a V-linear SM oo-category together with a square zero object M € W. We say
that this exhibits W as the free V-algebra on a square zero object if for each D € CAlgy (Pr"), evaluation
at M defines a natural equivalence

evy: Fun%z’ (W, D) — SqZ(D).

Remark 3.5 Consider a pushout square in CAlg(Pr")

V1—>V2

L

WlT)Wz

If M € W; exhibits W; as the free V;-algebra on a square zero object, then f(M) exhibits W, ~
V, ®vy, Wi as the free V,-algebra on a square zero object: indeed, the evaluation at f (M) factors as two
equivalences:

f* eV
ev () : Fun§ (V2 @y, W1, D) ~— Fund (Wy, D) — SqZ(D).

Proposition 3.6 There exists a free S-algebra S[¢] on a square zero object. Furthermore, the functor
{4, M} — Sle]

that sends A to the monoidal unit and M to the (universal) square zero object, exhibits S|e] as the free
presentable co-category on the two-element set {A, M }.

In particular, the tensor product functor ®: 8[¢] x S[e] — S[¢] is the unique functor preserving colimits in
each variable given on generating objectsby AQ A=A, AQM =MOA=Mand M QM =Jis
the initial object.

Proof First, let Fin®J be the category of finite sets and bijections, with monoidal structure given by
disjoint union. By [26, Proposition 2.2.4.9], the inclusion of the 1-element set {1}: % — Fin°J exhibits
Fin®J as the free symmetric monoidal co-category on *. By [26, Corollary 4.8.1.12] (and the fact
that Fin® ~ Fin®"°P), the co-category Fun(Fin®J, 8) of symmetric sequences admits a unique closed
symmetric monoidal structure such that the Yoneda embedding

Fin® /5 Fun(Fin", 8)

admits a symmetric monoidal structure. In particular, the (co)representable /¢ on the empty set is the
monoidal unit and the universal property of (Fin®, IT) and [26, Proposition 4.8.1.10] imply that the map

Algebraic & Geometric Topology, Volume 25 (2025)



746 Yonatan Harpaz, Joost Nuiten and Matan Prasma

{h1}: * — Fun(Fin®, 8) exhibits Fun(FinJ, §) as the free presentable SM co-category on . Finally,
[26, Remark 4.8.1.13] asserts that the resulting symmetric monoidal structure on Fun(Fin®J, 8) is in fact
given by Day convolution.

Let us now denote by S[e] the (reflective) localization of symmetric sequences at the set of maps @ — h,
from the initial object, for all n > 2. Then 8[e] C Fun(Fin°J, 8) is the full subcategory of symmetric
sequences X such that X (n) =~ * for all n > 2. In particular, the functor {4, M'} — §[¢] sending A — hg
and M — hj exhibits §[e] as the free presentable co-category on {A, M }.

For any m > 0 and n > 2, the map @ ® hy, — hy ® hy, is equivalent to the map @ — hy 4, so (by
the same argument as in Proposition 2.10) this exhibits S[¢] as a symmetric monoidal localization of
Fun(Fin®V, 8). By the universal property of symmetric monoidal localizations, the square zero object
hi € 8e] then realizes S[e] as the free presentable SM oco-category on a square zero object. m|

Corollary 3.7 For every presentable SM oo-category V, there exists a free V-algebra V[¢] on a square
zero object.

Proof Proposition 3.6 provides the existence of the free S-algebra on a square zero object S[e]. By
Remark 3.5, V ®g S[e] then provides the free V-algebra on a square zero object. |

Remark 3.8 LetV be a presentable SM oco-category. Then the free V-algebra V[e] on a square zero object
can also be described in terms of a variant of the Day convolution product applicable to promonoidal
oo-categories, as developed in recent work of Nardin and Shah [28]. More precisely, one can check that
the 2-colored operad M Com for commutative algebras and modules is such a promonoidal (co-)category.
Since the underlying category of MCom is simply the set {4, M}, this endows Fun({A4, M }, V) with a
Day convolution product which has the property that
(ha ®C) & (h4® D) = ha ® (C ® D).

(ha®C)®(hyy ® D) =hpy @ (C ® D),

hy ®C)® (hy ® D) = 2.
In particular, the square zero object 37 ® 1y induces a symmetric monoidal functor from V[e] to this Day
convolution, which is easily seen to be an equivalence. The universal property of the Day convolution
therefore implies that for any co-operad O, there is a natural equivalence

Algy (V[e]) = Algosoicom(V)-

The oco-operad MO = O x MCom is the co-operad for O-algebras and (operadic) modules over them
[16; 20]. Combining this with Propositions 2.17 and 3.10 below, one finds that T Alg, (V) >~ Algyo(V)
for every stable presentable SM co-category V (see also [4; 26; 30]).

We will now relate the free V-algebra on a square zero object to TV:
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Construction 3.9 Let V be a stable presentable SM oco-category and consider the cofiber sequence of
excisive functors
he ® 1y 229 hoo @ 1y — My,

where i ® id is the canonical map of corepresentables induced by * — S°. Lemma 2.13 shows that the
pushout-product of /1, ® 1y — hgo ® 1y with itself in Fun(8fi", V) is a TV-local equivalence. Consequently,
the pushout-product map in the monoidal localization TV becomes an equivalence. Since the cofiber of a
pushout-product map is the tensor product of the cofibers (see eg [12, Theorem 6.2] for a proof at the
level of stable monoidal derivators), it follows that My ® My ~ 0 in TV.

Proposition 3.10 Let 'V be a stable presentable SM oo-category and consider TV as a V-linear SM
oo-category via the left adjoint V — TV to the projection. Then the square zero object My € TV exhibits
TV as the free V-algebra on a square zero object.

Proof Since V is a stable presentable SM oco-category, the canonical SM left adjoint § — V factors
canonically over spectra [26, Corollary 4.8.2.19]. This gives rise to the following diagram in CAlg(Pr"):

S Sp v

T8 T Sp Jv

Here each composite vertical functor is the left adjoint to the projection (ie taking constant 8fi"-diagrams).
For 'V and the co-category of spectra, this left adjoint factors over the free algebra on a square zero object:
¢ is the functor classifying the square zero object Ms, € T Sp and ¢y classifies My. Since the functor
T Sp — TV is a monoidal left adjoint, it sends Mg, to My so that the diagram commutes.

Now notice that by Proposition 2.18, the total square and the left rectangle are both pushout squares in
CAlg(Pr"). On the other hand, Remark 3.5 shows that the top right square is co-Cartesian. It therefore
follows that the bottom right square is co-Cartesian as well. Consequently, ¢y is an equivalence as soon
as ¢ is an equivalence, so we can reduce to the case V = Sp. In this case, let us consider the composite
functor

{A, M} — §[e] — Sple]

sending A to the monoidal unit and M to the universal square zero object. Proposition 3.6 asserts that the
first functor exhibits S[e] as the free presentable co-category generated by {4, M } and Remark 3.5 and
[26, Proposition 4.8.2.18] imply that the second functor exhibits Sp[e] as the stabilization of S[¢]. The
composite therefore exhibits Sp[e] as the free stable presentable co-category generated by {A, M }.
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Now observe that by construction the monoidal functor
¢:Fun({A, M}, Sp) ~ Sple] = T Sp

is given on generators by ¢(hg) = lysp = hs ® 1sp and ¢ (hpr) = Msp = cof(hs @ 1sp, — hgo ® 1gp).
It follows that the right adjoint to ¢ is given by the composite functor 7 Sp — Fun(Ret, Sp) — Sp x Sp
appearing (3-1), which is an equivalence since Sp is stable. We conclude that ¢ is an equivalence, as
desired. O

Remark 3.11 If V is an additive presentable SM oco-category, its stabilization Sp(V) carries an induced
symmetric monoidal structure and £°°: V — Sp(V) is a symmetric monoidal functor [8, Theorem 5.1].
The pullback square of Lemma 3.2 then becomes a pullback square of SM oo-categories. Proposition 3.10
then provides an explicit description of the square zero monoidal structure on TV >~ 'V x Sp(V), given
informally by the formula

(3-2) (C.E)®3v (D, F) =~ (C ®v D, (£%°C ®spv) F) ® (E Qgpev) E*°D)).

Example 3.12 Let V be a stable presentable SM oo-category and suppose that O is a monochromatic
oo-operad in arity > 1, ie O‘(X(’)) =@ and O‘(gl’) is a category with (up to equivalence) one object. This implies
that Alg, (V) is pointed, ie the terminal algebra O is also the initial algebra (by [26, Proposition 3.1.3.13]).

For any A € Algy(V), T4 Algy (V) can be identified with the oo-category of operadic A-modules (see [16,
Corollary 1.0.5] or [26, Theorem 7.3.4.13]). Alternatively, Remark 3.8 identifies T Algq (V) ~ Algyo (V)
with the co-category of O-algebras and modules over them.

Now, given such an A-module E, the O-algebra 2°°(E) can be identified with the split square zero
extension A @ E. For any section 17: A — A & E, we then obtain pullback squares of the form

Q®0,E[-1]) — A) —— Q°(A,E)

| L,

Q%(0,0) =0 —— A —1 Q®(A, E)

Here the map 0 — A is the initial map of O-algebras and total pullback arises as the image under 2°° of
the pullback in T Algy(V) >~ Algyo (V) of the map (A, 0) — (A4, E) along the initial map (0, 0) — (A4, E).
In particular, 2°°(0, E[—1]) is the image of an O-algebra (0, E[—1]) under the nonunital lax symmetric
monoidal functor

QX ToV=TVxy{0} > TV—>YV,

where the first functor is the inclusion of the nonunital SM sub-oo-category from Remark 2.15. We have
seen there that the tensor product on TV is null-homotopic, so that each operation in O of arity > 2
acts on (0, E[—1]) by a null-homotopic map. Consequently, the resulting map 4, — A indeed behaves
like a square zero extension in the sense of algebra: its fiber 2°°(0, E[—1]) is an O-algebra on which all
operations in O of arity > 2 act by null-homotopic maps (see [26, Proposition 7.4.1.14]).
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3.3 t-orientations

Let us conclude with some remarks about 7-orientations on tangent bundles of additive and monoidal
oo-categories.

Example 3.13 Let V be an additive presentable co-category, so that TV >~V x Sp(V) (Lemma 3.2). Then
any ¢-structure on Sp(V) determines a ¢-orientation on TV. Now suppose that V is furthermore symmetric
monoidal and recall that the square zero tensor product on TV can be identified with the tensor product on
V x Sp(V) given by Remark 3.11. From this description, one sees that a ¢-structure on Sp(V) determines
a monoidal t-orientation on TV if and only if Sp(V)=°
with objects of the form X°°(X), for X € V.

is closed under taking the tensor product in Sp(V)

Example 3.14 Suppose that V is an additive presentable co-category and consider the canonical -
orientation on TV ~ V x Sp(V) (Example 2.21). A tuple (C, E) is then contained in T=~!V if and only
if Q°°(E) = 0in V. The proof of [26, Proposition 1.4.3.4] shows that (C, E) € T7=°V if and only if E is
contained in the smallest subcategory of Sp(V) which is closed under colimits and extensions and contains
all X°°(X) for X € V. If V is furthermore closed SM, then Example 3.13 shows that the canonical
t-orientation is monoidal.

When V is stable, the canonical ¢-orientation simply produces the trivial -structure (T=0V = TV). If V is
prestable [25, Definition C.1.2.1], the canonical ¢-orientation has T7=%V ~ V x V under the equivalence
TV ~V x Sp(V) [25, Proposition C.1.2.2].

Example 3.15 Suppose that V is a prestable SM oco-category and O an oco-operad. Endowing TV =~
VxSp(V) with its canonical monoidal #-orientation and applying Proposition 2.25, we obtain a ¢-orientation
on T Algy(V), and hence a ¢-structure on T4 Alg, (V) for any O-algebra A. Under the identification
T4 Algy (V) >~ Modg (Sp(V)) from Example 3.12, this is simply the z-structure whose connective part is
given by Mody (V) € Modg (Sp(V)).

4 Postnikov structures

The goal of this section is to give an axiomatic description of a decomposition of an object in a nice
oo-category, together with the data of “k-invariants”, analogous to the Postnikov tower of a space.

Definition 4.1 Let V be an oco-category with finite limits. A Postnikov structure on an object X in V
consists of the following data:

(1) An infinite tower
X—>->X;—>--—=> X1

of objects X, € V under X for a > 1, exhibiting X as the limit of {X,}4>1.
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(2) For each a > 2, an object K,: 8" — V in TV together with a Cartesian square

Xg —— n(Ky)

L

Xa_l k—) QOOKa

exhibiting X, — X,—1 as a square zero extension (see (2-2)).

The convention to start at @ = 1 is rather arbitrary, and in various cases it can be more natural to start at
a=0.

Warning 4.2 The notion of a Postnikov structure on an object X is a priori unrelated to the tower of
truncations of X, ie its underlying tower need not be given by the Postnikov tower of X in the sense of
[23, Definition 5.5.6.23]. For example, Theorem 6.3 yields a Postnikov structure on an (co, n)-category
C whose underlying tower consists of the homotopy categories ho(,;4.4,,)(€) and not on its truncations

T<n+a(C€) in Cat(so p)-

Warning 4.2 notwithstanding, we will see that a good source of Postnikov structures is given by the usual
Postnikov tower together with its k-invariants:

Example 4.3 The motivating example of a Postnikov structure is the usual Postnikov tower of a space X,
together with the data of its k-invariants. In this case, X, = 1<, X and the K, are given by the (suspended)
parametrized Eilenberg-MacLane spectra K, = 4T Hz, (X) over <1 X. We will come back to this in
Example/Proposition 4.15.

To study naturality of Postnikov structures, it will be convenient to organize the data of an object X
equipped with a Postnikov structure into a single diagram 7': € — V. To this end, let us start by recalling
the following definition:

Definition 4.4 Let ¢: C — D be a functor of co-categories. We will denote by M(¢) the domain of the
co-Cartesian fibration classified by ¢: A! — Catso. By [23, Lemma 3.2.3.3], M(¢) can be identified with
the mapping simplex [23, Section 3.2.2], ie it can be identified with the pushout of co-categories

M(¢) :=D Uypxe Al x C.

Using the co-Cartesian fibration M (¢) — A!, one can understand M (¢) as follows: an object of M (¢)
is either an object of € or an object of D, and for each ¢, ¢’ € C and d,d’ € D we have

Mapys ) (c.c’) =Mape(c.c’),  Mapyg)(c. d) =Mapp(¢(c).d).
Map,s4)(d, d") =Mapy(d,d), Mapys4y(d,c) = 2,

with the evident composition. Let us write ¢4 : Al x € — M(¢) for the natural map into the pushout,
sending (0, ¢) to ¢ and (1, ¢) to ¢(c).
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Construction 4.5 For any integer a, let k,: {a — (a — 1)} — 8fi" be the functor sending the walking
arrow a — (a — 1) to * — S9 and let €&, = M(ky) be its mapping simplex. As in Definition 4.4, we
will identify the objects of &, with the objects of 81", together with two additional objects a, a — 1. The
functor ogx: Al x {a — a — 1} — &, is then given explicitly by

04(0,a) =a, o040,a—1)=a—1, oz(l,a)=x% o4(l,a—1)= SO,
For any integer m, let us then define £, as the pushout of co-categories

Zg)m — [Em—i-l g1y Emt2 Ugpgoy Emgz U - ]

l |

(Zg)m)4 EZm

where the left vertical functor is the usual inclusion into the cone and the top horizontal functor sends

eachmap a — (¢ —1) in Z;pm to the corresponding nondegenerate arrow in €,. Given 7: €., — V, we

then observe that:

e The restriction of 7" to S‘};n C &, corresponds to K.

o The restriction of T along 044 Al x {a = a —1} C &, corresponds to the square

Xa — Ka(x) = n(Ka)

L

Xa—1 k—> Ka(SO) = Q% (Ky)

e The restriction of T to (Zg)m)q C € encodes the tower X — -+ — Xp+1 — Xm.
By default, we will take € = €>1.
Definition 4.6 We define the co-category of objects equipped with a Postnikov structure to be the full

subcategory
PoStr(V) € Fun(&, V)

of diagrams T for which (a) the restriction to each 82“ C &, is excisive, (b) the restriction along each

04« 1s a Cartesian square and (c) the restriction to (Zo>pl)<1 is a limit cone.

Remark 4.7 The conditions determining PoStr(V) inside Fun(&, V) assert that certain designated cone
diagrams J3! — &, with J, contractible (either a span or Zozpl), are sent to limit cones. In particular,
PoStr(V) € Fun(&, V) is closed under limits.

Evaluating at the cone point of the tower oo € (Z<;p1)<1 C & determines a limit-preserving functor
€Voo : PoStr(V) — V.
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Definition 4.8 A Postnikov structure on an oco-category 'V is defined to be a section ®: 'V — PoStr(V) of
the functor eveo: PoStr(V) — V.

Warning 4.9 Note the distinction between a Postnikov structure on an object in an co-category V
(Definition 4.1) and a Postnikov structure on an co-category V: the former is a single diagram in 'V, while
the latter is a family of diagrams depending functorially on X € V. This should not cause any confusion,
since it is always clear from the context if we are dealing with a functor on V.

Definition 4.10 Let V be an SM oco-category and endow Fun(&, V) with the levelwise tensor product.
We define the co-operad of objects equipped with a Postnikov structure to be the full suboperad

PoStr(V)® C Fun(&, V)®e

spanned by the objects from Definition 4.8. A multiplicative Postnikov structure on 'V is a section of the
map eveo : PoStr(V)® — V& in the oo-category of co-operads.

Using that PoStr(V)® is a full suboperad of Fun(€, V)®, Definition 4.10 can be rephrased as follows:
a multiplicative Postnikov structure on V is a lax symmetric monoidal section ®: V — Fun(&, V)
of eveo: Fun(€,V) — V with the property that the underlying functor of ® is a Postnikov structure
(Definition 4.8).

Remark 4.11 1In general, the co-operad PoStr(V)® need not be an SM co-category.

Remark 4.12 Suppose that ®: V — Fun(&, V) is a multiplicative Postnikov structure. Restricting to
the copy of 8fi" C &, in level m, one obtains a lax monoidal functor K, (®): V — Fun(8fi", V) taking
values in TV C Fun(8fi", V). Since TV is a monoidal localization of Fun(8fi", V), each K, (®) defines a
lax monoidal functor V — TV to the tangent bundle, equipped with the square zero monoidal structure
(Definition 2.14).

Example 4.13 Suppose that the monoidal structure on 'V is given by the Cartesian product. Then the
levelwise monoidal structure on Fun(€&, V) is the Cartesian monoidal structure as well. Consequently (see
[26, Section 2.4.1]), strong symmetric monoidal functors V — Fun(€&, V) simply correspond to product
preserving functors V — Fun(€&, V), ie to functors V — Fun(€&, V) each of whose components V — V
are product preserving. In particular, any Postnikov structure ®: V — Fun(&, V) on V whose individual

components ®; : V — V are product preserving canonically refines to a multiplicative Postnikov structure.

The main point of multiplicative Postnikov structures is that they induce such structures on categories of
algebras:

Proposition 4.14 Let O be an co-operad and let 'V be a symmetric monoidal co-category equipped with
a multiplicative Postnikov structure ®:V — Fun(&, V). Then the induced map

Algy (V) LN Algy(Fun(€,V)) >~ Fun(€, Algy(V))

is also a multiplicative Postnikov structure.
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Proof First, note that we can view € as an oo-operad (with only unary operations), so that
Fun(&,V) >~ Alge (V).

By Remark 2.7, the symmetry of the Boardman—Vogt tensor product of oco-operads [26, Proposi-
tion 2.2.5.13] then induces a commuting diagram of symmetric monoidal co-categories

Algpgy e (V) = Algy(Fun(E,V)) = Fun(&, Algy(V)) = Algeg,, o(V)

Alggy (evoo)l le\’oo

Algy (V) =————= Algx(V)

in which the horizontal arrows are equivalences. It follows that &, = Algy(®P) defines a lax symmetric
monoidal section of eve,. To see that @ takes values in the full sub-oco-category PoStr(Algy(V)) €
Fun(&, Algy(V)), consider the commuting diagram

Algo (V) —2* 5 Algy (Fun(€, V) —=— Fun(€, Algo (V)

| l l

Fun(Oyy, V) < Fun(O(y), Fun(€,V)) — Fun(&, Fun(O(yy,V))

where Oy is the underlying oo-category of O [26, Remark 2.1.1.25]. Since the vertical functors preserve
limits and detect equivalences, the top horizontal composite defines a Postnikov structure if and only
if the bottom horizontal composite does (since an £-diagram is a Postnikov structure if it sends certain
subdiagrams to limit diagrams). But for the bottom horizontal composite this is clear, since limits are
computed pointwise. a

4.1 Examples

Together with Proposition 4.14, the main sources of examples of multiplicative Postnikov structures are
the following:

Example/Proposition 4.15 Let S be the co-category of spaces. Then the Postnikov tower

X == 1<2(X) = <1(X),
together with its k -invariants, gives rise to a multiplicative Postnikov structure on (8, X).
Proof Since we consider § with the Cartesian monoidal structure, Example 4.13 shows that it suffices to
construct the Postnikov structure without its lax monoidal structure, and only check at the end that the
individual components are product preserving. Now the underlying Postnikov structure can be produced

at the level of simplicial sets (and is classical, see [6; 11]). Indeed, for every Kan complex X, let us make
the following definitions:
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(a) Let Py(X) = cosky+1(X) be the (a+1)-coskeleton and note that there is a canonical weak equiva-
lence P1(X) — N(IT;1(X)) to the nerve of the fundamental groupoid.

(b) For every a > 2, there is a functor 7,4 (X): 11 (X) — Ab sending a vertex x of X to the corresponding
homotopy group. Let us recall that this homotopy group can be presented as quotient of the set of maps
of pointed simplicial sets (sk, A1, {0}) — (X, x) by pointed homotopy.

(c) For every pointed simplicial set S, taking the free reduced 7, (X )-module on its simplices yields a
simplicial IT; (X)-set 7, (X)®S : T11(X) — sSet. Taking S = A" /sk,,_1 A", this gives the functor sending
each vertex x of X to the classical (minimal) model for the Eilenberg—MacLane space K (74 (X, x),n).
Recall that the latter is characterized up to isomorphism by the following universal property: there is a
natural bijection between the set of maps of simplicial sets T — K (74 (X, x), n) and the set of n-cocycles
in the normalized cochain complex of 7" with coefficients in 7,4 (X, x).

(d) Recall that there is a classifying space functor (=), (x) from Fun(IT; (X), sSet) to simplicial sets,
given by the following explicit point-set model for the homotopy colimit: Y1y, (x) has n-simplices given
by tuples of xo — -+ — x5 in I11(X) and an n-simplex of ¥ (xo). In particular, (*)11, (x) = N(IT1(X))
is the nerve of the fundamental groupoid.

(e) Let sSet™ denote the full subcategory of pointed simplicial sets whose image in the co-category Sx
of pointed spaces is finite. We then define Ky ,: sSetfi" — sSet by

Kxa(T) = [1a(X) @ (T AS* Hpm, x)-
where S4T1 = A9+ /gk, A4T1,
(f) By [6, 1.2(vi)], there is a natural map of simplicial sets for each a > 2
ka: Pa—1(X) = Kx.a(5°) = [K(a(X).a + Dy, x).

Explicitly, this map is given as follows. The simplicial set Kx ,(S°) is (a+1)-coskeletal and the
map Ky ,(S® — N(IT;(X)) induces an isomorphism on a-skeleta. The map k, then coincides with
Py—1(X) — P1(X) — N(IT11 (X)) on the a-skeleton, and sends an (a+1)-simplex of P,_;(X), ie a map
0:skgA%T1 — X | to the associated element in 774 (X, 0(0)) (see point (b)).

By construction, the map k, is trivial on all (e¢+1)-simplices in P,_1(X) that arise as the image of an
(a+1)-simplex in P4 (X), so that there is a commuting square

Py(X) —— Kx,a(%)

(4-1) l lO

Py_1(X) — Kx,4(S°)

For any Kan complex X, the functor Ky , preserves weak equivalences of simplicial sets and hence
determines a functor of oo-categories Ky 4: 8fin _ 8. It is straightforward to verify the conditions of
Proposition 2.28, which imply that Ky , is excisive because § admits loopspace machinery (Example 2.27).
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Furthermore, the square (4-1) defines a pullback square in the oo-category § by [6, Lemma 2.3] and
the sequence X — --- — P,(X) — P,—1(X) — --- is a homotopy limit sequence. It follows that the
above construction defines, for every Kan complex X, a simplicial model for a Postnikov structure on the
underlying object in the co-category 3.

All of the above data is strictly functorial in maps of Kan complexes and sends weak equivalences to
pointwise weak equivalences of simplicial sets. It therefore defines a section

eVoo

$< s PoStr(S)

on oo-categorical localizations, as desired. To verify that the individual components of this tower are
product preserving we note that:

(1) For each a > 1 the Postnikov piece functor P, (X) is product preserving. Indeed, on the level of Kan

complexes it is given by cosk, (—), which is product preserving on the nose.
(2) Foreacha>1and T € SE“, the functor
X = Kx o(T) = (a(X) @ (T AS“ D), )
is product preserving. Indeed, this follows from the fact that:
e [II;(—) is product preserving.
e Taking a™ homotopy groups is product preserving when considered as a functor from pointed

spaces to abelian groups. In other words, the map 7, (X x Y, (x,y)) = 74 (X, x) X 74(Y, y) is an
isomorphism.

e For a fixed finite set / the functor A — A ® I = A’ from abelian groups to sets is product
preserving.

e Products in spaces commute with homotopy quotients in each variable separately. Indeed, for
two diagrams of simplicial sets X : § — sSet and Y : H{ — sSet indexed by groupoids, the map
(X X Y)n(gx3) = Xpg X Ypg¢ is an isomorphism by the explicit formula from (d).

It follows that the Postnikov structure is multiplicative. a
Example 4.16 The multiplicative Postnikov structure of Example/Proposition 4.15 is not just lax
symmetric monoidal, but strongly symmetric monoidal, as mentioned in its construction: it is a product

preserving functor ®: § — Fun(E, 8). It follows that for any small co-category with finite products 7T,
the oco-category Fun™ (T, 8) of product preserving functors T — 8 comes with a Postnikov structure

Fun* (T, 8) 2% Fun* (T, Fun(&, 8)) ~ Fun(&, Fun*(7, 8)).

For every A € Fun™ (7, 8), this provides a refinement of the tower A — - - - — 7<2 A — t<1 A of truncations
of A. In particular, when 7 is an algebraic theory, this shows that T-algebras over in § have Postnikov
towers equipped with k-invariants (see [10] for algebras over simplicial operads).
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Example 4.17 Let X be an oco-topos in which Postnikov towers converge [23, Definition 5.5.6.23],
ie X — lim, t<,X is the limit of its full subcategories of truncated objects (this implies that X is
hypercomplete). In this case, there exists a reflective localization L : Fun(C°P, §) Z X :i such that L is
left exact and preserves (limits of) Postnikov towers. We then obtain a Postnikov structure on X

x -1 Fun(C?, 8) LN Fun(C°?, Fun(&, 8)) ~ Fun(&, Fun(C?, §)) LN Fun(¢, X).

Indeed, this sends every object X € X to the Postnikov structure of the presheaf i(X) (applying
Example/Proposition 4.15 pointwise in €), and then applies L to the resulting diagram of presheaves. Since
L is left exact and preserves Postnikov towers, the resulting €-diagram in X is indeed a Postnikov structure.

Observation 4.18 The proof of Example/Proposition 4.15 admits the following modification: let
87— C § be the full subcategory consisting of those spaces X such that each homotopy group 71 (X, x)
is abelian and acts trivially on the higher 7, (X, x). Then there exists a multiplicative Postnikov structure

8§77 _; PoStr(§* %) C PoStr(8)

whose value on a space X is the Postnikov structure X — -+ — <1 X — 7o(X) including the zeroth
stage. Furthermore, the k-invariants are given by maps

kq: Tsa—lX - Qoo(Ka(X))7

where K, (X) is the parametrized spectrum over 7o (X ) whose fiber over x € 7o (X ) denotes the suspended
Eilenberg—MacLane spectrum H (774 (X, x))[a+1]. Indeed, this follows from the fact that the category of
simplicial sets with homotopy type in 87~ is closed under coskeleta and products, together with the
fact that the local system of homotopy groups from (b) arises as the pullback of a local system along the
map 17 (X) — mo(X).

Example 4.19 Let Mong__ (87 ) be the co-category of E «-spaces whose underlying space has trivial

actions of m1. Proposition 4.14 and Observation 4.18 imply that the Postnikov tower
A—- > 194 > 1<0A

is part of a multiplicative Postnikov structure ®*° on (Mong__ (8™ —aby ).

Let A be a grouplike Eo-space. Then 4 is in particular contained in Mong,__ (8" ). The corresponding
Postnikov structure <I>f}1b: & — Mong__ (8" %) has the property that 7o (<I>f}1b) is the constant diagram
with value g(A4). In particular, <I>f4b takes values in the full subcategory of grouplike Es,-monoids. It
follows that the multiplicative Postnikov structure ®2° restricts to a multiplicative Postnikov structure on
grouplike [E,-monoids, which fits into a commuting square

Grpg_(S) —2— PoStr(Grpg__ ()

forgetl lforget

Sn’—ab Observation 4.18 PoStr(S)
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The Postnikov structure on the category of grouplike [E-spaces (or equivalently, connective spectra) from
Example 4.19 admits a generalization to more general complete Grothendieck prestable co-categories
[25, Definitions C.1.2.12, C.1.4.2].

Remark 4.20 Recall that a presentable co-category V is a complete Grothendieck prestable co-category
if and only if the left adjoint V — Sp(V) to its stabilization is fully faithful and exhibits V ~ Sp(V)=°
as the connective part of a left complete ¢-structure on Sp(V) with the property that the coconnective
part Sp(V)=% < Sp(V) is closed under filtered colimits (see [25, Proposition C.1.4.1] and its proof). In
particular, this implies that V is an additive oo-category and that the full subcategory of O-truncated objects
T<oV is an abelian category, equivalent to the heart Sp(V)“. As usual, we will write 7, X € Sp(V)" for
the homotopy groups with respect to the ¢-structure. Finally, we will say that amap f: A — B in V
is a-connective if its cofiber cof( ) € V C Sp(V) is (a+1)-connective (in other words, the (a+ 1)-fold
suspension of an object in V).

For later purposes, let us record the following properties of prestable co-categories:

Remark 4.21 Consider a square F: A x Al — V in a prestable co-category in which all maps induce
isomorphisms on t<g. Then the square is Cartesian if and only if it is co-Cartesian in V. Indeed, the
condition that all maps induce isomorphisms in 7<¢V ~ Sp(V)" implies that the square is Cartesian in
V ~ Sp(V)Z? if and only if it is Cartesian in Sp(V), and likewise for being co-Cartesian. Since pullback
and pushout squares in Sp(V) coincide, the result follows.

Lemma 4.22 Let'V be an SM prestable oo-category such that the tensor product preserves finite colimits
in each variable and letn > 0 and a > 1. For each 1 <i < n, suppose we have an a-connective map
fi1 Ai — B; and a 1-connective map g;: A; — A}, and let B} = A} 114, B; be their pushout. For the
induced square

Qi1 Ai — Qi=y Aj

| |

®i=1 Bi — Q=1 B
the natural map Q — );_, B/ from the pushout is (a+2)-connective.
Proof We proceed by induction on 7, the case n = 1 being evident. The map i, can be factored as
n
. 0 B ®in—
in: On — B{® Qn1 ——5 ) B/.

i=1
where the map 6 arises as the colimit of the following natural transformation of spans:

®?=1 A:- ®?=1 Ai ®zr'l=1 B;

| l l

Bi ®®?=2 A§ A Bi ®®?=2 Aj — Bi ®®?=2 B;
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Using that (¢+3)-connective objects are closed under extensions in V, it suffices to verify that 6 and
B{ ®ip—1 are both (a+2)-connective. For B ® i,—1, this follows by inductive hypothesis. To show that
cof(6) is (a+3)-connective, we can use the equivalence cof(4; — B7) =~ cof(f1) & cof(g1) to identify
the cofiber of the above natural transformation with

cof (/1) ® Q) 47 < (cof(f1) & cof(g1)) ® () Ai — cof(g1) ® (X) Bi.
i=2 i=2 i=2

The maps are given by projections in the first factor and by tensor products of g; and f; in the other
factors. Taking the pushout of the above diagram, one therefore finds that

cof(h) ~ [cof(fl) ® cof(é gi)] ® |:c0f(g1) ® cof(é f,)]

i=2 i=2
It follows from [26, HA, Lemma 7.4.1.30] and our connectivity assumptions on the maps f; and g; that
both summands are (a+3)-connective, so that 8 is (a+2)-connective. |

Example/Proposition 4.23 Let 'V be a complete Grothendieck prestable co-category and let us write
PoStr" (V) C PoStr(V) for the full sub-oo-category of objects equipped with a Postnikov structure (indexed
over all a > 0) with the following properties:

(a) Foreacha >0, the map X — X, exhibits X, >~ 1<, X as the a-truncation of X .
(b) Foreacha > 1, n(K,) is O-truncated and all maps in the pullback square

Xg —— n(Ky)

[

k
Xg—1 —— Q®K,
induce isomorphisms on O-truncations.

(¢c) Foreacha > 1, the object K, € TV is contained in the connective part for the canonical t -orientation
(Example 3.14).

Then the map evo : PoStr" (V) — 'V is an equivalence. If 'V is furthermore closed SM, then ev refines
to an equivalence PoStr"(V)® — V® between V® and the full suboperad of PoStr(V)® spanned by the
objects equipped with Postnikov structures satisfying the above properties.

In particular, each object A € V comes with a unique Postnikov structure satisfying the above three
conditions, and the resulting Postnikov structure on V carries a unique multiplicative structure if V is
symmetric monoidal. Let us point out that by Remark 4.21, the square (4-2) is also a pushout square.
Together with (a), this implies that for each @ > 1, the square (4-2) can be identified with the (co-)Cartesian

square
T<gA —— > mp(A)

(4-3) | |

ka
Team1 A — 70(A) @ T+ g (A)
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since the cofiber of the left (and hence right) vertical map is 7, (X )[a+1] and the right vertical map is
the inclusion of a summand (since it admits a retraction). Taking algebras, we then obtain the following:

Example 4.24 Let V be a complete SM Grothendieck prestable co-category and let O be an co-operad.
For example, one can take V = Sp=? to be the oco-category of connective spectra with the smash
product. Combining Proposition 4.14 and Example/Proposition 4.23, we find that the Postnikov tower
A— -+ —1<1A— 1<0A of an O-algebra in V is part of a (multiplicative) Postnikov structure on Algy (V).

By Example 3.12, this means that each stage of the Postnikov tower fits into a pullback square of O-
algebras (4-3), where ¢(A4) ® 4T 17, (A) is the trivial square zero extension of 7¢(A4) by the operadic
module X417, (A). By specializing to © = |, this recovers [26, Corollary 7.4.1.28].

The remainder of this section is devoted to a proof of Example/Proposition 4.23. To avoid repetition, let
us prove the claim for a symmetric monoidal V; the much simpler nonmonoidal case can be proven in the
same way, removing all references to the monoidal structure. Our proof will proceed by induction, where
the inductive step relies on an analysis of the co-operad of pullback squares (4-2). To this end, let us
introduce some auxiliary categories:

Construction 4.25 For each a > 1, let us denote by

&a:=M(kq), & :=M(x)),

the mapping simplices (Definition 4.4) of the functors «,: {a — (a — 1)} — 8'", as in Construction 4.5,
and «,: {a — (a — 1)} — Finy sending a > * and (a — 1) — S9. Note that £ is an ordinary category,
since it is the unstraightening of a diagram of ordinary categories. In particular, Definition 4.4 provides a
full description of €f", without need of specifying further homotopy coherences.

Now consider the chain of functors
(4-4) a:*LALL)EZnLMga,
where j is the inclusion of the full subcategory {a — (a — 1) — *} in £ (using the description from
Definition 4.4) and 7 is the cobase change of the inclusion i : Finy <> 8fi".
Definition 4.26 Let us denote by
Ext® < Fun(&,, V)®=, Ext™® s Fun(€X", V)®« Trun® < Fun(A?, V)®e,
the three full sub-oco-operads defined as follows:

(1) Trun? is spanned by sequences 7, — Ty —1 — Tx with T, € 1<,V and exhibiting 7,1 >~ 1<4—17,
and Tx ~ 1<07y,.
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2) Exti*® is spanned by the diagrams 7': £ — V such that
(a) the restriction to {a — (@ — 1) — %} is contained in Trun?,
(b) the restriction along kg4 : Al x {a,a — 1} — &' (Definition 4.4) is a pullback square in which
all maps induce isomorphisms on O-truncations,
(c") the restriction to Finy defines an E-groupoid object (Definition 2.29).
3) Ext? is spanned by the diagrams 7': £, — V satisfying conditions (a) and (b) above, as well as
(c) the restriction to 8" defines an object in 720V C TV = Exc(8fi", V).
Lemma 4.27 LetV be a complete Grothendieck prestable co-category and T : €. — 'V a diagram. Then
the following are equivalent:
(1) T is contained in Ext;".
(2) T is left Kan extended from its restriction to {a — (a — 1) — *}, and this restriction is contained

in Trun,.

Proof Recall that j: A2 < € denotes the inclusion of the full subcategory on a, (a—1) and . For
any diagram F: A> — V of the form F(a) — F(a—1) — F(x) and a finite pointed set S with basepoint
50, the left Kan extension jj F'(S) can be computed as the pushout

@SGS F(a) F(a)

! |

F(%) ® @yes\ sy Fla—1) — jiF(S)

Here the vertical functor is given by F(a) — F(*) on the summand labeled by the basepoint of S and by

F(a) — F(a—1) on the summand labeled by each other point of S. Indeed, the above colimit coincides
with the colimit of

A xgen (ES) )5 — A2 50,
where one can use the explicit description of the (ordinary) category 7" to identify the comma category.
Using that 'V is a prestable (and in particular additive) co-category, this implies that
(4-5) NF(S)=Fx)& @ cof(F(a)— F(a—1)).

s€S\{so}

This formula shows that the restriction ji F'|gin, is a Segal Eoo-groupoid and that the square

NF(a) ——— jiF (%)

J1F(a—1) — jiF(8°)
is co-Cartesian, and hence also Cartesian since V is prestable. It follows that (2) implies (1). For the
converse, if T € £, then the natural map €: jij*T — T is an equivalence at the objects a, (a—1)
and * because j is fully faithful. In light of Remark 4.21, the map F(a) Up—1) F(*) — F(S%) is an

equivalence so that e is also an equivalence at S°. Since both ji j* F and F restrict to Segal [E oo-groupoids
on Finy, it follows that € is also an equivalence at all other S € Fin,. |
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Lemma 4.28 Let 'V be a complete Grothendieck prestable oo-category with a closed SM structure. Then
restriction along the maps (4-4) induces equivalences of co-operads

cn, @

ev(0,q) " Ext — Ext,”® = Trun = (f<a\7)

Proof Restriction along the functors in (4-4) defines SM functors between the co-categories of V-valued
diagrams, with the levelwise tensor product, which preserve the full sub-co-operads from Definition 4.26.
We will check that each of the restriction functors is an equivalence.

Step 1 Using that i : €M — €, is the pushout of the inclusion i : Fin, — 80", it follows that there is a
pullback square of co-operads

Ext® — L Ex¢™®

| |

(720)® =25, Gpdg (V)@

Here the oo-operads in the bottom row are full sub-co-operads of Fun(8fi", V)®i and Fun(Finy, V)®e,
respectively. Corollary 2.31 implies that these bottom two co-operads are in fact SM oco-categories and
that Q° is an SM equivalence between them. Consequently, 7 * is an equivalence of co-operads as well.

Step 2 Let j: A% < £ denote the inclusion of the full subcategory {a — (a — 1) — *}. To see that
Jj*: Extzn’® — Trun? is an equivalence of co-operads, we will show that it is essentially surjective and
fully faithful, ie it induces equivalences on spaces of multimorphisms [2, Proposition 7.17]. Essential
surjectivity follows from Lemma 4.27: indeed, each object F' € Trun, arises as the restriction of its left
Kan extension ji F € Ext".

To check that j * is fully faithful, let 71, . . ., T, and Ty be objects in Ext{", and let us abbreviate X; = T; (a)
and Y; = T;(a — 1). The condition that 7; € Ext]' then implies that X; is a-truncated and that

(4-6) Yi ~1<q1Xi. Ti(x) =moXi. cof(Ti(a) > Ti(a—1)) ~ = m, X;.
We now need to show that restriction along j induces an equivalence
4-7) Mapgneer,v) (Tt ®lev +* ®tev T, To) = Mappyn(a2,v)(j Tt ®lev+* ®tev j * T, j " To)-
By adjunction, the map (4-7) is obtained by applying Mapg,,cen v)(—, To) to the counit map
€ 17 (T1 ey -+ Blev Tn) — T1 Rley *+* Bley T

We claim that € is given pointwise by an (a+2)-connective map in V. This implies that (4-7) is an
equivalence, because (a+2)-connective maps induce equivalences on (a+ 1)-truncations and Ty takes
values in (a+ 1)-truncated objects, by equations (4-5) and (4-6).

It thus remains to verify that each component of the natural transformation € is (a+2)-connective. This
is clear for the components of the natural transformation € at the objects a, (a—1) and * in £, where
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the counit is an equivalence (since j is fully faithful). We will prove by induction on k > O that the
component of € at the finite pointed set (k) with k + 1 elements is (a+2)-connective. The case k = 0
has already been treated, and for k > 1 consider the following commuting diagram:

X1®® Xy — jij* (M1 @@ Ty)((k=1) =5 Ty ((k=1) @+ @ Tu((k—1))
Yi® @Yy — jij*(T1 @+ ® Tp) (k) —— T1((k)) ® -+ ® T ((k))

Formula (4-5) shows that the left square is a pushout, so that the pushout Q for the right cospan is
equivalent to the pushout for the total cospan. Lemma 4.22 then implies that the natural map

0 - Th((k) @ ®Tu((k))

is (a+2)-connective. On the other hand, the map jij* (71 ®iev * - - Qtev Tn)((k)) — Q is the pushout of
the counit map € at (k — 1), which was (a+2)-connective by inductive hypothesis. We conclude that € is
a natural transformation given at each object by an (a+2)-connective map, as desired.

Step 3 Finally, let us show that ev, : Trunf’ — (1<4"V)® is an equivalence of co-operads. The objects of
Trun, are simply given by sequences 0 = [X — 1<4—1 X — t<0X] with X € 7<,V. In particular, ev, is
essentially surjective. To see that it is a fully faithful map of co-operads, ie that each

Map,, & (01,....0n:00) = Map(,_,v)®(eVa(01), . .., eva(on); eva(0o))
is an equivalence, it suffices to verify the following: for each diagram in t<,V of the form

X1® - ®Xy — (T<a—1X1) ® - ® (t<ag—1Xn) — (1<0X1) @ -+ ® (t<0Xn)

| v v

Xo T<a—1X0o T<0Xo

there exists a contractible space of dotted extensions, as indicated. This follows from the fact that the first
horizontal map is a-connective and the second is 1-connective. |

Proof of Example/Proposition 4.23 Let us inductively define a tower of co-operads PoStrZ, (V)® by
setting PoStrZ(V)® = (1<oV)® and taking pullbacks

PoStre?, (V)® ——— Ext® — " (1<, V)®

(4-8) J leva—l

PoSt,_; (V)® 75 (t4q_1 V)®

Each ev,: PoStrd, (V)® — (1<, V)® is an equivalence of co-operads: by inductive hypothesis the
first top horizontal arrow in (4-8) will be an equivalence, and the second map is an equivalence by
Lemma 4.28. Furthermore, Step 3 of the proof of Lemma 4.28 shows that the map of co-operads
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(1<aV)® ~ Ext® — (t<4—1V)® is given by the localization T<4—1: T<4V — T<4—1V with its canonical

SM structure. We thus obtain a natural diagram

PoStr*(V)® —— - —— PoStrZ, (V)® —— PoStrZ, (V)® —— PoStu Ly (V)®

eVool ~leV2 Nlevl ~lev0

e (t2V)® — = (1 V)® — =2 (1V)®

Since V was a complete Grothendieck prestable co-category (so that Postnikov towers are convergent),
the bottom row exhibits V® as the limit of the (t<,V)®. Using this and unraveling the definitions (see
Construction 4.5), we then have an equivalence PoSt"(V)® >~ V®x, e lim, PoSt?, (V)®. Since
this is the pullback of a span consisting of two equivalences, we conclude that eveo : PoStr®(V)® — V®
is an equivalence, as desired. a

5 Postnikov structures on enriched categories

In the previous section we have seen how multiplicative Postnikov structures give rise to multiplicative
Postnikov structures on co-categories of algebras over operads (Proposition 4.14). The purpose of this
section is to prove that similarly, a multiplicative Postnikov structure on a symmetric monoidal co-category
V induces a multiplicative Postnikov structure on the co-category of V-enriched oo-categories.

5.1 Recollections on enriched oo-categories

Let us briefly recall some elements of the theory of enriched oco-categories developed by Gepner and
Haugseng [9].

Definition 5.1 For each space X, let us write Oy for the universal (X x X )-colored (symmetric) co-operad
receiving a map from A’ — A — Fin,, where A% is the generalized nonsymmetric co-operad from
[9, Definition 4.1.1]. By [9, Corollaries 3.7.8, 4.2.8], one can model Ox explicitly by the symmetrization
of the simplicial operad from [9, Definition 4.2.4].

When the space X is a point, one recovers the associative operad O, = E;. The operads Ox depend
functorially on the space X, so that we obtain a functor
O(_)Z S— (Opoo)/IE1 — Opoo~

If V is a monoidal category, then an Oy -algebra in V can be informally described as follows: an algebra
consists of objects Map(x, y) € V, depending functorially on (x, y) € X x X, together with composition
operations satisfying obvious associativity conditions.

Algebraic & Geometric Topology, Volume 25 (2025)



764 Yonatan Harpaz, Joost Nuiten and Matan Prasma

Definition 5.2 We will refer to the co-category Algy, (V) as the co-category of V-enriched categorical
algebras with space of objects X . These oco-categories depend (contravariantly) functorially on X and we
define the oco-category of categorical algebras

(5-1) Ob: Alge, (V) = /

Algy, (V) =8
Xes§
to be the domain of the corresponding Cartesian fibration [9, Definition 4.3.1]. If V is a presentable

monoidal co-category, then Algq, (V) is presentable as well [9, Proposition 4.3.5].

For later purposes, we will mainly be interested in a refinement of this construction for symmetric
monoidal V.

Proposition 5.3 Let 8* — Finy denote the Cartesian co-operad associated to the co-category of spaces.
Then there exists a natural functor

Algc,: SMCatis — SMCati i

that sends each SM oo-category V to the oo-category Algq,, (V) of categorical algebras, together with
an SM structure such that the tensor product of categorical algebras with spaces of objects X andY is a

categorical algebra with space of objects X x Y.

Let us point out that the results from [9] only provide functoriality of Algq,, (V) with respect to (strong)
SM functors in V. Since the proof of Proposition 5.3 is rather technical, we will postpone it to the
appendix and instead record two further consequences (which are also proven in the appendix). First, note
that Proposition 5.3 asserts in particular that Alg., (V) inherits a symmetric monoidal structure from 'V,
whose underlying tensor product functor can be identified as follows:

Lemma 5.4 LetV be an SM oo-category. Then the tensor product

®
AlgCat(v) X AlgCat(v) — AlgCat(v)

| |

Sx8 x S

arises as the unstraightening of the natural transformation of functors 8°P x 8°° — Cat given at (X, Y) by

(5-2) Algg, (V) x Algy, (V) = Algg, ., (V) x Algg, (V) > Algg,, (V),

where the first functor restricts along the maps Oy < Oxxy — Oy and the second functor arises from
the SM structure on algebras in 'V [26, Example 3.2.4.4].

Informally, this means that given two categorical algebras C, D with spaces of objects X, Y, their tensor
product C ® ID has space of objects X x Y and mapping objects

Mapcgp (X0, ¥0). (X1, ¥1)) = Mapc (xo, x1) ® Mapp (yo, y1).
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In particular, the unit is given by the categorical algebra [0];, with a single object % and with 1y as
endomorphisms.

Remark 5.5 If V is an SM oo-category, then the natural map (5-2) can also be identified with the
composite map Algg, (V) x Algg, (V) — Algy, , (VxV) - Algy, , (V), where the first map is the
“exterior product” from [9, Propositions 3.6.14, 4.3.11] and the second map is the image under Algq . (—)
of the lax monoidal functor ®y: V x V — V. Consequently, the functor ®@: Algq, (V) x Algc, (V) —
Alg, (V) from Proposition 5.3 is naturally equivalent to the tensor product functor from [9, Corollary
4.3.13]. In particular, we find that Algc,, (V) is a presentable SM oo-category if V is a presentable SM
oo-category, ie the monoidal structure is closed [9, Corollary 4.3.16].

Proposition 5.6 For each co-category J, there is a commuting square depending functorially on J

AlgCat

SMCat"™ —— SMCat,q."®

Fun(ﬂ,—)l lFun(jy_)XFun(ﬂ.SX)SX

SMCat"™ —— SMCatjg:"®
&Cat

where the vertical functors use the levelwise tensor product from Construction 2.6.

In other words, for each co-category J there is a natural monoidal equivalence
Algcy (Fun(J, V) =~ Fun(J, Algey (V) Xpun(,s) S-

When J is weakly contractible, the constant diagram functor § — Fun(J, §) is fully faithful, so that
we can rephrase this as follows: there is a natural (SM) fully faithful embedding Alg, (Fun(J,V)) —
Fun(J, Algq,(V)) whose essential image consists of J-diagrams of categorical algebras whose underlying
diagram of objects is constant.

For any presentable monoidal co-category 'V, we then define the co-category of V-enriched co-categories
Cat(V) to be the full subcategory Cat(V) € Algq,, (V) of complete categorical algebras. More precisely,
there is a functor

J[=]: A — Algey (V)

sending [n] to the categorical algebra with object set {0, ..., n}, all mapping objects being 1y and all
compositions being equivalences. We will abbreviate J = J[1]. Every categorical algebra C then defines
a simplicial space

A%® — 8, [n] > Mapyy,. (v)(J[n].C).

This simplicial space is a Segal groupoid [9, Corollary 5.2.7] and C is defined to be complete if this
Segal groupoid is essentially constant. The above Segal space only depends on the underlying space-
valued categorical algebra, ie the categorical algebra in § obtained by applying the lax monoidal
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functor Map(ly, —): V — § to all mapping objects [9, Proposition 5.1.11]. Furthermore, the space
Map(J [n], C) < Map([n]1,,, C) is a union of path components in the space of n-composable sequences
of arrows in C [9, Proposition 5.1.17].

The inclusion of V-enriched oco-categories into categorical algebras is part of an adjoint pair
(="
Algey (V) T 5 Cat(V)

whose left adjoint is called completion [9, Theorem 5.6.6]. When V is presentable symmetric monoidal,
this is a symmetric monoidal localization [9, Proposition 5.7.14] (using Remark 5.5). Finally, let us
recall that the completion functor realizes Cat(V) as the localization of Algq, (V) at the Dwyer—Kan (DK)
equivalences, ie the fully faithful and essentially surjective functors in the following sense:

Definition 5.7 Let f: C — D be a map of categorical algebras.
(1) f is fully faithful if for every two objects x, y € Ob(C), the map
f :Mapc (x, y) = Mapp (f(x), f(»))

is an equivalence in V. Equivalently, f is a Cartesian arrow for the Cartesian fibration (5-1).
(2) f is essentially surjective if the map

Map({0}, C) Xmap({0},0) Map(J, D) — Map({1}, D)
is surjective on g. Here the mapping spaces are taken in the co-category Algq, (V).
(3) f is an isofibration if the induced map

Map(J, C) — Map(J., D) Xmap((13,m) Map({1}. C)

is surjective on 7.

Remark 5.8 Let F:'V — W be an SM left adjoint functor between presentable SM oco-categories, with
(lax SM) right adjoint G. Then Algq,(G): Algc, (W) — Alg, (V) preserves underlying space-valued
categorical algebras. Indeed, this follows from the equivalence of lax SM functors Mapy, (1w, —) =~
Mapy (1y, G(—)), which is right adjoint to the equivalence of SM functors between 8 WO v E W and
lyw® —:8 =W, where 1\ ® — denotes the unique SM functor preserving colimits (and likewise for V).
In particular, the right adjoint Algc, (G): Algc, (W) — Algc, (V) detects completeness of categorical
algebras, as well as essential surjectivity and being an isofibration for maps between these.

5.2 The cube and tower lemmas

Throughout, let V be a monoidal co-category. The purpose of this section is to record two kinds of (“homo-
topy”) limits of categorical algebras that are preserved by the completion functor (—)": Algc,, (V) — Cat(V).
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The results and arguments are very analogous to the usual way of computing homotopy limits of categories
in terms of the canonical model structure on categories.

Lemma 5.9 Consider a commutative square of categorical algebras

(5-3) pl lq

such that g’ is essentially surjective, g is fully faithful and p is an isofibration. Then

Map({0}, C’ X Map(J,D’) — Map({0}, C x  Map(J,D x  Map({1},D’
PUOLC) X Map(/ D) > Map(i0}.©) ¢ Map(s.D) x  Map({1}.D)

is surjective on path components.

Informally, this means that for any object d € D', each lift-up-to-equivalence of ¢(d) to C refines to a
lift-up-to-equivalence of d to C’.

Proof By [9, Proposition 5.1.11], we may as well assume that V = 8. Explicitly, suppose that we are
given objects ¢ € C and d’ € D’ together with an equivalence «: g(¢) = d = g(d’) in D, that is, a map
from J. We then need to find an object ¢’ € C’ lying over ¢ and an equivalence «’: g’(¢’) => d’ in D’
lying over «.

To begin, g’ being essentially surjective provides an object ¢’ € C’ and an equivalence y’: g’(t') => d’
in D’. One can then complete ¢(y’) and « to a commutative triangle

q(g' (")

(5-4) P w

g(c) d

in D for some equivalence §: g(c) — q(g’(t')). Using the commuting square (5-3), we can iden-

tify ¢(g’(t")) >~ g(p(t’)) in the space of objects of D. Because g is fully faithful, every map from
g(c) — g(p(t')) lifts to a unique map ¢ — p(¢’) in C, so that there exists an equivalence ¢: ¢ — p(t')
lying over §. Since p is an isofibration we may lift ¢ to an equivalence &’: ¢’ — ¢’ for some ¢’ € C’ lying
over ¢. We may then complete g’(¢") and y’ to a commutative diagram

g'(t")

(5-5) s K
o d’

g'(c")
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for some equivalence «’: g’(¢’) — d’ in D’, since Map(J[—], C) is a Segal groupoid object. Because the
image of triangle (5-5) under ¢ : D’ — D agrees with triangle (5-4) on the inner horn, it follows that ¢ (a’)
is homotopic to «. This yields the desired data of ¢’ and &’: g’(¢’) — d’ so that the proof is complete. O

Lemma 5.10 (cube lemma) Consider a map of Cartesian squares in Algc,(V)

P——C’ (Jj/ g’) Q——D
(5-6) l lp &8 l lq

(C//T(C D//TD

such that p is an isofibration. If the components g: C — D, g’: C' — D’ and g’: C"” — D" are
Dwyer—Kan equivalences, then the same holds for f: P — Q.

Corollary 5.11 The completion functor (—)" : Algc, (V) — Cat(V) sends pullback squares with one leg
being an isofibration to pullback squares.

Proof Apply Lemma 5.10 to the case where the maps g, g’ and g” exhibit D,D’ and D” as the
completions of C, C” and C” respectively (in this case Q >~ D’ xp D” is automatically complete). 0O

Proof of Lemma 5.10 To show that f is fully faithful, let x, y € P be two objects, and consider the
induced map of squares

Mapp (x, y) — Mapc/(x, y) Mapg (x, y) — Mappy (x, y)
e
Mapcr (x, y) —— Mapc (x, y) Mapp (x, y) —— Mapp (x, y)

Both squares are Cartesian in V and by assumption the three maps associated to g, g’ and g” are
equivalences, so that the map fi: Mapp (x, y) = Mapg(x, y) is an equivalence as well.

Let us now show that f is essentially surjective as a map of categorical algebras. Essential surjectivity is
detected on the level of the underlying space-valued categorical algebras [9, Proposition 5.1.11]. We may
hence assume that V = 8. Let y € Q be an object and let d’ € D/, d € D, d” € D” be its images. Since
g":C” — D" is essentially surjective there exists an object ¢’ € C” and an equivalence o : g’ (¢") = d"
inD”. Let ¢ := h(c”) € C. Applying Lemma 5.9 to the image

a:g(c) = k(g"(c") =>k(d") ~d ~q(d")

of &” in D we deduce the existence of an object ¢’ € C’ lying over ¢ and an equivalence o’: g’(¢’) — d’
in D’ lying over «. The compatible triple (c, ¢’, ¢”’) now determines an object x € IP while the compatible
triple (o, @, @”) determines an equivalence g(x) = y in Q. O
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Lemma 5.12 (tower lemma) Consider a natural transformation between limit cones in Algq, (V)

D2 D1

P C, Cq Co
fl gzl gll lgo
Q Dy —— D1 —— Do

Suppose that all p; fori > 1 are isofibrations and all g; fori > 0 are Dwyer—Kan equivalences. Then f is
a Dwyer—Kan equivalence as well.

Corollary 5.13 The completion functor (—)": Algq,, (V) — Cat(V) sends limits of towers of isofibrations
to limits.

Proof Apply Lemma 5.12 to the case where the maps g; exhibit D; as the completion of C; (in which
case QQ is automatically complete). a

Proof of Lemma 5.12 To show that f is fully faithful, let x, y € P be two objects, and consider the
induced map of towers

Mapp (x, y) — +-- —— Mapc, (x, y) —— Mapc (x, )

f*l (gl)*l l(go)*

Mapg (x, y) — -+ —— Mapp, (x, y) —— Mapp, (x, )

Then both towers are limit towers in 'V and by assumption the (g;)« are equivalences, so that the map
fx:Mapp(x, y) = Mapg(x, y) is an equivalence as well.

Let us now show that f is essentially surjective as a map of categorical algebras. We may again assume that
V =38 [9, Proposition 5.1.11]. Let y € Q be an object and let d; € D; be its images. Since go: Co — Dy
is essentially surjective, there exists an object cg € Cp and an equivalence «gp: go(co) = dp in Dy.
Applying Lemma 5.9 to «g and d; € Dy, we deduce the existence of an object ¢; € Cy lying over cg
and an equivalence o1 : g1(c1) — d1 in D lying over «;. Proceeding inductively, we obtain compatible
sequences of objects ¢; € C; and equivalences «; : g;(¢;) — d;. These determine an object x € P and an
equivalence g(x) = y in Q. a

5.3 Postnikov structures on enriched co-categories

We now turn to our main result, providing Postnikov structures on V-enriched co-categories from (certain)
multiplicative Postnikov structures on V.

Definition 5.14 Let V be an SM co-category. We will say that a map f: X — Y in 'V is an external mo-
isomorphism if the induced map of spaces Mapy(1y, X) — Mapy(ly, Y) induces an isomorphism on .

We will say that a Postnikov structure on an object T : € — V is externally mg-constant if it sends every
map in € to an external ;g-isomorphism in V. A Postnikov structure ®:V — Fun(&, V) on 'V is externally
mo-constant if it sends each object X € V to an externally 7g-constant Postnikov structure on X .
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Remark 5.15 If T € PoStr(V) is externally mp-constant then each K, € TV has the property that the
induced parametrized spectrum E, = Mapy(ly, K;) € T8 is 0-connected (or 1-connective), ie each fiber
is a 1-connective spectrum. Indeed, for each n > 0, the map E,(S") = Q®"(E,;) — n(E,) induces an
isomorphism on g by assumption and a surjection on 1 since it admits a section, so that its fibers are
all connected. It follows that the fiber Q°°~"*(E,), is the connected delooping of Q®°~"+1(E,), for
eachn > 0 and E, x is a 1-connective spectrum.

Example 5.16 The usual Postnikov structure on spaces (Example/Proposition 4.15) is externally 7o-
constant: for every space X, the resulting Postnikov structure is even constant after applying t<;. For
more general oo-toposes (Example 4.17), the Postnikov structure is typically not externally mo-constant:
even though all maps induce isomorphisms on g-sheaves, on global sections they typically do not induce
bijections on mg. For example, for any finite CW-complex X, abelian group A and n > 2, the map of
constant sheaves K(A4,n) — t<,—1K(A,n) =~ * in Sheo(X) induces an isomorphism on 1-truncations,
but at the level of ¢ of the global sections we obtain H” (X; A) — *, which need not be an isomorphism.

Example 5.17 The canonical Postnikov structure on Sp=? is externally mo-constant. Indeed, for each
E € Sp=Y, the image of its Postnikov structure under Mapg =0 (S, —) is simply the Postnikov structure
on the space 2°°(E), but extended down to dimension 0, see Example 4.19. All spaces appearing in the
Postnikov structure for Q2°°(E) have isomorphic .

More generally, let V be a stable, presentable SM co-category with a left complete ¢-structure such that
the connective part V=0 is closed under finite tensor products. If the mapping spectrum functor

Map(ly, —):V— Sp

sends V=0 to Sp=°, then the Postnikov structure on V=° from Example/Proposition 4.23 is externally
mo-constant. This is notably the case when V = Modg with R a connective ring spectrum (with the usual
t-structure).

Theorem 5.18 LetV be an SM oco-category equipped with a multiplicative Postnikov structure
®:V — Fun(€, V).
If @ is externally mq-constant, then the composite
Cat(V) € Algc, (V) LN Algc, (Fun(€,V)) — Fun(€, Algq,(V)) O Fun(€&, Cat(V))

defines a multiplicative Postnikov structure ®c, on Cat(V). Furthermore, this Postnikov structure ®cy is
itself externally my-constant.

Slightly informally (ie up to Dwyer—Kan equivalence), the Postnikov structure ®c,(C) of a V-enriched
oo-category C is obtained by applying ® to all mapping objects in C. To see that this still yields a
Postnikov structure after completion, we will make use of the cube and tower lemmas (Lemmas 5.10
and 5.12), for which we will need ® to be externally mo-constant.
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Theorem 5.18 can be applied repeatedly:

Definition 5.19 Let V be a presentable SM oo-category. Then the presentable SM oo-category of
V-enriched (00, n)-categories is defined inductively as

Cat, (V) := Cat(Cat,—1(V)).
For later purposes, let us record the following:

Lemma 5.20 Let'V and W be presentable SM oo-categories and L:'V Z W it a reflective (symmetric)
monoidal localization. This induces a reflective monoidal localization of presentable SM oco-categories

Cat,(L): Cat, (V) 7 L " Cat,(W): Cat, ().

The essential image of t« consists of those V-enriched (0o, n)-categories whose mapping objects are (in
the essential image of) W-enriched (oo, n — 1)-categories.

Proof An inductive application of [9, Corollary 5.7.12, Proposition 5.7.16] provides the presentable SM
structure on Cat, (V) and Cat, (W). The induced reflective monoidal localization arises from an inductive

application of [9, Proposition 5.7.18]. |
An inductive application of Theorem 5.18 then immediately yields the following:

Corollary 5.21 LetV be a presentable SM oo-category equipped with a multiplicative, externally
mo-constant Postnikov structure ®:V — Fun(E, V). Then there is an induced multiplicative Postnikov

structure

Dy, : Caty (V)® — PoStr(Cat,, (V))®
on the oco-category of V-enriched (oo, n)-categories. Explicitly, ®cy,, is given (up to n-categorical
Dwyer—Kan equivalence) by applying ® to objects of n-morphisms.

We will now turn to the proof of Theorem 5.18. Our strategy will be to first prove a version of Theorem 5.18
for categorical algebras and then descend to enriched oco-categories. The case of categorical algebras
follows readily from the following observation:

Lemma 5.22 Let J be a weakly contractible oo-category, J< its cone and V a monoidal co-category

with J-indexed limits. Consider the natural functor
¢: AlgCat(Fun(jq’ V)) - Fun(:J< ’ AlgCat (V)) XFun(9<,8) 8§ — Fun(qu AlgCat(V))v

where the first functor is the natural equivalence from Proposition 5.6. If C is a categorical algebra in
Fun(J<, V) whose mapping objects belong to the full subcategory of limit cones, then

$(C): T~ — Algey (V)

is a limit cone as well.
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Proof By naturality, the equivalences of Proposition 5.6 fit into a commuting square where the horizontal
functors restrict along J < J<

Algcy (Fun(3<,V)) Algc, (Fun(d, V)

=| l:

Fun(J< ’ AlgCat(v)) XFun(7<,8) 8§ —— Fun(l AlgCat(v)) XFun(9,8) S

This induces a commuting square between the right adjoints of the two horizontal functors. The top right
adjoint is a fully faithful embedding whose essential image consists precisely of categorical algebras
enriched over limit cones. To compute the bottom right adjoint, consider the diagram

Fun(J<, Alge, (V)) —— Fun(J<, 8) +—— 8

| |

Fun(J, Algc,(V)) —— Fun(J,8) «—— 8

where the vertical functors restrict along J — J<. The horizontal functors then commute with the right ad-
joints to the restriction functors as well: for the left square, this uses that the forgetful functor Alg., (V) — 8
preserves limits, and for the right square, this uses that J is contractible, so that constant J<-diagrams are
limit cones. The right adjoint to Fun(J<, Algc,(V)) Xpun@=,s) 8 = Fun(J, Alge, (V) Xpun(,8) S is then
the fiber product of the three right adjoint functors [26, Corollary 4.7.4.18]. In particular, the projection
onto the first factor commutes with these right adjoints. It follows that the composite ¢ intertwines the
right adjoints to restriction along J < J<, which yields the result. i

Proof of Theorem 5.18 We have to verify that ®¢, is a lax symmetric monoidal section of the (lax)
symmetric monoidal functor ev : Fun(€, Cat(V)) — 'V, and that it takes values in the full subcategory
PoStr(Cat(V)) € Fun(&, Cat(V)) of Postnikov structures.

For the first assertion, consider the commuting diagram

Cat(V) s Alge (V) — Alge (Fun(€, V)) 2= Fun(€, Alge (V) - Fun(€, Cat(V))

H evwl levoo levw

Cat(V) s Algey (V) === Alzey (V) = Algey (V) ——— Cat(¥)

All arrows are lax SM functors. For the first and last horizontal arrows (in both rows), this follows from
[9, Proposition 5.7.14] and for ®., this follows from Proposition 5.3. The functor ¢ is the composite of
the SM equivalence from Proposition 5.6 and the SM projection

Fun(€, Alge, (V) Xgun(e.s) 8 — Fun(€, Algey (V).

Furthermore, the second square commutes since @, is a multiplicative Postnikov structure and all other
squares commute by naturality in the co-category €. This provides a lax SM section of evs, because
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the composition of the bottom row is naturally equivalent to the identity via the (Iax SM) counit of the
monoidal adjunction (—)": Algc, (V) z Cat(V) :¢ [9, Proposition 5.7.14].

For the second assertion, it suffices to verify that for a V-enriched category C, its image
T" := ®cy(C): € — Cat(V)

defines a Postnikov structure in Cat(V). By construction, T” is the levelwise completion of the diagram
which applies the multiplicative Postnikov structure ® to all mapping objects

T := ¢(+(C)): & — Algey (V).

For each of the cone diagrams f]of‘ — & from Remark 4.7 (with J, contractible), T |;< is a limit cone in
Alge, (V) by Lemma 5.22. Consequently, T defines a Postnikov structure in Algq,, (V). We have to show
that these cones remain limit cones upon applying the completion functor objectwise. This will follow
from Corollaries 5.11 and 5.13 once we verify that T sends every arrow in € to an isofibration.

To this end, consider a map T (i) — T (j) of categorical algebras induced by i — j in £. By construction,
f induces the identity on spaces of objects and for every two objects x, y € T (i), the map

Map(ly, Mapr ;) (x, y)) — Map(ly, Mapr ((x. y))

is a ;g-isomorphism since the Postnikov structure ® is mg-constant (Definition 5.14). The condition
that T (i) — T (j) is an isofibration is determined at the level of the underlying S-enriched categorical
algebras, so we may as well assume that V = §. For every object x in T (i) and every arrow «: x — y
in T (j), we then have a lift of o to amap &@: x — y in T (i) (note that T (i) — T () is the identity on
objects), which is furthermore unique up to homotopy. If « is an equivalence, then & is an equivalence
by [9, Proposition 5.1.15]: indeed, using that such lifts of arrows to T (i) are unique up to homotopy,
a homotopy inverse of & is provided by a lift of the homotopy inverse of & to T (i). We conclude that
T (i) — T(j) is an isofibration.

Finally, we have to verify that T" is a mg-constant Postnikov structure. The monoidal unit of Cat(V) is
the completion 1¢yy) = [0] fv of the unit object of Algc,(V), given by the operad map Oy ~ Ass — V®
encoding the unit (ie initial) associative algebra 1y in V. In particular, the functor

Mapcy vy (1cav), —): Cat(V) — 8

is equivalent to the functor sending a V-enriched oo-category to its space of objects. To see that T” is
mo-constant, it therefore suffices to verify that the diagram of object spaces

Ob(T*): &€ I cat(v) 2 8

sends each map i — j in € to a map with O-connected fibers (in particular, a wg-isomorphism). Let us
pick an object x € T”(j) and verify that the fiber Ob(T " (i)) is connected. The object x determines a
map x: [0]1, = lca(v) = T7(j). Since the functor T (j) — T () induces a mo-surjection on objects
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by [9, Theorem 5.6.2], this composite map factors over T (). Taking pullbacks along these maps, we
obtain a commuting square of categorical algebras

T (@) x7 () [0l1y —— T XTA() Lcaw)

| l

[0]1y Lcarw)

Since T (i) — T (j) was an isofibration, the top and bottom horizontal maps are Dwyer—Kan equivalences
(cube lemma, ie Lemma 5.10) and the left vertical map is an isofibration. Lemma 5.9, together with the
fact that the right column consists of complete categorical algebras, then implies that T (i) X ;) [0]1, —
T (i )xA(j)[0]1, induces a o-surjection on spaces of objects. Since T (i) — T () is constant on objects,
the domain of this map has a contractible space of objects. Consequently, Ob(T (i) X () [0]1) =
Ob(T"(i))x is connected, as desired. a

6 Local systems on (oo, n)-categories

In this section, we spell out the contents of Theorem 5.18 and Corollary 5.21 in the setting of (oo, n)-
categories. There are many equivalent models for the co-category of (0o, n)-categories, one of which is
the oo-category Cat, (8) of S-enriched (oo, n)-categories of Definition 5.19 [17, Corollary 7.21]. This
model is particularly well-adapted to definitions that proceed by induction on mapping objects, such as
the following:

Definition 6.1 An (m, 0)-category is defined to be an m-truncated space. For any 0 <n < m, an (oo, n)-
category C is called an (m, n)-category if each mapping (oo, n—1)-category is an (m—1, n—1)-category.

In light of [9, Corollary 6.1.10], this coincides with [9, Definition 6.1.1].

Lemma 6.2 The fully faithful inclusion : Cat,, ,) C Cat( ) of the full subcategory of (m, n)-categories
admits a left adjoint sending an (oo, n)-category C to its homotopy (m, n)-category ho,, ,) C. The adjoint
pair hogy, »): Cat(so ) Z Cat(yy, ) :t has the canonical structure of a reflective monoidal localization.

Proof Consider the reflective localization T<p—p: 8 Z T<m—n® :L. Since truncation preserve products,
this is a reflective monoidal localization. Consequently, it induces a reflective monoidal localization
Caty (t<m—n): Cat,(8) Z Caty, (t<m—nS) :Cat, (1) by Lemma 5.20. Note that (by induction) the essential
image of Caty (1) is precisely the full subcategory Cat(,, ,) C Cat(oo ). It follows that there is a left
adjoint hoy, ) : Cat(so,n) — Cat(y, ,) (equivalent to Caty, (t<m;—n)), which has the canonical structure of
a monoidal localization. |

The universal properties of the homotopy (m, n)-categories imply that they fit into a tower
(6-1) Co- > ho(m,n)(e) g ho(m—l,n)(e) > ho(n-i—l,n)(e)-
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By induction on 7, one sees that this tower is convergent. Indeed, using that Cat(oo 4+ 1) C Algc, (Cat(oo, 1))
preserves limits, this follows from the fact that:

(a) Atthe level of spaces of objects, the tower induces isomorphisms on 7 so that € — limy,; ho, ,41)(€)
is essentially surjective.

(b) The map Mape(c, d) — lim,, Map,,, omnt1(© (c,d) >~ limy, ho, ,)(Mape(c, d)) is an equivalence
for each ¢, d € C by inductive hypothesis.

Theorem 5.18 and Corollary 5.21 then yield the following more precise statement of Theorem 1.1:
Theorem 6.3 For each n > 1, the tower of natural transformations (6-1) refines to a multiplicative
Postnikov structure on Cat(so ).

Proof By Lemma 6.2, the reflective monoidal localization

Caty, (Tsm—n)
—)
Caty (3 sm—n) =

hO(m’n)I Cat(oo,n) = Cat, (8) Cat(m,n) il

Caty (1)

arises from the reflective monoidal localization 7<p—p: 8 Z S<m—n it via Lemma 5.20. Now let
®: 8§ — Fun(&, 8) be the multiplicative, wo-constant Postnikov structure on spaces refining the classical
Postnikov tower (Example/Proposition 4.15). By Theorem 5.18 and Corollary 5.21, this induces a
multiplicative Postnikov structure ®cy, on Cat(sg ).

We can view @y, as a diagram & — Fun®-!ax (Cat(so,n). Cat(so,n)) Of (lax symmetric monoidal) endo-
functors of Cat(so ), by adjunction with the Boardman—Vogt tensor product (see Remark 2.7). Forgetting
about the k-invariants, the underlying tower of ®c,, is given by the tower of functors

id = -+ — Caty (1<4) — Cat, (1<g—1) = - -+ = Caty (t<1).

Lemma 6.2 identifies this with the natural tower of homotopy (m, n)-categories (6-1), as desired. |

In other words, for each (oo, n)-category € and a > 2, there exists a natural parametrized spectrum object
H74(C) € Thogy 410 (@) (Catoo,n))
and a pullback square of (o0, n)-categories
hog4a,n) € ————hog41,0) €

l I

ho(n+a—1,n) C k—> Q‘X’(E“"HHJIQ (G))

The proof of Theorem 6.3 is not completely satisfying because these parametrized spectra Hir, (C) are
defined somewhat implicitly. In the remainder of this section, we will explain how (as the notation suggests)
the parametrized spectra Hmr, (€) can be considered as the Eilenberg—MacLane spectra associated to local
systems of abelian groups on hog, 1 ,)(€), as considered in [24].
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6.1 Tangent bundle of enriched co-categories

Our first goal will be to construct a ¢-orientation (Definition 2.20) on the tangent bundle to V-enriched
oo-categories, using a version of Proposition 2.25. To this end, we will need a description of the tangent
bundle to enriched oco-categories along the lines of Proposition 2.17:

Theorem 6.4 LetV be a differentiable presentable SM oco-category such that 1v is compact. Then there
exists a natural equivalence of SM co-categories

Cat(TV) T Cat(V)

© o~

Cat(V)

where Cat(7ry) is induced by the (monoidal) tangent projection iy : TV — 'V and 7 is the tangent projection
for Cat(V).

Recall from [26, Definition 6.1.1.6] that a presentable co-category 'V is differentiable if the sequential
colimit functor colim: Fun(N, V) — 'V is left exact. In particular, any compactly generated co-category
is differentiable. To apply Theorem 6.4 inductively, let us record the following observation:

Lemma 6.5 LetV be a presentable monoidal co-category which is differentiable and such that 1y is
compact. Then Cat(V) is differentiable and 1c,(v) (ie the image of the categorical algebra with one object
with endomorphism algebra 1v) is compact as well.

Proof By [26, Remark 4.1.8.9], there exists a monoidal model category V' presenting V of the following
form: one can construct a simplicial monoid A € Alg(sSet) and take V' = sSet;4, with monoidal
structure given by (X - A)® (Y - A) = (X xY — A x A — A) and model structure given by a left
Bousfield localization of the covariant model structure. In particular, V' is simplicial and combinatorial,
its cofibrations are the monomorphisms, all objects are cofibrant and weak equivalences are stable under
filtered colimits. Then Cat(V) arises from the model category Cat*" (V') on V -enriched categories [17]
and it then follows from [13, Corollary 3.1.12] that Cat(V) is again differentiable.

To see that 1) is compact, note that the corepresentable functor Map(1cy(v), —) can be identified
with the functor taking spaces of objects. This functor decomposes as

Cat(V) — Cat(8) ~ Catoo —25 8,
where the first functor is induced by the lax monoidal functor Mapy,(1y, —):V — § and the second functor
takes the core (or maximal sub-co-groupoid). Taking cores preserves filtered colimits (as is easily checked
using quasicategories). To see that Cat(V) — Cat(8) preserves filtered colimits, we use model categories.
Since V is simplicial and monoidal, there is a monoidal Quillen pair 1y ® —: sSet Z V :Mapy (1y, —).
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Applying these functors on mapping objects yields a Quillen pair on enriched categories. In light of [23,
Proposition 5.3.1.16], it now suffices to verify that the right Quillen functor U : Cat™™ (V') — Cat*"! (sSet)
preserves filtered homotopy colimits.

Let C,: J — Cat™® (V) be a projectively cofibrant filtered diagram with colimit Coo. To see that the
natural map hocolim U(C,) — U(C«) is a weak equivalence, note that the Dwyer—Kan equivalences of
simplicial categories are closed under filtered colimits. Consequently, the homotopy colimit can simply be
computed by the ordinary colimit and it suffices to verify that colim U(C,) — U(C) is a Dwyer—Kan
equivalence. At the level of objects, the map is simply an isomorphism and for each ¢, d € colim U(C,)
arising from some U(C;), the induced map on mapping spaces is given by

colim;eg;, Mapy (1y, C; (¢, d)) — Mapy (1y, colim; ey, C;(c, d)).
This map is a weak equivalence of simplicial sets because Mapy, (1y, —) preserves filtered homotopy
colimits and because weak equivalences in both sSet and V are closed under filtered colimits. O

The proof of Theorem 6.4 requires a few preliminary observations:

Proposition 6.6 Let "V be a presentable monoidal co-category and wy: TV — 'V its tangent projection.
Then the inclusions of complete objects and the completion functors fit into pullback squares

Cat(TV) ——s Algey (TV) 25 Car(TV)
Cat(ﬂv)l Algcal(ﬂv)Jr lCat(nv)
Cat(V) — Alge, (V) ~— Cat(V)

in which the vertical functors are all Cartesian and co-Cartesian fibrations.

Proof Recall from Lemma 2.11 that the monoidal functor my: TV — V has a (strong) monoidal
fully faithful left adjoint cst: V — TV taking constant diagrams, and that cst is also a monoidal fully
faithful right adjoint to wy. Considering my as a right adjoint functor, Remark 5.8 then implies that
Alge, (7my) : Alge, (TV) — Alg, (V) preserves and detects completeness, so that the left square commutes
and is Cartesian. On the other hand, considering my as a monoidal left adjoint, we find that the right
square commutes: taking right adjoints, this comes down to cst: Algc, (V) — Alge,(TV) preserving
complete objects.

Next, the two monoidal adjunctions (cst, ry) and (7ry, cst) induce adjunctions

Algy, (cst) Alge, (7Tv)
Alge, (V) L7 Alge, (TV), Alge, (TV) L 5 AIge, (V)
Algey (7Tv) Algey (cst)

in which Alg,(cst) is fully faithful. This implies that Alg.,(7ry) preserves limits and colimits and
by [5, Lemma 2.6.1], it is both a Cartesian and co-Cartesian fibration. Since the left square was a
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pullback, this implies that Cat(7ry) is a Cartesian and co-Cartesian fibration as well and that the inclusion
Cat(TV) — Algc,(TV) preserves Cartesian and co-Cartesian arrows.

It remains to verify that the right square is Cartesian. To see this, we claim that the following conditions
are equivalent for a map «: C — D in Alg, (TV):

(a) « is a DK-equivalence.
(b) « is an Algc,(my)-co-Cartesian lift of a DK-equivalence in Algq, (V).

(c) o is an Algc, (my)-Cartesian lift of a DK-equivalence in Algq, (V).

Assuming this, it follows that Alge, (y) classifies a diagram Algc, (V) — Cat™ sending each DK-
equivalence to an adjoint equivalence: over a fixed DK-equivalence in Algq,(V), the Algc,, (;ry)-Cartesian
and Algc,(7ry)-co-Cartesian arrows coincide, so that the proof of [23, Proposition 5.2.2.8] shows that
the unit and counit of the induced adjunction are equivalences. Since the DK-equivalences in Algq, (TV)
are precisely the Alg,,(ry)-(co)Cartesian lifts of DK-equivalences in Alg,(V), it then follows from
[21, Proposition 2.1.4] that the right square is a Cartesian square.

To see the claim, let us write og: Co — Dy for the image of o in Algq, (V) and let a(’): C() — ]D)6 be
the image of o under Algq, (cst). The unit and the counit of the adjoint pairs above then determine a
commuting diagram in Algq, (TV):

Since Alg,(cst) and Algq,, (7y) both preserve DK-equivalences (having right adjoints preserving com-
plete objects), o, is a DK-equivalence in Algq, (TV) if and only if «g is a DK-equivalence in Alge, (V).
Furthermore, the left square is a pushout if and only if « is Algq, (7y)-co-Cartesian and the right square
is a pullback if and only if « is Algq, (7y)-Cartesian, by [5, Lemma 2.6.1] and its opposite.

Using this, (b) implies (a) because DK-equivalences are stable under pushout. Conversely, if « is a
DK-equivalence, then e, is a DK-equivalence as well. Consequently, D, H(C() C — D is both a DK-
equivalence and an equivalence on spaces of objects (since its image in Algq, (V) is an equivalence), and
hence an equivalence.

Dually, (c) is equivalent to o, being a DK-equivalence and the right square being a pullback. Since fully
faithful maps are stable under pullback, this implies that « is fully faithful. Since essential surjectivity is
detected on the underlying space-valued categorical algebra, which in turn is determined by the underlying
V-enriched categorical algebra, we find that « is essentially surjective as well. Conversely, if « is a
DK-equivalence, then oy, is a DK-equivalence as well. Consequently, the map C — C Xpy, D is fully
faithful and an equivalence on spaces of objects, and is hence an equivalence. |
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Lemma 6.7 LetV be a presentable SM co-category and let TV be its tangent bundle with the square zero
monoidal structure. Then there is a natural SM equivalence
Algey (TV) = T Algey (V) x5 8
between Alg, (TV) and the full subcategory of excisive functors C,: 8" — Alg, (V) which are constant
at the Ievel of objects.
Proof Recall the equivalence
Algey (Fun(8y", V) 2 Fun(8y", Algey (V) Xpunsin s) S

from Proposition 5.6. By Lemma 5.22, this restricts to an equivalence on full subcategories of excisive
functors. o

Lemma 6.8 LetV be a presentable monoidal oo-category. Then there exists a natural relative adjunction

@
C
AlgCat (W) L1 T AlgCat (V)
Y
Algcm(Xv) /
Algey (V)

Proof Using Lemma 6.7, we define ¢ as the projection onto the first factor
(4
AlgCat (W) = TAlgCat(v) X788 — TAlgCat(V)

(6-3) AlgCa.oml l”
AlgCat(v) = AlgCat(v) Xg 8 — AlgCat(v)

Here the square commutes by naturality of the equivalence from Proposition 5.6 with respect to restriction
along {*} < 8f". Note that ¢ is the base change along the Cartesian fibration T Alge, (V) — T8 of
the fully faithful functor cst: 8 — TS that is left adjoint to the tangent projection. The opposite of [23,
Corollary 5.2.7.11] then implies that ¢ is fully faithful and admits a right adjoint vr. This right adjoint
can be described as follows: given C,: 8i" — Alg.,(V), ¥(C,): 8" — Algc, (V) sends each space
T to the full subcategorical algebra of Cr obtained by restricting the objects along the canonical map
Ob(Cx) — Ob(Cr). In other words, the counit map ¥ (Cr) — Cr is a Cartesian lift of the map of
spaces Ob(Cy) — Ob(Cr). It follows from this description that {» commutes with evaluation at * as
well, so that ¢ and v form a relative adjunction. O

Proof of Theorem 6.4 To define the functor £, consider the composition
T((—)") 0 ¢: Algey (TV) = T Algey (V) — T Cat(V).
Here ¢ is the functor from Lemma 6.8 and the last square arises from the adjoint pair
(=) Alge, (V) T Cat(V)
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by taking tangent bundles. Note that ¢ sends DK-equivalences in Alg, (TV) to 8fi"-diagrams of DK-
equivalences in Algq,,(V), which in turn are sent to equivalences by T((—)"). Consequently, the above
composite induces a functor £: Cat(TV) — T Cat(V) from the localization at the DK-equivalences.

Since (—)": Alge, (TV) — Cat(TV) is a monoidal localization, £ inherits a natural SM structure from
the composite T((—)") o ¢ Alge, (TV). Here T((—)") inherits its SM structure from (—)”, and ¢
corresponds under the SM equivalence of Proposition 5.6 to the projection (6-3), which is an SM functor.

To show that £ is an equivalence, observe that (since (—)": Algc, (TV) — Cat(TV) has a section), £
coincides with the top horizontal composite

Cat(TV) s Alge (TV) —— T Alge (V) 222 7 Car(v)

9 | | Lo |

Cat(V) s Algey (V) ——— Algey (V) — 2 Cat(V)

Here all vertical functors are co-Cartesian fibrations, where we use Proposition 6.6 for the left two. The
first two horizontal functors preserve co-Cartesian arrows by Proposition 6.6 and by Lemma 6.8 and [26,
Proposition 7.3.2.6]. The last functor T((—)"") preserves co-Cartesian arrows for formal reasons: for any
adjoint pair F: C z D :G, the induced adjoint pair TF: TC Z TD :TG covering F and G has left
adjoint TF preserving co-Cartesian arrows and right adjoint TG preserving Cartesian arrows.

Having proven that £ is a map between co-Cartesian fibrations preserving co-Cartesian arrows, it suffices
to verify that £ induces an equivalence on fibers. Let us therefore fix a V-enriched category C € Cat(V)
and let us write X = Ob(C) for its space of objects. Since the left square in (6-4) was Cartesian, it
suffices to verify that ¢ and completion induce an equivalence Algc, (TV) Xalg., (v) {C} — T Cat(V).
This follows essentially from [13, Section 3.1].

Indeed, note that the equivalence from Lemma 6.7 induces an equivalence on fibers
Algey (TV) X alge, () 1€} = T Algey (V) xgys {X }-

Recall that under the equivalence of Lemma 6.7, the functor ¢ was simply given by projection onto the
first factor. It will therefore suffice to verify that the composite

p=m1 Tc((=)™)
(6-5) T Algey (V) xgys {X} ? Tc Alge, (V) <‘I—T> T Cat(V)
c(

is an equivalence. As indicated, this composite admits a right adjoint: ¥ is the right adjoint from
Lemma 6.8, restricting the space of objects to X, and T(¢) is induced by the canonical inclusion

t: Cat(V) — Alge, (V).

Now note that the above diagram arises upon stabilization from the following diagram of adjunctions
between oo-categories of retractive objects over C:

AN

T —
F:Alge, (Ve e Xsxx 1X} T’ Algeu(V)cjc 7= Cat(V)cc : 6.
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Here the right adjoint v’ exists by (the opposite of) [23, Corollary 5.2.7.11]. Explicitly, it takes the full
subcategorical algebra with objects X, ie the counit map ¥'(ID) — D is a Cartesian lift of the map of
spaces X = Ob(C) — Ob(D) (see Definition 5.7). Upon stabilization, this induces the right adjoint pair
in (6-5) by definition. For the left adjoint pair, note that Algc, (V)c/c Xsy,x 1X} is a fiber product
of pointed oco-categories along left exact functors, and that stabilization preserves such fiber products.
Consequently, the projection onto the first factor induces the functor ¢, and since stabilization sends
an adjoint pair of left exact functors to an adjunction between stable co-categories, its right adjoint ¥’
induces the functor Y at the stable level.

We now follow the same proof as [13, Proposition 3.1.9]: applying (the oco-categorical analogue of) [15,
Corollary 2.39], it suffices to verify that the unit and counit of (F, G) become equivalences upon taking
loop spaces. For the unit map, let C — D — C be a retract diagram of categorical algebras with spaces
of objects X. Then D — GF (D) is the natural map obtained by decomposing D — D" (essentially
uniquely) into a map that is the identity on objects, followed by a fully faithful map. Since D — D" is
itself fully faithful, the unit is itself already an equivalence.

For the counit, let C — D — C be a retract diagram of V-enriched categories. Then the counit map
ep: FG(D) = /(D) — D is the natural map from the completion of the full subcategorical algebra
Y’ (D) — D with objects X . Since ¥'(D) — D is fully faithful, ep is fully faithful as well. Consequently,
the base change FG(D) xp C — C is fully faithful as well. This map has a canonical section (since
we are working in Cat(V)c/c) and is hence also essentially surjective. Since all categorical algebras
involved were complete, it follows that F'G(ID) xp C ~ C is the zero object in Cat(V)c . Using this,
the looping of the counit map ©2,c(ep): C x pgm) C — C xp C can be identified with

C XFG(D) C—->C XFG(D) FG(]D)) XD (C,
which is the base change of an equivalence. It follows that the counit is an equivalence upon taking loop

space objects, so that (6-5) is indeed an equivalence. a

Proposition 6.9 LetV be presentable monoidal co-category and suppose that TV carries a monoidal
t-orientation. Then the full subcategories Algc, (T=°V) and Algc,,(T=°V) define a t-orientation on the
stable Cartesian fibration Algq, (TV) — Algc, (V).

Proof Theorem 6.4 and Proposition 6.6 imply that Alg,,(TV) — Algq,, (V) is a stable Cartesian fibration,
being the base change of such. For a fixed space of objects, the restrictions
(6-6) Alge, (TZ0V) xg {X} = Algg, (TZOV),  Alge, (T=0V) xs {X} ~ Algy, (T=°V)

coincide with the 7-orientation on Ox-algebras from Proposition 2.25. In particular, this implies that
Alge, (TZ0V) and Alge, (T=OV) restrict to a ¢-structure on the fiber over a fixed categorical algebra C.

For condition (1) of Definition 2.20, let f: C — D be a map in Algc,(V), E € Algc, (T=°V) an object
living over D and f*E — E the Cartesian lift of f. To see that f*E € Algq, (T=°V), factor f as a map
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g:C — D’ which is the identity on objects, followed by a fully faithful map : D’ — D. Then 21*(E) —> E
is fully faithful; in particular, if all mapping objects of E are contained in 7=V, the same holds for 72*(E).
The map f*(E) — ~*(EE) is then a Cartesian arrow in Algy <, (TV), so that Proposition 2.25 implies
that f*(E) € Algc, (T=OV). m|

Corollary 6.10 LetV be a ditferentiable presentable SM oco-category such that 1y is compact and suppose
that TV carries a monoidal t -orientation. Under the equivalence T Cat(V) ~ Cat(TV) from Theorem 6.4,
the full subcategories

720 Cat(V) ~ Cat(T=°V), T=0Cat(V) ~ Cat(T=V)
then determine a monoidal t-orientation of the tangent bundle T Cat(V), with heart T% Cat(V) =~

Cat(TOV).

Proof Using the left pullback square from Proposition 6.6, this is simply the base change of the -
orientation from Proposition 6.9. It is a monoidal ¢-structure because Cat(—) preserves symmetric
monoidal functors and fully faithful functors, so that 72° Cat(V) ~ Cat(TZ%V) € T Cat(V) is closed
under the tensor product. a

Remark 6.11 In the setting of Corollary 6.10, let C be V-enriched category together with a mg-surjection
of spaces X — Ob(C). Let Cx — C be the induced fully faithful functor, which realizes C as the
completion of Cx. Theorem 6.4 and Proposition 6.6 then provide equivalences of stable co-categories

T Cat(V) ~ AlgCat(W) X Algey (V) {Cx} ~ AlgOX (TV) XAlgoX ) {Cx}.
In the presence of a f-orientation, the proof of Proposition 6.9 (see (6-6)) shows that this identifies

'J'g Cat(V) with the fiber Algg, (TOV) XAlgy, (V) {Cx}.

6.2 Local systems of abelian groups on (oo, n)-categories

Applying Corollary 6.10 inductively, starting with the ¢-structure on parametrized spectra of Example 2.24,
we obtain:

Corollary 6.12 Let C be an (oo, n)-category. Then the tangent oo-category Je Cat(oo ») carries a t-
structure, in which an object E is (co)connective if and only if for any two objects x, y € C, the functor

Map_y(x, y): Te Cat(co,n) = TMape(x.y) Cal(co,n—1)
sends E to a (co)connective object.
Applying this inductively, one finds the following inductive description of the heart of the z-orientation
on T Cat(oo )
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Definition 6.13 (see [24, Definition 3.5.10]) The oco-category of local systems of abelian groups on
(00, 0)-categories is defined to be the domain of the Cartesian fibration

Loc(s0,0) = 8

classified by the functor 8°P — Cat, sending a space X to the category of local systems Fun(IT; (X), Ab).
This carries a symmetric monoidal structure given by the Cartesian product. For n > 1, we define the
symmetric monoidal co-category of local systems of abelian groups on (0o, n)-categories to be the domain
of the Cartesian fibration

Loc(so,n) = Cat(Loc(so, n—1)) = Cat(Cat(oo, n—1)) = Cat(oo n) -
Note that Loc(s, ) inherits a symmetric monoidal structure from Loc (s ,—1), such that the projection to

Cat(xo,) 18 symmetric monoidal.

For each €, let us denote the fiber of Loc(s,,) over € by Loc(so,,)(C) and refer to it as the abelian
category of local systems on C. Note that Loc (s ,)(C) is indeed an (ordinary) abelian category by the
following immediate consequence of Corollary 6.10:
Corollary 6.14 There are equivalences of co-categories over Cat(o 1)

Loc(co,n) Cat(LOC(Oo’n_l)) o~ Cat('IO Cat(oo,n_l)) ~ g9 Cat(oo’n) .
Given an (oo, n)-category C, Remark 6.11 now implies that a local system A on C is given by the datum

of map of co-operads
Loc®

(o0,n—1)

Ox Oonce : Catgo,n_l)

for any choice of mg-surjection of spaces X — Ob(C).

Remark 6.15 For the canonical choice X = Ob(C), the datum of a local system .A on an (0o, n)-category
C can therefore be described informally as follows:

(0) For each x, y € €, a local system Ay y over the (oo, n—1)-category of maps C(x, y).
(i) a map of local systems for each triple x, y,z € € and a map of abelian groups for each x € C
Mx,yz: P1Ayz X poAx,y = ¢ Axz, Ux:Z — e Axx.
Here c: C(y, z) x C(x, y) — C(x, z) is the composition,
Po:C(y,z) xC(x,y) > C(y,z) and p1:C(y,z) xC(x,y) = C(x,y)
are the projections and e: * — C(x, x) is the unit.
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(i1) An associativity condition for each quadruple w, x, y, z € € and left and right unitality conditions
for each tuple x, y € C, given by the commutativity of the diagrams

P;Az,w X PTAy,z X P;Ax,y

my z wo(dxmy y 7) mx .y wo(Mmy z yXid)

S

(co(idxc))*Ax.w

(co(cxid)*Axw

IR

where o* arises from the associator « of C by naturality of base change, and

mx.x,y"V wuy xid)
A’*

(co(idxe)* Ayy —= (co(exid)* Ay,

‘Ax’y

‘Axsy

~

where the bottom maps arise from the left and right unit equivalences A and p.

There are no higher coherences because the local systems over each C(x, y) form an ordinary 1-category.
Definition 6.13 therefore gives a precise formulation of the (informal) definition of local systems on
(00, n)-categories appearing in [24, Definition 3.5.10].

Remark 6.16 Taking X — Ob(C) to be a mp-surjection from a set, the datum of a local system over C
can also be identified with a section of the map of operads L¢ x := Locfio n—1) xCat‘(?io ) Ox — Oyx.
Now note that Loc?oo’n_l) — Cat?oo’n_l)
X is a set, both Oy and Le x are therefore ordinary operads and a section Ox — Le x is given by

induces maps on mapping spaces with discrete fibers. Since

choosing images of objects and multimorphisms satisfying a certain associativity condition, but no higher
coherences. In this situation, the informal description of a local system from Remark 6.15, for objects
taken in the set X, is exactly the data of a local system on C.

The inductive construction of the Postnikov structure in Theorem 6.3 shows that all parametrized spectra
appearing in it are contained in the heart of the z-structure on T Cat(s, ). We therefore obtain the
following result (which appears without proof as [24, Claim 3.5.18]):

Corollary 6.17 For every (00, n)-category C, the parametrized spectrum Hr, (C) of Theorem 6.3 is the
Eilenberg—MacLane spectrum associated to

74(€) € Loc(oo ) (€) = T2

ho(;41,n) (€) Cat(oo’n) ’

In terms of Remark 6.135, it is the Eilenberg—MacLane spectrum of the local system of abelian groups on
ho(;41,n) € given inductively by 74(C)x,y = mq Mape(x, y), forany x, y € C.
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Appendix Symmetric monoidal structure on categorical algebras

In this appendix, we provide the proofs of Lemma 5.4 and Propositions 5.3 and 5.6 about the symmetric
monoidal structure on Catajg(V). The key ingredient of these proofs will be Construction A.3: given an
oo-category € with finite products, this produces a diagram Fyg: D — SMCatl/aé‘X of SM oo-categories
over C* from the data of a (suitable) diagram W: C°? x D — SMCatloao". Let us start with a preliminary

observation:

Definition A.1 For an co-category D, let us write
co-Cart(D)"™ Catoo/p, Cart(D)*?' Catoo/p

for the full subcategories spanned by the co-Cartesian and Cartesian fibrations, respectively. Furthermore,
let us denote by Fun(D, SMCat'®¥)stong < Fun(D, SMCat'®¥) the wide subcategory whose morphisms
u: F — G are natural transformations such that for each d € D, the map uy: F(d) — G(d) is a strong
(as opposed to lax) SM functor.

Lemma A.2 For any co-category D, there is a natural (wide) subcategory inclusion
Fun(D, SMCat'®)stne <5 CAlg(Cart(DP)°P"),

where we take commutative algebras with respect to the fiber product over D.

Proof We use unstraightening to identify both categories with (nonfull) subcategories of Categ,/por xFin,
and then show that one is naturally included in the other. First, note that Fun(D, SMCat'®*)song jg
subcategory of Fun(D, Categ/Fin, ). By [19, Corollary 2.3.4], unstraightening to a Cartesian fibration
over D then provides an equivalence between Fun(D, SMCat'®)5""¢ and the following subcategory of
Catoo/Dor xFin,, -

(1) Objects are maps p = (p1, p2): € = D x Finy such that p; is a Cartesian fibration, p; is a
co-Cartesian fibration, p; sends p,-co-Cartesian arrows to equivalences and p, sends pi-Cartesian
arrows to equivalences. Furthermore, for each d € D, the fiber £,; — Finy is an SM oco-category and for
each o: d — d’ in D, the change of fiber functor a*: €, — €4 preserves p-co-Cartesian lifts of inert
morphisms in Fin,.

(2) Morphisms are commuting triangles

e &

(A-1) e
(p1,p2)=p q=(q1.92)

DO x Fin

such that f sends all p;-Cartesian arrows to gq-Cartesian arrows and all p,-co-Cartesian arrows to
g2-co-Cartesian arrows.
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Similarly, we can view CAlg(Cart(D°P)°P!) as a subcategory of Fun(Finy, Cate, /oer). By [19, Corol-
lary 2.3.4], unstraightening to a co-Cartesian fibration over Fin, then provides an equivalence between
CAlg(Cart(D°P)°P') and the following subcategory of Cat /DD XFin, -

(1) Objects are maps p = (p1, p2): € — D x Finy such that p; is a Cartesian fibration, p, is a
co-Cartesian fibration, p; sends p,-co-Cartesian arrows to equivalences and p, sends p;-Cartesian
arrows to equivalences. Furthermore, for each (n) in Finy, the Segal maps induce an equivalence
Eny = E(1) Xpow - -+ Xpop €1y of Cartesian fibrations over DP.

(2’) Morphisms are commuting triangles (A-1) such that f sends all p,-co-Cartesian arrows to g-co-
Cartesian arrows.

Notice that conditions (1) and (1”) are equivalent. Indeed, consider the Segal map
g: €y = E(1) Xpop -+ Xeper E(1)

between categories over D°P. Then g preserves Cartesian arrows over DP if and only if for each : d — d’
in D, the change of fiber functor o*: € ;- — & preserves co-Cartesian lifts of inert morphisms in Fin.
When this is the case, the Segal map is an equivalence if and only if it induces an equivalence between
the fibers over each d € DP, ie if and only if each £, is an SM oo-category. We therefore obtain two
subcategories with the same objects, while on morphisms the condition (2) is clearly stronger than (2).
This yields the desired wide subcategory inclusion. O

Construction A.3 Let C be an co-category with finite products, D an co-category and consider a functor
W: C%P x D — SMCat'™ that sends each arrow in C°P to a strong SM functor. We will construct from ¥
a natural functor Fiy: D — SMCatl/aé‘X, where Fy(d) — C* is an SM functor whose underlying functor
is the Cartesian fibration classified by W(—, d): C°? — Catxo.

To do this, note that by adjunction and Lemma A.2, we obtain a natural functor
W: € — Fun(D, SMCatX)s™one . CAlg(Cart(DP)°Ph).
By [26, Theorem 2.4.3.18], this defines a map of co-operads
(P s Cart(DP)°PLX ~ co-Cart(D)2%>

from the co-Cartesian oo-operad (C°P)M to the Cartesian operad co-Cart(D)"*X. Here the equivalence
of Cartesian operads arises from the equivalence sending a Cartesian fibration & — D°P to the opposite
co-Cartesian fibration P — D.

Since the target of the above map is a Cartesian oo-operad, this is uniquely determined by an (C°P)H-
monoid object (€)X — co-Cart(D)"*. The unstraightening of this functor determines a functor

(A-2) p=(p1,p2): XG® - (€M) xD
with the following properties:
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1) p1: .')CSI;@’ — (C‘f"P)LI is a co-Cartesian fibration and p, sends p;-co-Cartesian arrows to equivalences.

(2) For each (n) € Fin, the n inert maps o; : (n) — (1) induce an equivalence

®

0,® 0,® o,
X —>.')C\I/’(1) X+ XD x\I/,(l)'

W, (n)
(3) For each (n) € Finy, the map between fibers over (n)
PGy = (CP)oy x D = (E®)*" x D
is a co-Cartesian fibration, classified by the functor sending (ci, ..., cn,d) to ¥(cy, d)Px---xW(cy, d)°P.

Here (2) is equivalent to (C°P) — co-Cart(D)'** being a monoid object, after which (3) is equivalent
to the fact that the underlying functor C°P — co-Cart(D)#* corresponds to W: C% x D — Cat under
unstraightening over D.

In particular, these conditions imply that for each d € D, the map between fibers py: p; 1(d) — (eory
is a co-Cartesian fibration of oco-operads and that each map d — d’ induces a map of oo-operads
123 d)— 123 1(d") over (€°P)H. Unraveling the definitions, the co-Cartesian fibration

pripyt(d) — @MY
arises as the co-Cartesian unstraightening of the functor
CP — Cat, ¢+ W¥(c,d),
with lax monoidal structure maps given by
(A-3) W(ce,d)P xW(c,d)P — V(e xc,d)PxW(cxc,d)® — W(exc, d)P.

Here the first map restricts along the maps ¢ < ¢ X ¢/ — ¢’ and the second map uses the SM struc-
ture on W(c x ¢/,d)°P. Similarly, unwinding the construction shows that the co-Cartesian fibration
P1_1 (c1,...,cn) = D is classified by the functor sending d to W(cy,d)°P x --- x W(cy, d)°P.

Postcomposing with the map (€°P) — Fin,, one can view (A-2) as a map of co-Cartesian fibrations
over Fin,. Let us take the induced map of fiberwise opposite co-Cartesian fibrations, ie the co-Cartesian
fibrations classifying the Fin,-diagram of opposite co-categories [3]. This yields a diagram of the form

q=(q1,92)

C* x DOP

N

Finy

Xy

where €% — Fin, is the Cartesian operad associated to the co-category with products € (which is the
fiberwise opposite of (C°P)M; see [26, Variant 2.4.3.12]). Here the map ¢ has the following properties
(which correspond to the properties of p under taking fiberwise opposites over Finy):

(1) g is a map of co-Cartesian fibrations over Fin, preserving co-Cartesian arrows.
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(2) For each (n) € Fin, the n inert maps o; : (n) — (1) induce an equivalence
® ® °0,®
L, ny = X 1) X0+ X0 Xy 1)

(3) For each (n) in Finy, the map on fibers DC% ) G‘Z(n) x DOP ~ X" x DP is a Cartesian fibration

classified by the functor sending (c1,...,cn,d) = WY(c1,d) X---x W(cy, d).

In particular, the map (r, ¢2): DC% — Fin, x D has the property that (1) r is a co-Cartesian fibration
and that g, sends r-co-Cartesian arrows to equivalences in D°P and (2) for each (n) € Finy, the map
q2: x@g(n) — DO is a Cartesian fibration. It follows from [19, Proposition 2.3.3] that ¢ : DC% — D isa
Cartesian fibration and that ¢ is a map of Cartesian fibrations over D°P (preserving Cartesian arrows). We
can therefore apply straightening over D, and the above three conditions then imply that the straightening

determines the desired functor Fyg: D — SMCatl/aé‘X.

Proof of Proposition 5.3 Recall that there is a functor Opgp x Op,, — Op, sending (O, P) to the
oo-operad of algebras Alg, (P)®. This takes values in SMCatg‘g if P is an SM oo-category [26, Exam-
ple 3.2.4.4], in which case restriction along O — O’ determines an SM functor Algy, (P) — Algy (P). We
can thus apply Construction A.3 to the functor 8P x SMCatloag‘ — SMCatloag‘ sending X — Algy, (V). O

Proof of Lemma 5.4 Unraveling Construction A.3, the structure of the SM functor Algc, (V) — 8
arises as the straightening over Fin, of the map ¢ : Alg?at(\?) =q5 1(V) — 8*. By construction, the
straightening of g is the pointwise opposite of the straightening of p;: p5 L(V) — (8°P) over Finy
by taking fiberwise opposites over Finy. Consequently, the tensor product on Algq, (V) is arises as the
unstraightening of the opposite of the natural transformation (A-3), as desired. O

Proof of Proposition 5.6 Construction A.3 has the following general property: for any f: D’ — D and
W: CP x D — SMCat'™, the functor Fyotaxs): D' — SMCatl/*"éX is naturally equivalent to the functor
Fy o f. Consequently, the left-bottom composite in Proposition 5.6 arises by applying Construction A.3
to the functor Wy: 8 x SMCat'™ — SMCat'™ sending (X, V) to Algy, (Fun(J, V)©®.

Now notice that Wy is equivalent to the functor sending (X, V) to Fun(J, Algy, (V)) with the levelwise
tensor product (by adjunction to the Boardman—Vogt tensor product, see Remark 2.7). The result will
therefore follow from the following general claim about Construction A.3: for any W: C° x D — SMCat'®
and any oo-category J, applying Construction A.3 to the functor Ws(c, d) = Fun(J, ¥(c, d)) results in
the composite functor

Fun(J, =) Xgyn(g. %) €

SMCat'®

F
(A-4) Fg,: D~ SMCat®* T

00/@X
To see this, recall the inclusion Fun(D, SMCat'®) < CAlg(Cart(D°P)°?') from Lemma A.2, which was
given by unstraightening over D. Under this inclusion, applying Fun(J, —) pointwise corresponds to
sending a Cartesian fibration % — D to the Cartesian fibration Fun(J, £°P) Xpyn(g,pory) DP — DP.
This implies that the monoid object determined by W5 is given by the composite

(€°PY! - co-Cart(D)"™ — co-Cart(D)™,
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where the first functor is the monoid object associated to ¥ and the second functor sends a co-Cartesian
fibration & — D to Fun(JP, &) Xpyp(gor, 0y D — D (note that we took opposite categories to pass from
Cartesian to co-Cartesian fibrations). Next, applying the same reasoning to the unstraightening over
(C°P)H | we obtain that

xfﬁ;@ ~ Fun(JOP, x\oﬁ®) XFun(JOP,(GOP)HXD) (GOP)H X D

Taking fiberwise opposite co-Cartesian fibrations over Fin,, one then obtains an equivalence of Cartesian
fibrations over D°P
X, ~ Fun(J, X§) Xpun(g,ex xcpery € x DP.

Under straightening over D°P, this equivalence provides the desired identification of Fy, as in (A-4). O
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Circular-orderability of 3-manifold groups

IDRISSA BA
ADAM CLAY

We initiate the study of circular-orderability of 3-manifold groups, motivated by the L-space conjecture.
We show that a compact, connected, P2-irreducible 3-manifold has a circularly orderable fundamental
group if and only if there exists a finite cyclic cover with left-orderable fundamental group, which
naturally leads to a “circular-orderability version” of the L-space conjecture. We also show that the
fundamental groups of almost all graph manifolds are circularly orderable, and contrast the behaviour of
circular-orderability and left-orderability with respect to the operations of Dehn surgery and taking cyclic
branched covers.

03C15, 06F15, 20F60, 57M50, 57TM60

1 Introduction

For an irreducible, rational homology 3-sphere M, the L-space conjecture posits a relationship between
the properties of M admitting a coorientable taut foliation, M being not an L-space, and M having a
left-orderable fundamental group (see Conjecture 3.3). While this conjecture is known to hold for some
classes of manifolds, for example graph manifolds, new techniques are needed to tackle more general
classes of manifolds, or, indeed, to tackle the conjecture in full generality.

With this conjecture in mind, several of the most successful techniques developed in recent years to tackle
left-orderability of 771 (M) have shared a common theme: they all begin with an action on the circle, and
use cohomological techniques to pass to an action on the real line. For instance, in studying manifolds
arising from Dehn surgery on a knot K in S3, a common technique is to study one-parameter families of
representations p;: 71 (S3 \ K) — PSL(2, R) that are built so as to provide representations that factor
through the quotient groups 7 (S;‘) /q(K )) for certain values of p/g € Q U {oo}. (;_(erltrolling the Euler
classes of these representations allows one to construct lifts p;: 71 (S; /q (K)) — PSL(2,R), and these
lifts show that ¢ (S; /q(K )) is left-orderable since they have left-orderable image; see Boyer, Gordon
and Watson [12], Hakamata and Teragaito [29; 30], Motegi and Teragaito [42], Culler and Dunfield [23]
and Gao [26]. This technique has also been used to study left-orderability of cyclic branched covers of
knots by Hu [34], Tran [51], Turner [52] and Gordon and Lidman [28].

In a similar vein, if one starts with an irreducible rational homology 3-sphere M admitting a co-
orientable taut foliation %, Thurston’s universal circle construction yields a representation pypiy: 71 (M) —
Homeo, (S!). With appropriate restrictions on %, one can control the Euler class of pu,;y and guarantee

© 2025 MSP (Mathematical Sciences Publishers). Distributed under the Creative Commons Attribution License 4.0 (CC BY).
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the existence of a lift pypiv: 71 (M) — I/{_()He?ur (S1), again yielding left-orderability of 771 (M) for similar
reasons; see Calegari and Dunfield [16] and Boyer and Hu [13].

Motivated by the utility of actions on the circle by homeomorphisms in addressing the L-space conjecture,
this work is a first step toward directly addressing the question of when the fundamental group of a
3-manifold acts on the circle by homeomorphisms — though we take an algebraic approach to the problem.
Just as the existence of left-ordering of 71 (M) captures whether or not there is an embedding p: 71 (M) —
Homeo (R), we approach the problem by studying the existence of an orientation cocycle ¢ : 71 (M)? —
{£1, 0} that is compatible with the group operation, called a circular ordering of 71 (M). The existence of
such a map determines whether or not there exists an embedding p: 1 (M) — Homeo (S!), analogous
to the case of left-orderings. It should be noted that, throughout, we adopt the convention that the trivial
group is left-orderable. We show:

Theorem 1.1 Suppose that M is a compact, connected, P2-irreducible 3-manifold. Then w1 (M) is
circularly orderable if and only if M admits a finite cyclic cover with left-orderable fundamental group.

Our contribution here is not the existence of a finite-index left-orderable subgroup, as this fact already
appears implicitly in [16], but that there is a normal, left-orderable subgroup that yields a finite cyclic group
upon passing to the quotient. This motivates an obvious “circular-orderability” version of the L-space
conjecture (see Conjecture 3.4), which mirrors the usual L-space conjecture up to finite cyclic covers.

This theorem is in fact a special case of a new algebraic result. Associated to every circular ordering ¢
of G is a cohomology class [ f.] € H?(G:Z), called the Euler class of the circular ordering. We show
that, when a group G admits a circular ordering whose Euler class has order k in H?(G;Z), it also
admits a left-orderable normal subgroup N such that G/N = 7 /kZ; see Theorem 2.6.

From here we begin an exploration of exactly which fundamental groups admit circular orderings. We
first tackle the case of Seifert fibred manifolds, providing the details of a claim of Calegari [15]. Note
that circular-orderability of finite groups is well understood (a finite group is circularly orderable if and
only if it is cyclic; see Proposition 2.5), and so we focus on infinite fundamental groups. If G is a group
with circular ordering ¢, we use rot.(g) to denote the rotation number of g € G; see Section 2.

Theorem 1.2 Let M be a compact, connected Seifert fibred space and let h denote the class of a regular
fibre in 1 (M).

(1) If my(M) is infinite, then there exists a circular ordering ¢ of w1(M) such that rot.(h) = 0; in
particular, 1 (M) is circularly orderable whenever it is infinite.

(2) If w1 (M) is infinite and M is orientable and has nonorientable base orbifold, then every circular
ordering c of w1 (M) satisfies rot. (h) € {O, %}

(3) If w1 (M) is left-orderable and M is orientable and has base orbifold S*(a1, ..., o) withn > 3,
then, for every p € N, there exists a circular ordering ¢ of 1(M) such that rot.(h) = 1/p.

Algebraic & Geometric Topology, Volume 25 (2025)
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(4) If M is orientable and has no exceptional fibres, then, for every r € R/Z, there exists a circular
ordering c¢ of w1 (M) such that rot.(h) =r.

This leads naturally to the study of graph manifolds, where we show that an analogous fact holds.

Theorem 1.3 Suppose that W is a graph manifold whose JSJ decomposition has Seitert fibred pieces
My, ..., M,. Further suppose that, for each 1 <i < n, if dM; is a single torus boundary component,
then there is no slope « € H1(0M;; Z)/{x1} such that w1 (M;(«)) is finite. Then, if 71 (W) is infinite, it
is circularly orderable.

If W is not a rational homology sphere, then the first Betti number b1 (W) is positive, so w1 (W) is
left-orderable by Boyer, Rolfsen and Wiest [14, Theorem 3.2]. On the other hand, if W is a rational
homology sphere, then Theorem 1.3 is in fact a special case of a stronger, more technical result; see
Theorem 6.6 and Corollary 6.7. We conjecture that, with appropriate generalizations of the techniques
developed here, one can prove that the fundamental group of a graph manifold is circularly orderable
whenever it is infinite. See Conjecture 6.11 and the preceding discussion for details.

Our approach to this proof is to mirror the technique of “slope detection” developed by Boyer and Clay [9]
for the case of left-orderings of fundamental groups of graph manifolds; in Theorem 4.3 we develop a result
in the case of circular orderings that is analogous to the main tool of Clay, Lidman and Watson [20]. This
tool provides sufficient conditions that a manifold W = M1 Uy M5 have circularly orderable fundamental
group, by requiring that the gluing map ¢ identify slopes on M; and M> whose fillings yield fundamental
groups admitting compatible circular orderings. Using this technique, it turns out that, in many cases, it
is sufficient to study fillings along rational longitudes to conclude that W = My Uy M> has circularly
orderable fundamental group; see Proposition 5.6.

We also deal with several notable cases not covered by Theorem 6.6 or Theorem 1.3; for instance, we
also show:

Theorem 1.4 The fundamental group of a compact, connected Sol manifold is circularly orderable.

We close with a discussion of circular-orderability of fundamental groups of hyperbolic 3-manifolds.
There is a well-known example of a hyperbolic 3-manifold whose fundamental group is not circularly
orderable, which is the Weeks manifold; see Calegari and Dunfield [16, Theorem 9]. Therefore, we
cannot expect the fundamental groups of hyperbolic 3-manifolds to be circularly orderable whenever they
are infinite, as in the case of Seifert fibred manifolds.

Two approaches to the question of left-orderability of fundamental groups of hyperbolic 3-manifolds
that have enjoyed success are via cyclic branched covers and via Dehn surgery. In both of these cases,
advancements in Heegaard Floer techniques have provided guidance as to the expected behaviour of
left-orderability with respect to these constructions. Over the course of several examples, including several
infinite families of hyperbolic 3-manifolds having circularly orderable but non-left-orderable fundamental
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groups, we find that none of the behaviour exhibited by left-orderability with respect to these familiar
topological constructions is shared with circular-orderability.

For example, it is suspected that, if the n-fold cyclic branched cover of a knot in S has left-orderable
fundamental group, then so does the m-fold cyclic branched cover for all m > n. This does not hold for
circular-orderability; see Propositions 7.1 and 7.2. Similarly, it is conjectured that the double branched
cover of a quasialternating knot always has non-left-orderable fundamental group, but our examples show
that there is no apparent relationship when left-orderability is replaced with circular-orderability: there
exist alternating links (or, more generally, quasialternating links) whose double branched covers have
non-circularly orderable fundamental groups (see Section 7.2), while other alternating (or quasialternating)
links yield double branched covers with circularly orderable fundamental groups. Similar observations
hold for the behaviour of circular-orderability with respect to Dehn surgery on a knot in S3.

We organize this paper as follows: Section 2 contains background and results relating to circular-
orderability and left-orderability of groups in general. In Section 3 we relate these facts to 3-manifold
fundamental groups, discuss the L-space conjecture and prove Theorem 1.1. In Section 4 we introduce
our tools that are analogous to slope detection by left-orderings, and in Section 5 we show how these
results can be applied to fillings along rational longitudes. In Section 6 we study circular-orderability of
the fundamental groups of Seifert fibred manifolds and graph manifolds. Finally, in Section 7 we discuss
circular-orderability of the fundamental groups of manifolds arising as the cyclic branched covers of links,
and manifolds arising from Dehn surgery.

Acknowledgements Ba was supported by a University of Manitoba postdoctoral fellowship. Clay was
supported by NSERC grant RGPIN-2020-05343.

2 Left- and circular-orderability

A strict total order < on a group G is said to be a left-ordering if, for every f,g,h € G, if g < h then
fg < fh. A group G is called left-orderable if it admits a left-ordering. Every left-ordering of G
determines a subset P = {g € G | g > id} called the positive cone of the ordering, it satisfies

(i) P-P CP and
() PuUP!'=aG\/{id}.
Conversely any subset P C G satisfying (i) and (ii) determines a left-ordering of G via the prescription
g<h < glhePr.
A left-circular ordering of a group G is amap ¢: G — {£1,0} satisfying:
(1) If (g1,g2.83) € G3, then c(g1, g2, g3) = 0 if and only if {g1, g2, g3} are not all distinct.
(2) Forall g1, g2, g3, 84 € G, we have
c(81.82.83) —(g1.82.84) +¢(81. 83, 84) —¢(g2. 3. 84) = 0.

Algebraic & Geometric Topology, Volume 25 (2025)



Circular-orderability of 3-manifold groups 795

(3) Forall g, g1, g2, 83 € G, we have

c(g1.82.83) =c(gg1.882.883)-

If G admits such a map, then G is called left-circularly orderable. When no confusion will arise from
doing so, we will write circular ordering for short and circularly orderable.

Every left-orderable group is circularly orderable, for if < is a left-ordering of G then we may define
c: G3 — {£1,0} by c(g1.g2.83) = sign(o) when {g1. g2, g3} are distinct and c(g1,g2.83) = 0
otherwise; here o is the unique permutation such that g4(1) < g4(2) < &o(3)- When a circular ordering ¢
of a left-orderable group G arises in this way, we will say that ¢ is a secret left-ordering.

Every circular ordering ¢ of G is evidently a homogeneous cocycle. However, from each circular
ordering ¢, we can define an associated inhomogeneous cocycle f.: G> — {0, 1} by
0 if g=idor h =id,
fe(g,h)y =11 if gh =1id and g # id,
%(1 —c(id, g, gh)) otherwise;
we call [ ;] € H?(G; Z) the Euler class of the circular ordering c.

Construction 2.1 [54] Associated to [ /] is a central extension G. of G, which is constructed by
equipping the set Z x G with the operation (a, g)(b, h) = (a+b+ f-(g,h), gh).! The central extension G
is easily seen to be left-orderable, as one can check that the set P = {(a, g) | a > 0} \ {(0,id)} defines the
positive cone of a left-ordering, which we denote by <.. We call G, the left-ordered central extension
associated to the circularly ordered group G with ordering c.

Recall that a subset S of a left-ordered group (G, <) is <-cofinal if, for every g € G, there exist elements
s,t € S such that s < g <f. An element g € G is called <-cofinal (or simply cofinal if the ordering is
understood) whenever the cyclic subgroup (g) is <-cofinal as a set. The central element (1,1id) € G, is
positive and cofinal in the left-ordering <. of G, and is called the canonical positive, cofinal, central

element of Ge.

Construction 2.2 [54] The above construction is reversible, in a categorical sense made precise in [17];
the basic construction is as follows. Suppose that G is a left-ordered group with ordering <, and there
is a central element z € G which is positive and <-cofinal. Then the quotient G/{z) inherits a circular
ordering defined as follows. For each g(z) € G/(z), define the minimal representative g to be the unique
coset representative of g(z) satisfying id < g < z. Then define a circular ordering c< on G/(z) by

c<(g1(z). g2(z), g3(z)) = sign(0),
where o is the unique permutation satisfying g4 (1) < &4(2) < &5(3)-

IThis is just an application of the standard construction associating elements of H2(G;Z), represented by inhomogeneous
2-cocycles, to equivalence classes of central extensions | > Z —- G — G — 1.
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When G admits a circular ordering ¢ with [ f.] =id € H?(G;Z), then G is left-orderable, because the
left-orderable central extension G is isomorphic to G x Z (though the ordering ¢ need not be a secret left-
ordering for this to happen). It happens that c is a secret left-ordering if and only if [ f;] =id e H If(G; Z),
where H Z(G; Z) is the second bounded cohomology group (see [5] for details).

We also recall the notion of rotation number of an orientation-preserving homeomorphism f: S! — S,
which is connected to a circular ordering and the lift G, as follows. For an orientation-preserving
homeomorphism f: S! — S, one may choose a preimage f € Homeo,(S!) of f € Homeo. (S!) and
define the rotation number of f to be

i L0

n—oo pn

mod Z.

We can define the rotation number for an element g of a circularly ordered group (G, ¢), following [2], in
a similar way. Let z = (1,id) € G, denote the cofinal, central element of G, relative to the ordering <.
Choose an element g € G, such that q(g) = g, where q: Ge — G is the quotient map. For each n € Z,
let a, denote the unique integer such that
»an < gn < Za"+1,

and define a

rot.(g) = nll)rréo 7” mod Z.
Note that this limit always exists by Fekete’s lemma, as one can check that the sequence {a,}52; is
superadditive. Is it not difficult, though rather tedious, to show that this notion of rotation number agrees
with the “traditional definition” if one uses the circular ordering ¢ of G to create a dynamical realization
pc: G — Homeo (S1) such that the circular ordering ¢ of G agrees with the circular ordering of the orbit
of 0 inherited from the natural circular ordering of S (see [19, Sections 2.2 and 2.4]). In particular, this
implies that rotation number is invariant under conjugation, and is a homomorphism from A — S when
restricted to any abelian subgroup A C G. Moreover, the induced homomorphism A /ker(rot.) — S1 is
order-preserving with left-ordered kernel; see [27, Propositions 5.3 and 6.17; 21, Section 2].

A fundamental tool in constructing circular orderings on a given group G is the lexicographic construction,
which we use often throughout this work.

Proposition 2.3 Let
1-K—>G-L H -1

be a short exact sequence of groups.
(1) IfK and H are left-orderable, then G is left-orderable.

(2) If K is left-orderable and H admits a circular ordering d, then G admits a circular ordering ¢
satisfying roty (¢ (g)) = rot.(g) for all g € G, and whose restriction to K is secretly a left-ordering.

Proof Claim (1) is a straightforward exercise and is common in the literature. Claim (2) is less common,
so we outline a lexicographic construction following [15, Lemma 2.2.12] and verify the claimed properties
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of the resulting circular ordering. Suppose K is equipped with the left-ordering <. Define a circular
ordering ¢: G — {0, =1} as follows. Given three distinct elements g1, g2, g3 € G:

Case 1 If g(g;) are all distinct, set ¢(g1, g2, 83) = d(q(g1),q(g2),4q(g3)).

Case 2 If exactly two of {g(g1),¢q(g2),q(g3)} are equal, we may (by cyclically permuting the arguments
and relabelling if necessary) assume that g(g1) = g(g2), in which case we declare c(g1, g2, g3) = 1 if
gl_lgz >id and c(g1, g2, g3) = —1 otherwise.

Case 3 If all of {q(g1),9(g2),q(g3)} are equal, then declare c(g1, g2,g3) = 1 if and only if id <
gl_1 g < gl_1 g3, up to cyclic permutation.

Note that, if g1, g2, g3 € K, then we define c(g1, g2, g3) by appealing to Case 3, so c(g1, g2, g3) = 1 if
and only if g1 < g2 < g3 up to cyclic permutation. Thus the circular ordering c is a secret left-ordering
upon restriction to K.

That rot; (¢(g)) = rot.(g) for all g € G is proved in [2, Proof of Proposition 4.10]. |
Left-orderability and circular-orderability are also well behaved with respect to free products:

Proposition 2.4 Let {G;};cs be a family of groups. Then:

(1) [53] The free product ;. G; is left-orderable if and only if each group G; is left-orderable.
Moreover, if <; is a left-ordering of G; for eachi € I, then there exists a left-ordering of 3K, c; G;

extending the orderings <;.

(2) [3, Theorem 4.2] The free product 3, ; G; is circularly orderable if and only if each group G; is
circularly orderable. Moreover, if c; is a circular ordering of G; for each i € I, then there exists a
circular ordering of 3, .; G; extending the orderings c;.

Free products with amalgamation are much more finicky, with necessary and sufficient conditions that a
free product with amalgamation be left-orderable (resp. circularly orderable) appearing in [6] (resp. [17]).

Tools to obstruct circular-orderability are somewhat rarer than the tools commonly used to obstruct
left-orderability. One of the basic tools in this regard is the following fact:

Proposition 2.5 A finite group is circularly orderable if and only if it is cyclic.

For a proof from an algebraic point of view, see [18, Proposition 2.8]. A circular ordering ¢ of G may
also give rise to a left-orderable subgroup of G, depending on whether or not the corresponding Euler
class [ f;] € H?(G;Z) has finite order. This allows one to obstruct circular-orderability of a group G
by reducing the problem to obstructing left-orderability of certain finite-index subgroups. Calegari and
Dunfield [16] use a variant of this theorem, for instance, to show that the fundamental group of the Weeks
manifold is not circularly orderable.
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Theorem 2.6 Suppose that c is a circular ordering of G whose Euler class [ f,] € H?>(G;Z) has order k.
Then G contains a left-orderable normal subgroup H such that G/H = 7/ kZ.

Proof Consider the cocycle k f.: G — {0, k} defined by taking k times the inhomogeneous cocycle f,,
and the corresponding central extension Gk #. constructed as Z x G with multiplication (a, g)(b, h) =
(a+b+kf.(g.h),gh). Define amap ¢: G, — 5kf(, by ¢(a, g) = (ka, g); one can check that this is
an injective homomorphism. Since we assume [ f] has order k, we know that [k f.] = id € H*(G;Z),
and thus there exists a map n: G — Z satistying n(id) = 0 and k f. (g, ) = n(g) —n(gh) + n(h) for all
g, h € G. This map 7 allows us to define an isomorphism 1/ : Gkﬂ —>ZxGby y¥(a,g)=(a+n(g),g).

Let H denote the subgroup (¥ o d))(@c) N ({0} x G) of {0} x G, meaning that
H ={(0,g) | da € Z such that ka + n(g) = 0}.
Then H is clearly left-orderable since it is the image under an injective map of a left-orderable group.

Let g : Z — 7/ kZ denote the quotient map. To the equation n(gh) = n(g) + n(h) —kf.(g,h) we
apply the homomorphism g, to arrive at (g o n)(gh) = (g © 1)(g) + (g o n)(h) and conclude that
qron: G — Z/kZ is a homomorphism. Moreover, g € ker(qg o n) if and only if n(g) = 0 mod k,
meaning that (0, g) € H. Thus the obvious isomorphism {0} x G = G carries H to ker(gg o 7).

As gy on has image in Z/ k7., it remains to argue that g o is surjective. Suppose the order of im(gj o 1)
is m; then m divides k and % is the largest divisor of k such that n(g) € %Z for all g € G. This means that
the function {(g) = 7 n(g) satisfies {(g) — {(gh) + {(h) = mfc(g, h), meaning that [ f¢] € H?(G;Z)
has order dividing m. But m < k and the order of [ f;] is k, so this forces m = k, implying that gz o 1 is
surjective. a

3 Fundamental groups of 3-manifolds and orderability

First, we note that every compact 3-manifold other than S3 admits a decomposition
Mx=M#My#---#M,

into prime 3-manifolds, and, as such, the fundamental group of a nonprime 3-manifold M can be expressed
as a free product
w1 (M) = w1 (My) % w1 (M) -+ - % 11 (Mp).

In light of Proposition 2.4(2), the question of circular-orderability of fundamental groups of 3-manifolds
reduces to considering the fundamental groups of prime 3-manifolds. In fact, since the only reducible
orientable prime 3-manifold is S! x S2, whose fundamental group is clearly circularly orderable, in the
case of orientable 3-manifolds it suffices to consider only the fundamental groups of irreducible orientable
3-manifolds. In the case of a nonorientable 3-manifold M, the first Betti number is positive whenever M
is P2-irreducible, so M has circularly orderable fundamental group [14, Theorem 1.1].
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Remark 3.1 On the other hand, if M is P2-reducible, then we do not know whether or not w1 (M) is
circularly orderable in general. Our techniques for producing circular orderings of 3-manifold groups
make frequent use of algebraic properties that depend heavily on the situation at hand. For example,
our main tools use left-orderability of infinite-index subgroups of 71(M) as in Proposition 3.2, or a
decomposition of 711 (M) as a free product with amalgamation of groups whose circular orderings are well
understood as in Theorem 4.3 (whose proof also uses Proposition 3.2). Neither of these properties hold for
the fundamental groups of P2-reducible manifolds; in particular, their fundamental groups always contain
a subgroup isomorphic to Z /27 [25, Theorem 8.2], and so any argument that relies on left-orderability
of infinite-index subgroups will fail.

It is well known that left-orderability behaves in a very special way with respect to fundamental groups of
irreducible 3-manifolds. One of the key results in the area is the following, which we present alongside a
generalization to the case of circular-orderability:

Proposition 3.2 Let M be a compact, connected, P2 -irreducible 3-manifold, let G be a nontrivial group
and suppose there exists an epimorphism p: 71 (M) — G.

(1) If G is left-orderable, then w1 (M) is left-orderable.

(2) If G is infinite and circularly orderable, then 1 (M) is circularly orderable.

Proof The first claim is [14, Theorem 3.2]. For the second, since G = p(7r1(M)) is infinite, K =ker(p) is
an infinite-index normal subgroup of 7t (M). From [14, Proof of Theorem 3.2], the subgroup K is therefore
locally indicable and thus left-orderable, so we can use the short exact sequence | > K -1 (M) —> G — 1
to construct a lexicographic circular ordering of 771 (M) as in Proposition 2.3(2). |

This implies, for instance, that 771 (M) is left-orderable whenever M satisfies the hypotheses of Proposition
3.2 and Hy (M Z) is infinite. The case of interest is therefore when H; (M ; Z) is finite, where the L-space
conjecture posits a connection between left-orderability of 71 (M), the existence of coorientable taut
foliations in M, and whether or not M is a Heegaard Floer homology L-space (that is, a manifold whose
Heegaard Floer homology is of minimal rank).

Conjecture 3.3 (the L-space conjecture [12; 37]) If M is an irreducible, rational homology 3-sphere
other than S3, then the following are equivalent:?

(1) The fundamental group of M is left-orderable.
(2) The manifold M supports a coorientable taut foliation.
(3) The manifold M is not an L-space.

Surrounding this conjecture, there are many tools and techniques to obstruct left-orderability of fundamen-
tal groups —see [16; 24; 22; 1], to name a few — and many more to prove that fundamental groups are
left-orderable. Our main contribution in this section is to connect circular-orderability to this conjecture

2We require the caveat that M # S3 because, by our definition, the trivial group is left-orderable.
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as in Theorem 1.1 of the introduction, by applying Theorem 2.6 and Proposition 3.2. Recall that a finite
cyclic cover is, by definition, a regular covering space for which the group of deck transformations is a
finite cyclic group.

Proof of Theorem 1.1 If H{(M;Z) is infinite, then there exists a surjection (M) — Z. Therefore
1 (M) is left-orderable by [14, Theorem 1.1]. It follows that 7ty (M) is circularly orderable, and all finite
cyclic covers (including the trivial cover) have left-orderable fundamental group, so there is nothing to
prove in this case.

On the other hand, suppose H1(M; Z) is finite and 1 (M) is circularly orderable with circular ordering c.
Note that, by a standard Euler characteristic argument (see for example [14, Lemma 3.3]), either M is
closed and orientable, or M has nonempty boundary containing only S? and P? components. Since M
is P2-irreducible, the latter case does not occur.

We conclude Hy(M;Z) =~ H?(M;Z) by Poincaré duality, and then H2(M;Z) =~ H?(n1(M); Z) since
M is irreducible. Thus [ f.] has finite order; say it has order k. Then, by Theorem 2.6, 71 (M) admits a
normal, left-orderable subgroup H such that 71 (M)/H is cyclic. In this case, the cover M of M with
m(ﬁ ) = H has the desired properties.

To show the converse, suppose that p: M — M is a finite cyclic cover with left-orderable fundamental
group. Then there is a short exact sequence

1—>p*(7'r1(]\7)) ->m(M)—>Z/kZ — 1

for some k > 1, where the kernel is left-orderable and the quotient (if nontrivial) is circularly orderable.
If the quotient is trivial, this means that 771 (M) itself is left-orderable, and the conclusion follows. If the
quotient is nontrivial, then Proposition 2.3(2) finishes the proof. |

Circular-orderability is therefore one possible approach to the L-space conjecture, by first tackling the
conjecture up to finite cyclic covers. That is, we have the following “circular-orderability” version of
Conjecture 3.3:

Conjecture 3.4 (the L-space conjecture, circular-orderability version) If M is an irreducible, rational
homology 3-sphere that is not a lens space, then the following are equivalent:>

(1) The fundamental group of M is circularly orderable.

(2) There exists a finite cyclic cover M of M that supports a coorientable taut foliation.

(3) There exists a finite cyclic cover M of M that is not an L-space.

Note that this has conjectural implications beyond what would follow from the “left-orderability” version
of the conjecture. For instance, the following theorem connects certain topological properties directly to
circular-orderability (without passing via left-orderability):

31f we allow M to be a lens space, then the conjecture as stated would not be true, again because the trivial group is left-orderable
by our conventions.
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Theorem 3.5 [16, Theorem 3.1, Corollary 3.9] If M is an orientable, atoroidal 3-manifold containing
a very full tight essential lamination or supporting a pseudo-Anosov flow, then 1 (M) is circularly
orderable.

Conjecture 3.4 therefore predicts that one can obstruct the existence of a pseudo-Anosov flow on a rational
homology 3-sphere M, or the existence of a very full tight essential lamination in M, by showing, for
example, that all finite cyclic covers are L-spaces or that no finite cyclic cover supports a coorientable
taut foliation.

4 Slope detection and 3-manifolds having nontrivial JSJ decomposition

One of the key techniques in the analysis of manifolds admitting a nontrivial JSJ decomposition is that of
slope detection by left-orderings. This idea first appeared in a basic form in [20, Definition 2.6], was
further developed in [9] as a key technique in proving Conjecture 3.3 for graph manifolds [9; 31], and
appears also in [10; 11]. We recall the central technique from [20] in the following theorem:

Theorem 4.1 [20, Theorem 2.7] Suppose that M1 and M, are 3-manifolds with incompressible torus
boundaries 0M;, and that ¢: dM1 — dM> is a homeomorphism such that W = M1 Uy M5 is irreducible.
If there exists a slope o such that both 1 (M1 (x)) and (Mz(qb* (a))) are left-orderable, then 7ty (W) is
left-orderable.

In what follows, we develop a generalization of this technique that applies to circular-orderability and
present applications to various classes of manifolds. To prepare, we recall the following construction.

If (G, c) and (H, d) are circularly ordered groups and ¢p: G — H is a homomorphism satisfying

c(g1,82,83) = d(¢(g1), ¢(82),#(g3)) forall g1,82,83 €G,

then we say that ¢ is order-preserving or compatible with the pair (c,d). Note that in this case ¢ is
necessarily injective. Then we can define (Z : Ge — Fld by 5(}1, g) = (n,¢(g)), so that (E is order-
preserving with respect to the left-orderings <. and <4 of G, and ﬁd, respectively (or compatible with
the pair (<¢, <g)).

Proposition 4.2 Suppose that {(G;, c;j)}ie are circularly ordered groups each containing a subgroup H;.
If (D, d) is a cyclic circularly ordered group and ¢; : D — H; is an isomorphism compatible with the pair
(d,c;) for every i, then the free product with amalgamation 3K; .y G; (D =4, H;) is circularly orderable.

Proof The homomorphism ¢; ¢j_1 is compatible with the pair (c¢;, ¢;) for all i, j € I, and therefore the
map ¢; ¢J._1 is also compatible with the pair (<c;, <) forall i, j € L.

Now suppose that D = Z, in which case 5d =~ 7 x Z and the images 51- (5d) and 51' (5d) are bounded
neither from above nor below in (G;)¢; and (Gj)c; , respectively, since each image contains the cofinal
central element of the respective extension. We may therefore apply [17, Proposition 5.6] to conclude that
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the group 3K, ; (/(?l-/)cl. (Dg =~ 3 (E)Ci) is left-orderable, and then apply [17, Theorem 1] to conclude
that 3k; c; Gi (D =g, H;) is circularly orderable in this case.

Next suppose that D is finite, in which case 5d is infinite cyclic. Then 3K, ¢; (E;)c,- (5,1 =3 (E)Ci) is
an amalgamation of left-orderable groups along a cyclic subgroup, which is always left-orderable [6]. As
above, that 3k; .; G; (D =4, H;) is circularly orderable then follows from [17, Theorem 1]. O

In preparation for the next theorem, suppose that G is a group and let g € G. We denote by {(g)) the normal
closure of g € G, that is, the smallest (with respect to inclusion) normal subgroup of G containing g.

Theorem 4.3 Let M, and M, be two 3-manifolds with incompressible torus boundaries, and let
¢: 0M1 — dM; be a homeomorphism such that M = M1 Uy M is P2-irreducible. If there exists a
slope @ € H1(0M1;Z)/{+1} such that w1 (M1(a)) and (Mz(qﬁ* (oz))) are infinite circularly orderable
groups, and either

(1) at least one of wy(0M1) C (@) or w1 (dM>2) C {(¢p«(c))) holds, or

2) m1(Mq()) and 7y (M2(¢* (a))) admit circular orderings c1 and c;, respectively, such that the
induced map

¢s: 11 (OM1) /(@) N1 (OM1)) — 71 (IM2) / ((($(e))) N 71 (IM2))
is an isomorphism between nontrivial groups which is compatible with the pair (cy, c2),
then 71 (M) is circularly orderable.
Proof Suppose first that there exists a slope « satisfying condition (1) of the theorem; without loss of
generality we assume that 71 (dIM1) C {(@)). To simplify notation, let G; = w1 (M;) fori = 1,2, each
equipped with an inclusion homomorphism f;: Z & Z — G; that identifies the peripheral subgroup

w1(0M;) with Z & Z, satisfying ¢« 0 f1 = fo,and let g1 : G1 — G1/{a)) and ¢q2: G2 — G2/ (P« (x)))
be the quotient maps.

In this case, there exists a unique map f such that the following diagram commutes:

ez -6,

o]

a G/ )

As the image of the map f is an infinite circularly orderable group, that w1 (M) = G *¢, G is circularly

orderable follows from Proposition 3.2(2).

Suppose there exists a slope « satisfying condition (2) of the theorem. Let ¢, denote the map induced
by ¢, as in the statement of the theorem. There are two possibilities for the subgroup ((«)) N 71 (dM7) of
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71(0My) =~ Z & Z: it is isomorphic to either Z or Z & nZ for some n > 1. In both cases, 5* is
an isomorphism between cyclic subgroups of G; and G that is compatible with (cy,¢3), and so
G/ {a)) * 2. G2 /{¢«(@))) is circularly orderable by Proposition 4.2.

Then, as before, there is a unique map f such that the following diagram commutes:

a7 -G,

ol

G1 E— G1 ¥ G2

~

<

W Gy /() g, G (e (@)

Now, since the groups 71 (Mi(e)) and 71 (M2 (¢p«(«))) are infinite, so is G1/{(a)) 5, G2/ (P« ().
That 71 (M) = G *¢, G is circularly orderable follows from Proposition 3.2. O
Note that this recovers Theorem 4.1 in the case that the quotients are both left-orderable.

Recall that rot. : G — S! is an order-preserving homomorphism upon restriction to any abelian subgroup,

so long as it is injective. From this observation and Theorem 4.3, we arrive at the following:

Corollary 4.4 Let My, M>, ¢: OM; — 0M» and M = M; Uy M, be as in Theorem 4.3, and o €
Hy(0M1;7Z)/{%1} be such that w1 (M1 («)) and 71 (M2 (Px (a))) are infinite circularly orderable groups.
Let B € m1(IM7) denote a dual class to «, and let q1: m1(M1) — 71 (M1()) and q5: 71 (M) —
T (M2 (¢ (a))) denote the quotient maps. If there exist circular orderings c¢1 and c; of w1(M1(«)) and
1 (M2 (¢ (a))), respectively, such that

c1(q1(B). q1(8%). q1(B) = c2(q2(@x(B)). 42(d+(8°)). 42(9: (8)))

forall j,k,l € Z, then w1 (M) is circularly orderable. In particular, if

rote, (¢1(B)) = rote, (q2(¢+(B)))

and rot.; are injective, then w1 (M) is circularly orderable.

Applications of Theorem 4.3 or Corollary 4.4 therefore hinge upon being able to construct circular
orderings of fundamental groups of 3-manifolds where certain elements have prescribed rotation number.

5 Rational longitudes and knot manifolds

Recall that a knot manifold is a compact, connected, irreducible and orientable 3-manifold with boundary
an incompressible torus. In this section we demonstrate a technique for creating circular orderings of
fundamental groups of knot manifolds, where the cyclic subgroup generated by a class dual to the rational
longitude has a prescribed circular ordering.
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Lemma 5.1 Suppose that C is a cyclic group, D is a nontrivial subgroup of C, and c is a circular
ordering of D. Then there exists a circular ordering ¢’ of C such that

c(r,s,t)y=c(r,s,t) forall r,s,t € D.

Proof We first consider the case where C = Z is infinite cyclic and D = kZ. Let ¢ be an arbitrary
circular ordering of kZ and let d denote the standard circular ordering of S!. Consider the rotation
number homomorphism rot. : kZ — S! corresponding to the circular ordering c. Suppose that rot. (k) =
exp(2mwia) witha €[0, 1], and define ¢p: Z — S! by ¢ (1) =exp(2mwia/ k). There are two cases to consider.

First, if rot. is injective, then c(r,s,t) = d(rot.(r),rot.(s),rot.(¢)) for all r,s,t € kZ. Note that ¢
is injective because rot. is injective, so we can define a circular ordering ¢’ on Z by c'(r,s,t) =
d(¢(r), d(s), ¢(t)), which clearly extends ¢ as required.

On the other hand, suppose that rot, is not injective; say @ = p/q with gcd(p, q¢) = 1. Then ¢ arises
lexicographically from a short exact sequence

1—>H—>kZﬂ>Z/qZ—>1,

where Z/qZ is identified naturally with the ¢ roots of unity and equipped with the restriction of the
natural circular ordering d of S!. In this case ¢ yields a short exact sequence

1> H—>7227/4k7 -1,

where Z/qkZ is again equipped with the natural circular ordering arising from the natural embedding
into S!. Thus, if we use the latter short exact sequence to lexicographically define a circular ordering ¢’
of Z, using the same left-ordering of H as in the former short exact sequence, then ¢’ will be an extension
of the given circular ordering ¢ of kZ.

When C is finite, rot, is injective, so we can use the same construction as in the first case above. O
The next lemma is a standard result, but it is essential to our arguments and so we include a proof.

Lemma 5.2 Let M be a compact, connected, orientable 3-manifold with a torus boundary, and F be a
field. If i : IM — M denotes the inclusion map, then the image of the map
il Hy(0M:F) — H{(M:F)

is of rank one.

Proof Considering the pair (M, dM), we have the long exact sequence
i1 1 i0
coo o> Hy(OM:F) 25 Hy(M:F) 25 Hy(M,IM:F) 25 Ho(0M:F) 22 Ho(M:F) 25 0.

Since M is connected, it is also path-connected, and hence Ho(M, 0M ;) = 0. By exactness, we have
im(i}) = ker(pl), im(pl) = ker(9;), im(9;) = ker(i?) and im(i?) = Ho(M;F). By the rank—nullity
theorem,

dimp (im(i})) = dimg (H; (M ; F)) — dimp (Hy (M, 0M; F)) + dimp (Ho(0M ; F)) — dimp (Ho(M; F)).
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Since M is compact, by universal coefficient theorems and duality, we have
dimp(H1(M, oM ;TF)) = dimp (H2(M; I)).

Hence,
dimp (im(i)) = dimp (Hy (M F)) — dimp (H1 (M, 0M: F)) + dimg (Ho (0M : F)) — dimp (Ho (M : F))

= —x(M) + dimp (H3(M: F)) + dimp (Ho (0M ; I)).
Since the boundary of M is not empty, dimp (H3(M ;F)) = 0. Thus,

dimp (im(iy)) = —x(M) + dimg (Ho(3M : F)).

Since y(M) = %){(BM) =0, we conclude that dimp (im(i})) = dimp (Ho (M ; F)) = 1. m]
It follows that the image of i} : H1(0M:7Z) — Hy(M;Z) is also of rank one when M is orientable. The

unique primitive element in Hy(dM ; Z) whose image is of finite order in H; (M ;Z) is referred to as the
rational longitude of M, and is denoted Ayy.

Remark 5.3 Consider the long exact sequence, with M as in the previous lemma,
il 1 ;0

o HY(OM:Z) 255 Hy (M Z) 25 Hy (M, OM: Z) 255 Ho(0M; Z) ‘=5 Ho(M: Z)

Yo, Ho(M,dM;Z) — 0.
Since M and dM are both connected, they are also path-connected, and hence Ho(M,dM;7Z) = 0,
Ho(0M:;Z) = 7 and Hy(M;Z) = Z. Hence i? is an isomorphism, and im(d;) = ker(i0) = 0. This
implies that im(pl) =ker(d;) = H; (M, M ; Z), and that i } is surjective if and only if Hy(M, M ;Z)=0.
Thus we do not assume surjectivity of i1, which necessitates the use of Lemma 5.1 in the proofs below.

Remark 5.4 If M is a compact, nonorientable, P2-irreducible 3-manifold, then 7; (M) is left-orderable
by [14, Lemma 3.3 and Theorem 3.1]; on the other hand, if M is P2-reducible, then our techniques do
not apply in general; see Remark 3.1. Hence, from now on, we assume that all 3-manifolds are orientable.

Proposition 5.5 Suppose that M is a knot manifold, let | be the class of any closed curve in 0M that
is dual to Aps and let g denote the quotient map q: w1 (M) — wy(M(Apr)). If M(Apy) is irreducible,
then, for every circular ordering ¢’ of the cyclic subgroup (q(u)), there exists a circular ordering ¢ of
1 (M (Apr)) such that

(1!, (%), a(1uh)) = clg(n?), g(1¥), g (1))
forall j, k,l € Z.

Proof For such a manifold M, it follows that | H; (M (Aps); Z)| is infinite, with the class of u being of
infinite order by Lemma 5.2. Therefore there exists a map v : w1 (M (Apr)) — Z with the image of u
being nontrivial; say ¥ (i) = k. Let ¢’ be a given circular ordering of {g(u)).

Denote the standard circular ordering of S! by d and suppose that rot./(¢(t)) = r. Define a map
¢:kZ — S by ¢ (k) = exp(2mir), and first suppose that rot is injective. Then ¢ is injective, so we
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may define a circular ordering ¢” of kZ by ¢ (r,s,t) = d(¢p(r), p(s), ¢ (t)). Next suppose that rot.s is
not injective, so that r = s/t € Q (with s/¢ in lowest terms) and the circular ordering ¢’ of {g(u)) is
lexicographic with respect to the short exact sequence

0 — ker(roter) — {g(n)) = Z/tZ — 0

for some choice of left-ordering of ker(rot./). Then ¢ is not injective, and we may use Proposition 2.3(2)
to create a circular ordering ¢” of kZ from the sequence 1 - K — kZ N S!, where K is the kernel
of ¢, such that our choice of left-ordering of K agrees with the left-ordering of ker(rot./) under the
isomorphism kZ == (g(u)) given by k > g(u).

In either case, by Lemma 5.1, there is a circular ordering ¢ of w(m (M(A M))) =~ 7, that extends ¢”. That
71(M(Apr)) admits a circular ordering ¢ with the required property now follows from Proposition 2.3(2)
and the proof of Proposition 3.2(2). O

Following [50, pages 428-431], recall that a Seifert fibred space is a 3-manifold which is foliated by
circles, called fibres, such that each circle S has a closed tubular neighbourhood which is a union of fibres
and is isomorphic to a fibred solid torus if .S preserves the orientation, or a fibred solid Klein bottle if S
reverses the orientation. We use / throughout to denote the class of the regular fibre.

Proposition 5.6 Suppose that M1 and M, are compact, connected and orientable 3-manifolds with torus
boundary, ¢: IMy — 0M> is a homeomorphism, and M = My Uy M> is irreducible.

(1) Ifrk(H{(M71;Q)) > 2, then w1(M) is left-orderable.

(2) Suppose tk(H1(M7;Q)) =1 and let A1 denote the rational longitude of M. If my (M2(¢* ()Ll)))
is infinite and circularly orderable and either M1(A1) is irreducible or M is Seifert fibred with
incompressible boundary, then w1 (M) is circularly orderable.

Proof In what follows, let i : dM; — M/ denote the inclusion map.

To prove (1), assume rk(H1(M7;Q)) > 2. In this case, the image of Hy(dM1;Z) LLN H{(Mq;Z) has
rank one by Lemma 5.2. Therefore we may compose the Hurewicz map 71 (M) — H1(M;Z) with
the quotient Hy (M ;7Z) — H1(M;Z)/im(i4) and obtain a map vr: w1 (M) — A, where A is an abelian
group of positive rank, satisfying W(i*(m(aM 1))) = 0. In this case, since M is a free product with
amalgamation of 71 (M7) and 71 (M>), there exists a surjective homomorphism 71 (M) — A induced by
Y:m1(My) — A and the zero homomorphism 71 (M) — A. Thus w1 (M) admits a torsion-free abelian
quotient, so 1 (M) is left-orderable by [14, Theorem 3.2].

For (2), suppose that tk(H1(M1;Q)) = 1 and let g¢1: 711 (M) — 71 (M1(A1)) and g2: 71 (M3) —
T (M2 (¢ ()&1))) denote the quotient maps. Equip 1 (M2 (¢« (Al))) with a circular ordering ¢, and let
W2 denote the class of a curve dual to ¢p(A1). Let 1 denote the class of a curve dual to A;. In this case,
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if M1(A1) is irreducible, then, by Proposition 5.5, we can equip 71 (M1(A1)) with a circular ordering ¢;
that agrees with ¢, under the identification of (g{(®1)) and (g2(u2)) induced by ¢.. The result then
follows from Corollary 4.4.

On the other hand, if M is Seifert fibred, then M (1) is irreducible by [33] unless A1 is the class of a
regular fibre, so we need only consider the case that A1 is the class of a regular fibre. For A; to be the
class of a regular fibre, M; must have nonorientable base orbifold. In this case, since rk(H;(M1;Q)) =1
we know the base orbifold must be a once-punctured projective plane and we compute

T(My) =@, y1, .. ¥n i h laha™ =074 [y b = 1, [, Bl = 1, y% = WP aPuyy . yn = 1),

where p is a class dual to A; = & on dM;. Therefore

m(Mi(A1) = (a.y1.. . v |y =1a%uyr . yn = 1),

which is isomorphic to the free product with amalgamation

e lyrt = 1) (va Ly = 1) % (1) %4,y =a—2 (@).
In this case, we can first equip the infinite cyclic group () with a circular ordering ¢ that agrees with c5
under the identification of (i) and (g2 (u2)) induced by ¢«. By Proposition 2.4, this circular ordering
extends to the free product (yq | y7' = 1) %-+-% (v, | ya" = 1) * (), which in turn extends to a circular
ordering of w1 (M1(A1)) by combining Lemma 5.1 and Proposition 4.2. Thus the claim follows from
Corollary 4.4. a

6 Seifert fibred manifolds and graph manifolds

Aside from this last tool, there are other situations where we can control the rotation numbers of certain
elements in circular orderings of fundamental groups. We next investigate Seifert fibred manifolds, where
our goal is to show that the fundamental group of a Seifert fibred space is always circularly orderable
whenever it is infinite, and to describe the possible circular orderings in terms of the rotation numbers of
the class of a regular fibre.

6.1 Seifert fibred manifolds

It was first claimed by Calegari [15, Remark 4.3.2] that, if M is Seifert fibred and 1 (M) is infinite, then
it is circularly orderable. We provide the details of this claim below.

Recall that, when M is an orientable Seifert fibred manifold over an orientable closed surface of genus
g > 0, the fundamental group has presentation

(M) = {a1,b1,...,ag,bg, y1,....yn. k| hcentral, y* = hPi [ay,b1]. . [ag, bely1 ... yn = h?)
and, if the surface is nonorientable, then

m(M)=(ar.....ag.y1.....¥n. h|ajha; = h7" [yi Al =1, y/" zhﬂi,a%...a:,)/l o oyn = hb).
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In either case, quotienting by the normal subgroup (%) (the cyclic subgroup generated by the class of the
regular fibre) yields the orbifold fundamental group of the underlying orbifold. Consequently we observe
the following lemma:

Lemma 6.1 Suppose that oy, ..., a, > 2 are integers and that % is an orbifold of type S*(a1, ..., )
orP%(ay,...,a,). Assume that

(1) n>3and Z;’:l 1/aj <n—2if B=S*ai,...,a,), and
Q) n>2if B=P?*(aq,...,0an).

Then Jrfrb (%) is circularly orderable.

Proof (1) With the assumptions in (1), as 9 is hyperbolic, the group nfrb () embeds in PSL,(R). As
PSL,(R) embeds in Homeo (S1), it is circularly orderable, so the result follows.

(2) In this case, for the group Z /a1 Z * - - - * Z. | &, Z., suppose that the generator of Z /«; Z is x;, and use
x to denote the product x7 ... x,. Then

TP (B) = (L)1 L % - % L/ anL) *(x)=27, L.
orb

and the group Z /a1 Z % ---* Z /a, Z is circularly orderable by Proposition 2.4. That 7™ (%) is circularly
orderable then follows from Proposition 4.2. a

Last, we note the following holds for all left-ordered groups admitting a cofinal, central element:

Proposition 6.2 Suppose that (G, <) is a left-ordered group, and that z € G is a cofinal, central element.
Then, for every p € Ny, the group G admits a circular ordering ¢ such that rot.(z) = 1/ p.

Proof Let p € N5 be given, and first construct a circular ordering d of G/(z”) by mimicking
Construction 2.2 as follows. Define the minimal representative g of each g(z?) € G/{z?) to be the
unique coset representative satisfying id < g < z”, and set

d(g1(z"), 82(z%), g3(z")) = sign(0).

where o is the unique permutation such that the minimal representatives satisfy g5(1) < &5(2) < &o(3)-
Then construct a circular ordering ¢ of G by using the short exact sequence

1— (zP) > G - G/{(zP) — 1,

the orderings < and d of the kernel and quotient, respectively, and Proposition 2.3. The circular ordering ¢
satisfies rot.(z) = 1/ p (see [2, Proof of Theorem 6.2]). O

Proposition 6.3 Suppose that M is a compact, connected, orientable Seifert fibred space with base
orbifold S*(ay, . ..,a,) withn > 3, and let h denote the class of a regular fibre in 7wy (M). If 71 (M) is
left-orderable, then 1 (M) admits a left-ordering relative to which h is cofinal.

Proof This result is essentially a restatement of [9, Proposition 4.7]. |
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Proof of Theorem 1.2 We first prove (1). By [14, Theorem 1.3], ;1 (M) is left-orderable whenever the
first Betti number b1 (M) is positive and M % P2 x S'. When M = P2 x S!, the fundamental group
1 (M) clearly admits a circular ordering of the required kind, via a lexicographic construction. This
proves the claim for Seifert fibred manifolds M with b (M) > 0.

Thus we can assume that b1 (M) = 0, which implies that M is closed and orientable (see eg [14,
Lemma 3.3]), and the base orbifold of M is either S?(a1, a2, . .., an) or P2(a1, 00, ..., an).

Assume that either condition (1) or (2) of Lemma 6.1 holds. Since we also assume that 771 (M) is infinite,
the class of the fibre 4 is of infinite order (see eg [14, Proposition 4.1(1)]). Therefore, from the short
exact sequence

1= (h) = 71 (M) = 7{°(B) — 1,

we can lexicographically construct the required circular ordering of 71 (M) using Lemma 6.1 and
Proposition 2.3, completing the proof in these cases.

For the remaining cases, first suppose that B = S?(a1, a2, ..., a,) and Z?=1 1/a; > n—2. Note that
necessarily n < 4, and our assumption that 71 (M) is infinite and b1 (M) = 0 rules out » =0, n = 1 and
n=2. Whenn=3and 1/a; + 1/az + 1/a3 > 1, the group 71 (M) is finite, so we need not consider this
case. On the other hand, if er'l=1 1/a; =n—2, then 7y (M) has infinite abelianization [32, Proposition 2;
36, VI.13 Example], and so is left-orderable. Last, if M has base orbifold P2 or P?(ay), then 7y (M) is
finite, Z or Z, * Z, [36, VI.11(c)]. Since we have assumed that 7t (M) is infinite, 771 (M) is either Z or
75 % 25, which is circularly orderable in both cases. We construct a circular ordering of 771 (M) for which
rot(h) is zero in either case as follows: when 71 (M) is Z, we equip Z with a secret left-ordering, and,
when 71 (M) 2= Zo x Z» = {a,h | a®> =id, aha™' = h™1), we circularly order 71 (M) lexicographically
using
1= (h)>m (M) — Z/2Z — 1.

We observe that (2) follows from the defining relations of the fundamental group 71 (M ). When M has
nonorientable base orbifold and admits at least one exceptional fibre, the relation yhy~! = h~! holds
in 771(M). As rotation number is invariant under conjugation, we get that rot. (1) = rot.(h~1) for every

circular ordering ¢ of 1 (M), from which it follows that rot. () € {(), %}

To prove (3), suppose that 771 (M) is left-orderable. Using Proposition 6.3, choose a left-ordering of 771 (M)
relative to which the class of the fibre is cofinal. The result now follows from Proposition 6.2.

Finally, (4) follows from the short exact sequence of the fibration
1= 71(F) > m (M) - 71 (S = 1

and the observation that we may use any circular ordering of m1(S') =~ Z we please in applying
Proposition 2.3. o
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6.2 Graph manifolds

We begin with a few preliminaries to establish notation and some well-known facts. Recall that every
compact, orientable, irreducible 3-manifold M admits a unique minimal family of disjoint incompressible
tori J such that M \ J consists of Seifert fibred 3-manifolds and atoroidal 3-manifolds, called the JSJ
decomposition. By a graph manifold, we mean a compact, connected, orientable, irreducible 3-manifold
admitting a JSJ decomposition into Seifert fibred pieces. By using the tori of the JSJ decomposition to
cut our graph manifolds into Seifert fibred pieces, we know that the collection of such tori is minimal for
each graph manifold, and each torus is incompressible and thus 7 -injective.

Note that it follows from Proposition 3.2 that graph manifolds with infinite first homology always have
left-orderable fundamental group; in particular, their fundamental groups are always circularly orderable.
Thus, when it comes to circular-orderability, we will only consider the case of rational homology sphere
graph manifolds.

Lemma 6.4 Let W be a graph manifold with a torus boundary that is not homeomorphic to a Seifert
fibred manifold. If « € H1(dW;Z)/{£1} is not the slope of a regular fibre, then W(«) is a graph
manifold.

Proof Let M1, M>,..., M, be the Seifert pieces of the JSJ decomposition of W. Assume that the JSJ
decomposition of W has only two pieces, M1 and M,. Without loss of generality, assume that the torus
boundary of W is contained in M>. Since « is not the slope of a regular fibre, M5 (o) is a Seifert fibred
space with boundary dM; \ 0W, by [33; 8, Theorem 5.1]. Therefore, M5, () is irreducible (because it
is not S x S% or S! X S? or P3#P3 [14, Proposition 4.1(3)]). Hence, W(«) is a graph manifold with
Seifert pieces M1 and M, («). Now assume that p > 2. Let M} be the Seifert piece of W containing
the torus boundary of W. Since « is not the slope of a regular fibre, M} () is a Seifert fibred space with
boundary dMy \ W, by [33; 8, Theorem 5.1]. Therefore, My () is irreducible (because it is not ST x S?
or S X S? or P3 #P3 [14, Proposition 4.1(3)]). Hence W(«) is a graph manifold with Seifert pieces
M1,M2,...,Mk(ot),...,Mp. O

Lemma 6.5 Suppose that W is a graph manifold and that dW is a torus. Suppose W has Seifert fibred
pieces My, ..., M; and that 0W C M;. Then, if W(«) is reducible, @ must be the slope of the regular
fibre in a Seifert fibration of My unless W is a Seifert fibred space with base orbifold B1(ay, ..., o)
such that o) = -+ = a5, = 1 or s; = 0, and the geometric intersection number satisfies A(a, h) = 1,
where h is the slope of a regular fibre.

Proof Leta € Hi(0W;Z)/{£1} be a slope. We have two cases:

Case 1 Assume that « is not the slope of a regular fibre. Then the geometric intersection number satisfies
A(a,h) = d > 0, where h is the slope of a regular fibre in M;. Hence, if the base orbifold of M; is
RB1(oy, ..., a5, ), then the base orbifold of M;(x) is %’1 (@1,...,as,d), where B’ is obtained from %
by filling a disk. We have two subcases:
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Subcase 1 Assume that M; = W; that is, W is a Seifert fibred space. Then W(«) is a Seifert fibred space
by [33; 8, Theorem 5.1]. Hence W () is irreducible unless it is S' xS? or P3#P3 [14, Proposition 4.1(3)].
(This is possible only in the case where ¢; =+ =g, =lors; =0,andd = 1.)

Subcase 2 If W is not a Seifert fibred space, then W () is a graph manifold by Lemma 6.4. Hence,
W () is irreducible by definition of a graph manifold.

Case 2 If « is the slope of a regular fibre, then W(«) may be reducible [33; 8, Theorem 5.1]. O

Given a rational homology sphere graph manifold W, note that the underlying graph must be a tree. In
this situation, for a fixed JSJ torus T, note that W \ T has two components. We denote the closure of
these components by Wy and W>, and by ¢: dW; — 0W, the homeomorphism such that W = Wy Uy W>.
We use this fixed notation for the discussion and proof below.

Define a class 6 of rational homology sphere graph manifolds to be the smallest collection of 3-manifolds
satisfying:

(1) All connected, irreducible rational homology sphere Seifert fibred manifolds belong to 6.

(2) A rational homology sphere graph manifold W is in € if and only if, for every JSJ torus 7 C W,
(a) at least one of W;(¢; ! (Aw,)) and Wa (¢« (Aw,)) has infinite fundamental group, and
(b) every irreducible manifold of the form W; («) satisfying |H1(W;(«); Z)| < oo lies in 6.

Theorem 6.6 For W € €, if w1 (W) is infinite, then it is circularly orderable.

Proof For every graph manifold W, let ny, denote the minimal number of tori required to cut W into
Seifert fibred pieces (ie the number of tori in its JSJ decomposition). When ny = 0, if 71 (W) is infinite,
then it is circularly orderable by Theorem 1.2. For induction, assume that kX > 0 and that 1 (W) is
circularly orderable for all W € € with ny <k, and consider the case of nyy = k + 1.

For a manifold W € € with ny = k + 1 and infinite fundamental group, choose a JSJ torus 7 such that
W\ T results in two pieces Wy and W, such that Wy is Seifert fibred.

First suppose that W (¢« (Aw,)) has infinite fundamental group and let My, ..., M; denote the Seifert
fibred pieces of the JSJ decomposition of W,; assume that dW, C M;.

Next suppose that W (¢« (Aw,)) is irreducible. If H 1(W2(¢* Aw,)): Z) is finite, then we conclude
W (¢« (Aw,)) € € by property (2)(b). Then ¢«(Aw,) is not the slope of a regular fibre in the outer-
most piece of M and the JSJ components of W>(¢«(Aw,)) are precisely the Seifert fibred mani-
folds M1(¢«(Aw,)), M2, ..., M; by Lemma 6.4. Thus W>(¢«(Aw,)) is a graph manifold in 6 with
NWs($u(hwy)) < MW > SO 71 (W2 (P« (Aw, ))) is circularly orderable by induction. On the other hand, if
H, (W2 (P« (Aw,)): Z) is infinite, then 7y (W2 (P (Aw, ))) is left-orderable, and hence circularly orderable,
by [14, Theorem 3.2]. In either case it follows that 7t (W) is circularly orderable by Proposition 5.6(2).
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Now suppose that W, (¢« (Aw,)) is reducible, in which case ¢«(Aw,) must be the slope of a regular
fibre in IM1, or Wa(¢«(Aw,)) is ST x S? or P3 #P3, by Lemma 6.5. If Wa(¢«(Aw,)) is ST x S? or
IP3 #P3, then, as each has circularly orderable fundamental group, 1 (W) is circularly orderable by
Proposition 5.6(2).

Next, in the case that ¢« (Aw, ) is the slope of a regular fibre in dM 1, recall that Hy(W; Z) is finite and so
the surface underlying the base orbifold of M has genus zero. Further suppose that M; has r exceptional
fibres and boundary tori T, T1, ..., Tjs, and that W5 \ M has components Y1, ..., Yy, where each Y; is
a graph manifold with torus boundary. Let ¢;: dY; — T; C M for j =1, ..., m denote the gluing maps
that recover W, from the pieces My, Y1, ..., Y. In this case, by [8, Theorem 5.1; 33], filling M along
P« (Aw,) yields
Mi(psOw,)) = Li#---# L, #(S' xD?) #..-#(S! xD?)
or
My (peAwy)) = Ly #---#L, #(S' xD?)#.--#(S! xD?) #(S! x §?),

depending on whether or not the underlying manifold of the base orbifold is a punctured S? or P2,
Here, L1,..., L, are lens spaces, there are m copies of S! x D32, each arising from a torus component
of M1 \ T, and each dD? is path-homotopic to (the image of) a regular fibre in the Dehn filled manifold

Therefore, if we denote the slope of a regular fibre on dM; by #4, it follows that

Wa(psAwy)) 2 L #---# Ly #Y1((7 Da (W) #- - # Vi (1) (1))
or
Wa(ds(Awy)) = Li#---# L #Y1((7 (W) #- - # Yo (87, ) 5 (h)) # (ST x S?),

again depending on whether or not the base orbifold is orientable.

In either case, we may proceed as follows. Suppose that every manifold Y; ((d)j_l)*(h)) forj=1,...,m
has infinite fundamental group. If Y; is homeomorphic to a Seifert fibred manifold, it follows that its
fundamental group of Y; ((¢j_1)*(h)) is circularly orderable by Theorem 1.2. On the other hand, if Y;
is not homeomorphic to a Seifert fibred manifold, then, as (¢j_1)*(h) is not the slope of a regular fibre
in the outermost Seifert fibred piece of Y;, we know that Y; ((¢j_1)*(h)) is irreducible by Lemma 6.4.
Thus either |H1(Y; ((¢j_1)*(h)); Z)| = oc or |Hy (Yj((d)j_l)*(h)); Z)| < oo and Y; ((¢j_1)*(h)) € € by
property (2)(b). In the former case, the fundamental group of Y; (((]5]._1)*(h)) is circularly orderable since
it is in fact left-orderable by [14, Theorem 3.2]. In the latter case, we may argue that Y, (7))« () <nw,
so the fundamental group of Y; ((¢j_1)*(h)) is circularly orderable by induction.

It follows that ¢ (W2 (P (A Wl))) is a free product of circularly orderable groups, and thus is circularly
orderable. Note it is also infinite by assumption. Last, note that Ay, is not the slope of a regular fibre
in dW1, since it is glued via ¢« to the slope of a regular fibre in dM1, and thus Wy (A, ) is irreducible
by [33]. Therefore 7t (W) is circularly orderable by Proposition 5.6(2).
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Now suppose that there exists jo such that the fundamental group of on((d%l)*(h)) is finite, in which
case Y}, is Seifert fibred and (¢;)1)*(h) is not equal to the rational longitude )Lyjo of Yj,. One of the
o; we will call the other component W, so that W = Y, Uy, W". Note
that W (¢, )« (A on)) is irreducible by Lemma 6.4, since (¢, ) (A Y/o) is not the slope a regular fibre

components of W\ T}, is ¥

in the outermost piece of W”. Thus, either the homology of W ((¢;,)«(Ay;,)) is infinite and so it has
left-orderable fundamental group, or the homology is finite and so W ((¢,) (A on)) € 4. In the latter
case, W’ ((¢ jo)*(kyjo)) has infinite fundamental group since it is an irreducible graph manifold whose
JSJ decomposition consists of two or more Seifert fibred pieces, and its fundamental group is circularly
orderable by induction. Thus we may apply Proposition 5.6(2) with Y}, in place of M} and W” in place
of M> in order to conclude that 1 (W) is circularly orderable.

Last, suppose W>(¢«(Aw,)) has finite fundamental group (and thus W, is Seifert fibred), so that
Wi(¢z 1 (Aws)) is infinite by property (2)(a). Then nl(Wl (dx 1(/\Wz))) is circularly orderable by
Theorem 1.2. Thus the result follows from Proposition 5.6(2). O

We can more precisely codify the manifolds covered by Theorem 6.6 as follows. The possible base
orbifolds of a Seifert fibred manifold admitting a single incompressible torus boundary component and a
finite filling are

s :={D*(p,q),D?*(2,2,7),D?(2,3,3),D?(2,3,4),D%(2,3,5) | r > 1, p>2,q > 2}.

Proof of Theorem 1.3 First, if W is not a rational homology sphere, then the first Betti number by (W)
is positive, so w1 (W) is left-orderable by [14, Theorem 3.2]. Second, if W is a graph manifold satisfying
the assumptions of Theorem 1.3 and W is Seifert fibred, then Theorem 1.2 finishes the proof.

From here, we complete the proof by showing that, if W is a rational homology sphere graph manifold
satisfying the hypotheses of Theorem 1.3, then W € €, so Theorem 6.6 applies.

To do this, we induct on the number ny of tori in the JSJ decomposition of W, noting that, if W satisfies
the hypotheses of Theorem 1.3 and ny = 0, then W € € by definition. Next suppose that every rational
homology sphere graph manifold W satisfying the hypotheses of Theorem 1.3 with ny < k lies in 6,
and consider W with nyy = k.

Suppose W has Seifert fibred pieces My, ..., M;. Choose an arbitrary JSJ torus 7 C W and cut along T
to arrive at W = Wy Uy Ws.

Considering W1 (¢; ! (Aw,)) and Wa (¢« (Aw,)), if either admits a JSJ decomposition with one or more
JSJ tori, then its fundamental group is infinite. On the other hand, if either is Seifert fibred, then again the
fundamental group is infinite since the hypotheses of Theorem 1.3 imply the base orbifold of M; is not
iny fori =1,...,/. In any event, W satisfies property (2)(a) in the definition of €.

Next suppose that Wi («) is irreducible for some o € Hy(Wy;Z)/{x1} and that H1(W(a); Z) is finite. If
W1 is Seifert fibred, then Wy (@) is Seifert fibred and so lies in € by definition. On the other hand, if Wj is
not Seifert fibred, then, by Lemma 6.5, o must not be the slope of the regular fibre in the outermost piece
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of Wy and so Wy («) is a graph manifold by Lemma 6.4. Moreover, ny, () <k and so W1 («) € 6 by our
induction assumption. As the same arguments hold for W,, we conclude that W satisfies property (2)(b)
in the definition of €, and thus W € 6. d

In fact, suppose W is an arbitrary rational homology sphere graph manifold admitting a JSJ decomposition
W = My Ug M> such that the base orbifold of M; lies in o. If 71 (W) is circularly orderable for every
such W, then Theorem 6.6 and its proof can be used, mutatis mutandis, to show that the fundamental
group of every rational homology sphere graph manifold is circularly orderable whenever it is infinite.
We thus make explicit exactly which graph manifolds having two pieces in their JSJ decomposition are
covered by Theorem 6.6.

Let € be the set of graph manifolds whose JSJ decomposition has at least one Seifert piece with base
orbifold in s{. Further, set

F ={D?(2,2),D?(2,3),D?(@3,3),D?(3,4), D?(3,5)} C .

Corollary 6.7 Let W be a rational homology sphere graph manifold whose JSJ decomposition has only
two Seifert pieces M1 and M, with base orbitolds B (p}, cee, psll) and B, (p%, . pfz), respectively.
Let ¢: OM; — 0M, denote the gluing map that recovers W from the pieces My and M, and let A;
and h; denote the rational longitude and the slope of a regular fibre on 0M; for each of i = 1, 2. Suppose
that W satisfies

(1) W ¢<€;or
(2) the base orbifold of M1 lies in s and the base orbifold of M, is not in o{; or
(3) the base orbifolds of both My and My lie in s with By (p1, ..., ps,) ¢ ¥, and
(@) if Ba(p3.....ps,) ¢ F, then either A« (A1), ha) > 1 or A(¢, ' (A2). h1) > 1;
(b) if %z(pf, e, pszz) € %, then either
o Apy'(A2).h1) > 1, 0r
o %z(p%, cees pszz) =D?(2,3) and A(¢p« (A1), h2) > 5, or
o 9732(1)%, cee, pszz) =D?2(3,3) and A(¢p« (A1), ha) > 2, or
o Ba(pi.....p3) =D?(3.4) and A($p«(A1), ha) > 2, or
o Ba(pi.....ps) =D?(3,5) and AP« (A1), h2) > 2;

then 71 (W) is circularly orderable.

Proof We prove only case (3)(b), as the other statements claimed are all consequences of Theorem 6.6,
since any such manifold lies in €.

Assume that %l(p}, e, psll) ¢ F, %z(pf, cee, p?z) € Fand A(¢p; ' (A2),h1) > 1. Let ¢ = ¢~ L. Since
RB1 (p%, cees p;l) ¢ Fand A(p, ' (X2),hy) > 1, my (M1 ((p(kz))) is infinite and circularly orderable. Since
By ( p%, cee, p?z) € %, M> is Seifert fibred with incompressible boundary. Therefore, 71 (M) is circularly
orderable by Proposition 5.6.
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Next assume that B (p3. . . .. p,) =D?(2,3) (resp. D*(3, 3), D?(3,4), D?(3,5)) and A(¢« (A1), h2) >5
(resp. A(¢«(A1).h2) > 2). Then the base orbifold of M,(¢(A1)) is S?(2,3.a) (resp. S?(3,3,a),
S2(3.4,a), S*(3,5,a)) with a > 6 (resp. a > 3). Hence, 1 (M2(¢(A1))) is infinite and circularly
orderable. Since B ( p%, . p;l) e d, M; is Seifert fibred with incompressible boundary. Therefore,
1 (M) is circularly orderable by Proposition 5.6. a

6.3 Graph manifolds with two pieces

Our goal in this section is to show that we can circularly order many of the fundamental groups of graph
manifolds having two pieces in their JSJ decomposition that are not covered by Corollary 6.7.

Lemma 6.8 Let W be a 3-manifold obtained by gluing two knot exteriors in some integer homology
3-spheres on their torus boundary by some orientation-reversing homeomorphism. Then Hy(W,Z) is
cyclic.

Proof Let K; and K, be two knots in some integer homology 3-spheres W) and W5, respectively. Let
M7 and M, be the knot exteriors of K; and K>, respectively. Let W be the 3-manifold obtained by
identifying M and dM, by some orientation-reversing homeomorphism ¢. Let (i1, A1) and (12, A2)
be the meridian—longitude slope pairs of dM; and dM,, respectively. Let ¢« (1) = aps + bA, and
Px(A1) = cpa +dAs.

Let T = 0M =~ dM>. We have the Mayer—Vietoris sequence
v Hy(T:Z) 25 Hy(My:Z) & Hy(Mp: Z) Y Hy(W:Z) 2 Ho(T': Z)

20, Ho(M1; Z) & Ho(Ma; Z) ¥ Ho(W;Z) 0.
We have that A1 = 0 in H{(M1;7Z), and H1(My;Z) is generated by p1. We have also that A, = 0 in

H{(M>;Z), and Hi(M3;Z) is generated by ,. We consider {1, A1} to be the generators of H{(T'; Z).

Hence, ¢1(11) = iT (1) & —iT(n1) = (11, —ap2) and ¢1(A1) =it (A1) ® —ir (A1) = (0, —cp2). By
exactness, im(¢1) =ker(¥1), im(y;) =ker(d1) and im(d; ) =ker(¢g). Since T, M; and M, are connected
and hence path-connected, ¢y is injective. Therefore, im(d;) = 0 and im(yr;) = ker(d1) = H{(W; Z).
So H1(W;Z) =im(y1) = H1(M1;Z) ® H(M2; Z)/ker(y1) = H1(M1; Z) ® H1(M3; Z)/im(¢1) =
7 ® Z/im(¢1). We have that im(¢;) = ((U1, —au2), (0,—cuz)) = ((1,—a), (0, —c)). Consider the
matrix (_} _2). By adding a times the first row to the second row, we obtain (§ _9). Hence im(¢;) =

—a —¢c

((I'Ll’ _al’l’2)’ (0’ _C/’LZ)> = ((17 _a)’ (0’ —C)) = ((15 O)s (O’ _C)) = Z 57 |C|Z9 and so

Hy(W;Z) =im(y1) = H1(My1;Z) ® H1(M2; Z) [ker(y1) = Hi1(M1; Z) & H1(M2; Z)/im(¢1),
with this final group being isomorphic to Z & Z /(Z @ |c|Z) = 7. |
If W is a rational homology sphere graph manifold, we can construct a graph called the splice diagram

I'(W) as follows: nodes are in one-to-one correspondence with the Seifert pieces of W. Two nodes are
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di

Figure 1: Example of a splice diagram.

connected by an edge if the corresponding Seifert fibred pieces are glued together along a common torus
boundary component. To each node, one attaches a leaf for each singular fibre of the corresponding
Seifert fibred piece.

We then decorate the graph so constructed as follows: Each edge corresponding to a leaf is labelled with
the multiplicity of the corresponding singular fibre. Let v be a node of I'(W) and e be an edge of I'(W)
connecting v. Let N and K be the two pieces of W obtained by cutting W along the torus corresponding
to e such that K does not contain M,, where M), is the Seifert piece of W corresponding to v. Let D be
the manifold obtained by Dehn filling K with a solid torus D? x S! by identifying a regular fibre of K
with a meridian of D? x S!. Let d, = |H1(D)|, and take d,, to be the label of the edge e at the node v.
We also decorate the nodes of I'(W) with signs 4+ or — corresponding to the sign of the linking number
of two nonsingular fibres in the Seifert fibration (see [46, Section 2] for more details).

Proposition 6.9 Suppose that M| and M are Seifert fibred spaces with incompressible boundaries and
base orbifolds ID)Z(al, ...,as) and ID)Z(bl, ..., by), respectively, and that each is the exterior of a knot in
an integer homology sphere. Let W be a graph manifold obtained by gluing M| and M, along their torus
boundaries by some orientation-reversing homeomorphism. If gcd(a;,a;) =1 and ged(b;, by) =1 for
I<i#l<sand1<j+#k<t, and gcd(a;,by)=1foralli =1,...,sand k =1,...t, then w1 (W)
is circularly orderable.

Proof With the restrictions on a; and by as in the statement of the theorem, the manifold W has a
corresponding splice diagram I" (W) with two nodes. The edge labels around any node in the diagram are
all pairwise coprime, so, by [46, Corollary 6.3], the universal abelian cover of W is an integer homology
sphere graph manifold. Hence, the commutator group [ (W), w1 (W)] is left-orderable by [20]. Since
H; (W) is cyclic by Lemma 6.8, 71 (W) is circularly orderable by Proposition 2.3. m|

In particular, Proposition 6.9 applies to manifolds W = M Uy M> where M; are torus knot exteriors
whose cone points have relatively coprime orders. Manifolds of this form are not completely covered by
Corollary 6.7 or Theorem 6.6. We can further deal with other special cases of interest not covered by
these theorems.
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Proposition 6.10 Suppose that W = My Uy M» where each M; is a twisted I -bundle over the Klein
bottle. Then 71 (W) is circularly orderable.

Proof The fundamental group of W is an amalgamated free product of two Klein bottle groups K1 =
{(a,b | a? = b?) and K, = (c,d | ¢? = d?), whose peripheral subgroups are (a2,ab) and (c?,cd),
respectively. The amalgamation is with respect to an isomorphism ¢ : (a2, ab) — (c2, cd). Observe that
K admits a lexicographic circular ordering arising from the short exact sequence

1 — (a?,ab) —> K| - /27 — 1,

and that K, admits a similar lexicographic circular ordering, with the choice of left-ordering on the
subgroup (a2, ab) (resp. (c?, cd)) being arbitrary. As such, we can construct circular orderings of K
and K> so that the homomorphism ¢ is order-preserving, and the subgroups (aZ, ab) and (c2,cd) are
convex.* Then, by [17, Proposition 1.1], 7r1 (W) is circularly orderable. |

Proof of Theorem 1.4 Suppose M is such a manifold. By [14, Theorem 1.7(1)], if the boundary of M
is not empty, or M is nonorientable, or M is a torus bundle over the circle, then 771 (M) is left-orderable.
Thus 71 (M) is circularly orderable. By [14, Section 9], the only case which is left to check is when M
is orientable and the union of two twisted [ -bundles over the Klein bottle K, which are glued together
along their torus boundaries. Therefore Proposition 6.10 finishes the proof. a

It seems, however, that the special case of a graph manifold consisting of two Seifert fibred pieces, each
admitting finite fillings, is out of reach of our current technology. A general notion of “slope detection by
a circular ordering” is likely needed to deal with these last few cases, though our results thusfar contribute
ample evidence for the truth of the following conjecture:

Conjecture 6.11 Suppose W is a rational homology sphere graph manifold. If 71 (W) is infinite, then it
is circularly orderable.

7 Cyclic branched covers and Dehn surgery

With respect to certain well-known geometric constructions, left-orderability is conjectured to exhibit
certain predictable behaviours. In this section we contrast the conjectured “predictable behaviours” of left-
orderability with the behaviour of circular-orderability, which is strikingly different and whose expected
behaviour at this time is completely unknown.

7.1 Cyeclic branched covers

We recall the standard construction of the cyclic covers and cyclic branched covers of a knot in S3 in
order to establish notation.

4Convexity here means that the quotient group inherits a circular ordering. For a more general definition and discussion of
convexity in the context of circular orderings, see [17].

Algebraic & Geometric Topology, Volume 25 (2025)



818 Idrissa Ba and Adam Clay

Let K be an oriented knot in S3. Let Mg be the exterior of K and S be a Seifert surface for K. Isotope
S so that S N dMx is a longitude of K and let F = S N Mg. Let C be a tubular neighbourhood of F
in Mg, so that C is homeomorphic to F x [—1, 1].

Set Y = Mg \ F x(—1,1). The boundary of Y contains two copies of F, which we denote by F~ =~
F x{—1}and FT™ =~ F x {1}; use these to create a triple (Y, F*, F~). Consider n copies of this triple,
denoted by (Y3, Fl.+, F7) fori =0,...,n—1, and glue them together by identifying FOJr C Yo with
FrCYi, FifcYiwith Fy CYa,..., Ff, CYyp with F,_, CY,y—jand F," | CY,—q with Fy C Yo.
Call the resulting space Xj,.

There is a regular covering map g: X, — Mk and its group of deck transformations is isomorphic
to Z/nZ. The manifold X, is called the n-fold cyclic cover of Mg and its fundamental group is
isomorphic to ker(w;(Mg) — Z/nZ). To construct the n-fold cyclic branched cover X,(K), we glue
a solid torus V = D? x S! to Y, by identifying the meridian dD? x {1} of V with the preimage of
the meridian pu of dMg under the map g: X;, — Mg. The manifold X, (K) that results is a closed,
oriented 3-manifold. For any n € N, let g, : X;;, — X, (K) be the inclusion map. The map ¢, induces a
homomorphism (g,)«: 71 (X,) = 71(Z,(K)) and ker(g, )« = (). Therefore we have a short exact
sequence 1 — {(u") — m1(Xy) = 71(Z,(K)) — 1, which identifies the fundamental group of %, (K)
as the quotient of a certain subgroup of the knot group 71 (Mg).

If L C S3 is an oriented link, then the n-fold cyclic branched cover of L, X,,(L), can be also constructed [7].
Set
FOw(K) ={n > 2| m1(Z,(K)) is left-orderable}
and
BO0p (K) = {n >2| m1(X,(K)) is circularly orderable}.
Note that L0 (K) C €0y (K).

Motivated by the L-space conjecture, in [52, Question 1.8; 7], the authors ask whether or not the set
L0 (K) is always of the form {n | n > N} for some N > 2, or empty. In contrast, circular-orderability
does not behave this way, with this behaviour being evident upon examining the torus knots. For example,
considering the trefoil, we have the following:

Proposition 7.1 With notation as above, 60y,:(31) = {2} U{n | n > 6}.

Proof The double branched cover of 3; is the lens space L(3, 1), so its fundamental group is circularly
orderable. On the other hand, the 3-, 4- and 5-fold branched cyclic covers of 3; have fundamental group
the quaternion group, the binary tetrahedral group, and the binary icosahedral group, respectively, all of
which are finite and noncyclic. It follows from Proposition 2.5 that none of these groups are circularly
orderable. For n > 6 we know that n € £0y,(31) C €0y(31) by [28, Theorem 1.2(i)]. O

This behaviour is not confined to torus knots.
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Proposition 7.2 With notation as above,

2 €60 (52) and 3 ¢ 60w (52), and {n|n>9} C 60w (52).
Proof The knot 5, is a two-bridge knot, corresponding to the fraction %. As such, its double branched
cover is the lens space L(7,4), which has fundamental group Z /77, and is therefore circularly orderable.

On the other hand, the fundamental group of the Weeks manifold W is not circularly orderable by [16,
Theorem 9.2], yet W is homeomorphic to X3(5,) by [39, Main result].

Last, n € 0 (52) C €0 (52) for all n > 9 by [34]. O

There are also examples of knots for which L0y (K) is empty. Notable examples are the two-bridge
knots p/q = 2m + 1/(2k), or Lok 2/ With k,m > 0 in Conway’s notation [24]. However, for these
knots, 60y (K) is never empty, because the double branched cover is the lens space L(p, q), for which
mw1(L(p,q)) =7/ pZ, and is thus circularly orderable. Indeed, for the figure eight knot 41, which is L, 5],
we can show that infinitely many of the cyclic branched covers have circularly orderable fundamental
group. We first require a proposition.

Proposition 7.3 Let K be a prime knot in S3. If n > 2 and m{(2,(K)) is circularly orderable and
infinite, then 1 (X, (K)) is circularly orderable for all m divisible by n.

Proof By [28, Lemma 2.11], there exists a surjective group homomorphism

dm,pn: T1(Zm(K)) = m1(Zn(K))

for any positive integer m divisible by n. By [47], the manifolds X,,(K) are irreducible and so
Proposition 3.2(2) applies; we conclude that 71 (X, (K)) is circularly orderable. m]

Proposition 7.4 If n is divisible by 3, then 71(X,(41)) is circularly orderable. In particular, 3N C
Cé@br(4l)'

Proof The manifold ¥3(4) is homeomorphic to the Hantzsche—Wendt manifold, which is a Seifert fibred
manifold with infinite fundamental group. Therefore 7r1(X3(41)) is circularly orderable by Theorem 1.2.
The result now follows from Proposition 7.3. a

These observations naturally lead to the following questions:

Question 7.5 What subsets of N can occur as €0y, (K) for a knot K in S3?
Question 7.6 Is there a knot K in S3 for which GO (K) = 2?

7.2 Double branched covers

In this section we study the circular-orderability of the double branched cover of links, in particular the
case of double branched covers of alternating links. We start with the observation that, if the L-space
conjecture is true, then the fundamental group of the double branched cover of a quasialternating knot is
never left-orderable (the double branched cover of a quasialternating link is an L-space [45]).
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In contrast to this, there are alternating Montesinos links whose double branched cover are prism manifolds
by [49; 4], so their fundamental groups are not circularly orderable by Proposition 2.5. Similarly, it turns
out that the Weeks manifold is homeomorphic to X5(949) [39, Main result], and so the double branched
cover of 949 has non-circularly orderable fundamental group. Yet 949 is a quasialternating knot [35].

On the other hand, there are many examples of alternating and quasialternating knots whose double
branched covers do have circularly orderable fundamental groups, as the next two results show.

7.2.1 Generalized Fibonacci groups Let M (k,m) denote the double branched cover of the alternating
link which is the closure of the 3-strand braid (a{‘ o, kym where m and k are positive integers. By [38,

page 169], the fundamental group of M (k,m) is isomorphic to the generalized Fibonacci group
szm =(X1,...,X2m | xixlk+1 = Xj4p foranyi =1,...,2m),

where the indices are taken mod 2m.
Proposition 7.7 For any k > 2, the fundamental group of M (k,m) is circularly orderable.

Proof For any k > 2, M(k,m) is irreducible by [38, Lemma 6 and page 171]. Moreover we can define
an epimorphism p: szm — Ly *x Ly by p(x2;) — x and p(x2;+1) — y, where x and y are the generators
of Zj * Zy. Since Zyj, * Zy, is circularly orderable by Proposition 2.4(2), w1 (M (k, m)) is circularly
orderable by Proposition 3.2(2). |

Remark 7.8 For k > 2, the manifolds M (k,2) are obtained by identifying two Seifert fibred spaces
along a common torus boundary [38, page 171]. Thus M(k, 2) is a graph manifold. For k > 2 and m > 3,
the manifolds M (k,m) are irreducible, Haken and atoroidal hyperbolic 3-manifolds by [38, Lemma 6].

7.2.2 Generalized Takahashi manifolds Fix two positive integers n and m and a collection of integers
\Pk,j-qk,j Tk, j- Sk, satisfying ged(pg j.qk,;) = 1, ged(rg,j, 5k, ;) = 1 and pg j,ri ; > 0 for all
Il <k <nand 1< j <m. The generalized Takahashi manifold T} »(pk,;/qk,;: k,j/Sk,;) is the double
branched cover of S3, branched over the closure of the braid appearing in Figure 2 [43, Theorem 3], first
defined in [43, Section 2]. We will denote the closure of this braid by L, m(pk,;/qk,;: "k, j/Sk,;)-

This family of manifolds contains many well-known 3-manifolds, such as all n-fold cyclic branched
covers of 2-bridge knots, the Weeks manifold, and some graph manifolds. When px ; = pj, qk ; = ¢,
re,; =1jand sg ; =s; forall 1 <k <nand 1< j <m, the manifold Ty ,»(p;/q;:r;/s;) is called a
generalized periodic Takahashi manifold; correspondingly, it is the double branched cover of the link
Lnm(pj/aj:1j/s))-

Each generalized periodic Takahashi manifold can also be viewed as a cyclic branched cover over a knot
in a connected sum of lens spaces.
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Pk—1,1 Pk
1 9k-1.1 \ / dk,1
Fke—1,1 \ /
sk—l,l Vk_,l
Sk,1 ~—~—
T~ Pk—1.2 / \ Pk,2 /
1 dk_12 qk,2
\ 1.2 / \ Tz /
A Sk—1,2 ~—— - Sk,2 ~——
RN Pk—1,m / Pk.m
"1 dk—1,m \ / 9k,m \ /
Tk—1,m rk_,m
Sk—1,m Skm_J—

Figure 2: The braid that defines the generalized Takahashi manifold Ty, ;. (pk,;/qk, ;i Tk, /Sk,))-
The fraction used to label each box determines the rational tangle used in that box to create

Ly m(Pr,j/qk,jiTh,j/Sk,j)-

Theorem 7.9 [43, Theorem 6] The generalized periodic Takahashi manifold Ty ,»(p;/q;;1;/s;) is the
n-fold cyclic branched cover of the connected sum of 2m lens spaces

L(p1.qU)#L(ry,s0)#--# L(pm.qm) # L(rm, sSm)

branched over a knot which does not depend on n.
We use this as follows:

Theorem 7.10 The fundamental group of a generalized periodic Takahashi manifold T, m (pj/q;j:7j/5s;)
is circularly orderable if the set {p;,r; | 1 < j <m} contains at least two elements different from 1 and
the link Ly m(pj/q;;r;/s;) is prime.

Proof Since the link Ly, ,»(pj/q;;rj/s;) is prime, Ty m(pj/q;j:7j/s;) is irreducible by the equivariant
sphere theorem [40] and the positive answer of the Smith conjecture [41]. By Theorem 7.9 and [28,
Lemma 2.11], there exists a surjective homomorphism from the fundamental group of the generalized
periodic Takahashi manifold 71 (T, m(pj/q;:7j/s;)) to the free product Zp, * Zyp, % -+ % Ly, * Ly, .
Therefore, if the set {p;,r; | 1 < j <m} contains at least two elements different from 1, this free product
is infinite, and hence, by Proposition 3.2, w1 (T,,m(pj/q;:7;/s;)) is circularly orderable. |
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Remark 7.11 The family of generalized Fibonacci manifolds is a subfamily of the family of generalized
periodic Takahashi manifolds.

Question 7.12 s it possible to characterize the knots K C S3 for which 1 (Z5(K)) is circularly
orderable?

7.3 Dehn surgery

In this brief section, we point out that circular-orderability of manifolds arising from Dehn surgery on a
knot in an integer homology 3-sphere has already appeared in the literature under a different guise, from
which we already observe different behaviour than left-orderability with respect to Dehn surgery.

Recall that, for a knot K in an irreducible integer homology 3-sphere M, the result of p/q Dehn surgery
on M is denoted by M), /,(K). The L-space conjecture predicts that, for a knot K in S3,if m (813) /a (K))
is non-left-orderable for some p/g > 0, then in fact (Sg /q(K )) is non-left-orderable precisely when
p/q >2g(K)—1, where g(K) is the genus of K [44, Proposition 2.1; 48, Theorem 1].

To contrast this with circular-orderability, we first observe that, in light of Theorem 1.1:

Proposition 7.13 Suppose that M is a compact, connected, P2-irreducible 3-manifold and Hy(M ; Z)
is cyclic. Then w1 (M) is circularly orderable if and only if the universal abelian cover of M has
left-orderable fundamental group.

Consequently, for an irreducible integer homology 3-sphere M, since we have H1(Mp,,,(K); Z) =7/ pZ,
we precisely need to investigate the universal abelian covers of these manifolds in order to know whether
or not their fundamental groups are circularly orderable. This is precisely what is done in [13].

When K is fibred, we use % to denote its monodromy and ¢ (%) the fractional Dehn twist coefficient of /;
see [13, Section 4] for details.

Theorem 7.14 [13] Suppose that K is a fibred hyperbolic knot in an irreducible integer homology
3-sphere M. Given coprime p and g with p > 1, the universal abelian cover of M, ,(K) has left-orderable
fundamental group whenever

(1) pc(h) € Z and q # pc(h), or
(2) pe(h) ¢7Z and q ¢ {[pc(h)]. [ pc(h)] +1}.
Consequently, for any fibred knot K in an irreducible integer homology 3-sphere M, the result of p/q

surgery is a manifold with circularly orderable fundamental group whenever the surgery coefficient p/q
satisfies either condition (1) or (2) of Theorem 7.14.

Question 7.15 Fix a knot K in an irreducible integer homology 3-sphere M. Is it true that the set
{r/q | My, 4(K) is not circularly orderable} is always finite?
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On the involutive Heegaard Floer homology of negative semidefinite
plumbed 3-manifolds with b; =1

PETER K JOHNSON

Ozsvith and Szab6 (2003) used Heegaard Floer homology to define numerical invariants dy/, and d_,/»
for 3-manifolds Y with H, (Y ; Z) = Z. We define involutive Heegaard Floer theoretic versions of these
invariants analogous to the involutive d invariants d and d defined for rational homology spheres by
Hendricks and Manolescu (2017). We prove their invariance under spin integer homology cobordism and
use them to establish spin filling constraints and O-surgery obstructions analogous to results by Ozsvath
and Szabo for their Heegaard Floer counterparts dy/, and d_;,,. We then apply calculation techniques of
Dai and Manolescu (2019) and Rustamov (2004) to compute the involutive Heegaard Floer homology
of some negative semidefinite plumbed 3-manifolds with b; = 1. By combining these calculations with
the O-surgery obstructions, we are able to produce an infinite family of small Seifert fibered spaces with
weight 1 fundamental group and first homology Z which cannot be obtained by 0-surgery on a knot in S3,
extending a result of Hedden, Kim, Mark and Park (2019).

57K18, 57K31, 57K41

1 Introduction

Involutive Heegaard Floer homology is an extension of Heegaard Floer homology due to Hendricks and
Manolescu [6]. It is constructed by considering the mapping cone of a naturally arising involution on
the Heegaard Floer chain complex associated to a given Heegaard diagram. For certain 3-manifolds,
involutive Heegaard Floer homology contains more information than Heegaard Floer homology. In
particular, it has had success illuminating the structure of the integer homology cobordism group.

Over the past several years there has been significant progress in understanding how to calculate involutive
Heegaard Floer homology. Some of the methods developed include the large surgery formula of Hendricks
and Manolescu [6], the results on almost rational negative definite plumbings by Dai and Manolescu [2],
the connected sum formula of Hendricks, Manolescu and Zemke [7], and most recently the involutive
surgery exact triangle established by Hendricks, Hom, Stoffregen and Zemke [5].

To date, much of the focus of these calculation techniques and applications has been on rational homology
3-spheres. The goals of this paper are to

(1) establish topological applications of involutive Heegaard Floer homology for 3-manifolds with
b1 =1, and

© 2025 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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(2) find an efficient way to compute the involutive Heegaard Floer homology of a certain class of such
manifolds.

For rational homology spheres, important topological information is encoded by the involutive d invariants
d and d defined by Hendricks and Manolescu [6]. These are numerical invariants extracted from the plus
(or equivalently minus) version of involutive Heegaard Floer homology with respect to a self-conjugate
spin® structure.

In this paper, we define analogous involutive d invariants d_, /25 d; /2> d_1/2,and d 1/, for 3-manifolds
Y with Hy(Y;Z) = 7Z. These invariants are generalizations of the invariants d_,, and d;, defined by
Ozsvith and Szab6 [16] and also encode important topological information. In particular, they are spin
integer homology cobordism invariants. Moreover, in Section 2, we prove the following theorems, which
generalize [16, Theorem 9.11 and Proposition 4.11].

Theorem A Suppose X is a smooth oriented negative semidefinite spin 4-manifold with boundary a
3-manifold Y with H{(Y;Z) = Z.

(1) If the restriction H'(X;Z) — HY(Y;Z) is trivial, then
ba(X)—=3=<4d_,,2(Y).

(2) If the restriction H'(X;Z) — H(Y;Z) is nontrivial, then
ba(X)+2=<4d)(Y).

Remark 1.1 Hypothesis (1) implies b2 (X) > 1.

Theorem B Let M be an oriented integer homology 3-sphere and let Y and M’ be the 3-manifolds
obtained via 0 and +1 surgery, respectively, on a knot K in M. Then

() dM)—31<d_1p(Y)andd(M)—31 <d_,/5(Y);
(2) dij2(Y)—3<d(M')andd,;5(Y) -1 <d(M).

As a consequence of these theorems, we obtain the following two corollaries:

Corollary C Suppose K is a knot in S3 and Y is the result of O-surgery on K. Then

() —2<d_i)p(Y);
2) dija(Y) <3
Corollary D Suppose Y is a closed oriented 3-manifold with H,(Y ;Z) = Z. If
d_1p(Y)<—3 and dyp(Y) <3
then Y is not the boundary of any negative semidefinite spin manifold.

To put the above results to use, we need a practical way to calculate c?il /2 and d 4 1/>. The approach we
take to achieve this is to adapt existing methods for computing d and d for rational homology spheres

Algebraic & Geometric Topology, Volume 25 (2025)
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(4j — 1) positive crossings

|
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Figure 1

to the setting of 3-manifolds with by = 1. Dai and Manolescu [2] provided a combinatorial method
to compute the involutive Heegaard Floer homology of a certain class of negative definite plumbed
3-manifolds called almost rational (or AR) plumbed manifolds. In particular, their methods provide a
way to compute the invariants d and d for rational homology spheres which admit such a plumbing.

Their approach utilizes the framework of lattice cohomology and graded roots introduced by Némethi
[12; 13]. Lattice cohomology itself builds upon earlier work by Ozsvath and Szab6 [17] in which they show
how to combinatorially compute the Heegaard Floer homology of a subclass of almost rational plumbings,
namely negative definite plumbings with at most one bad vertex. Rustamov [23] later generalized this
work of Ozsvath and Szab6 to the case of negative semidefinite plumbings with by = 1 and at most one
bad vertex. Subsequent works have established isomorphisms between Heegaard Floer homology and
lattice (co)homology (using completed coefficients) for more general classes of plumbings, for example
Ozsvith, Stipsicz and Szabd [15] and Zemke [25], the latter of which shows that the completed versions
of Heegaard Floer homology and lattice homology are isomorphic for all plumbing trees.

The setting we will work in for computations of ciil /2 and d 415 is that of negative semidefinite plumbed
3-manifolds with b1 = 1 and at most one bad vertex. To cohesively adapt the work of Dai and Manolescu
to this setting, we first recast Rustamov’s results into the language of lattice cohomology and graded
roots. This requires us to slightly modify Némethi’s original definition of lattice cohomology.

After establishing the above computational approach, we carry out a specific calculation of the plus
version of the involutive Heegaard Floer homology of an infinite family {N;};en of small Seifert fiber

N2 2 =8 +1 16j =2
I 1" 1 8i+1)

Nj can also be realized as surgery on a 2-component link as in Figure 1.

spaces. For j € N, we let

The family {N;};en was previously studied by Hedden, Kim, Mark and Park [4]. The manifolds in
this family all have first homology equal to Z and weight 1 fundamental groups, which are necessary
conditions if said manifolds could be obtained by 0O-surgery on a knot in S3. However, by using an
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obstruction in terms the Rokhlin invariant, Hedden, Kim, Mark and Park [4, Theorem 7.3] proved that for
all odd positive integers j, N; cannot be obtained by 0-surgery on a knot in § 3. In the same paper, they
also show that if Y is a 3-manifold that is homology cobordant to a Seifert fibered homology S x S2,
then Y automatically satisfies the same d/, and d_; /, bounds as a manifold obtained by O-surgery on a
knot in S3 (see [4, Theorem 5.2]). In other words, the noninvolutive version of Corollary C (see [16,
Proposition 4.11]) cannot obstruct a Seifert fibered homology S! x S? from being 0-surgery on a knot
in S3. However, it turns out that the extra information contained in involutive Heegaard Floer homology
can detect Seifert fibered O-surgery. In particular, as an application of Corollaries C and D, we are able to
prove the following extension of [4, Theorem 7.3]:

Theorem E For all positive integers j, N; cannot be obtained by 0-surgery on a knot in S 3. In fact, N j
is not the oriented boundary of any smooth negative semidefinite spin 4-manifold.

To provide further context for the above theorem, it is worth noting that there do exist small Seifert fiber
spaces which are obtained by 0-surgery on a knot in S3. For example, by work of Moser [10], 0-surgery
on torus knots are small Seifert fibered spaces. More recently, Ichihara, Motegi and Song [8] discovered
an infinite family of hyperbolic knots {Kj },ez—{0,—1,—2) With small Seifert fibered 0-surgery. These
small Seifert manifolds are different from those obtained by 0-surgery on torus knots.

Interestingly, as we describe in Section 5.4,
HFY(=Ny,s0) = HF T (=S3(K1). 50)

where Sg (K1) denotes O-surgery on K; and, on each side of the equation, s is the unique self-conjugate
spin® structure. However,

HFI"(=Ny,s0) ¢ HFIT (=S5 (K1), 50).

This gives a very concrete example of how involutive Heegaard Floer homology detects Seifert fibered
0-surgery whereas regular Heegaard Floer homology does not.

Organization of the paper

In Section 2, we review involutive Heegaard Floer homology and prove Theorems A and B. In Section 3,
we review some basic facts about plumbed manifolds. In Section 4, we define a slightly modified version
of lattice cohomology for negative semidefinite plumbings and describe how it fits with prior work of
Ozsvéth and Szabd, Némethi, and Rustamov. At the end of that section, we adapt [2, Theorem 3.1] to
the setting of negative semidefinite plumbings with b; = 1 and at most one bad vertex. In Section 5,
we compute the involutive Heegaard Floer homology of the manifolds {N;};en as well as Sg (K1). In
particular, these calculations together with the results of Section 2, enable us to prove Theorem E.
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2 Involutive Heegaard Floer homology

In this section, we briefly review the construction of involutive Heegaard Floer homology. We then recall
the involutive d invariants, d and d, defined by Manolescu and Hendricks for rational homology spheres
and define analogous invariants, d 41/, and d +1/2, for closed oriented 3-manifolds with first homology Z.
We show that d 11/, and Jil /2 are spin integer homology cobordism invariants and use them to establish
constraints on the intersection forms of negative semidefinite spin 4-manifolds whose boundary is a
3-manifold with first homology Z. Furthermore, we establish new obstructions to a 3-manifold being
realized as 0-surgery on a knot in an integer homology sphere.

We assume the reader is familiar with Heegaard Floer homology (see for example [19; 18; 21; 22]).

2.1 Notation and conventions
e We use [F = Z5 coefficients for all Heegaard Floer and involutive Heegaard Floer homology groups.

e Given a graded F [U]-module 54, we let s[r] be the graded I [U]-module defined by A[r]|x = Ag 4.
The subscripts denote the homogeneous elements of the corresponding grading.

e Welet 77 =F[U,U']/(U -F[U]) be the graded F[U]-module where gr(U") = —2n.

e WeletJ ; := J " [—d]. In other words, 9:{ is the F[U]-module I+ with grading shifted so that
the minimal nonzero grading level is d.

2.2 Review of involutive Heegaard Floer homology

For complete details of the construction of involutive Heegaard Floer homology see [6].

Let Y be any closed, connected, oriented 3-manifold. Fix a spin® structure s on ¥ and let ® = {s, 5}
be the orbit of s under the conjugation action. Let # = (H, J) be a Heegaard pair, ie H = (¥, «, 8, 2)
is a pointed Heegaard diagram for ¥ admissible with respect to s and J is a generic family of almost
complex structures on Symé (X). Given this setup, define

CF°(#.0) =@ CF° (3.9

tEw

where CF°(%, 1) is the usual Heegaard Floer chain complex associated to (¥, t).
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We call # = (H, J) the conjugate Heegaard pair where H = (—X, 8, , z) and where J is the correspond-
ing conjugate family of almost complex structures. As shown by Ozsvéth and Szabd [18, Theorem 2.4],
there is a canonical isomorphism of chain complexes

n: CF°(#,s) — CF°(%,5).

Moreover, H and H both represent the same 3-manifold Y ; swapping the order of the « and S curves
and reversing the orientation of X both have the effect of reversing the orientation on ¥ and thus cancel
each other out. One may think of H as being obtained from H by flipping the handle decomposition
corresponding to H upside down.

Using naturality results of Juhdsz, Thurston and Zemke [9], it was observed by Hendricks and Manolescu
[6, Proposition 2.3] that given two Heegaard pairs representing the same 3-manifold there is a chain
homotopy equivalence between their respective Heegaard Floer chain complexes. Furthermore, these
chain homotopy equivalences form a transitive system. In particular, since % and % both represent Y, we
get a chain homotopy equivalence

O(H, ¥#): CF°(#,5) — CF°(%,5).
Taking the composition of 1 and ®, we obtain a map
L= ®(H, %) on: CF°(K,s) - CF°(%,5)

which is uniquely determined up to chain homotopy. By swapping the roles of s and s in the above
discussion, we get a second map going in the opposite direction which, by an abuse of notation, we again
call ¢,

1:CF°(%,5) —> CF°(¥,5).

It is shown in [6] that (2: CF°(%,s) — CF°(%,s) is chain homotopic to the identity.
By a further abuse of notation, we let ¢ also denote the direct sum of the two ¢ maps above, ie
1:CF°(¥#,) - CF°(%, o).
We then define the involutive Heegaard Floer complex, C F1°(#, ), to be the mapping cone complex
CFo 9, @) 291 0. CFo 9, @)[-1].

Here, Q is a formal variable that shifts the grading down by 1. Therefore, as graded F[U]-modules,
Q- -CF°(¥#,w)[—1] =~ CF°(#, @) (strictly, these are Z,-graded modules; there is only an absolute
Q-grading lifting the Z,-grading when s is torsion, for example when s is self-conjugate). Introducing the
formal variable Q gives CF1°(¥, @) the extra structure of a F[Q, U]/(Q?)-module rather than just an
[F[U]-module. The involutive Heegaard Floer homology, H FI°(#, @), is then defined to be the homology
of CFI1°(%,®). It turns out that the isomorphism class of HFI°(%,®) as a graded F[Q, U]/(Q?)-
module is independent of the choice of auxiliary data . Therefore, we will write HFI1°(Y, @) rather
than HFI°(¥, ). If s is self-conjugate (s = 5), we write HFI1°(Y, 5).
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Remark 2.1 Since HF1°(Y, ®) is currently only defined up to isomorphism, it is important to highlight
that when one considers elements of (or maps on) H F'I°, one needs to make a choice of auxiliary data.
It is not known whether canonical F[Q, U]/(Q?)-modules can be associated to each pair (Y, @). For
that, one would need higher order naturality results. See [6, Section 2.4] for more details about this issue.

2.3 Involutive d invariants

Hendricks and Manolescu [6, Section 5] defined involutive d invariants, denoted by d and d, for self-
conjugate spin® structures of rational homology spheres. Before recalling their definitions and generalizing
them to 3-manifolds with H; = Z, we need to review a few basic properties.

Proposition 2.2 [6, Proposition 4.6] Suppose Y is a closed, connected, oriented 3-manifold and
s € Spin®(Y') with s = 5. Then there exists an exact triangle of [F [U |-modules

HF°(Y,s) QU +x) s Q-HF°(Y,s)[—1]

I

HFI°(Y,s)

where h decreases grading by 1 and the maps Q(1 + () and g preserve grading.

Corollary 2.3 With (Y, s) as in the previous proposition, if HF,;(Y,s) = 0 or F, then the map
Q(1+x): HE(Y,s) > Q - HF (Y, 5)[—1]

is trivial.

2 is chain homotopic to the identity, the induced map (2 = 1. In particular, 4 is an

Proof Since ¢
automorphism. Since the only automorphisms of I or O are the identity, if r is a grading for which

HF?(Y,s) = 0or[F, then t4 is the identity. Thus, Q(1 +tx) = Q(1+1) =0. |

Next we recall a structure result for the co-flavor of Heegaard Floer homology. To be consistent with
[18], we phrase the next theorem in terms of Z-coefficients. However, we will only be concerned with
the mod 2 reduction of this result.

Theorem 2.4 [18, Section 10] Let Y be a closed, connected, oriented 3-manifold. If b1 (Y') <2, then
there exists an equivalence class of orientation system over Y such that for any torsion spin° structure s,

we have
HF®(Y,s) =~ Z[U, U 1@z A*XH (Y Z)

as Z|U|®z A*(H1(Y ; Z)/Tors)-modules.

In Heegaard Floer terminology, H F°° is said to be standard if it satisfies the conclusion of the above
theorem. In other words, Theorem 2.4 says that if b1 (Y') € {0, 1,2}, then HF°°(Y,s) is automatically
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standard. In particular, if 5;(Y) =0, ie if Y is a rational homology sphere, then HF®°(Y,s) = F[U, U™1].
In this case, as graded IF[U]-modules, we have the (noncanonical) splitting

HF"(Y,s) =T} ® HF  (Y.5)
where d = d(Y, 5) is the usual d invariant of (Y, s) and 9; corresponds to the image of
7w HF®(Y,s) > HF T (Y,s).

Similarly, if H;(Y;Z) = Z and s¢ is the unique torsion spin® structure on Y, then we have that
HF*®(Y,s0) F[U, U@ F[U,U~1] and we get the (noncanonical) splitting

HFY(Y,s0) =~ g;_l/z ® 9}1/2 ® HF (Y, 50)

+

where d_j /5 =d_1/2(Y,s0) and dy/, =d;2(Y, 59) are the two d invariants for (Y, s0) and 9“;4/2 699”611/2

corresponds to the Im(7«). Recall, d11/, = 41/2 mod 2.

Remark 2.5 The previous paragraph applies more generally to Y with b1 (Y) =1, notjust H,(Y;Z) = Z,
but to simplify the exposition we will restrict to the case H;(Y; Z) = Z. Ultimately, we are concerned
with O-surgery applications, so this restriction suffices for our purposes.

Proposition 2.6 Let Y be a closed, connected oriented 3-manifold withb1(Y) =0or H\(Y;Z) = Z.
If s € Spin®(Y') with s = s, then we get an exact triangle of '[U ]-modules:

HF>®(Y,s) 0 s 0-HF®(Y,s)[~1]
(hk %
HFI®(Y,s)

Proof By the above discussion, if r is a grading for which HF°(Y,s) # 0, then HF°(Y,s) = F. The
proposition then follows immediately from Corollary 2.3 and Proposition 2.2. |

We now analyze the conclusion of Proposition 2.6 in the case b1 = 0 and recall the definition of the
involutive d invariants d and d. After this, we consider the case H(Y; Z) = Z. To minimize confusion,
for the rest of this section we use the letter M to denote rational homology spheres and the letter ¥ to
denote 3-manifolds with b; = 1.

Consider a rational homology sphere M equipped with a self-conjugate spin® structure s. Then the exact
triangle of Proposition 2.6 decomposes into exact sequences

0—> Q- -HF>®(M,s)[-1] = HFI>®(M,s) >0 (if r =d(M,s) mod 2),

0> HFI>X(M,s) = HF>®,(M,s) — 0 (if r =d(M,s)+ 1 mod 2).

Since the maps in the exact triangle are U -equivariant, we further get that HF I splits as a graded
F[U]-module,
HFI®(M,s) =~ Q-HF>®(M,s)[-1]® HF*° (M, s)[—1].
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This splitting is canonical since HF,>° is supported in alternating degrees. Moreover, as graded
F[Q,U]/(Q?)-modules (up to possibly an overall grading shift) one can check that

HFI®(M,s)=~F[Q,U, U ']/(0?).

Therefore, we may think of HF 1% (M, s) as the direct sum of two doubly infinite towers: one which
is not in the image of @, and the other which is the image of the first under multiplication by Q. Both
towers have involutive grading congruent to d(M, s) mod 27Z.

We now recall the definition of the involutive d invariants introduced by Hendricks and Manolescu. To
make sense of the definition, it is useful to recall that

Im(x: HFI®(M,s) - HFIT(M,s)) = Im(U")

for n > 0 (see [19, Lemma 4.6]).

Definition 2.7 [6, Definition 5.1] Let M be an oriented rational homology 3-sphere and s € Spin®(M )
with s = 5. Define the lower and upper involutive correction terms of (M, s) to be d (M, s) and d (M, s),
respectively, where

d(M,s) =min{r |3 x € HFI;"(M,s), x € Im(U"), x ¢ Im(U" Q) for n >> 0} — 1,
d(M,s) =min{r |3x € HFI;F(M,s),x #0,x € Im(U" Q) for n > 0}.

It is conceptually useful to think of d and d in terms of a splitting of HF I into towers and reducible
elements as follows:

Corollary 2.8 Suppose M is an oriented rational homology 3-sphere and s € Spin®(M) with s = 5.
Then we get a (noncanonical) splitting as graded FF [U]-modules,

HFIT(M,s) ~ 93 ®Tr, @ HFIT,(M,s).

+

d+1
o+ o+

Here, J(Z DI 1

corresponds to Im(m.), with 93 in the image of Q.
The invariants d and d satisfy the following basic properties:

Proposition 2.9 [6, Propositions 5.1 and 5.2] With M and s as in Definition 2.7,
(1) d(M,s) <d(M,s) <d(M,s);
(2) d(M,s)=—d(-M,s).

Additionally, Hendricks and Manolescu generalize [16, Theorem 9.6] to the involutive setting to obtain:

Theorem 2.10 [6, Theorem 1.2] With M and s as in Definition 2.7, if X is a smooth negative definite
4-manifold with boundary M and t is a spin structure on X such that t|ps = s, then

rank(H?(X:Z)) < 4d (M, s).

Algebraic & Geometric Topology, Volume 25 (2025)



836 Peter K Johnson

The method of proof of Theorem 2.10 is used to further show that d and d are spin rational homology
cobordism invariants.

Now suppose Y is a closed oriented 3-manifold with H;(Y;Z) =~ Z and let s¢ be the unique torsion
spin®-structure on Y. Then the exact triangle of Proposition 2.6 decomposes into short exact sequences

0— Q-HE®(Y,s0)[—1] ¥~ HFI°°(Y s0) 5 HF 2, (Y, s50) — 0.
These short exact sequences are of the form
0->F—>FeF —>F —0.
Therefore, as vector spaces, we get a splitting
HFIX(Y,s50) = Q-HF>(Y,s0)[—11® HF°,(Y,s0)
where each summand is one-dimensional. Unlike in the b1 = 0 case, this splitting is not canonical.

However, we are still able to get the following structure result:

Proposition 2.11 Suppose Y is a closed connected oriented 3-manifold with Hy(Y ; Z) = Z and s¢ €
Spin®(Y') is the unique spin® structure with so = 5¢9. Then, as graded F[Q, U]/(Q?)-modules,

HFIOO(Y’ 50) = ]F[Q’ U, U_l]/(QZ) 69]F[Q’ U, U_l]/(QZ)

where, on the right side of the equation, the first factor has gradings congruent to 1/2 mod 2 and the

second factor has gradings congruent to —1/2 mod 2.

Proof Fix a Heegaard pair % = (H, J) representing ¥ and admissible with respect to so. Let 3/ be the
boundary map on the involutive chain complex. We can compactly write 3 as 3’ = 9 + Q(1 + ¢) where
d is the usual boundary map on the Heegaard Floer chain complex extended by Q-linearity.
By Theorem 2.4, HFI/Z(?}(’,sg) >~ HFOO/Z(% so)xF. Leta € HFl/z(?f so)and B € HF /2(3‘6 50)
be the unique nonzero generators. Let a, b € CF (¥, s5¢) be representatives of o and f respectively.
Then, the unique nonzero element in the image of
Q- HFI/Z(%,so)[ 1] — HFII/Z(%,so)

is [Qal]. Similarly, [Qb] is the unique nonzero element in the image of

*®:0-H _1/2(%‘5, s0)[—1] — HFI°°1/2(‘3€,50).
As we have observed above, 1 4 tx is the zero map on homology. Therefore, there exists some
x,y € CF®(¥, so) such that (14t)a = dx and (14+1)b = dy. Thus, 3/ (a+ Qx) =0and ' (b+ Qy) =0.
Furthermore, we have that Q[a + Qx] = [Qa] and Q[b + Qy] = [Qb]. Therefore, the first sum-
mand in the decomposition can be taken to be (IF[Q, Uu,u/ (Qz))[b + Qy] and the second to be

(F[Q.U.UT'/(Q?))la + Qx]. O

The isomorphism in Proposition 2.11 is not canonical with respect to a given Heegaard pair % = (H, J)
because the elements [a + Qx] and [b 4+ Qy] depend on our choice of representatives a, b, x, y. Despite
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this, we can still define involutive d invariants in this situation. We only need to know the F[Q, U]/(Q?)-
module structure of H FI°°, regardless of a canonical isomorphism.

Definition 2.12 Let Y be a closed oriented 3-manifold with H1(Y;Z) = Z. Let s¢ be the unique spin®
structure on Y with sg = §g. Define

d1/2(Y.s0)=min{r |r=—1 mod2,3xe HF I} (Y,s0),x eIm(U"), x ¢Im(U" Q) for n>>0}—1,
d_1/2(Y.s0)=min{r|r=1 mod2,3xe HF 1" (Y,s0),x eIm(U"), x ¢Im(U" Q) for n>>0}—1,

=1 mod2,3x € HF I (Y, 50). x #0, x eIm(U" Q) for n >0},

dy/2(Y, 50) =min{
{rlr=—1 mod2,3xe HF I} (Y,50),x#0,x eIm(U" Q) for n>>0}.

rlr
d__l/z(Y, §0) =minjr | r
Remark 2.13  Since s is unique, we will often just write d 4.1/2(Y") and czil/z(Y), ord 1/, and CZ:l:l/z
if Y is clear from context.

As in the by = 0 case, it is again useful to think of these invariants in terms of a splitting of HFI ™.

Corollary 2.14 Suppose Y is a closed, connected, oriented 3-manifold with Hy(Y,Z) =~ 7Z and
50 € Spin®(Y") is the unique Spin® structure with so = 5. Then there exists a (noncanonical) splitting

HFIT(Y,s0) = Ja'll/z GBJJ_I/2 T4 11974 41 @ HFI,(Y, s0)
where
gt gt gt o+
Jtil/z © J(j_l/z @ Jdl/z‘l‘l ® J471/2+1

corresponds to Im(mry) and I :7' @ 97:2' is contained in the image of multiplication by Q.
1/2 —1/2

Proposition 2.15 The involutive correction terms d 41/, and Jil /2 satisfy the basic properties
(1) dayjo2(Y) <dgyjo(Y) <diya(Y);
(2) di1/2(Y) =—dx12(=Y).

Proof The proof of (1) follows from the same arguments as the proof of [6, Proposition 5.1]. The proof
of (2) follows from [6, Proposition 4.4] and the same arguments as in the proof of [6, Proposition 5.2]. O

2.4 Spin filling constraints, homology cobordism invariance, and 0-surgery obstruction

Ozsvith and Szab6 [16, Theorem 9.11] established constraints in terms of d1/, on the intersection
form of a negative semidefinite 4-manifold with boundary a given 3-manifold ¥ with H{(Y;Z) = Z.
Furthermore, Ozsvath and Szabd [16, Corollary 9.14, Proposition 4.11] established O-surgery obstructions
in terms of d /5. In this section, we establish the analogous results in the involutive setting.

Theorem 2.16 Suppose X is a smooth oriented negative semidefinite spin 4-manifold with boundary a
3-manifold Y with H\(Y;Z) = Z.
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(1) If the restriction H' (X ;Z) — H'(Y; Z) is trivial, then
ba(X)—=3=<4d_,5(Y).

(2) If the restriction H'(X;Z) — H'(Y;Z) is nontrivial, then
ba(X) +2<4d/5(Y).

Proof Let s be a spin structure on X. In particular, c%(s) = 0. We follow the proof strategy of [16,
Theorem 9.11].

(1) Suppose the restriction H!(X;Z) — H'(Y;Z) is trivial. First, surger out all of b;(X) without
changing the nondegenerate part of the intersection form of X. Then, remove a ball from X to obtain W
which we regard as a cobordism W: S3 — Y. As observed in the proof of [16, Theorem 9.11], the map
induced from the cobordism W,

ol : HF(S?) = HF® (Y, sly),

is injective with image equal to the doubly infinite tower with degrees congruent to —1/2 mod 2 and
shifts degree by £ = %(bz (X)—3). Also, by [6, Section 4.5] there exists an induced map

FLoo - HFI°(S3) — HFI®(Y, s0)

Wslw,a

which also shifts degree by £ = %(bz (X) —3). Note that the involutive cobordism map F; V{,ZTW o, depends

on an additional choice of auxiliary data «.

Combining the results in [6, Section 4.5] with Proposition 2.6, we see that for every even integer r, we
have the following commutative diagram with exact horizontal rows:

>k 7 hoo >k
0 28 OHFS (Y, 50)[~1] — 2 —— HFI®,, (Y.50) ———— HF®,(Y,50) 24 ¢
/ Fs, / FE2 / /
0 sy HFI%,(S?) S L HF®(S%) —— 50

’
Ty 2 Ty
xl T$3
+|7s3 h+ N

r (Y,EO) —= E— HFr-:_((Yﬂso)

g
QHF} . ,(Y.s0)[-1] —|——— HFI}
FL+
nt i

r+1+4
3
QHF (S3)[-1] ———— HFI} (5?) S HFY(S?)

sly

By definition of d _1,(Y'), there exists some yTin HFI;_I/2Jr1 (Y, s0) such that y* e Im(U") forn >0
and yT ¢ Im(U" Q) for n > 0. The condition [y™ € Im(U") for n > 0] is equivalent to the condition
[yt e Im(n{/)]. Therefore, there exists some y*>° € HFIé"il/z_H(Y, 50) such that 7t§ (y>®) = yt.
The condition [yt ¢ Im(U" Q) for n > 0] implies that y>® ¢ Im(gy°). Therefore, by exactness,

hP(y>®) #£0€ HF;:/Z(Y, 50). By assumption, the map F%?5|W : HFé’il/z_e (S3) > HFﬁl/z(Y,sly)
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is an isomorphism. Moreover, by exactness, the map hg%: HFI$1/2+1_Z(S3) — HF$1/2—5(33) is
also an isomorphism. Therefore, there exists some x*° € HF Ig‘_’l/z +1-¢(S 3) such that

(F§2ap,y ©h2) (%) = i (™).

Let z° = FV{/’,ZTW,a(XOO) € HFIEiI/erI(Y’ 50). By commutativity, h;O(ZOO) = h§(y°°). Therefore,
* + y*° € ker(h§°). So, by exactness, there exists some w> € Q- HF; °, 2+1(Y 50)[—1] such that
7 (W) =z% +y>® If 711 (z°°) = 0, then that would imply JTY (g°°(w°°)) = yT. But this would be
a contradlctlon because that would imply y+ € Im(U" Q) for n > 0. Therefore, T[Y (z%°) # 0. Thus,
(JTY oFW5| o) (X%°) # 0. So, by commutativity, (FI + - on§3)(x°°) 2 0. In particular, n§3 (x*®) #£0.
Therefore, the element x* = mii(x®) e HFI} d 1 ptit (S3) has the property that x T € Im(U") for

n> 0and x* ¢ Im(U" Q) for n > 0. It follows that

(2.17) d(S*)+1<d 1Y) +1-L.

Observing that d (S3) = 0 and rearranging/canceling the terms, we get
ba(X)—3<4d_/p(Y).

(2) Now suppose the restriction H1(X;Z) — H'(Y;Z) is nontrivial. Surger out the 1-dimensional
homology of X until b1(X) = 1 and so that the map H'(X;Z) — H'(Y;Z) is still nontrivial. Again,
remove a ball from X to obtain a cobordism W: S3 — Y. In this case, the induced map

ol t HF(S?) = HF® (Y, sy)

is injective with image equal to the doubly infinite tower with degrees congruent to +1/2 mod 2. The
degree shift of this map is now %(bz (X) 4+ 2). We then repeat the analogous diagram chase to establish
the inequality. We leave the details to the reader. |

Corollary 2.18 Suppose Y is a closed oriented 3-manifold with H1(Y;Z) = Z. If
d_1p(Y)<—=% and dip(Y)<3

then Y is not the boundary of any negative semidefinite spin manifold.

Proof Suppose X is a smooth negative semidefinite spin 4-manifold with boundary Y . If the restric-
tion HY(X;Z) — H'(Y:Z) is trivial, then the map H'(Y:Z) — H?(X,Y;Z) is injective. Since
HYWY:;Z) = H|(Y;Z) = Z and H*(X,Y;Z) = H»(X:Z), it follows that b,(X) > 1. Hence, by
Theorem 2.16, —1/2 <d _;5(Y). If instead H'(X;Z) — H'(Y;Z) is nontrivial, then all we can say
about by(X) is that b(X) > 0. Theorem 2.16 therefore implies 1/2 < d,5(Y’). The conclusion now
follows. |

Proposition 2.19 Suppose Y; and Y, are closed oriented 3-manifolds with H1(Y;;Z) =~ 7Z fori € {1, 2}.
If there exists a spin integer homology cobordism (W, s): Y1 — Y3, thend 1+1/5(Y1) = d +1/»(Y2) and
di1/2(Y1) =d41/2(Y2).
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Proof The argument is the same as in the proof of [6, Proposition 5.4], using the fact that W induces an
isomorphism
F‘ff,‘fﬁ,a:HFIO"(Yl,s|yl)—>HFI°°(Y2,5|Y2). O

Theorem 2.20 Let M be an oriented integer homology 3-sphere and let Y and M’ be the 3-manifolds

obtained via 0 and +1 surgery, respectively, on a knot K in M. Then
() d(M)~5 <d_pp(Y) and d(M)— 3 =d_y/5(Y);

=<
2) dijo(Y)—3<d(M')and dy/»(Y)— L <d(M).

Proof First, we prove the inequalities in (1).

Let (W, s) be the spin cobordism from M to Y obtained by attaching a O-framed 2-handle along K and
let 59 be the trivial spin® structure on Y. Then, by [16, Proposition 9.3], the induced map

F,t HF®(M) — HF (Y, 50)

shifts grading by —1/2 and is injective with image equal to the doubly infinite tower with gradings
congruent to —1/2 mod 2. The first inequality of (1) now follows by repeating exactly the same argument
as in the proof of Theorem 2.16 where now M assumes the role of S3 and £ = —1/2 (see inequality
(2.17)).

To establish the second inequality in (1), we consider the rightward continuation of the commutative
diagram used in the proof of Theorem 2.16 again replacing S3 with M. Specifically, for r even, we have
the following commutative diagram with exact horizontal rows:

* 7 h§° *
0 20 QHFE®  (Yoso) 1] —2 s HFI®, ,(Y.50) —— HE®, ;(Y.50) 207 ¢

1,00
/ Fﬁ/czs FW.s,oz
)

0 — QHF®(M)[-1] —— M s HFI®(M) s 0

Ty ln{, Ty
™ + | +

4
QHF ,(Y,50)[~1] ——|— HFI}F ,(Y,50) ——|— HF", {(Y,50)

r

+ I+ /
%:W,E + %W,E.Ot

QHFF(M)[-1] — ™ HFI}F(M) —— HF}" (M)

Now we get that g3y is an isomorphism, and we again know that F};?_ is an isomorphism. Furthermore,
gy’ is injective with Im(g3°) = ker(h§°). Thus, FVIV’Zoa maps H F12°(M) isomorphically onto Im(g3°).

By definition of c?_l/z, there exists some nonzero y ™ € HFI T (Y, so) such that gr(y ™) = d__l/z and
yT € Im(U" Q) for n > 0. This implies that there exists some element

y* eIm(gy’) C HFI;OI/Z(Y, 50)
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such that n{, (y*°) = y ™. Therefore, the unique nonzero element of HF I 5:/2_’_1 /2(M ), which we will

call x°°, maps to y°° under FI/II;,Z?a' Since (7111, o Fé,’;’?a)(xoo) =yt £ 0, the commutativity of the

diagram implies JT]{,I (x°°) #£ 0. Additionally, JT]{,I (x°°) e Im(U™ Q) for n > 0. Therefore,
d(M) =d_15(Y)+ 5.

The proofs of the inequalities in (2) follow the same arguments as the proofs of (1), except that now we
consider the maps
F;’V,,s,: HF°(Y,s0) > HF°(M")
and
Fypl o i HFI°(Y,59) — HFI°(M)

induced by the spin cobordism (W’,s’): Y — M’ obtained by attaching a 2-handle to the dual of K in Y
with framing so that the resulting space is M’. Analyzing the corresponding commutative diagrams and
using the fact that for all r even,

Fy) gt HFS 5 (Y. 50) — HF®(M')

is an isomorphism, we get statement (2). We leave the details to the reader. |

Corollary 2.21 Suppose K is a knot in S3 and Y is the result of 0-surgery on K. Then
(1) —3=d_12(Y);
2) dip(Y) <3
Proof Note that 0 = d(S3) = d(S3) = d(S?3). Therefore, (1) follows immediately from Theorem 2.20.

For (2), let K be the mirror of K. Then O-surgery on K is —Y. Thus, we have —% <d_1/2(=Y,50).
Now by Proposition 2.15, d _1 (=Y, s0) = —ch/z(Y, 50). Therefore, Jl/z(Y, 50) < % m]

3 Plumbings

We now make a digression from our discussion of involutive Heegaard Floer homology to review basic
properties of plumbed 3- and 4-manifolds.

Notation 3.1 Given a graph I', we denote the set of vertices of I' by V' (I') and the set of edges by €(I").

Definition 3.2 A weighted graph is a graph T together with a function m: V'(I") — Z, called a weight
function. Given a vertex v € V(I'), we call m(v) the weight of v. Usually we will refer to a weighted
graph as I' and not explicitly write the weight function associated to it.

For the purposes of this paper, we will use the term plumbing graph to mean a weighted graph I' such
that |7 (I')| < oo and T is a forest (ie a disjoint union of trees). Plumbing graphs in general can be more
complicated, however for simplicity we only consider plumbing graphs of the type just described.
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plumbing diagram Kirby/surgery diagram
-2 -2 —4
— \/
-3 -3 (
iy O
-8

Figure 2

Given a connected plumbing graph I', we let X(I") denote the 4-manifold obtained by plumbing disk
bundles over 2-spheres according to I" (see [3, Example 4.6.2] for details of this construction). If T" is not
connected, then we let X(I") be the boundary connected sum of the plumbed 4-manifolds corresponding
to the connected components of I'. Regardless of whether I is connected or not, we let Y (I') be the
boundary of X(I") and call it the plumbed 3-manifold associated to I.

Remark 3.3 In general, a given plumbed 3-manifold ¥ may bound many different plumbed 4-manifolds.
Neumann [14] described a calculus for passing between different plumbing graphs that describe the same
3-manifold.

Given a plumbing graph T, a Kirby diagram for X(I") (which is also a surgery diagram for Y(I")) is
given by an m(v)-framed unknot for each v € ¥ (I") such that any pair of these unknots is either Hopf
linked or unlinked depending on whether or not there is an edge between the vertices with which the
unknots correspond. See Figure 2.

3.1 Algebraic topological properties of plumbings

Fix a plumbing graph I" and let X = X(I") and ¥ = Y(I") be the associated plumbed 4- and 3-manifolds.
Label the vertices of I' by V'(I') = {v1, ..., vs} where s = |V(I")|. Foreachv; € V(T"), let [v;] € H2(X; Z)
be the homology class of the 2-sphere corresponding to the O-section of the D2-bundle associated to v;.
Equivalently, [v;] is represented by the capped-off core of the corresponding 2-handle. In particular, it is
easy to see that Hy(X;7Z) =~ EB;ZI Zlv;]. Given x = ) _a;[v;] € H2(X;Z), we write x > 0ifa; >0
for all j. If in addition, x # 0, we write x > 0. Given two elements x, y € Hy(X;Z), we write x > y
(resp. x > y)if x —y >0 (resp. x —y > 0).

Denote the intersection form of X by
(+,'):Hy(X,Z)x Hy(X;Z) — Z.

By construction,

m(v;) ifi =],
(vil, [viD) =141 if i # j and there is an edge [v;, v;] connecting v; and v;,
0 otherwise.
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Let B be the matrix of the intersection form with respect to the ordered basis ([v1],. .., [vs]). Notice, B
is the incidence matrix of the graph I' with the i™ diagonal entry equal to m(v;).

Definition 3.4 We define the definiteness type of a plumbing graph I' to be the definiteness type of its
associated intersection form (-, -), or equivalently the definiteness type of B. For example, we say I is
negative semidefinite if (-, -) is negative semidefinite.

By an abuse of notation, we will also refer to the corresponding intersection pairing on cohomology as
(+,-): H*(X,Y;Z)x H>(X,Y;Z) — Z. Tt will be useful to, in addition, consider the slightly modified
intersection pairing (-,-)": H*>(X;Z) x H*(X,Y;Z) — Z with a different domain, but still defined by
the usual formula: («, ) = (¢ U B)[X].

Recall the set of characteristic vectors of X, denoted by Char(X), is defined by

Char(X) ={a € H*(X:Z) | (o, B)' = (B.8) mod 2 for all B € H*(X,Y;Z)}
={a e H*(X;Z) | a(x) = (x,x) mod 2 for all x € H»(X;Z)}.
We now recall the relationship between the spin® structures on X and Y and the characteristic vectors

of X. The first observation is that we have a commutative diagram

Spin®(X) |—Y> Spin®(Y)
\LC] J/cl
Char(X) —2 H2(Y:Z)

where ¢ denotes the first Chern class of the determinant line bundle of the spin® structure, the top
horizontal map is restriction to ¥ and the bottom horizontal map is the restriction of the map

0*: H>(X;Z) — H*(Y:;Z)
in the long exact sequence in cohomology of the pair (X, Y). The left vertical map is a bijection since

H(X, Z) has no 2-torsion (see [3, page 56] for details). Therefore, c¢; provides a canonical identification
of Spin®(X) with Char(X). Furthermore, since X is simply connected, we have the commutative diagram

0—— H'(V:2) - H2(X,v:2) L H2(X:72) — L H2(Y:Z) —— 0

2i 2i 2i 2
0 — Hy(Y:Z) —*— Hy(X:Z) —2— Hy(X.Y:Z) —= H{(Y:Z) — 0

with exact rows coming from the long exact sequences in homology and cohomology of the pair (X, Y)
and with vertical isomorphisms given by Poincaré/Lefschetz duality.

We have yet another commutative diagram

Hom(H»(X:7Z),7) =~ H*(X:Z)

o] IR

Hy(X:Z) —2 Hy(X.Y:Z)
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where the top row is the isomorphism coming from the universal coefficient theorem, the right vertical
map is the Lefschetz duality isomorphism, and the map ¢ is defined by ¢ (x) = (x,-).

Combining the three previous diagrams we get the following commutative diagram:

Spin®(X) —Xs Spinc(Y)
Cll?
Char(X) 1

[ !

0 — H\(Y:Z) 5 H2(X,Y:Z) y HX(X:Z) -2 H2(Y:Z) — 0

N 2 Hom(H»(X; Z), Z) 2 N
%
0 — Ha(Y:Z) -2 Hy(X:Z) Jx s Hy(X,Y:Z) 25 Hi(Y:Z) — 0

In addition, there is a free and transitive action of H?(X;Z) on Char(X), defined by («, k) — k + 2«
for all « € H?(X;Z) and k € Char(X). Restricting this action to j*(H?(X,Y;Z)), we get an action of
j*(H?*(X,Y;Z)) on Char(X). Let Char(X)/2j*(H?(X,Y; Z)) denote the set of orbits of this action
and denote the orbit k + 2 *(H?(X,Y;Z)) of an element k by [k].
Proposition 3.5 The map W: Char(X)/2j*(H?(X,Y;Z)) — Spin°(Y) given by
W([k]) = e (K)|y

is well defined and is a bijection.
Notation 3.6 Justified by the above proposition, we will use [k] to denote both the orbit

k+2j*(H*(X,Y:Z))
as well as the corresponding spin® structure W ([k]).
Remark 3.7 From the above diagram, one can see that if k is a characteristic vector, then [k] is a torsion

spin® structure on Y if and only if some integer multiple of k is in the image of j*. Equivalently, [k] is
torsion if and only if there exists some z; € Hy(X; Z) ® Q such that k(x) = (zg, x) forall x € Hy(X; Z).

3.2 Rationality and weight conditions

We now recall some terminology that will be useful later when we discuss lattice cohomology and
Heegaard Floer homology of plumbings.
If ' is a negative definite plumbing tree, then there is a special characteristic vector K.,, which is called

the canonical characteristic vector. It is defined by the equation K 4, (v) = —m(v) — 2 for all v € V(I).
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Definition 3.8 A plumbing graph I’ is called rational if it is a negative definite tree which satisfies the
following condition: if x € H»(X(T"); Z) and x > 0, then

_Kcan(x)_(x»x) >1
) = 1.

Némethi [12] introduced the following generalization of rational plumbings:

Definition 3.9 [12, Definition 8.1] A negative definite plumbing tree I" is almost rational if there exists
a vertex v € ¥(I") and some integer r < m(v) such that if you replace the weight of v with r, I" becomes
rational.

A further generalization of this notion is the following:

Definition 3.10 [15, Definition 2.1] A plumbing tree I" is type n if there exist n vertices of I" such that
if we reduce their weights sufficiently, the plumbing becomes rational.

Remark 3.11 A type n plumbing is not required to be negative definite.

Recall the degree, denoted by §(v), of a vertex v € V(') is the number of edges adjacent to v. Following
the terminology introduced in [17], we say a vertex is bad if m(v) > —§(v). In particular, it can be shown
that a negative definite plumbing with at most one bad vertex is almost rational.

4 Heegaard Floer homology and lattice cohomology of plumbings

In this section, we review some of the key developments in the Heegaard Floer homology and lattice
cohomology of plumbed 3-manifolds. We then present a modified version of lattice cohomology that
involves passing to a quotient lattice. This presentation enables us to readily adapt and combine the
work of Rustamov [23] and the work of Dai and Manolescu [2] to compute HF' I * of certain negative
semidefinite plumbed 3-manifolds with 51 = 1 and at most one bad vertex.

4.1 Ozsvath-Szabé description of HF * of negative definite plumbed 3-manifolds with at
most one bad vertex

In an early paper on Heegaard Floer homology, Ozsvith and Szabd [17] provided a combinatorial
description of the Heegaard Floer homology of 3-manifolds plumbed along negative definite forests with
at most one bad vertex. We briefly review their description.

Given a plumbing presentation I' of a 3-manifold Y, there is a naturally associated cobordism from
§3 to Y via attaching two handles to S3 x [0, 1] according to the plumbing graph I'. One can turn this
cobordism around and use the fact that there is an orientation-preserving diffeomorphism from —S3 to
S3 to yield a cobordism Wr: —Y — S3. For each spin® structure s on W, we get a U-equivariant map

Fy s HF T (=Y, s|ly) > HF(S?).
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It is easy to see that the spin® structures on Wr correspond in a direct way to spin® structures on the
plumbed 4-manifold X (T") since Wt is diffeomorphic to X(I") — D*. Because of this we will work with
spin® structures on X (I") rather than on Wr.

Now by the basic facts about spin® structures and characteristic vectors described in the previous section
and the fact that HFT(S3) = 1 as a graded F[U]-module, we can define a map

TH: HF T (-Y) — Map(Char(X(I'), 7 )
via the formula
THEN 1 (8) = i ().
Here Map(Char(X(I"), 7T) simply denotes the set of functions from Char(X(I")) to T+.

Let HY(I') € Map(Char(X(I"), 7T) be the functions ¢ of finite support which satisfy the following
adjunction relations: For each k € Char(X(I")) and v; € V(I"), let 2n; = k([vi]) + ([vi], [vi]). Then,

(1) if n; >0, we require U ¢p(k +2PDj«[vi]) = ¢ (k);
(2) ifn; <0, we require U " (k) = ¢(k +2PDj«[vi]).

The set HT (I") naturally inherits an F [U]-module structure from J . One can also introduce a grading on
H™(T") by defining ¢ € HT (I") to be a homogeneous element of degree d if ¢ (k) € T is a homogeneous
element of degree d + %(k2 + |V (")) for all k € Char(X(T")). Furthermore, we can decompose H™ (I")
into a direct sum over spin® structures of ¥ by defining H™ (T", [k]) to be the elements of H (I") which are
supported on the set [k]. Recall [k] denotes both a spin® structure on Y as well as a subset of Char(X(I"))
(see Notation 3.6).

Remark 4.1 In [17], HT(T") is instead denoted by H™ (I"). We have changed the notation in this paper
to HT(I") to avoid confusion with lattice cohomology which is denoted by H*(T").

The main result (Theorem 1.2) in [17] states that if I" is a negative definite plumbing with at most one
bad vertex, then T : HF *(=Y(I'), [k]) — H* (T, [k]) is an isomorphism of graded IF [U]-modules for
all spin® structures [k] on Y (I"). Moreover, H" (T, [k]) can be computed combinatorially from the data
encoded by the plumbing graph. Therefore, this result enables one to compute HF T (=Y (I, [k]) without
having to count holomorphic disks. In particular, Ozsvath and Szabé provide a relatively simple algorithm
to compute ker(U) C HY (T, [k]).

4.2 Némethi’s graded roots and lattice cohomology

Building upon the work of Ozsvéth and Szabd, Némethi [12] provides an algorithm to compute the entire
F[U]-module H™ for almost rational plumbings by adapting methods of computation sequences used in
the study of normal surface singularities. On the way to computing HT, Némethi’s algorithm first computes
an intermediate object called a graded root whose definition we review below (see Definition 4.19). For
now, we will just mention that a graded root is weighted graph associated to Y (I") from which one can
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easily calculate H™ and therefore HF ™. Furthermore, by using the language of graded roots, Némethi
shows that [17, Theorem 1.2] holds for almost rational plumbed manifolds, a strictly larger class of
plumbed 3-manifolds than the class of negative definite trees with at most one bad vertex.

Remark 4.2 We say trees in the previous sentence because strictly speaking almost rational plumbings
are typically assumed to be connected. This assumption, however, is not important. The same methods
apply to yield the isomorphism if you drop the connectedness assumption in the definition of almost

rational.

Motivated by questions involving complex analytic normal surface singularities and the Seiberg—Witten
invariant, Némethi [13] further generalized his work on negative definite plumbed 3-manifolds by
introducing the broader framework of lattice cohomology. Lattice cohomology assigns to any negative
definite plumbed 3-manifold and spin® structure a graded IF [U]-module, which we denote by H™.

Némethi’s original definition provides two different, but equivalent, realizations of lattice cohomology.
One realization is constructed by first decomposing Euclidean space R® = R ® H,(X(I"); Z) into
cubes using the Z-lattice H,(X(I"); Z) with basis [v1],.. ., [vs]. Then, one considers the usual cellular
cohomology of R?, except with the differential modified by a set of weight functions which encode
information about the intersection form of X(I"). The other realization is built by taking the cellular
cohomology of certain sublevel sets of these weight functions on cubes.

Lattice cohomology also comes equipped with an extra Z-grading. Namely H* decomposes as

o0
H* = @ H4
qg=0

such that each HY is itself a Z-graded [F [U]-module. In particular, together with his work in [12], Némethi
showed that for a negative definite almost rational plumbed 3-manifold, Y(T"), and s € spin®(Y(I")),
HO(Y(T'), 5) is isomorphic to HF T (=Y(I"), s) as graded F[U]-modules (up to an overall grading shift),
and, moreover, H4(Y, s) = 0 for ¢ > 1. In general, however, it is not the case that for arbitrary negative
definite plumbed 3-manifolds H? = 0 for all ¢ > 1. For example, Némethi [13, Example 4.4.1] showed
the existence of a negative definite plumbed rational homology sphere with nontrivial H'. Of course

though, this plumbing is not almost rational.

4.3 Modified formulation of lattice cohomology

In this section, we construct a modified version of lattice cohomology in order to deal with negative
semidefinite plumbings. Before defining this modified version, it is important to point out that subsequent
to Némethi’s original definition of lattice cohomology, other variants have been defined which apply to
broader classes of plumbings than those which are negative definite. In particular, Ozsvath, Stipsicz and
Szabd [15] consider lattice (co)homology with completed coefficients which apply to arbitrary plumbing
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trees/forests including those with negative semidefinite intersection forms. The modified construction
we provide is very similar to the formulation in [15]; the main difference is that we handle degenerate
plumbings by passing to a certain quotient lattice rather than using completed coefficients. As in [13], we
begin by giving the constructions in general terms, without reference to plumbings.

4.3.1 Construction 1 Let A be a free finitely generated Z-module with a specified ordered basis
(e1,....en). Let A be a quotient of A with the property that A is itself a free finitely generated Z-module.
Given a € A, we write a for the corresponding element of A.

We define a chain complex as follows. For each 0 < g < n, let Cy4 be the free IF-module generated by
the set 95 = A x{I C{1,...,n}||I| = q}. Because later we will want to think of these generators as
cubes in a cube complex (see Construction 2), we denote the generator of Cy4 and the element of 2
corresponding to (a, I') by O(a, I). We define a differential 0: C; — C4—; by the formula

00@. 1) =Y [0@.1—{i})+ 0@ +&.1—1i})]
i€l
Remark 4.3 Intuitively, it may be helpful to think of this differential as a cellular boundary map on
cubes. We make this point of view precise in Construction 2.

Proposition 4.4 32 =0.

Proof We have
0a.n=Y > [0@.I-{i.j)+0a+eg.0-1{i.j))]
iel jel—{i}
+). ) [O@+e. -4 j)+06+e+e.1-1i.j}].
iel jel—{i}
Now observe that the terms of the form C(a, I — {i, j}) cancel in pairs as i and j vary, as do the terms
of the form 0(a + ¢; + &;, I —{i, j }). Finally, the cross terms also cancel. Therefore, 3> = 0. O

Remark 4.5 If one wanted to work over the coefficient ring Z instead of IF, then signs could be introduced
as follows: Given a nonempty subset / of {1,...,n} with [I|=gq,let gr: I — {1,...,q} be the unique
order-preserving bijection. Define the differential via the formula
00@. )=y (-H¥P[0@.1 —{ih—0@+e.1-1{i})].
iel
One can check that we still have %> = 0. For the purposes of this paper, we will stick with the coefficient
ring F.

For each 0 < ¢ <'s, define ¥4 = Homp (C4, T1). We endow %4 with an F[U]-module structure by the
formula (U" - ¢)(0y) = U"¢(0y) for all O, € 24. Our goal now is to define a differential, §y,, on our
cochain modules %9 by modifying the usual coboundary map by a set of weight functions w.
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Definition 4.6 [13, Definition 3.1.4] A set of functions wy: 24 — Z, for 0 < g < n, is called a set of
compatible weight functions if the following hold:
(1) For any integer k € Z, the set wy ' ((—o0, k]) is finite.
(2) Forany O(a,l)e€ 24 andanyi €/,
wg(O(@, 1)) = wg—1 (0@, I —{i})) and  wq(0(@. 1)) = wg—1(0@+e;. I —{i})).

Fix a set of compatible weight functions w (we drop the subscript for simplicity). By using w, we are
able to define a Z-grading on our cochain modules %4. Specifically, we say that ¢ € ¥4 is homogeneous
of degree d € Z if ¢(O,) is a homogeneous element of T of degree d —2w(0,) whenever ¢(0,) # 0.

4.3.2 The differential Mimicking the formula for the differential given in [13, Definition 3.1.4], we
define 8, : 4 — F411 as follows:

e LetOg41 € 92441 and write 000g41 =) 4 DS.

e Given ¢ € F4, let

() (Ogi1) = 3 UP QD=0 @D g (k).
k

Proposition 4.7 85) =0.
Proof This follows directly from the definition and the fact that 9% = 0. |

Definition 4.8 The homology of the cochain complex (%*, 8y,) is called the lattice cohomology of the
triple (4, (e1, ..., en), w) and is denoted by H*(4, (eq, ..., en), w).

Remark 4.9 (1) For each g, the Z-grading on %4 induces a Z-grading on H4. Therefore, H? is a
Z-graded F[U]-module.

(2) If A = A, then we recover the usual lattice cohomology defined by Némethi [13].

4.3.3 Construction 2 We now give a more geometric, but equivalent formulation of the lattice coho-
mology theory we defined in Construction 1. This is analogous to [13, Definition 3.1.11].

First, we give a geometric realization of the chain complex C,;. For each 1 < g <, let ¢, be denote the
g-dimensional cube [0, 1]7 oriented in the standard way. Additionally, let ¢ be a fixed 0-dimensional
cube (ie point) oriented positively. To each [(a, ) € 9, we associate a distinct copy of ¢;. By an abuse
of notation, from now on we will regard each Cl(a, I') € 94 as both a distinct copy of ¢, and a generator
of C; depending on which point of view is more convenient in a given context.

We now construct a cube complex ¢ whose g-dimensional cubes are precisely the elements of 9, with
attaching maps defined as follows:
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* First, we prescribe a method for identifying each (¢—1)-dimensional face of ¢, with ¢,—1. Let
{x; }?21 be the standard coordinate functions on ¢; = [0, 1]. Each (¢—1)-dimensional face of
¢4 is defined by an equation x; = € for some € € {0, 1}. Denote this face by f; ¢. For ¢ > 2, we
identify f; ¢ with ¢y—; via the map (x1,...,x4) = (x1,....X,...,xq). For g = 1, we send the
point f; ¢ to the point co.

e Given O(a, I) € 94, the face f; of O(a, I') gets glued to the cube L(a + €¢;, I — {i}) via the
map defined in the first bullet point.

By construction the g-dimensional cellular chain group of the cube complex % is equal to C; and the
cellular boundary map is equal to the differential : C; — C,;—1 defined in Construction 1.

Again, fix a set of compatible weight functions w. For every integer n > 1, let S, be the subcomplex of
% consisting of all cubes [ such that w(C,) < n where g ranges over all dimensions. Let

my, =min{fw(dy) [0y € 24, 0<q <n}.

Define
SY(A.(er.....en).w) = @ HI(Su:F)
n>my
where H4? denotes the ¢th-cellular cohomology. For each fixed ¢, we give S?(4, (e, ..., e,), w) the

structure of an [F[U]-module by defining the U action to be the restriction map
U:HY(Sp+1:7) — HI(Sp: Z).

We additionally put a Z-grading on S(4, (e, ..., e,), w) by declaring the elements of H9(S,,Z) to
be homogeneous of degree 2n.

Proposition 4.10 As graded F[U]-modules, H* (A, (e1, ... ,en), w) = S*(4, (e1, ..., en), W).
Proof This is proved in exactly the same way as [13, Theorem 3.1.12(a)]. |

Notation 4.11 From now on we will denote lattice cohomology by H* regardless of which construction
we are using.

4.3.4 Lattice cohomology associated to negative semidefinite plumbings Fix a negative semidefinite

plumbing graph I' and let k be a characteristic vector of X(I") such that [k] is a torsion spin® structure
on Y(T').

We now show how to associate a lattice conomology module to the pair (I, k). Let L = H»(X(I"); Z) and
L = H,(X(T'); Z)/ ker(j+). By the long exact sequence in homology, L is isomorphic to a submodule
of the free finitely generated Z-module H» (X, Y;Z) and therefore is itself free and finitely generated.
As in Section 3, let s = rank(H>(X;7Z)). Also, let 6 = s — b1 (Y). With this notation, we have that
L = 7Z°. Furthermore, after choosing an ordering on the vertices, the plumbing gives us an ordered basis
([v1], ..., [vs]) of L.
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We now have almost all the data we need in order to get lattice cohomology. It remains to define a set of
weight functions. To do this, we rely on our choice of characteristic vector k.

4.3.5 Weight functions Let y;: L — Z be the function defined by yr(x) = —%(k (x) + (x, x)).
Proposition 4.12 yj: L — 7 descends to a well-defined function y: L — Z.

Proof Since [k] is assumed to be a torsion spin® structure on Y there exists, by Remark 3.7, some
zx € L ® Q such that k(x) = (zx, x) for all x € L. Now suppose x € L and x’ € ker(j). Then
k(x+x")+ (x+x',x +x')
B 2
k(x")+2(x,x") + (x/,x')
2
= yr(x)— %(zk +2x +x',x")
= Xk (x) = 5 PD[jx(x")](zx +2x +x)

= yk(x). o

X (x +x7) =

= yr(x) —

To make it easier to state some qualitative properties of yj, we now consider the extension of yj by scalars
to the function )?f : L®R — R. Notice that the negative semidefinite intersection form (-,-): Lx L — Z
descends to a negative definite symmetric bilinear pairing on L which we denote by (-,-) 7. Extending
by scalars, we get a negative definite intersection form (-, )zop: (L®R) x (L ® R) — R. Therefore,

() =3 (k) + (. D) gr) = —3(k + %9 gr-
In particular, we see that )ZE is a positive definite quadratic form plus a linear shift. Putting these
observations together yields the following proposition.

Proposition4.13 (1) iR is bounded below.
(2) Let {X1,...,Xs} be any R-basis of L @ R. Identify L ® R with R via L @ R = @;;1 RX;.
Then the level sets of X%: R® — R are (6—1)-dimensional ellipsoids and the sublevel sets are
o -dimensional balls bounded by these ellipsoids.

Corollary 4.14 ji: L — 7 is bounded below and its sublevel sets are finite.

Definition 4.15 Define w,: 24 — Z by
w(O(l, 1)) = max{;zk(@ ‘ x=0+Y [vl.Jc 1} :
jeJ
Note, w: 99 — Z is simply ji.
By Corollary 4.14, w is a valid set of weight functions.
Definition 4.16 Define H*(T", k) = H(L, ([v1]. ..., [vs]), w).
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As in the case with negative definite plumbings, different choices of representatives for [k] yield isomorphic
lattice cohomology up to an overall grading shift. More specifically,

Lemma 4.17 [12, Lemma 3.3.2] If k'’ =k +2PD[j«(l)] for somel € L, then
H* (T, k) = H*(T, k) 27, (D).

Remark 4.18 Némethi uses the opposite convention for grading shifts. Hence, [12, Lemma 3.3.2] is
stated as H*(T, k) = H*(T, k") [—2jx (D)].

4.4 Graded roots associated to negative semidefinite plumbings

Definition 4.19 [12, Definition 3.2] (1) Let R be an infinite tree with vertices V' and edges €. We
denote by [u, v] the edge with endpoints u and v. We say that R is a graded root with grading
x:V—7if
(@ x)—x()= =1 forany [u,v] €€,

(b) x(u) > min{y(u), y(w)} for any [u, v], [u, w] € € with v # w,
(c) x is bounded below, y~!(k) is finite for any k € Z, and #y~1(k) = 1 if k is sufficiently large.
(2) We say that v € V' is a local minimum point of the graded root (R, x) if y(v) < y(w) for any edge
[v, w].
(3) If (R, y) is a graded root, and r € Z, then we denote by (R, y)[r] the same R with the new grading
x[r](v) :== x(v) + r. (This can be generalized for any r € Q as well.)

Example 4.20 Figure 3 shows an example of a graded root.

We now show how to associate a graded root to a pair (I', k) where y is a negative semidefinite plumbing
and k is a characteristic vector of X(I") such that [k] is a torsion spin® structure on Y (I"). For each n € Z,
let Zk,gn be the graph whose vertex set is °V(Zk’§n) = {¥ € L | ¥x(¥) < n} and such that there is an

edge between two vertices X1, X7 if and only if X1 — X2 = %[v;] where the v; are as in Section 3.1. Now
let 7o (Zk,fn) denote the set of connected components of the graph L k,<n-

The graded root (R, jx) associated to I' and k is constructed as follows:

e The vertex set is V' (Ry) = Ll,ez o (Zk,sn)- By an abuse of notation, we denote the grading
V(Ry) — Z by ) where now Xkan(Zk,fn) =n.

o There is an edge between two vertices v, v’ € V' (Ry), which correspond to connected components
C, and C,, if and only if after possibly reordering v and v/, we have y;(v') = jx(v) + 1 and
C'U C Cv/.

Remark 4.21 When T is negative definite, (R, i) is precisely the graded root, (R, yx), defined by
Némethi [12, Section 4].
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1

Figure 3

Remark 4.22 The graph L k,<n 1s the 1-skeleton of the space S, considered above in Construction 2 of
lattice cohomology. In particular, we can think of nO(Zkén) equivalently as 7o (Sy).

Proposition 4.23 [12, Proposition 4.3] (R, ¥x) is a graded root.

Proof This proof is essentially identical to the proof of [12, Proposition 4.3]. Condition (a) of
Definition 4.19(1) follows immediately from the construction of (R, yx). The proof of condition (b) is
the same as in [12, Proposition 4.3]. The first two conditions of (c) follow from Corollary 4.14. The last
condition of (c) follows the same argument as Némethi’s proof, with mild modification. Essentially just
replace the function yj in Némethi’s proof with y; and use that y; has a (not necessarily unique) global

minimum and that (-, - )7 is negative definite. |

Again, as in the case with negative definite plumbings, the graded roots, (R, 7x) and (Ry’, Jx’) corre-
sponding to two characteristic vectors k and k’, which restrict to the same torsion spin® structure on Y,

are equal up to an overall grading shift. More specifically:

Proposition 4.24 [12, Proposition 4.4] If k' =k +2PD[j«(l)] for some ! € L and k € Char(X(T"))
with [k] torsion, then
(Rir X)) = (Ric, Xi) [Xxe (D]

4.5 The relationship between lattice cohomology, H*, and graded roots

In Section 4.1, we recalled the definition of the F[U]-module H* (T, [k]) introduced by Ozsvith and
Szab6 where T' is a negative definite plumbing and [k] is a spin® structure on Y(I'). The same definition
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makes sense for negative semidefinite plumbings and [k] torsion except that we adjust the grading as
follows: we say ¢ € H* (T, [k]) is a homogeneous element of degree d if for each k’ € [k] with ¢ (k) # 0,
we have that ¢ (k') € T is a homogeneous element of degree
k') + |V(T)| = 3b1 (Y(T
4 EPHVOI=30,0@)

Proposition 4.25 As graded F [U]-modules,

HH (I, [K]) = HO(T k)[k2+ V@) —3b1(Y>}

4
Proof The isomorphism is induced by the map Z: H (T, [k]) — % defined by
Z(@)(@A(.2)) = ¢k +2PDj(1)).

We leave the details to the reader. O

As described in [17; 23], for calculation purposes it is convenient to consider the “dual space” of
H* (T, [k]), which we denote by K™ (T", [k]). To recall their definition of K™ (T, [k]), first consider the
set Z>o X [k]. Write elements (m, k") € Z>¢ x [k] as U™ ® k’. Define an equivalence relation ~ on
Z > x [k] in the following way: for each k’ € [k] and v; € V' (T), let 2n; = k’([v;]) + ([vi], [vi]). Then
(1) if n; >0, we require U™ " @ (k' +2PDj«[vi]) ~ U™ @ k’;
(2) ifn; <0, we require U" @ (k' +2PDj«[vi]) ~U™ " Qk'.
In other words, two elements U™ ® k' and U" ® k" are equivalent if and only if there exists a finite
sequence of elements U0 ® ky,..., U™ ®ky suchthat U @ ki =U" k', U™ @k, =U" Q@ k"
and each adjacent pair in the sequence is related by a relation of type (1) or (2) as given above. We call
such a sequence a parh connecting U™ @ k" and U" Q k.

Remark 4.26 In general, there are many different paths connecting a given pair of elements U™ ® k’
and U" Q k.

Write the equivalence class containing U™ ® k” as U™ ® k’ and define K™ (T", [k]) to be the set of these
equivalence classes. K (T", [k]) is the dual of H* (T, [k]) (or maybe more naturally H* (T, [k]) is the dual
of K* (T, [k])) in the following sense:

o Define KT (T, [k])* to be the set of finitely supported functions ¢: K+ (T, [k]) — T+ such that
dUTM @ k'Y =U"¢p(U™ ® k') foralln,m >0 and k’ € [k]. Endow (K™)* with an IF[U]-module
structure by inheriting that of J.

e Define amap F:HT (T, [k]) — KT (T, [k])* by

F(o)U" ®K')=U"¢(k").
It is straightforward to check that F' is a well-defined [F[U]-module isomorphism.
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We can put more structure on K¥ (T, [k]) by thinking of it as a graph. Specifically, define gK* (T, [k]) to
be the graph whose vertices are the elements of K™ (T", [k]) and such that there is an edge between to
vertices U™ ® k’ and U” ® k" if and only if either U" T @ k' = U" k" or U @ k' = U1 @ k.

Proposition 4.27 As graphs, gK+ (T, [k]) is isomorphic to the graded root (Ry, ix)-

Proof This proof is essentially the same as Némethi [12, Proof of Proposition 4.7]. For completeness,
we provide the details here.

By definition each element k’ € [k] can be written as k’ = k +2PD{[j«(1)] forsome € L. Let [, ;=1 € L.
Define a map p: KT (T, [k]) — V' (Ry) as follows:

p(U™ ® k') = the connected component of L containing .

k.<xx(xr)+m
To show that p is well defined, let 2n; = k’([v;]) + ([v;], [vi]). Suppose first that #; > 0 so that we have
Unitm @ (k' +2PDjy[vi]) ~U™ Qk'. Let k" =k’ + 2PDj«[v;]. Then, I = Iy + [v;]. Thus,

Tk Uiy +ni +m = () + i (i) +ni +m
= k() —ni +n; +m
=tk () +m.

Therefore, Li, <, (I, )+m = Lk, <5 (T )+n;+m and Iy and [~ are in the same connected component

since they differ by [v;]. The case when n; < 0 is similar. This establishes that p is well defined.

Next we define a map ¢: V' (Ry) — KT (T, [k]) which we will show is the inverse of p. Suppose v € V' (Rj).
Let Cy be the corresponding connected component in Zk,f 7x (v) and let I, be some element in L N C,.

Define ) o
g(v) = U= @ (k +2PDj(1y)).

To show ¢ is well defined, suppose I’ is some other element in L N Cy. It suffices to consider the case
that I’ = I, + [v;] for some i. First note,

Tl = ey + vi]) = 7k (o) + T (i) — (il L)
Also,

(k +2PDju(ly))(vi) + (v, vi) = k() + (V7. vi) + 2(vi, Iy) = =2[7x ([vi]) — (7. L))

Hence, if —[ 7 ([vi]) — (vi,[y)] = 0, then
Uik@-ixh) g (k +2PDjx(ly)) ~ UK~k )=k (iD+@ih) g (k +2PDji(ly + [vi])
= U1 @ (k 4+ 2PDj, (I')).

Similarly, if —[ix([v:]) — (vi. ly)] <0, then

U= ) g (k +2PDjy(I')) ~ UXk@)~T )+ ki) —inl) g (k +2PDjs(ly))

= U1 @ (k 4+ 2PDj. (1)),

Therefore, g is well defined.
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Now consider gp(U™ @ k') where k' = k +2PDj4 (). Let v = p(U™ ® k') and C,, be the connected

component of L containing Iy. Then, by definition,

k,.<ii(x)+m

qgv) = U)?k(l_k’)'f'm—)?k(l_k/) Qk + 2PDj*(l_k/) =U"Qk'.

Hence, gp = Id. The other direction, ie that pg = Id, is tautological. Therefore, p is a bijection. To see
that p takes edges to edges bijectively, let vi = p(U™ @ k') and v, = p(U™ ! ® k’). It follows directly
from the definition that C,,;, C Cy, and yx(v2) — xx(v1) = 1. a

Remark 4.28 It is useful to point out that under the isomorphism p constructed in the above proof, we
have that

gr(pU™ @ k")) =m—g((K')> —k?).
4.6 A quick review of Rustamov’s results on negative semidefinite plumbings with b, =1

Rustamov [23] generalizes the setting in which the isomorphism 7', described in Section 4.1, holds. In
particular, Rustamov proves the following theorem:

Theorem 4.29 [23, Theorem 1.2] Let I' be a negative semidefinite plumbing with at most one bad
vertex and with by (Y (")) = 1. Further, let [k] be a torsion spin® structure. Then

(1 T+: HFOJgd(—Y(F), [k]) — HT (T, [k]) is an isomorphism of graded T [U]-modules;
() HFJ(=Y(),[k]) = T} whered = d_y/5(—Y(I"), [k]).

Here HFOJgd(—Y(F), [k]) and HF}, (=Y (T), [k]) refer to the submodules generated by elements of
HF T (=Y(T), [k]) of degrees congruent to 1/2 mod 2 and —1/2 mod 2 respectively.

Combining Rustamov’s result with the observations of the previous section, we get:

Corollary 4.30 With I" as above,

HE,(~Y(D), [k]) = HO(T, k)[%]

as graded TF[U]-modules. In particular, up to an overall grading shift, H(T", k) is a topological invariant
of Y(I').

Remark 4.31 It is likely possible that one can prove

K24+ |v(IT)| -3
]

is a topological invariant without appealing to Heegaard Floer homology, by showing invariance under

HO(T, k)[

Neumann moves as in the proof of [12, Proposition 4.6].
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4.7 Involutions on lattice cohomology and Heegaard Floer homology

Let I' be a negative semidefinite plumbing with at most one bad vertex and b1 (Y(I")) = 1. Let [k] be a
self-conjugate spin® structure on Y (I"). In other words, [k] = [—k] or, equivalently, k = PD[j« (/)] for
some / € L. Note that by identifying [ with k, we can think of k as an element of L.

As in [2, Section 2], define Jo: L — L by Jo(¥) = —x —[. Clearly, JO2 = Id. We can extend Jy to a
cubical involution on the cube complex € considered in Construction 2 of lattice cohomology via the

JoO(@a,I) = D(Jo(c‘z +Zm),1).

iel

formula

It is straightforward to check that Jy is compatible with the gluing of the cells. Moreover, since
ik (Jo(X)) = jx (%) for all X € L, Jo maps the subcomplex S,, of € to itself. Therefore, Jy induces an
involution on H4(S,; Z) for each n and ¢, and hence on lattice cohomology. By an abuse of notation,
we denote the involution on lattice cohomology again by Jp. In a similar manner, one could alternatively
define Jo by using Construction 1, but we leave the details to the reader.

Focusing our attention on the 0™ level of lattice cohomology, we can think of the action of Jo on H° from
the dual perspective by realizing an involution on the associated graded root. More specifically, since Jg
acts continuously on Sy, Jo also induces an involution on the connected components of S,. Hence, Jg
induces an involution on the graded root (R, ). From another perspective, under the identification of
(Rk. ix) with gKT (T, [k]) given in Proposition 4.27, the involution Jo sends U™ @ k' to U™ ® —k’.

Dai and Manolescu [2, Theorem 3.1] showed that for negative definite almost rational plumbings, the
involution Jp on lattice cohomology is identified with the involution ¢, on Heegaard Floer homology
under the isomorphism 7' described in Section 4.1. We now show that their theorem also holds in the
setting of negative semidefinite plumbed manifolds with at most one bad vertex and b; = 1.

Theorem 4.32 [2, Theorem 3.1] Let I' be a negative semidefinite plumbing with at most one bad vertex
and by (Y(I")) = 1. If [k] is a self-conjugate spin® structure, then under the isomorphism T given in
Theorem 4.29(1), the maps Jo and the restriction of i to HF OJgd(—Y(I‘), [k]) are identified.

Proof First note that the isomorphism 7+ : HF, OJgd(—Y(F), [k]) — H™ (T, [k]) for negative semidefinite
plumbed manifolds with at most one bad vertex and b; = 1 is defined in precisely the same way as
the isomorphism 7+ : HF T (-=Y(T), [k]) — H* (T, [k]) for negative definite almost rational plumbed
manifolds. Therefore, as in the proof of [2, Theorem 3.1], to show that Jy and ¢, are identified under T+,
one must show that F’ V'I", = F Ijl_/,— & © L+ As noted in the proof of [2, Theorem 3.1], this equation follows
from [20, Theorem 3.6]. O

For negative semidefinite plumbed manifolds with at most one bad vertex and b; = 1, the action of ¢4 on
the even part of HF ™ is less interesting. Since ty is U-equivariant and HF},_ (=Y ("), [k]) = T 4 for [k]

even
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self-conjugate, the restriction of , to the even part must be the identity. Moreover, if one knows HF ™
and 4, then by using the mapping cone exact triangle in Proposition 2.2, one can completely determine
HFI™ as a graded [F-vector space.

In the context of negative definite almost rational plumbings, Dai and Manolescu [2, Sections 4 and 5].
showed that one can actually determine the entire F[U, Q]/(Q?)-module structure of HF 17 just from
knowing Jy. However, one encounters issues when trying to extrapolate their methods to the case of
negative semidefinite plumbings with at most one bad vertex. The main difficulty is that in the negative
definite almost rational case, HF ™ is supported in even gradings, whereas in the negative semidefinite
case, HF ™ has both even and odd gradings which allows for the possibility of a more complicated action
of ¢ at the chain level. Despite this issue, for negative semidefinite plumbings with at most one bad
vertex whose HF ™ and 14 are sufficiently simple, it is still possible to compute much, if not all, of the
F[U, Q]/(Q?)-module structure of HF 1™ as well as the involutive d invariants just from the mapping
cone exact triangle. We illustrate this via the examples in Section 5.

S Small Seifert fibered space examples

In this section, we compute HFI'(—N;,s0) for the infinite family of small Seifert fiber spaces
{Nj}jen described in the introduction. As an application, we prove Theorem E. We also compute
HFI +(—S§ (K1), 50) where SS(K 1) is the manifold obtained by O-surgery on the Ichihara—Motegi—
Song knot K; from [8]. We then compare HFI"‘(—S(;’(Kl), so) and HFI T (=N1y, s9).

Before computing HF 1T of these specific manifolds, we give a brief outline in Section 5.1 of a general
strategy for computing the graded root (R, ¥x), which forms a key part of our computation of HFI ™.
We also, in Section 5.2, describe some combinatorial moves that will aid in the computations.

5.1 Computing the graded root

Let I" be a negative semidefinite plumbing with at most one bad vertex and b; (Y(I")) = 1. Let [k] be a
self-conjugate spin® structure on Y(I"). To compute (R, i), the first and main step is to determine the
set

LT, [k]) := {x € K (I, [k]) | x has no representative of the form U”" ® k' for n > 0}.

It is easy to see that the elements of (T, [k]) correspond to the leaves of the graded root (R, ¥x) under
the isomorphism in Proposition 4.27. Moreover, from the results in Section 4.6, it follows that the leaves
of (Ry., jx) correspond to a basis of the F-vector space

ker(U) N HF L (=Y (D), [k]).

Rustamov [23, Section 3] provides an algorithm to compute £(T, [k]) which builds on the Ozsvith and
Szabd [17, Section 3] algorithm for negative definite plumbings. For our computations, rather than use
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Rustamov’s algorithm directly, we instead will use a simple criterion (see Proposition 5.1 below) which

characterizes the elements of £(T, [k]).

To explain this criterion, first recall from Section 4.5 that two elements U™ ® k' and U" ® k" are
equivalent (ie represent the same element of K+ (T, [k])) if and only if there is a path between them.
In particular, every element of #(T', [k]) is represented by an element of the form U° ® k’ and every
element of a path connecting U° ® k’ to another representative must also have 0 as the exponent on the
U term. Therefore, when discussing representatives or paths for elements in £(T’, [k]), we can drop the
U term and instead think of a representative as an element k’ € [k] and a path as a sequence of vectors
ki,...,kj € [k]. Furthermore, the relations defining such a path imply that for adjacent elements k; and
ki1 we have that k; 41 = k; =2 PDJ[v] for some v € V' (I") with k; (v) = Fm(v). Additionally, it follows
from the definition that a representative k” of an element in £(T", [k]) must satisfy

m(v) <k'(v) < -m(v)
for all v € ¥ (T"). We refer to this property as x and we let x[k] = {k’ € [k] | kK’ satisfies *}.

Combining these observations, we get the following proposition:

Proposition 5.1 An element k' € [k] represents an element of £(T', [k]) if and only if k' satisfies » and
every element on every path containing k' also satisfies x.

After using Proposition 5.1 to find elements k1, ..., k, € [k] which represent the distinct elements of
%(T, [k]), it then follows that every other vertex of (R, fx) corresponds to an element of the form
U™ ® k; for some m and i. Of course, there could be relations of the form U™ @ k; = U™ ® k;.
To determine these relations, in principle, one can write down the elements of the equivalence classes
U™ ®k; and U™ ® k; and see whether they are equal. However, this can be quite tedious to do by
hand and, in simple enough situations, there are shortcuts one can take by leveraging properties of HF *.
For example, we will use the relationship between Turaev torsion and HF ™ established in [18, Theorem
10.17] to complete the computation of (R, %) for the manifolds N .

5.2 Moves between equivalent vectors

Let I' be a negative semidefinite plumbing with at most one bad vertex and with b; = 1. Suppose I'
contains a linear subgraph A with framing —2 at each vertex, as shown below:

-2 -2 -2
U1 v2 Um

Let [k] be a self-conjugate spin® structure on Y(I"). Given a characteristic vector k” € [k], let
k/A = (al,...,am)
be the subvector corresponding to the vertices vy, ..., v;,. We call kk the A-subvector of k.
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Note, if k&’ € [k] and satisfies , then we must have a; € {—2,0,2} for each 1 <i < m. If there exists
some i such that a; = %2, then k” = k’ &= 2P DJ[v;] is an equivalent vector. In particular,

kK =(ar,...,ai—1 £2,F2,ai41£2,...,am).

Of course, other entries of k" not contained in k\ may also differ from those of k’. Specifically, any entry
a of k' corresponding to a vertex adjacent to v; will change from a to a & 2. We call the replacement of
k" with k" =k’ £ 2PD[v;] where k’(v;) = £2 a move of type +2.

Next suppose ky = (ai....,a;,0,...,0,2,=2,4a;,...,a,). Then, by iteratively applying type +2
moves to the +2-entry, we can convert k&’ into an equivalent vector k” with

kX =(a1,...,a;,2,-2,0,...,0,a;,...,am).

We call the replacement of &’ with k" or k” with k" a (2, —2)-slide. We define a (—2, 2)-slide analogously.
Lemma 5.2 Let k' € [k] be a vector with k'y = (a1,....a;,0,%£2,0,...,0,F2,aj,....am). Then k’
is equivalent to a vector k" with ky = (ai,...,a;,£2,0,...,0,F2,0,a;,....am).
Proof Apply a type 2 move to the £2-entry to get an equivalent vector 4’ with

/A =(ai,...,a;, £2,F2,£2,0,...,0,F2,4a;,...,an).
Now do a rightward (F2, £2)-slide to 4’ to convert 4’ into an equivalent vector h” with

/jlx =(ar,...,a;,£2,0,...,0,F2,£2, F2,a;,...,am).
Finally apply a type 2 move to the rightmost +2-entry to get an equivalent vector k"’ with

kx=(al,...,ai,:|:2,0,...,O,?Z,O,aj,...,am). O

By iterating the sequence of moves described in the above proof, we can now convert any vector k’ € [k]

with
kk=(al,...,a,-,O,...,O,:|:2,0,...,O,:FZ,aj,...,am)

into an equivalent vector k" with
kx =(ar,...,a;,£2,0,...,0,¥2,0,...,0,a;,...,am).
By an abuse of notation, we also call the replacement of k" with k" or k" with k” via the above sequence

of moves a (£2, F2)-slide.

Lemma 5.3 Suppose k' € [k] represents an element of £(T", [k]). Then either k'y is the zero vector or it
has entries which alternate between 2 and —2 with possibly 0’s in between.

Proof Suppose k' represents an element of £(T, [k]) and k', contains a subvector of the form
(2,0,...,0,2)
——
J
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where j > 0. Then, by doing a type +2 move on the leftmost +2-entry, k’ is equivalent to a vector whose
corresponding subvector is
(-2,2,0,...,0,2)
———
j—1
if j > 1or (—2,4)if j =0. In the latter case, the vector fails to satisfy * and thus we get a contradiction
by Proposition 5.1. So we can assume the subvector is

(—2,2,0,...,0,2)
——
ji-1
with j > 1. Now do a rightward (-2, 2)-slide to produce an equivalent vector whose corresponding
subvector is
©,...,0,-2,2,2).
N——
j-1
Next apply a type +2 move to get an equivalent vector whose corresponding subvector is
©,...,0,-2,4).
N——
J
We again get a contradiction for the same reason as before. Therefore, k/, cannot contain a subvector of

the form
(2,0,...,0,2), j=0.

By an analogous argument, kQ\ also cannot contain a subvector of the form

(=2,0,...,0,—2), j>0. O
—
J

Lemma 5.4 Suppose k' € [k] represents an element of $(T', [k]). Then k' is equivalent to a vector k"
such that k'y is the zero vector except for possibly one nonzero entry equal to £2.

Proof We induct on the number of nonzero entries of k', . Obviously the statement is true if k', is the
zero vector or has only one nonzero entry. So suppose k', has n > 2 nonzero entries. Let @; and a; 1 ; be
the leftmost nonzero entries. Then by the Lemma 5.3, a; = 42 and a;4 ; = F2. For simplicity, assume
a; = 2. (The argument when a; = —2 is identical up to sign changes.) We can write k', as

k;\ :(O,...,0,2,0,...,O,—2,a,-+j+1,...,am)

where there are possibly no initial 0 entries and no 0 entries between a; and a; 4 ;. If there are initial 0
entries, then by doing a leftward (2, —2)-slide, k' is equivalent to a vector whose A-subvector is

(2,0,...,0,—2,0,...,0,a,~+j+1,...,am).
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Now apply a type +2 move to the leftmost +2-entry to get an equivalent vector whose A-subvector is

(—2,2,0,...,0,—2,0,...,0,ai+j+1,...,am)
if j >1,or
(—2,0,...,O,ai+2,...,am)

if j = 1. In the latter case, we have reduced the number of nonzero entries in the A-subvector by 1.
Hence, we can assume j > 1. In this case, if we do a rightward (—2, 2)-slide on leftmost (—2, 2)-pair,

we get an equivalent vector whose A-subvector is
©,...,0,-2,2,-2,0,...,0,ai4j+1, ..., am)-
Finally apply a type +2 move to produce an equivalent vector whose A-subvector is
©,...,0,0,-2,0,0,...,0,ai4j+1,....am).

We have reduced the number of nonzero entries by 1. Therefore, by induction the result follows. |

Lemma 5.5 Suppose k' € [k] with

k' =(0,...,0,2,0,...,0).
—— ——
J m—j—1

Then k' is equivalent to a vector k" with

kY =(0,...,0,—2.,0,...,0).
—— ——
m—j—1 J

Proof We list the sequence of moves needed to obtain the relevant vector. In each move, we only write
the resulting A -subvector.

(1) Type +2 move:
©,...,0,2,-2,20,...,0).
——— ———

j—1 m—j—2
(2) Leftward (2, —2)-slide:
(2,-2,0,...,0,2,0,...,0).
——— ————
-1 m—j—2
(3) Type +2 move:
(-2,0,...,0,2,0,...,0).
N’ N’
J m—j—2

(4) Rightward (-2, 2)-slide:
©,...,0,—2,0,...,0,2).
N—— N——

m—j—2 J
(5) Type +2 move:
,...,0,-2,0,...,0,2,-2).
S—— S——
m—j—2 j—1
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(4j — 1) positive crossings

N;j = - -1
L
\/

—4
Figure 4
(6) Leftward (2, —2)-slide:
o,...,0,-2,2,-2,0,...,0).
S—— N——
m—j—2 j—1
(7) Type +2 move:
©,...,0,-2,0,...,0). O
—— ——
m—j—1 J

Remark 5.6 If one traces through the above sequence of moves, it is easy to see that if v is a vertex not
in A, but is adjacent to the initial vertex vy or terminal vertex vy, of A, then k" (v) = k’(v) + 2.

5.3 Computation of HFI* (=N, s¢)

Recall, the 3-manifold N; for j > 1 is given by the surgery diagram in Figure 4.

In [4, Section 7], it is shown via Kirby calculus that N; can be represented as a plumbing as follows:

—8j+1 —1 -2 2j—1 —4

N; =
—21

By performing two slam dunks on the rightward stem, we get:

—16j+2
8j+1 —1 g5

N; =
-2
One can further check that
—16j +2 1
8j—3 1
9 _
1

~2- Sgaar

Bj—7—ar
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where there are r copies of —2 along the diagonal. In particular, setting r = 2j — 2, the last term becomes
-8/ +3+4(2j-2) B
8 —7—4(2j —2)
Hence, by performing the corresponding slam dunks, we get:

—8j+1 -1 -3 -2 B

v
2j—2 times
) J

Let I'; be the above plumbing graph with vertices labeled as follows:

V3 V1 V4 Vs U2j+2 V2,43
. . . *—————eo
\/
2j—2ti
vy J imes
With respect to the ordered basis ([v1],. .., [v2;+3]), the matrix for the intersection form of X(I';) is
(-1 1 1 1 \
1 -2
1 —8j +1
1 -3 1
Bj = 1 -2 1
1 -2 1
1 -2 1

It is straightforward to check that B; is negative semidefinite and Hy(N;;Z) = 7, we leave this to the

reader.
Note, the Z-kernel of B; is generated by the vector
x=(16j-2,8j —1,2,8j —3,8j —7,8j —11,...,1).
Therefore, the unique self-conjugate spin®-structure s9 on N; can be thought of as
[k] = {k" € Char(X(T})) | k"-x = 0}.

Let A; be the linear subgraph of I'; given by:

-2 -2
A] = e— . . . — e
Us V242
We write vectors k’ € [k] as
/
k' =(a1,a2,a3,a4,bs,....byj12,¢2j13)

where ki\j = (bs,...,baj12).
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Lemma 5.7 If k' € [k] represents an element of $(T';, [k]), then k' is equivalent to a vector whose
A j-subvector is not equal to the zero vector.

Proof Suppose k’ € [k] represents an element of £(T';, [k]). For the purpose of contradiction, suppose the
A j-subvector of every representative of every element of £(T';, [k]) is zero. Then, in particular, k’ L= 0.
Also, since k' represents an element of £(T';, [k]), it must satisfy . So we must have a4 € {—3,—1, 1, 3}.
If ay = +£3, then by adding +2PD][v4] to k" we would obtain an equivalent vector with a nonzero
A j-subvector. Thus, a4 € {—1, 1}.

Since kK’ must satisfy %, we also have a; = +1. If a; = 1 and a4 = 1, then by adding 2PD|[v] to k/, a4
becomes 3. But we just showed that a4 cannot be equal to 3. Similarly, if a1 = —1 and a4 = —1, then by
adding —2PDJvq] to k’, a4 becomes —3, which is again a contradiction. Hence, a1 = £1 and a4 = F1.
By adding —2PD|v,] if necessary, we may assume a; = 1 and ag4 = —1. Again, by *, we must have
ap €{—2,0,2}. If a, = 2, then by adding 2P D|[v1] to k’, we get an equivalent vector with a, = 4, which
contradicts Proposition 5.1. Therefore, ap € {0, —2}. If a; = —2, then by adding —2PD[v,] to kK’ we
obtain an equivalent vector with a; = —1 and a4 = —1, which we already determined cannot happen.
Therefore, a, = 0. Now add 2PD[vq] to k’. The result is an equivalent vector with a1 = —1, a; = 2,
and a4 = 1. Since ap = 2, we can add 2 PD[vz] to get an equivalent vector with a; = 1,a, = —2, and
as = 1, but we have already shown that we cannot have both a; = 1 and a4 = 1. Therefore, we get a
contradiction and hence k" must be equivalent to some vector whose A j-subvector is not equal to the
Zero vector. |

Somewhat counterintuitively, we are now going to use the previous lemma to find a small finite set of
possible representatives of £(I;, [k]), all of whose A ;-subvectors are all equal to the zero vector.

Lemma 5.8 If k' € [k] represents an element of £(T';, [k]), then k' is equivalent to a vector of the form
k” = (—1, 0, as, 3, O, ey O, C2k+3)
where az € {—8k +1,—8k +3,...,8k + 1} and ;43 € {—5,-3,—1,1,3}.

Proof Suppose k' represents an element of £(I';, [k]). Then, by combining Lemmas 5.4, 5.5, and 5.7,
we may assume

kK, =(0,...,0,2,0,...,0)
AJ | N, e’
¢ 2j—3—L

for some 0 < £ <2j —3. By x, a; = £1. If a; = —1, then we can add —2PD[v;] from k’ to get an
equivalent vector with a; = 1. This addition does not effect any of the entries in k;\j. Thus, we may

assume aq = 1.

Next, by *, ay € {—2,0,2}. If a; = 2, then adding 2 PD[v] to k' yields an equivalent vector with a; = 4,
which violates . Therefore, as € {—2,0}. Suppose a, = —2. Then, by adding —2 P D[v;], we get an
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equivalent vector with a, =2 and a; = —1. ki\]_ is unaffected by this move. If we then add —2 P D[v4],
we get an equivalent vector with a; =1 and a» =0. Again ki\j is unaffected. Therefore, we may assume
ay = 0.
Next, with
k/ = (1,0,613,614,0, .. .,0,2,0, . ,O,C2j+3)
N——— ———
£ 2j—3—4

add 2PD][vq] to k' to get the equivalent vector

(-1,2,a3 —|—2,a4+2,0,...,0,2,0,...,0,(:2j+3).
L 2j—3—4

Next, add 2P D|[v,] to get

(1,-2,as —|—2,a4—|—2,0,...,O,2,0,...,O,Czj+3).
L 2j—3—4

Then add another 2 PD[v1], to get

(—1,0,(13 —|—4,a4—|—4,0,...,O,2,0,...,O,Czj+3).
L 2j—3—4
Now, if we apply the move in Lemma 5.5 and take into account Remark 5.6, one can check that we get
an equivalent vector whose 4" entry is a4 + 6. Since we assumed k' represents an element of £(T';, [k]),
we must therefore have that a4 € {—3,—1,1,3} and a4 + 6 € {3, —1, 1, 3}. Hence, we must have had
a4 = —3. To summarize, we have now shown that we can assume

k/ = (1,0,a3,—3,0,...,0,2,0,...,0,62j+3).
—— ——
l 2j—3—¢
Next, by %, ¢2;4+3 € {—5,-3,—1,1,3,5}. If ¢3;43 = 5, then again by applying the move from
Lemma 5.5, one can check that we transform ¢33 into 7, which violates x. Therefore, we must
have had ¢z, 43 € {-5,-3,—1,1,3}.

Now add —2 P DJv4] to get an equivalent vector (which we again call k') with a; = —1, a3 =0, a4 = 3
and kj\j unchanged except for the first entry which decreases by 2. Also, ¢, 43 remains unchanged. If
£ =0, then ki\j is now the zero vector, so we are done. Thus, suppose £ > 0. Then

k/ = (—1,0,&3,3,—2,0, . ,0,2,0, . ,0, 02j+3).
-1 2j—3—¢

Now consider the following sequence of moves:

(1) Rightward (-2, 2)-slide:

(—1,0,613, 3,0, . ,0, —2,0, . ,0,2,Czj+3).
N—— N——
2j—3—¢ {—1
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(2) Type +2 move:

(=1,0,a3.3,0,...,0,—2,0,...,0,2, =2, c2j4+3 +2).
~——— ~———

2j—3—4 -2
(3) Leftward (2, —2)-slide:
(=1,0,a3,3,0,...,0,-2,2,-20,...,0,c2;4+3 +2).
N——— N———
2j—3—¢ {—2
(4) Type +2 move:
(—1,0,613,3,0,...,0,—2,0,...,0,02j+3 +2).
—— N——
2j—2—4 -1

(5) Apply Lemma 5.5 and Remark 5.6:

(—1,0,a3,1,0,...,0,2.0,....0,c2/+3).
{—1 2j—2—4
(6) Add —2PD[vq]:
(1,—2,a3—2,—1,0,...,0,2,0,...,0,¢2,+3).
N—— SN——
-1 2j—2—¢
(7) Add —2PD]v,]:
(—1,2,613—2,—1,0,...,0,2,0,...,0,6’2j+3).
S—— SN——
-1 2j—2—4
(8) Add —2PD]vq]:
(1,0,03—4,—3,0,...,0,2,0,...,0,62j+3).
{—1 2j—2—¢

867

The net effect of this sequence of moves is that the +2-entry in kZ\j shifts one space to the left while

every other entry, excluding as, remains the same. So now we can repeat the above process until +2-entry

is in the first position of k;\j. Then add —2 P D[v4] to get
(—1, O,Clg, 3, 0, ey 0, 02j+3)

with ¢j; 43 € {—5,—3,—1,1,3} and, by *, a} € {~8j +1,—8j +3,...,8j + 1}.

Proposition 5.9 If k' represents an element of £(T';, [k]), then k' is equivalent to

ki=(~1,0,5—4,3,0,...,0,—3) or k»=(—1,0,3—14j,3,0,...,0,1).

In particular, |£(I';, [k])| < 2.
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Proof Up to this point, we have not used the fact that k” - x = 0 where x is a generator of kerz (B;) as
above. So assume k' is of the form in the previous lemma. Then
0=k -x= 8J —7+2a3+02j+3

where a3 € {—8j +1,—-8k +3,...,8j + 1} and 243 € {—5,—3,—1, 1, 3}. The only solutions to this
equation with the given constraints are (a3, c2j+3) = (5—4/j,—3) and (3 -4/, 1), corresponding to k;
and k,, respectively. m|

We have not yet proved that k1 and k» represent different elements of £(I';, [k]). To do this we will do a
similar analysis for —N; and then use Turaev torsion. However, before we undertake this task, we first
compute the HF ™ grading associated to the vectors k1 and k5.

Corollary 5.10 dyj2(—Nj:s0) = %
Proof Let
or=(—12j +6,—-6j +3,—-1,—6j +3,—6j,—6j —3,...,2,1,0),
ar=@4j+2,2j+1,1,2j —1,2j —2,2j —3,...,2,1,0).
Then a1 B; = k1 and oz Bj = k5. Thus,
ki =ki oy =-2j-2,
k3 =k ar=—-2j—2.
Hence, under the isomorphism from Corollary 4.30, the elements of HF*(—N i, 50) corresponding to k1
and k5 have gradings

k2 4 |7(T;)| -3 —2j —242j+3-3 |
gr(ky) = gr(kp) = ——2 2 ! =— 2 =7 ]

We now find a plumbing representation of —N; and then do Kirby calculus to make it negative semidefinite,
as shown in Figure 5.

Now do slam dunks on the left and right vertices to get:

-2 -2 =2 =2 =2j-1 =2 -2 =2
—Nj= oe— . . . . * . . . . )
—_ I
8] —2 times
/ -2

Let FJ/. be the above plumbing graph with vertices labeled as follows:

V1 Ugj—2 Ugj—1 Ugj Ugj+1 Vgj+2 VUgj+3 Vgj+4

*—— . . . L 2 L 2 L 2 L 2 L 2 L ]
v8j+j

8j —2 times
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—8j +1 —1 %}_‘-gz reverse orientation 8/ —1 1 186/‘__32

Nj: > —Nj: »—!—4
—ZJ 2

i (—1)-Rolfsen twist

bottom vertex
(—1)-Rolfsen twist

8j—1 16/-2 left vertex : 16j-2
=2 1 §=3 8j—1 0

_2 J ) [
(—1)-Rolfsen twist
right vertex

Figure 5
With respect to the ordered basis ([v1], ..., [vs;+5]), the matrix for the intersection form of X (F]’.) is
-2 1 \
1 =2 1
1 -2 1
1 -2 1 1
, —
B; = 1 -2 1
1 -2j—-1 1
1 -2 1

1 -2 1

1 -2

\ 1 2/
Again, it is straightforward to check that B ]’ is negative semidefinite. Also, the Z-kernel of B ]’ is generated
by the vector

x'=(2,4,6,...,16j —2,8j +1,4,3,2,1,8j —1).
Let ¢ denote a characteristic vector representing the trivial spin® structure so. Then again, we can think of

S0 as
[t] = {t' € Char(X(T})) | t'-x" = 0}.

Algebraic & Geometric Topology, Volume 25 (2025)



870 Peter K Johnson

Let A’; be the linear subgraph of I'; given by:

-2 -2
A; = *—— . . . — e
V1 vgj
We write vectors ¢’ € [t] as
/
t"=(ai,az,...,agj,bgjy1,c8j42,C8j+3,C8j+4,dgj+5)

where t;u = (a1, az,...,as;).
J

Lemma 5.11 If ¢’ € [t] represents an element of (I}, [t]), then t’ is equivalent to a vector whose
A} -subvector is of the form
(0, . ,O,ng)

where ag; € {0,2}.

Proof Suppose ¢’ represents and element of SB(FJ’., [t]). By Lemmas 5.4 and 5.5, it suffices to consider
the case when

th, =(0,...,0,2,0,...,0)
i —— ——
£ 8j—1—L

for some 0 < £ < 8j — 2. Furthermore, by considering the linear subgraph of F]’. whose endpoints are
V¢+1 and vgj 45, it follows from Lemma 5.3 that dg; 15 € {0, —2}.

Case 1 Suppose dgj+s5 =—2and { =8j —2. If we add —2PDJvg; +5], then the A}-subvector of the
resulting vector is zero, so we are done.

Case 2 Suppose dg;+5 = —2 and £ < 8j — 3. Consider the following sequence of moves:

(1) Add —2PD[vg;+s5]:

0,...,0,2,0,...,0,-2,0,b8j41,C8j+2,C8/+3,C8j+4,2).
N —’ N —’
¢ 8j—3—¢

(2) Rightward (2, —2)-slide:

0,...,0,2,0,...,0,—2,bgj4+1,C8j+2.C8j+3,C8j+4,0).
i+1 8 —3—(

Note, the rightmost entry of the vector changes from 2 to 0.

(3) Type —2 move on the leftmost —2:

0,...,0,2,b8j4+1—2,c8j+2.C8j+3,C8j+4,0) if £ =8j -3,
——

8j—1
,...,0,2,0,...,0,—2,2,bgj4+1—2,c8j+2.c8j+3,C8j+4,0) if £ <8j —4.
~—— ——

£+1 8j—4—L
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If £ =8 —3 we are done. If £ = 8j —4, then by applying a type —2 move on the leftmost —2, we
get
0,....0,2,0,b8j+1—2,C8j42,C8)+3.C8j+4. —2).
~——
8j—2
Hence, we are back to case 1. Therefore, we may assume £ < 8 — 5. We now continue as follows:

(4) Leftward (-2, 2)-slide:

©,...,0,2,-2,20,...,0,b8;+1 —2,¢8j+2,C8j+3,C8j+4, —2).
—— ——
€41 8j—4—L

Note, the rightmost entry of the vector now changes back to —2.
(5) Type —2 move on the leftmost —2:
0,...,0,2,0,...,0,b8j4+1—2,¢8/+2.C8j+3,C8j+4, —2).
~—— ——
42 8j—3—{
We are now back to the vector we started with at the beginning of case 2, except that the 42 entry of the

A} -subvector has shifted two positions to the right. Therefore, we can iterate this process until £ = 8 —3
or §j —4, and we have already dealt with both of those cases.

Case 3 Suppose dgj+5 =0and £ =8j —2. Add 2PD][vg;_1] to get the equivalent vector
0,...,0,2,-2,2,bg;+1.C8j+2.€8j+3,C8j+4,2).
——
8j—3
Now add 2PDJvg;+5] to get
,...,0,2,0,2,b8j+1,C8j+2,C8j+3,C8j+4,—2).
N——
8j—3

This vector violates Lemma 5.3 and hence cannot be a representative of &£ (Fj/-, [t])-

Case 4 Suppose dgj+5 =0 and £ < 8j — 3, so that we start with a vector of the form
0,...,0,2,0,...,0,b8j41,c8j42,C8/+3,C8j+4,0).
L 8j—1-4
Now consider the following sequence of moves:
(1) Type +2 move:
©,...,0,2,-2,2,0,...,0,b8;4+1,C8j+2,8;+3,C8j+4,0).
——— ———
-1 8j—2—L
(2) Rightward (-2, 2)-slide:
©,...,0,2,0,...,0,-2,2,0,b8;+1,c8j+2,C8j+3,C8j+4,0).
—— ——
-1 8j—3—¢
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(3) Add 2PD[vgj_1]:

(07 e 707 2’0’ .- "0’ _2’2768j+27C8j+3’C8j+41 2)
——— N———
-1 8j—2—4
(4) Add 2PD]vg;+5]:
(03 ceey 03 29 09 ceey 09 25 68_/"1‘27 c8j+39 08_[+47 _2)'
—— ——
-1 8j—1—¢
Again, this vector violates Lemma 5.3 and hence cannot be a representative of £B(F]f, [t]). O

Proposition 5.12 If ¢’ € [t] represents an element of QE(FJ/., [t]), thent’ is equivalent to

t1 =(0,...,0,—1,0,2,0,0) or t,=(0,...,0,2,—1,0,0,0,—2).
Proof Suppose ¢’ € [k] represents an element of §E(FJ’., [t]). By the previous lemma, we can assume

/
t"=(0,...,0,as;,bgj+1,c8j+2,C8j+3,C8j+4,dgj+5)

where ag; € {0,2}, bgjy1 €{-2j—1,-2j+1,...,2j —1,2j + 1}, cgj+2.C8j+3.C8j+4 € {—2,0,2},
and d8j+5 S {—2,0, 2}.

Since we are assuming ¢’ represents an element of 58(1"}, [t]), we must have
(5.13) 0=1t"-x"=(8j + Dagj + (8 —1)dgj 45+ 4bgj+1+3cgjt2 +2¢8j4+3 + 8 +4-

By Lemmas 5.4 and 5.5, we can assume (cgj42,Cg8;+3,C8;+4) is the zero vector or has exactly one

nonzero entry equal to 42. In particular, we can assume
3cgjq2+2cgj+3+cgj+a €10,2,4,6}.

Note the moves required to put the subvector (cg; 42, cg;j+3,C8;+4) into this form only effect the entry
bg;j+1 and leave all of the others unchanged.

Now suppose ag; =2 and bg;+1 = 2j + 1. Then by adding 2P D[vg; 1] we would obtain an equivalent
vector with ag; = 4. But this violates . Hence, if ag; = 2, we can assume bg; 1 <2j — 1.

Now suppose ag; =0 and bgj41 =2j + 1. If (cg;j+2,c8j+3,C8j+4) is not the zero vector, but rather a
vector with precisely one nonzero entry equal to 42, then by applying the move in Lemma 5.5 and taking
into account Remark 5.6, we would obtain an equivalent vector with bg; 1 = 2j + 3, which violates *.
Therefore, if ag; = 0 and bgj 11 = 2j + 1, we must have that (cg; 12, cgj+3,8;+4) is the zero vector.
Plugging this into (5.13) yields

(8 —Ddgj+5 =—8j —4.

This clearly has no solutions with the given constraints. Therefore, we can assume bg; 1 < 2j — 1,

regardless of whether ag; = 0 or 2. In particular,
—8j —4 <4bgj+1+3cgjt2+2c8j43+cgj+a <8j +2.
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Case 1 Suppose ag; =0 and dg; 5 = —2. Then
0=1t"-x"=—-16j +2+4bgjt1+3csj+2+2csj+3+csj+a <—8j +4<0
which is a contradiction.
Case 2 Suppose ag; = 0 and dg; 15 = 0. Then
0=1"-x"=4bgj+1+3cgj4+2+2¢8j+3 + C8j+4-
The only solution to this equation given the constraints we have established is
(bgj+1.c8j+2.¢8j+3,C8j+4) = (—1,0,2,0)
which corresponds to 7.
Case 3 Suppose ag; =0 and dg; 45 = 2. Then
0=1t"-x"=16j —2+4bgjt1+3csj+2+2csj+3+cgj+4>8j —6>0
which again is a contradiction.
Case4 Suppose ag; =2 and dg; 5 = —2. Then
0=1t"-x"=4+4bgj+1+3csj+2 +2¢c8j+3 + Csj+a.
The only solution to this equation given the constraints we have established is
(bgj+1,c8j+2.C8j+3.¢c8j+4) = (—1,0,0,0)
which corresponds to 7,.
Case 5 Suppose ag; =2 and dg; 5 = 0. Then
0=1"-x"=16j +2+4bgj11+3csjt2+2csj+3+Csj+4 >8] —2>0
which again is a contradiction. Finally:

Case 6 Suppose ag; =2 and dg; 5 = 2. This case is ruled out by Lemma 5.3.

873

O

Again, we have not yet proved that #; and f, represent different elements of £(I" // [t]); however, we do

have:
Corollary 5.14 di/2(Nj,s0) = —2j + %

Proof Let

Bi=(2.4,6,...,16j —2,8j +1,4,2,0,0,8/ —1) and Br=1(0,...,0,—1,0,0,0,0,1).

Algebraic & Geometric Topology, Volume 25 (2025)
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Then ,313//. =1t; and ,3231/- =1,. Thus,
t12:[1-131 =—4 and 122212',822—4.

Hence, under the isomorphism in Corollary 4.30, the elements of HF ™ (N}, s¢) corresponding to 71 and
t» have gradings
GAHIVIPI-3 448 +5-3 1

gr(ry) = gr(tz) = — 1 =— 2 =-2j+5 o

Now combining Corollaries 5.10 and 5.14, and the basic fact that d41/5(—Y) = —d51/2(Y) (see [16,
Proposition 4.10]), we have

dl/Z(_Nj)=% and d—l/Z(_Nj)=2]_%

In particular, by Theorem 4.29, HFf.,(=Nj.50) = T3, 5.

We have yet to completely determine H FOJgd(—N i,50). So far, from Proposition 5.9, we know that
dimp [ker(U) N H F;gd (—=Nj,s0)] = 1 or 2 depending on whether k1 and k5 represent the same element
or not in £(I';, [k]). Therefore, as graded F [U]-modules, we have one of the equivalences in Figure 6.
Here, h; is some positive integer depending on j which we have not yet determined.

A word of explanation is in order since on the left side of the above isomorphism we have an [F[U]-module
and on the right we have one of two possible graphs. The right side is to be interpreted as follows:

e Each vertex at grading r corresponds to a basis element of the F-vector space HF," (=N 7,50).
e If the edges emanating from a vertex y are of the form

y

U U
U U

X1 X . Xn—1 Xn
then Uy = x1 + xp + -+ -+ xp—1 + Xp,. In particular, if there are no edges emanating from y, then
Uy =0.

We now utilize Turaev torsion. Combining our computations thus far with [18, Theorem 10.17], we see

that
hj+j ifki #ky e L(Ty, k),

TN (s0) =
N; (80) { Jj otherwise,

where T, is the Turaev torsion function associated to N; (see [24, page 119]). Therefore, to precisely

determine H F OJgd(—N j»50), it suffices to compute Ty; (so)-

There are many standard ways to compute 7, (so). For example, Turaev [24] provided a formula in
terms of a surgery description. We will now give a brief outline of how to carry out the calculation using
this method, but we leave the details to the reader.
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! }

)
HF,(—N;, 50) = ' U
.
U
'
U
'
U U
'
or U
®
U
'
U
2.5 2.5
U U U
> 3
if k1 # ko € £(Ty, [k]) ifky =ky e L(I;, [k])
Figure 6

(1) Let H = H{(N;;Z). Consider the group ring Z[H]. Since H == 7Z, we can think of Z[H] as

Z[t,t™1], the ring of Laurent polynomials in the indeterminate #. Let Q(H) denote the field of
fractions of Z[H]. The first step is to compute the Turaev torsion (N}, so) € Q(H). For this, we
use the formula given in [24, VIL.2, Theorem 2.2]. To apply this formula, we need to choose a
surgery diagram for N; and orient the underlying link. We use the surgery diagram in Figure 7
with underlying link L; oriented as indicated by the arrows.
The bulk of the work in computing 7(N;,so) using [24, VIL.2, Theorem 2.2] is calculating
the multivariable Alexander—Conway function V(L;). Again, there are various approaches to
computing V(L;). For example, Murakami [11] provided a skein formula for V. Using this
formula, we find that V(L;) = yx* =1 4 y=Ix=4*1 where the variable x corresponds to the
torus knot component and the variable y corresponds to the unknot component. Plugging this into
the formula for (N}, s¢), we get

1371 41
212t + 1)

‘L’(Nj,ﬁ()) =

Algebraic & Geometric Topology, Volume 25 (2025)



876 Peter K Johnson

(4j — 1) positive crossings

)

—4

Figure 7

(2) Next, we compute [t(N;, s9)] which is a Laurent polynomial obtained by truncating t(N;, s¢) in
a certain way (see [24, page 22]). We find that

Ay | t

42 —1)2(t+1)  (1—1)2
4j—4 2j—1

_ ( Z ti—4j+2)( Z tzi) + sz_4ti—4j+2
i=0 i=0

i=1

[2(N},50)] =

= 2j + nonconstant terms.
(3) By definition, T, (so) is the constant term of [t (N}, 50)]. Hence, T, (s0) = 2.
Thus, we have the isomorphism of graded IF[U]-modules in Figure 8.

We now compute the involution ¢, on homology. This amounts to determining whether —k is equivalent
to k1 or ky. If —k is equivalent to k», then the involution swaps the two legs of the left-hand graph of
the above figure and leaves the right-hand graph fixed. If —k; is equivalent to k1, then ¢, is the identity.
We know show that, in fact, —k; is equivalent to k.

Recall, —k; = (1,0,-5+ 4j,-3,0,...,0,3) and k» = (—1,0,3 —4/,3,0,...,0,1). Consider the
following sequence of moves from —k1 to kj:

(1) Add2PD]Jvy]:
(—-1,0,-1,3,1) =k if j =1,
(-1,0,—5+4,3,-2,0,...,0,3) if j >2.
N——
2j-3
So we can assume for the subsequent moves that j > 2.
(2) Apply Lemma 5.5 and Remark 5.6:
(-1,0,—5+4j,1,0,...,0,2,1).
——
2j-3
Algebraic & Geometric Topology, Volume 25 (2025)
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}

HF*(=Nj.50) =

S~
SIS

N[ =

Figure 8

(3) Add —2PD]Jvy]:
1,-2,-5+4j-2,-1,0,...,0,2,1).
——
2j-3
(4) Add —2PD]v;]
(-1,2,-5+4;-2,-1,0,...,0,2,1).
N —
2j-3
(5) Add2PDJv1]:
(1,0,—5+4; —4,-3,0,...,0,2,1).
——
2j-3
(6) Add —2PD]v4]:
(-1,0,—-5+4;—4,3,-2,0,...,0,2,1).
N e’
2j—4
(7) Add —2PD]Jvs]:
(-1,0,—-5+4j—-4,1,2,-20,...,0,2,1).
——
2j=5
Algebraic & Geometric Topology, Volume 25 (2025)
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(8) Rightward (2, —2)-slide:
(—-1,0,—5+4j—4,1,0,...,0,2,-22,1).
N———
2j-5
(9) Type —2 move:
(—1,0,—5+4j—4,1,0,...,0,2,0,1).
N———
2j—4
Now notice that we are back to the same vector as in (2), except we have decreased the 3rd entry by 4 and
shifted the 42 entry one slot to the left. Therefore, if we iterate this sequence of moves (2j —4) more
times, we get the vector
(-1,0,7—44,1,2,0,...,0,1).
——
2j-3
Now consider the sequence of moves:
(1) Add —2PDJvy]:
1,-2,5-4j,-1,2,0,...,0,1).
——
2j-3
(2) Add —2PD]v;]:
(-1,2,5-4j,-1,2,0,...,0,1).
——
2j-3
(3) Add —2PD]vy]:
(1,0,3—4j,-3,2,0,...,0,1).
N— e’
2j-3
(4) Add —2PD]Jvy]:
(—1,0,3—-44,3,0,...,0,1) = k».
Theorem 5.15 We have the isomorphism of graded F[U, Q]/(Q?)-modules given in Figure 9.

Remark 5.16 The graph on the right-hand side of the isomorphism in Figure 9 should be interpreted
as a graded F[U, Q0]/(Q?)-module in a manner similar to what was described earlier in the context of

F[U]-modules, except now there are additional arrows labeled with Q to indicate the action of Q.
Proof For simplicity of exposition, we prove the statement for j = 1. The proof for j > 2 is completely
analogous and is left to the reader.

Fix an admissible Heegaard pair # = (H, J) for (—N1,s9). We can choose representative cycles
a,b,c € CFT (¥, so) such that

[a + b), [c] € Im[mms: HF® (%, 50) — HF (%, 50)]
and the corresponding H F+ homology generators are given in Figure 10.
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HF I+ (=N}, 50) =

U
U °
U
U 1.5
1
2
Figure 9

oo e e

-

879

Since t4([a]) = t+([b]), we have that (14 t4)([a + b]) = 0. Therefore, there exists some d € CF T (¥, s¢)
such that d = a+b +i(a+b). Similarly, since (14 4)([c]) = 0, there exists some e € CF T (¥, 5¢) such
that de = ¢ +¢(c). It then follows from Proposition 2.2, that as graded IF-vector spaces, HF I (—Nj;s¢)
is isomorphic to that given in Figure 11.

[U3(a+Db)] e 65
U
[U2(a+Db)] e 4.5

(U~ a + b)]

[a] (b]

Figure 10

Algebraic & Geometric Topology, Volume 25 (2025)
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$ 8.5e[U3c+ QU 3e]
7.5 ¢ [U3(a+b)+ QU3d] [QU3c] 7.5
[QU3(a+b)] 6.5 6.5e[U™2c+ QU 2¢]
55e [U2(a+b)+QU™2d] [QU2c] ¢ 5.5
[QU2(a+b)|e45 45e[U e+ QU e]
35 e [UNa+b)+ QU] [QU1c] o 3.5
[QU Y a+b)]e25 2.5e[c+ Qe]
1.5 e [a+b+ Qd] [Oc] e 1.5
[Qa]e 1
Figure 11

From this explicit description of generators, we see that for n > 2,
U-[QU™(a+b)] = [QU™" (a+b)],

and forn > 1,
U-[lU™a+b)+ QU d]=[U" T (a+b)+ QU "T14],
U-[QU™"c] =[QU " ¢],
U-[lUc+ QU " e]l=[U"T1c+ QU e
Next, we have

U-[QU N a+b)]=[0@a+b)]=[8"a] =0.

Moreover, by grading considerations, we must have

U-[Qa] =0,
U-la+b+Qd]=0,
U-[Qc]=0.

Also, either U -[c + Qe] =0or U - [c + Qe] = [Qa]. In the former case, we would have
dimp [ker(U : HFI T (=N;,s0) — HFI T (=N;, 50))] = 5,
dimp[coker(U: HF It (—=Nj,s0) — HFI1(=Nj,50))] = 1,
whereas in latter we would have
dimp [ker(U : HFI " (=N;,s0) — HFI T (=N;,s0)] = 4,
dimp[coker(U: HF It (—=N;,s0) — HFI (=N}, 50))] = 0.
Thus, by [6, Proposition 4.1], we would have either

dimp (HFI(—Nj,s0)) = 6 or 4.
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t 0
&
o U
/%/
— U U 0
HFI+(—N1,50)§ U 0 < U
U 0 U
25 ¢ v v g 2.5
1.5 1.5
1
Figure 12

But by [6, Corollary 4.7] we see that
dimp (HFI (—Nj. 50)) = dimp [ker(Q(1 + t«): HF (—=N;.s0) — Q - HF (=N 50))]
+ dimp [coker(Q(1 + t«): HF (=N, 50) — Q - HF (=N, 50))]
=343
=6.

Hence, we must have had U - [c + Qe] = 0. We have now completely determined the U -action on
HFI*(—Nj, s).

Next, for the Q-action, it follows from the explicit description of the generators that for n > 1,
Q-[U™(a+b)+QU™'d]=[QU " (a+b)),

and forn > 0,
Q- [U"c+ QU "e] =[QU"¢].

Also,
Q-la+b+Qd]=[0Q(a+b)]=[3"a] =0.
It is clear that the action of Q on all of the other generators is zero. Thus, we have the isomorphism given

in Figure 12. |

Theorem 5.17 For all positive integers j, N; cannot be obtained by 0-surgery on a knot in S 3. In fact,
N; is not the oriented boundary of any smooth negative semidefinite spin 4-manifold.

Proof From previous theorem, we have
dij2(=Nj)=2j + %, d_ya(-N;)=2j -1,
di/2(—Nj) =1, d_1/2(=Nj) =2j —1.
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Equivalently,
d_1p(Nj) ==2j — 5. dip(Nj) ==2j + 3.
d_1/2(Nj) = —3. di/2(Nj) ==2j + 3.
The conclusion now follows immediately from Corollaries 2.18 and 2.21. |

54 HFI*(=S2(K1), 50)

As mentioned in the introduction, Ichihara, Motegi and Song [8] discovered an infinite family of hyperbolic
knots which admit small Seifert fibered O-surgery. In particular, for the knot K in their family, they show
that
So (K1) =5%(3,-3. - 3)-
Since, by definition, SO3 (K1) is O-surgery on a knot in 3, we know from Corollary 2.21 that
—3 =d-12(S5(K1)) and  dy2(S5 (K1) < 5.

We now verify these bounds directly by computing HF'1 +(—Sg (K1), 50) and then we compare this to
HFI1(—N1,s0). In the interest of brevity, we are only going to give an outline of the calculation and
leave the details to the reader.

5.4.1 Step1 We use Kirby calculus and the fact that Sg (K1) is a small Seifert fibered space to find
negative semidefinite plumbing representations of Sg (K1) and —Sg (K1):

-3 -1 -4 -4 -2 -2 -2 =2 =2 =3 =2 =2
S(:;(Kl)z _Sg(Kl): . . . . . . . °
-3 -2
-2 -3
Label the vertices of the above left plumbing graph as:
U1 V2 U3 Vg
Us
Ve

Using the methods of the previous section, one can show that as graded [F[U]-modules, we have the
isomorphism in Figure 13, where the two leaves on the left graph correspond to the representative vectors

Z1 :(_1’_1’4’_25190) and 22:(1,_1,0,4,1,0).
Note that HF+(—S()(K1),50) = HF+(—N1,50).

Algebraic & Geometric Topology, Volume 25 (2025)



On the involutive Heegaard Floer homology of negative semidefinite plumbed 3-manifolds with by = 1 883

HF T (—S3(K1). 50) =

}

5.5
3.5

1.5

D=

Figure 13

5.4.2 Step 2 To determine (4, consider the following sequence of moves starting with the vector
—z1=(1,1,—-4,2,—-1,0):

)
2
3)
“4)
&)
(6)
(7
®)
(©))
(10)

Add —2PDJvs]:
Add —2PDJv;]:
Add —2PDJvs]:
Add —2PDJve]:
Add —2PDJv;]:
Add —2PDJv1]:
Add —2PDJv;]:

Add —2PD]Jvs]:
Add —2PDJvs]:
Add —2PD]Jvs]:

(1,—1,4,0,—1,0).
(—1,1,2,0,-3,0).
(—1,-1,2,0,3,-2).
(—1,-1,2,0,1,2).
(—3,1,0,0,—1,2).
(3,—1,0,0,—1,2).
(1,1,-2,0,-3,2).
(1,—1,-2,0,3,0).
(—1,1,-4,0,1,0).
(—1,—1,4,-2,1,0) = z1.

Therefore, (4 is the identity. In particular, unlike for HF*(—Ny,sg), Jo does not swap the two legs of

the graded root corresponding to the odd part of HF ™. It is worth noting that this behavior of Jy is

not seen for negative definite almost rational plumbings. Specifically, in [1, Lemma 2.1] (see also [2,

Section 2]) it is shown that for negative definite almost rational plumbings, the involution Jg on the graded

root of a self-conjugate spin® structure cannot fix more than one vertex of the graded root at a given

grading level. The proof of this fact relies on the result that the lattice cohomology of almost rational

plumbings is concentrated in homological degree 0. However, for negative semidefinite plumbings the

lattice cohomology in general will not be concentrated in homological degree O and hence the action of

Jo need not behave as in the almost rational case, as illustrated by this example.

5.4.3 Step 3 Applying the same methods as in the proof of Theorem 5.15, we get:
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HF]+(_S8(K1),50) ~ : : |
U 0

Figure 14

Theorem 5.18 As graded F[U, Q]/(Q?)-modules, we have the isomorphism in Figure 14. In particular,

g1/2(—Sg(K1)) =
d1/2(=S3 (K1) =

3 d-12(=S3(K1) =15,
30 do12(=S5(K1) = 1.5.
In summary, even though
HF*(=N1.50) = HF " (=S3 (K1), %0).
we see that
HFIT(=Ni,50) % HFIT (=S5 (K1), 50).
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Localization of a KO* (pt)-valued index
and the orientability of the Pin™ (2) monopole moduli space

JIN MIYAZAWA

It is known that the Dirac index of a Spin® structure is localized to the characteristic submanifold. We
introduce the notion of G* (1, sT, s7) structure on a manifold as a common generalization of the Spin©
structure and the H, (s) structure defined by D Freed and M Hopkins, and formulate a version of charac-
teristic submanifold for the G*(n, s, s7) structure. We show that the KO* (pt)-valued index associated
with the G*(n, sT, s7) structure is localized to the characteristic submanifold. As an application, we
give a topological sufficient condition for the moduli space of Pin™ (2) monopoles to be orientable.
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1 Introduction

In this paper, we introduce the notion of G*(n, sT, s7) structure, which is a generalization of the Spin
structure, the Spin¢ structure, the Pin* structure, and the Hy(n) structure due to Freed and Hopkins [5].
We construct an elliptic differential operator associated with the G (n, s1, s7) structure s, and we have
its index ind(s) with values in KO* —* T (pt). The index ind(s) is a generalization of the Atiyah—-Milnor—
Singer invariant which is defined by the Dirac type operator with the Clifford action for a Spin manifold.
The index ind(s) is also a generalization of the index of the Hy(n) structure with values in KO™" % (pt)
defined by Freed and Hopkins.

Our main theorem is that the index above is localized to a certain submanifold which is a generalization
of a characteristic submanifold of the Spin® structure.

© 2025 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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Main Theorem There exists a homomorphism f such that the diagram

G+(ns ,8 )(pt) QG"’(n s7,8 ’0)(pt)

\ KO—n s (pt)

commutes, where the morphisms to the KO group are defined by the indices.

The map f in the statement of Main Theorem is given by the localization.

Many people give generalizations of the localization of the index of the Spin® structure to the characteristic
submanifolds, for example W Zhang [18], J L Fast and S Ochanine [4], M Furuta and Y Kametani [8],
and S Hayashi [9]. The methods of the localization of the index in the works of [4; 9] are to localize
the topological index by using the excision theorem of K or KO theory, respectively. Our method of
the localization is based on a version of the Witten deformation, which is introduced by E Witten [17]
in 1982. The Witten deformation is an analytical counterpart of the excision.

The main application of the main theorem is to give a sufficient condition for the Pin™ (2) monopole
moduli space to be orientable, which enables us to refine the Pin™ (2) monopole invariant. The Pin™ (2)
monopole invariant is a variant of the Seiberg—Witten invariant introduced by N Nakamura [14; 15]. The
orientability of the moduli spaces in gauge theory was originally studied for instanton by Donaldson [2; 3].
Donaldson’s argument can be applied in the case of the singular instantons introduced by P B Kronheimer
and TS Mrowka [12] and in the case of the U(n) instantons introduced by Kronheimer [11]. In these
cases, the moduli spaces are orientable. On the other hand, we show that the Pin™ (2) monopole moduli
space may be nonorientable. Strictly speaking, we have an explicit example of a 4-manifold for which the
determinant bundle on the ambient space of the moduli space is nontrivial (Corollary 5.20). We expect
that our new method using the Witten deformation could be applied to other moduli spaces in gauge
theory. Recently, Joyce, Tanaka and Upmeier [10] gave a new framework to deal with the orientation of
moduli spaces. It is an interesting problem to understand the relation between their argument and ours.

This paper is organized as follows. In Section 2, we establish our conventions and define the index of the
G*(n,sT,s7) structure. In Section 3, we first formulate the main theorem and give a proof in the rest of
the section. The proof of the analytical details of the key localization is postponed to the appendix. In
Section 4, we describe two examples in detail: the Freed—Hopkins Hj(n) structure, and the G*(5, 0, 4)
structure which we use in the next section. In Section 5, as an application, we give a topological sufficient
condition for the Pin™ (2) monopole moduli space to be orientable and we give an example of a 4-manifold
for which the determinant bundle on the ambient space which contains the Pin™ (2) monopole moduli
space is nontrivial.
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2 Definition of the index

2.1 The G*(n,s™,s™) structures

Our purpose here is to establish our notation and conventions. We follow the notation of [13] for Clifford
algebras and follow the definition of [1] for KO groups.

e Let O, denote the standard metric on R”. Let Q denote the quadratic form on R? @ R” defined by

Q = Ql - Qm
We will denote by Cl; ) the Clifford algebra generated by {v € R/ @ R™} subject to v = Q(v). We
abbreviate Cl(, o) and Clg ) to Cl, and Cl_,, respectively. We write €1,...,€;,¢e1,..., ey for the

standard generators of Cl(; ).
* Note that Cl ,,) is naturally a Z/2-graded algebra. Let
(Clgm)® = {aray---azy |Vi=1,...,2k, 0 # a; e Rl @ R™}

be the even part of Cl; ,,) and

(Clgm)! ={a1ay---asy_y |Vi=1,...,2k -1, ,0 #a; e Rl @ R™}
be the odd part of Cl; ,,,). Here ® denotes the Z /27-graded tensor product. Then there is an isomorphism
Clty my) @ Clity sy = Cly 1y my +ms)-
e Let X be a compact Hausdorff space. A representative element of KO®:® (X) is given by a four-tuple:

(1) The Clifford algebra Cl 4).

(2) A separable Z/2-graded Hilbert space H with a left Cl 4) Z/2-graded action. We denote
by p: Clp,q) — hom(H, H) the representation of the Z/2-graded algebra. We assume this is
continuous with respect to the norm topology of hom(H, H) which is a space of bounded operators
on the Hilbert space H.

Algebraic & Geometric Topology, Volume 25 (2025)
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(3) Let us denote grading map by e: H — H. Note that €2 = 1.

(4) A continuous map s: X — hom(H, H) (the topology of hom(H, H) is given by the operator norm)
such that s(x) is a bounded skew adjoint, odd and Fredholm operator which graded commutes
with the Cl, 4) action for all x € X.

We will write (s, €, Cl(p 4), (0, H)) for this four-tuple. In cases where clarity permits, we use H as an
abbreviation for (p, H).

o We define (s,€,Clp 4y, H) and (s, €', Cl(p 4y, H') as equivalent if they satisfy the following properties:
— There exist four-tuples (s, €9, Cl(p,q), Ho) and (sy, €1, Clp 4), H1) such that both ker(so(x)) and

ker(sy(x)) are trivial for all x € X. Note that this implies so(x) and s (x) are isomorphisms for
all x € X.

— There exists an isometric linear map f: H @ Hy — H' @ H; such that f o (e ® ¢p) /™! =
(€ ®ey)and fo(s®sg)o £~ and s’ @ s; are homotopic through continuous maps from X to

hom(H' @ H;, H' ® H;) which anticommute with €’ @ ¢; and the Clp, 4) action.

— The homotopy above anticommutes with €’ @ €; and Clifford action.

e We define KO®-® (X) by the set of the equivalence classes of four tuples (s, €, Clp 4. (0, H)). We
define

[(s.€.Clgp,a). (p. HD]+[(s". €'.Clpay. (p. H)] :=[(s @ 5". e ® €', Clipa). (0@ p'. HD H'))]

and it is easy to check that this operation is well defined. We can check that KO®-@) (X) is an abelian
group under this operation +. Note that [(s, €, Cl(p 4), (0, H))] + [(—s, —€,Cl(p,q), (—p, H))] = 0, since
we can deform s @ —s to an odd, skew-adjoint, and isomorphic operator on H @ H that graded commutes

with Cl(b,a)-
e If s is an unbounded skew-adjoint Fredholm operator and
- s
§ = ——
V14 ss*

satisfies the above properties, we write (s, €, Clp, 4y, H) instead of (s, €, Clp 4y, H).

e We will denote by (p1, V1) the Z /27 graded representation of Cl(; ) which is given as follows. Let
VIO = Vl1 =R, V; = Vl0 &) Vl1 and

ple) = (1 1), ple) = (1 _1),

where ¢, e (62 =1,e2= —1) are the generators of Cla,1y-

e We will let V, :=AV1” ® and define (p,, V) to be the representation introduced by the natural isomor-
phism Cl, ,) = Cl’(’f?l). Let V,* denote the dual space of ¥}, which has a natural right Cl, ,) module.
We will denote by €” the grading operator.

Algebraic & Geometric Topology, Volume 25 (2025)



Localization of a KO* (pt)-valued index and the orientability of the Pin™ (2) monopole moduli space 891

®
o Let v(l) =1le Vlo and we set vg = v(l)n € V,. Then we see that

{€i €y --~e,~kv2 eVplit<iz<---<ip, 0=k <n}
is basis of V},. Also {vg* 0€j, 0€;, 006, €VF|ij <ip<--<ix, 05k =< n} is a basis of V.
Definition 2.1 If H is a left Cl 4) module, we define the right Cl(, 5) module structure as follows:
Let € be the grading operator on H and p: Cl( 4y — hom(H, H) be the representation that is given

by the left Cl(p 4) module structure. Let €1, ...,€p and ey, ..., ¢4 be orthonormal bases of R? and R?,
respectively. Then we define the right action p’: Cl‘(’flJ n hom(H, H) by

¢ : /0/(61'1 te Eik) = lo(eik ce eil)(€k¢)1 ¢ : ,0/(6’]1 cee ej[) = /O(Gjl T 6]1)(El¢)-
This is well-defined and independent of the choice of the orthonormal bases of R® and R?. If H* is a

right Cl(, ) module, we can define a right Cl 4 structure on H* in the same way.

Lemma 2.2 Assumea > b. Let (s,€,Cl, o), H) be a representative element of KO®- (X). Then there
exists an element (s', €', Cl(g 4—p). H') of KO©-4=5) (X') which satisfies the following properties: There
is an isomorphism between the Hilbert spaces

fH—->H®V)

such that
s=flos®eo f,
e=flod®elof,
ei=f"lol®eof (fori=1,...,b)
ei=f"lol®eof (fori=1,....b)
epri=floel®@ebof (fori=1,...,a—b),
where e/l, cee, e;_b are the generators of Clg 4_p) and €y, ..., €p,€1,...,€p,€py1,...,€q are the gener-

ators of Clp, 4. Note that Cl, 4y action on V, is the left action that is defined in Definition 2.1 by using
the right Cl(b,b) module.

Proof The subspace H' C H is given by the intersection of +1-eigenspaces of €jeyq, ..., €pep. The
actions of s, € and Cl(g,,—p) preserve H'. We write s, €', e} (i = 1,...,a — b) for restriction of the
actions of them to H'. Let us define a map g by

g H®V, > H, ¢ Q¢ ¢, ---e,-kvo* > €1, €0y € @

n
We can check that this is a map of the Cl 4) = Cl(g 4—p) ® Cl(p,») module. For example,
* *
s@e’ ¢ Qe e, e vy = (—Drs¢' @6y vy > (=D e ei s¢ = sei iy €i ¢

0

* *
/ — &/ €: € Y
1 ®¢€j-¢ Q€j €y €V, =@ Q€j€j €jy €, U,

> €j€i €y ~-~e,-ks¢/.
We set / = g~ ! and this proves the lemma. |
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Remark 2.3 We have the option to substitute V;, for ¥, in the assertion of Lemma 2.2. Nevertheless, in
Proposition 3.11, the natural appearance is that of V,*. Therefore, we formulate Lemma 2.2 in the context
of V5.

Definition 2.4 We define a group G*(n,s1,57) as

Gtn,st,s7) = {g € Clyy, ®C1(5+’S—) | g = iy =+ Viy,, vi; €R" or RS or RS, |vi; | = 1}.

Definition 2.5 Let
S(Om)x O(st)x O(s7))={(A, B*,B7) € On) x O(sT) x O(s™) | det Adet BT det B~ = 1}.
The two-to-one homomorphism

p:GE(m,sT,57) = S(0O() x O(sT) x O(s7))
is defined by
p(g)v:=gvg™!
forg € GE(n,sT,57), veR"®RT @RS,
We denote by py, ps+ and ps— the compositions of p with the projections from S(O(n) x O(sT)x O(s™))
to each component O(n), O(s™*) and O(s™), respectively.

Definition 2.6 Let Y be an n dimensional Riemannian manifold. Let us denote by Py the orthogonal
frame bundle of 7Y . A G*(n,sT,s7) structure is a tuple (ﬁ, P,m, 0, E4, E_) such that:

o FE. isan s* dimensional real vector bundle such that their structure group is O(s¥), respectively.
We will denote by Pg__its frame bundle.

e oisanorientationof TY @ EL ¢ E_.

e Pisaprincipal S(O(n)x O(sT)x O(s™)) bundle defined as the subbundle of Py xy P, xy Pg_:

P = {(fn, S+, /=) € Py xy P, Xy Pg_| fu, f+, f— are compatible with
the orientation o in this order}.

e We denote by Pa principal G*(n, s*, s7) bundle and 7 : P — P is a smooth map which satisfies
the following commutative diagram:

‘g

P25 pP
-p(g)
P —= P

forall g € GE(n,st,s7).
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Definition 2.7 Let (P, P, 7,0, E4, E_)and (P, P, 7', 0/, E! ,E”)be G*(n,sT,s7) structures on Y.
We say that they are isomorphic if there exist isomorphisms of principal bundles f: P — P’ and f: P — P’
such that the following diagram commutes:

2.2 Definition of spinor bundles

Definition 2.8 A generalized Z /27 graded spinor representation of G (n, s™,s7) is a pair (a, S) such
that:

e § is areal vector space with a metric and a Z /27 grading S = Sy & S;.

o «isarepresentation o: G (n, 57, 57) — O(S) such that for all g € G*(n, s 1, s7), a(g) preserves
the Z /27 grading of S.

o The representation space S has a G*(n, st, s7) equivariant products
+ —
:R"S =8, R xS—8, ¢-:R° xS =8,

such that they are anticommutative each other and odd. Here, the action of G*(n,sT,s™) on
R", RS * ,R*" is the left adjoint representations py, p+, p— as defined in Definition 2.4. Note that
pn(g)v:=gvg~! for g € Gt (n,sT,s7) and v € R”. We have similar formula for p4 and p_.

e The multiplications above give a Cly, & Cl(s+ 4—) module structure on S.

Moreover, if S has an additional left Clifford action of Cl 4) and its generators anticommutes with

chs c; +.C5—, we call (a, S) a generalized Z /27 graded spinor representation with Cl 4 action.

Definition 2.9 We define (p, Cl4, ® Cl(s+ 5—)) to be the generalized Z /27 graded spinor representation
with left Clg, ® Cl(s— s+) action as follows: Take g € G*(n,st,s7) and ¢ € Cly, ® Cl(s+ 5-). We
define p(g)¢ := g¢, where the right hand side is a multiplication of Cl, ® Cl(s+ ,5—)- The representation
p preserves the Z /27 grading of Cly, ® Cl(s+ 5—)- We define

¢ R" X Cliy ® Clig+ 5~y = Cliy ® Clgr -

by ¢;,(v)¢ = vé. Replacing R” with R¥*, we define ¢; ¢ similarly. We define the additional left
Clz, ® Cl(s— s+) action in the following way. Let € be the Z /27 grading operator of Cly, ® Cls+ 5-)-
We define v - ¢ := (e¢)v for v € R"” & RS " RS, where the right hand side is a multiplication of
Cle, ® Cls+ 4—)- This defines a left Clg, ® Cl(s— 4+) action because the right Cli, ® Cls+ 45— action

is odd and v anticommutes with €.
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Definition 2.10 Lets = (ﬁ, P,m,0,E.,E_)beaG¥T(n,sT,s7) structure on Y and let (a, S) be a
generalized Z /27 graded spinor representation of G (n, s™, s7). Then they define the vector bundle
S = P Xo S.
Let 8 and 8 { be subbundles of ,$ defined by Sy and S, respectively. We define the Clifford multiplication
on 8 using c,;,c;Jr, ci—:
cry:TYx 8 — 8, cp i Exx8— 8.

We call 8 a generalized Z /2 graded spinor bundle. If (o, S) is a generalized Z /27 graded spinor
representation with Cl, 4) action, we call § a generalized Z /2 graded spinor bundle with Cl(g 4 action.

Remark 2.11 From Definition 2.1, if § has a left Clp 4 action, we have a right Cl, p) action on $ as
we defined in Definition 2.1. Note that this right action commutes with c¢7y, ¢ even if odd elements
in Cl(a,b)-

Definition 2.12 Lets = (ﬁ, P, o0, Er,E_)beaG¥(n,st,s7) structure on Y. We will denote by
@& = @y ® &, the generalized Z /2 graded spinor bundle with Clx, &® Cl(s- s+) action defined by the
generalized Z /27 graded spinor representation with Clg, ® Cls- s+ action (p, Cly ® Cl(s+ 5-). We
call @ the standard spinor bundle of s.

Definition 2.13 Lets = (ﬁ, P w0, Ef,E_)bea Gi(n, st,s57) structure on Y and @& the standard
spinor bundle of 5. We define a Dirac type operator /) on I'(&) by using the Clifford multiplication c7y .
We will denote by ¢ the Z /27 grading operator on &.

Let us denote by ind(s) the element in KO™"+¢™ 5 +)(pt) defined by the representative element

(P.€.Clzn ® Clis— sy, L* (Y. ®)).
We call ind(s) the index of the G (n, s*, s7) structure s.

Remark 2.14 The index defined above coincides with the so called Atiyah—Milnor—Singer invariant index
of Spin structures when s = s~ = 0. This index is a generalization of the mod 2 index of Spin structures on
a riemannian surface and the A genus. This is defined explicitly by Lawson and Michelsohn [13, Chapter II,
Section 7]. In some cases, the index coincides with the index of Hg(n) structure introduced in [5].

3 Proof of Main Theorem

3.1 Statement of Main Theorem
Main Theorem There exists a homomorphism f such that the diagram

G+(ns ,8 )(pt) QG (n s, ’0)(pt)

\ Ko_n S++S (pt)

commutes, where the morphisms to the KO group are defined by the indices.
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Remark 3.1 We can find a similar commutative diagram of G~ bordism groups. In this case, the
—(n—st.0.5— +(n_s— st

codomain target of f is Qf_s(f: S7T.0.8 )(pt) instead of Q,?_S(f $757,0) (pt). The proof is parallel to that

of the G cases. Moreover, we can prove Gt (n,s™,5s7) = G~ (n,s~,s™) and hence we will study only

the G cases.

First, we will construct the morphism f in the main theorem in this subsection. Second, we will prove a
localization theorem of the indices in Section 3.2. Some analytic lemmas are proved in the appendix.
Finally, we prove the commutativity of the diagram using the localization theorem in the final part of this
section and we will complete the proof of the main theorem.

Lemma 3.2 Lets = (ﬁ, P,m,0,Ey,E_) be a G¥(n,s%,s7) structure on Y. Then there exists a
canonical Spin structure of the vector bundle

(detTY ®det EL)®TY ® E4 Bdet E_ E_

induced by s. Conversely, if the vector bundle above has an Spin structure, it gives a canonical
Gt(n,sT,s7) structureon Y .

Proof Letey,..., €, + isastandard basis of R" ®R*" and €0+€0.€1, ..., ey o+ are the generators
of C1(0, (n+1)+(s+ +1)+57). There is an embedding Cl(n+s*,s7) — CI(0, (n4+ 1)+ (s T+ 1) +57)
given by mapping €1, ..., €, ¢+ tO egeoel, e ,66€0€n+s+. Restricting this map, we have an embedding
Gt(n,sT,s7) — Spin(1 +n+ s + 14 57). Let 7 be the projection Spin(1 +7n + s+ +1+57) —
SO(1 4+n+sT 414 57). The image (G (n,s™,s7)) is isomorphic to S(O(n) x O(sT) x O(s7)).
This image gives the representation of S(O(n) x O(s™) x O(s™)) whose associated vector bundle is
det7Y QdetEL & TY @ E4 ddet E_ @ E_. Here we define that

(eo), (er,....en)s (ent1s---vlppst), (eg) and (€,igtiqs---»Cnps+is—)

are the representations such that the associated vector bundle of the representations are det 7Y ® det E 4,
TY, E4,det E_ and E_ respectively. Then we construct a Spin structure as desired. We have the second
half of the statement by reversing the proof above. a

Remark 3.3 The isomorphism class of the Gt (n,s™, s7) structure given by the second half of the
Lemma 3.2 uniquely determined by the isomorphism class of the Spin structure of the vector bundle
(detTY @det EL)®TY ® E, @det E_ @ E_. On the other hand, if we change the Gt (n,sT,57)
structure s by an isomorphism of the G (n, s, s7) structure, the isomorphism class of the Spin structure
given by the first half of Lemma 3.2 may change because there may exist an automorphism of the
Gt (n,s™,s7) structure s which covers a nontrivial isomorphism of E. We use this lemma to define
the cobordism class of the GT(n —s~,s™, 0) structure sc. If two G (n,sT,s™) structures s and s’ are
isomorphic they are cobordant. From the Lemma 3.9, s¢ and 5’C are cobordant therefore this ambiguity
does not matter to define the map f in the statement of the main theorem.
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We will prove some lemmas in a general setting. In the following three lemmas, let M be a manifold and
F, Ey, E be oriented real vector bundles on M with fiber metrics.

Lemma 3.4 An orientation preserving isometry o.: Eo — E determines a canonical Spin structure on
Eyod E;.

Proof Let n be the rank of E(. The structure group of the subbundle
{(f,a(f)) | f is an oriented orthonormal frame of Ey}

of the frame bundle of Eg @ E is a subgroup of SO(2n) which is the image of the diagonal embedding
j:S0(n) — SO(n) x SO(n) — SO(2n). The map j: 71 (SO(n)) — 71 (SO(2n)) is trivial, and therefore
there exists a homomorphism j : SO(n) — Spin(2n) which covers j. Let{ gqp} be the transition functions
of Eo ® E;. We define the Spin structure on Eq @ E; by using {/ (gap)} as transition functions. It is
easy to check that this Spin structure does not depend on how to take transition functions of Eq @ E. O

Lemma 3.5 Let F, F’ denote oriented real vector bundles on M with metrics. If there are Spin structures
on F & F' and F’, these Spin structures determine a canonical Spin structure on F.

Proof We will denote by {gqp}, {8, g} transition functions of F and F ’, respectively. Let {g/, 5} be the
lifts of {g, 5} to the Spin group defined by the Spin structure on F ". The lift of (gap, g, p) defined by the
Spin structure of F @ F’ is expressed by [(Z4p. g;ﬂ)] € Spin(n) x Spin(m)/(Z/27Z), where g, is a lift
of g4p. The lift gop is unique because the second component is fixed to be g; 5

The lift of the transition functions {g,g} satisfy the cocycle condition because {[(Zqs. £, ﬂ)]} and {g/, ﬂ}
do. We define the Spin structure on F by using { (gqp)} as transition functions. Again it is easy to check
that this Spin structure does not depend on how to take transition functions of F. a

The lemma below is clear from Lemmas 3.4 and 3.5.

Lemma 3.6 Let F & Eo ® E be a vector bundle with orientation o and Spin structure P. We assume
that E is oriented and there is an isometry ¢: Eqg — E{. We will denote by o the orientation of E.
Then F' has a natural orientation and a Spin structure defined by o, o, P and ¢.

We use the lemmas above in our setting.

Definition 3.7 Let Y be an n dimensional Riemannian manifold and s = (ﬁ ,P,mo, Ef,E_)bea
Gt (n,st,s7) structure on Y. We will denote by /# € I'(E_) an transverse section. Let C = 2~1(0). We
call C a characteristic submanifold of s.

The theorem below is a generalization of the theorem that is an existence of a canonical Spin structure on
a characteristic submanifold of Spin® structure.
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Theorem 3.8 Let Y be an n dimensional Riemannian manifold and s = (15, P, w0, Ef,E_) be a
Gt (n,sT,s7) structure on Y and C be a characteristic submanifold of s. Then we have a natural
Gt(n—s—,sT,0) structure on C.

Proof We restrict the vector bundle
det7TY @det EL @TY DEL Ddet E_ D E_
to C. This is naturally isomorphic to the vector bundle
detTY|c Q@det E4|c ®TCHN B EL|c®detE_|c ® E_|c,

where N is the normal bundle of C. We define the isomorphism : N — E_ by using dh. By the
definition of G (n, s, s7) structure, there exists an isomorphism i : det TY |c @ det E |c = det E_|c.
Let F=TC®E4|c, Eo=detTY|cQ@det EL|c®N, Eiy=det E_|c® E_|c,and ¢ =i @Y. They
satisfy the assumption of Lemma 3.6, and hence we have the Spin structure of T7C @ E 4 |c as desired.
From the latter statement of Lemma 3.2, this Spin structure defines the G*(n —s—,s™, 0) structure on C
as desired. |

Lemma 3.9 As an element of bordism group ngs(—"_s_’S+’0) (pt), [(C,sc(h))] is independent of h.

Moreover, if the Gt (n,s™, s7) structure s on a closed manifold Y, and s, on a closed manifold Y, are
Gt (n,st,s7) cobordant, G (n—s~,s™,0) bordism class of [(C, sc (h))] given by s¢ and s, are same.

Proof We first prove the first half of the statement. Let 4,4’ be transverse sections of E_ and let
C = h71(0), C' = h~1(0). We define a natural GT(n + 1, s, s7) structure on Y x [0, 1] by using
Gt(n,sT,s7) structure on Y. Let h be a transverse section on Y X [0, 1] such that l~l|YX{0} =h,
hlyxq1y = k. Then i~1(0) has a G (n + 1 —s~,sT,0) structure by Theorem 3.8. This manifold with
Gt (n+1—57,5T,0) structure gives the cobordism from [(C. s¢ (h))] to [(C”, s ())]. A slight change
to the above proof actually shows the second half of the statement. a

We now define the map f* of Main Theorem.

Definition 3.10 Let Y be an 7 dimensional closed manifold with GT(n,s™,s™) structure given by
s=(P,P,mo0 Ei, E_). Set
S([¥.s]) =[C.sc].

3.2 Localization by Witten deformation

In this subsection, we will prove the commutativity of the diagram in Main Theorem. We prove it by using
Witten deformation. We prove some lemmas in a more general setting than the setting in Main Theorem.
The proofs in this section and in the appendix are based on the localization argument of Furuta [7] and
Fukaya, Furuta, Matsuo, Onogi, Yamaguchi, Yamashita [6]. We simplify and modify these arguments to
suit the situation in this paper.
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In the previous subsection, we define the G+(n —s,st, 0) structure s¢ on a characteristic submanifold
C = h~1(0) from a G (n,s™,s7) structure s on Y in Theorem 3.8. Now we consider the relation
between the standard spinor bundle of s and the restriction of the standard spinor bundle & of s to C.
First, we consider @|c, the restriction of the standard Z /27 graded spinor bundle of s to C.

Proposition 3.11 Let Y be an n dimensional manifold with Gt (n, s, s™) structure s. We will denote
by @& the standard 7. /27 graded spinor bundle of 5. Let C = h='(0) and let sc be the G (n—s~, s, 0)
structure on C defined in Theorem 3.8. We define a Clifford action on &|c by restricting the Clifford
action (cry.ce,): (TY ® E+) ® @ — @ to the vector bundle (TC @ E|c) ® @|c on C. We will
denote by (CTc.Cg. ) this restricted Clifford action. Note that the image of (¢ctc,Cg, ) is @|c. Then
there exists an isomorphism ® which has following properties: Let @ ¢ be the standard Z./27. graded
spinor bundle of sc. The isomorphism

P: @lc = Cly(N(C) ®Bc ® V-
preserves the Clifford action of TC & E|c when we define a Clifford action to right hand side by
cre(x) 0®¢®v:=(—)w®irc(x)p @,
g, (w)-00¢Rv:=(-)?wedir, (wepev
foro @ p @v € ClL(N(C)) ® Bc & VE, x e TC andw € E4|c. Moreover, ® preserves the right
Cl 45+ s—) action if we define the right Cl, ¢+ (—) action to Cl (N (C)) RBc ® VE by
wRdpRv-a®b:=Dly®d-axvb
forw®¢®v eClL(N(C)®Bc ®V: anda® b € Cli,y o+ ) ® Cls— 5.

Proof From the proof of Theorem 3.8, we see the structure group of the Spin structure of
det N(C)Ddet E_@ N(C)® E—

reduces the subgroup of Spin(2s~ +2) which is isomorphic to O(s™). If we write O(s™) for the subgroup,
then the structure group of @|c is GT(n—s",57,0) x O(s™). Write G = GT(n—s",57,0) x O(s7).

Let us denote by S = Cl(, ¢+ () a representation space whose associated vector bundle is @. We
describe the action of G on S. We define g, € O(s™) to be the natural lift of g, to Spin(2s~ + 2)
given in Lemma 3.4 where g, is the composition of the reflections of vectors(e, 0, ¢, 0), (0, v,0,v) €
detRS ®R* @ detR® ®R* (lJe] = |v| = 1). The element g, is independent of the choice of e.
Elements in the group O(s™) C Spin(2s~ + 2) are the products of finitely many elements of the form g,
for some v and *1. The Clifford multiplications ¢;,, ¢/ are G equivariant and hence the action of g, is
given by £c¢;,(v)c’(v).

The sign of g, = =+c,,(v)c’(v) is determined by how to embed the group G (n,s*,s7) to a Spin
group. In our convention of Lemma 3.2, the image of ¢, (e;)c’_(e;) of the embedding is ege;eqe; and this
coincides with g, which is a lift of g, given in Lemma 3.4. Thus we have g, = ¢;,(v)c_(v).
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We will denote by S¢ a subspace of S which is the intersection of +1-eigenspaces of &, = ¢;,(v)c’(v)
for all v € S(R® ). The subspace S¢ coincides with the intersections of +1-eigenspaces of ¢}, (e;)c”(e;)
(i=1,...,57), where {eq,...,es—} is an orthonormal basis of R* . The action of GT(n —s~,s™,0)
preserves S¢ because this action commutes with ¢;,(v)c”(v) for all v. The definition of S¢ immediately
implies that the action of O(s™) on S¢ is trivial.

Let us show that S¢ coincides with Cl(, ¢+_— ¢y C S. Recall that the standard spinor bundle & is
the associated bundle with the representation Cl, ¢+ —) = Cl_g— 44+ 0) ® Cls— s—). An element
&y =¢;,(v)c’_(v) acts on Cl(y—s—4s+,0) trivially and on Cls— —) by left multiplication of Cl(— s—). We
will denote by V' the intersection of the +1-eigenspaces of ¢, (v)c_ (v) in Cl— ;) for all v € S(R® ).
The dimension of V is 25" . The action of ¢y (v)c’(v) commutes with the right Cl(s— 4y action. The only
irreducible representation of Cl(s— ;) is Vs— and its dimension is 2° . Hence there is an isomorphism
ViVE - V. Using ¥/, we have the isomorphism Cl, 4 ¢+_s— o) ® VE—>Scbyé@uvi>Ey(v). If we

give the G action on Cls— o) by g - x gxg~!

, we have the G equivariant isomorphism
Wo: Cls—0) ® Clipgs+—s—.0) ® Vs = Cliypgt -y, X®E@Vv>x-E-9Y(v).

The associated vector bundles of Cl(s— ¢, Cl(y45+—5—,0) and V& is Cl4(N(C)), G and the trivial
bundle V%, respectively. Thus we have the map

U:Cl (NC) RGBc RVE — B|c.

We define the map ® to be the inverse of the map W. It is easy to check to see that ® preserves the
Clifford action of 7C ® E 4 |c and right Cl, 4+ () action. d

In this section we identify @&|c with Cl4(N(C)) ® @¢c ® V.- by the map ®.

Next we prove the localization of analytic index in Proposition 3.22. We identify a tubular neighborhood
of C, denoted by U(C), with the open disk bundle of the normal bundle of C,

B(N(C)) ={ve N(C)||v] <1}.

We will denote by 7 : N(C) — C the projection of the normal bundle. Let us outline the proof of the
localization.

Step 1 We first formulate the index of a Dirac type operator acting on the sections of the vector bundle
7*(®|c) over N(C). Since N(C) is not closed, we need behavior of its end. We will see the index of
N(C) coincides with the index of the G (n,s~, sT) structure s¢ on C.

Step 2 The analytic index of the G+ (n, s, s7) structure s on Y coincides with the index of Step 1. In
this argument we deform the Dirac type operator in Definition 2.13. We prove some analytic lemmas and
propositions of this step in the appendix.
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3.2.1 We begin with Step 1 First, we consider the trivial G (n, 0, ) structure on R”. This structure
appears in a fiberwise way when we consider the operator on N(C). Let 50 be a trivial G (1,0, 1)
structure on R”. We will denote by /(x) = x the section of E_ = R” x R” and we have the isomorphism
from TR” to E_ by using dh. We have the reduction of the structure group of sy to the subgroup
G C G~ (n,0,n) which is naturally isomorphic to O(n) by using Lemma 3.4. Let @, denote the
standard Z /2 graded spinor bundle of s¢. Let C = h~!(0) = {0}, be a characteristic submanifold. From
Proposition 3.11 we identify @ ¢|c with Cl4 (R") QR ® V. Note that &¢c =~ C xR =R is a vector
bundle on a point. Let L be a trivial vector bundle on R”.

Lemma 3.12 We will denote by S a set of rapidly decreasing sections of & ® L. We will denote by
D,, a differential operator acting on sections of I'(&y ® L) given by

n
9 .
D, = Z(CTR” (dx’)ﬁ +mcg_ (e,-)x').
i=1
Note that D;, preserves the subspace S C I'(@y ® L). The operator D, is independent of the choice
of the orthonormal basis of R". This operator commutes with the right Cl, , action, and there is an
isomorphism between ker D), NS and R ® V,r ® L as right Cl,_,y modules.

Proof We see at once that D), is independent of choice of the orthonormal basis of R” by direct
calculation.

Let ¢ be a rapidly decreasing section. We have D},¢ = 0 if and only if (D),)?>$ = 0 because D), is a
skew-symmetric operator. We have

0 =Y ((55) ~m2 612 4 merpa(@xies (@) = ~H + 3 (mergs (dx')es_(en).

, ox! ,
i=1 i=1

where H is a harmonic oscillator acting on smooth functions R” — R. It is well known that H has only
discrete spectrum and each eigenspace is 1-dimensional. The eigenvalues are nm, 2nm, 3nm, ... and

2 .
—m|x|*/2 and this does

each eigenfunction is rapidly decreasing. In particular, the eigenfunction of nm is e
not depend on the choice of orthonormal basis of R”. The eigenvalues of mcrrn (dx?)cg_(e;) are +m
for all i. Hence the kernel of (D},)? is in the intersection of the +1 eigenspace of crgrn (dxV)cg_(e;)
and nm eigenspace of H. The intersection of the +1 eigenspace of c7r» (dx?)cg_(e;) for all i coincides

with R ® V¥ ® L from the construction of the map & on Proposition 3.11. Thus we have

ker D), NS=R®V*® L-emXI*/2 O

Definition 3.13 We will denote by ¢ a function on R” given by

_ 2
e m|x|*/2

— 2 °
le=m X2 2 gy

Algebraic & Geometric Topology, Volume 25 (2025)



Localization of a KO* (pt)-valued index and the orientability of the Pin™ (2) monopole moduli space 901

Definition 3.14 We will follow the notation of the statement and the proof of Proposition 3.11. We
deform a metric of Y if necessary and we identify a tubular neighborhood U(C) of C with B(N(C)) =
{ve N(C) | |v|] < 1} as a Riemannian manifold. Let us denote by 7 : N(C) — C the projection. We
define a GT(n,s™,s™) structure on B(N(C)) by restricting the G (n,s™,s™) structure s on Y. By
abuse of notation, we use the same letter s for this G+ (n, s, s7) structure on B(N(C)) and we write
@ instead of & |y (c). The structure group of s reduces to G = Gt(n—s",s7,0) x O(s™) by using the
isomorphism dh: N(C) =~ E_. Let Py, = P +mc—(h) where P is a Dirac operator of &. We abbreviate
¢—(h) to h. Note that P, is an antisymmetric operator. Let A be a connection such that cyy o 4 = P.
Perturbing 4, we may assume that 7*(A|¢c) = 4 on B(N(C)).

Lemma 3.15 Let D/C be the Dirac operator defined by the Clifford action cyc: TC @ &|c — @|c-
Then we have a decomposition

P = Dc + Dy
with the following property:

e OnU xR® , which is a trivialization of N(C),
—
0
Dc=Pclu. Dp =) cry(d&) -
k=1

0&;

Here cTy is the restriction of the Clifford multiplication of s tor*N(C) C TN(C) and (&1,...,E~)
are coordinates of RS, which is a fiber of N(C).

* D¢ and Dy anticommute.

* Both D¢ and Dy are antisymmetric with respect to the L? inner product on N(C).

Proof Tt is easy to see that we have the decomposition of P on each trivialization of N(C). The operator

— 9
1; CTY(dSi)a_gi

is O(n) invariant. Hence the operator above on each trivialization coincides with the corresponding one on
another trivialization. Thus we have the operator D¢ on the whole of N(C). Let D¢ := ) — Dy. On each
trivialization, the operator Dy coincides with Y ; _, cry (d S,-)a% and D¢ coincides with D'C . We will
see at once anticommutativity of these operators on each trivialization on N (C). We see these operators are
antisymmetric with respect to inner product L2. It is sufficient to prove that D ¢ is antisymmetric because
the operator P is antisymmetric. To see this, we decompose an integral on N(C) by |’ NC) = /. c fﬁb o
where fﬁber is the integration on each fiber. The operator Dy is antisymmetric with respect to the L?
inner product on each fiber and we have Dy is antisymmetric with respect to the L? norm on N(C). O

Definition 3.16 We will denote by ug the function on N(C) whose restriction to each fiber of N(C)
coincides with the function .
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Lemma 3.17 We will denote by h € T'(z* E_) the tautological section of n*E_ =~ 7*N(C). Let D¢
be a Dirac operator on ¢ ® V% Let m be a positive real number and leta € T(@c ® V). We have

P +mhyn*a-ug=n*(Pca)-ug.

Proof Recall the decomposition ) = D¢+ Dy. The restriction of Dy +mbh to each trivialization of N (C)
coincides with the operator D;, in Lemma 3.12. Thus we have (Dy + mh)(z*a - ug) = 0. It is sufficient
to consider the operator D¢ . The operator D¢ coincides with the operator ﬂ/c on each trivialization and
this operator is a pullback of an operator on C. Hence we have D¢ (t*a-ug) = n*(Pca) - uy. |

Lemma 3.18 Let H = {n*a-ug e T'(@) |a € T'(&c ® VX)), Pca = 0}. We will denote by Ac the
minimum of the absolute value of nonzero eigenvalues of Pc. Let m be a positive number such that
m > |Ac|. Letp € T(N(C), @) be a section whose restriction to each fiber of N(C) is rapidly decreasing
function. If ¢ is orthogonal to H in the L? inner product, We have | Pmo| = Ac||¢|, where ||- || is the
L? norm on N(C).

Proof We decompose ¢ into ¢ = ¢ + 7*b - ug, where b € T'(&¢) ® V.E and ¢y is a fiberwise rapidly
decreasing section such that fN(C)x (¢o, m*a-ug)=0forallx € C, a € (&c®V,*)x. From Lemma 3.12
and for L to be (&c)x, ¢o is orthogonal to the kernel of Dy + mh on each fiber. The section b is
orthogonal to ker ¢ in the L? inner product on C because ¢ is orthogonal to H. From the above
decomposition, we have

(D +mh)p = (P +mh)po + n*(Pcb) - uy.

It is easy to see that
/N(C)((E +mh)go, 7*(Dcb)-ug)=0 and ||(D+mh)g||> =[|(P +mh)po|* + |7 *(Pcb)-uol*.

It is straightforward to see D¢ and Dy + mh are anticommutative.

Thus we have

/N( (D + mh)po |2 = / Dedol? + /N (Dy + mh)gol?

- | /ﬁber|(Df+mh)¢o| o N R

f |ﬂ*(DCb)'uo|2=/ |n*<ch)-uo|"‘zxé/ b o).
N(C) N(C) N(C)

and

Hence we have the inequality || D¢ || = Ac||¢|| as desired. |

Definition 3.19 The finite-dimensional vector space H has a natural Z /27 grading and a left Cl(, 4 ¢+ -
action induced by &. Let e be the Z /27 grading operator. The four-tuple (0, €, Cl(n+s+ s—)» H) defines
an element of KOS~ =" (pt). We write ind(N (C), &) for this element in KO* ~"~ st (pt).
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Remark 3.20 By the definition of H and from Lemma 2.2, we have

ind(sc) = [(Pc. €, Clg g+ 5. L2(C.@c ® V,2))| = ind(N(C), &) € KO =T (py).

Remark 3.21 The notion of the index of open manifold is introduced by Mikio Furuta in [7]. When the
index ind(N (C), @) values in KO°(pt), it coincides with the index of the pair (N (C), [4]).

3.2.2 Now Step 2 We prove ind(s), an analytic index of G+ (n, s, s™) structure on Y, is equal to
ind(N(C), ).

We introduce some notation.

 If necessary we perturb / so that / satisfies || <1 on U(C) and || = 1 on the complement set of
UC).

¢ We will denote by Hﬁ‘n the direct sum of eigenspaces of Py, : I'(Y, @) — ['(Y, @) such that the
absolute value of each eigenvalue is less than A2. This is a finite-dimensional subspace of L2 (Y, &).
H2 has a natural Z /27 grading and a left Cl(y 45+ s—) action.

e Let p be a smooth function on Y supported in U(C) such that

1 if|z] <4,
p(z)_{o if |z > 2

for z e U(C) = B(N(C)) C N(C) and monotone decreasing on % <|z| < % in |z|, where |-| is a
norm of N (C). (We identify U(C) and B(N(C)).)

The following proposition is proved by the general theory of Witten deformation. We prove this proposition

in the appendix.

Proposition 3.22 Assume that a positive constant A is smaller than a constant determined by the principal
symbol of D and the differential of p and suppose that m > A. Let I1’ be the orthogonal projection from
L?(N(C),®) to H. Then the map

HE > H, ¢ T (pd)

is an isomorphism and preserves the Z./2 grading and the Cl, 4 ¢+ ¢~ action.

Proof of Main Theorem From the definition of the index of s,

lnd(ﬁ) = [(Dma €, Cl(Si,S++n)’ H}A,’n)]
and we see

——p—gt
[(0, €, Clig— s+ 1mys HD = [(Pm. €, Clig— g 1y Hin)] € KO 757 (pt)

from Proposition 3.22. We have [(0, €, Cl(s— ¢+, H)] = ind(s¢) from Remark 3.20. Thus we have
proved Main Theorem. |
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4 Examples

4.1 Freed-Hopkins H,(s)

In this subsection, we consider a family of groups Hy(s) defined by Freed and Hopkins [5]. The group
Hy(s) is given in Table 1.

Lemma 4.1 Inthe case s =0,1,2,3, we have H,(s) = G*(n, s,0) and in the case s = —1, =2, =3, we
have Hy(s) = Gt (n, 0, —s).

Proof It is obvious for the case s = 0 therefore it is sufficient to prove the case of |s| = 1, 2, 3. First we
consider the case |s| = 3. We use the identification Spin(3) 22 SU(2) and (Cl;, ® (R @ RT"))o = Clp,
where I' = ejese3 € Cly and = is the sign of s. We have an isomorphism G (n,s,0) — H,(s) (or
Gt (n,0,—s) — Hy,(s)) given by

> (g, u] if g € Spin(n), u € Spin(3),
[e T, T 'u] otherwise

for g € Pint (n), u € Pin™(3).
We consider the case |s| = 1, 2. We will denote by e a generator of Clg with |e| = 1. We use the identifica-

tion Cly, ® (R @ Re) = Cli,, where = is the sign of s. We have an isomorphism Gt (n, s,0) — Hy,(s)
(or GT(n,0, —s) — Hy(s)) given by

. (g, u] if g € Spin(n), u € Spin(|s|),
[g®e,elu] otherwise

for g € Pint (n), u € Pin™(|s]). |

Remark 4.2 An index of H,(s) structure is defined in [5]. From the lemma above, we see the index of
Hy,(s) coincides with our index of G (n, 5, 0) (or G¥(n,0, —s)) structure.

s Hy(s)
0 Spin(n)
-1 Pin™ (n)
-2 Pin't (n) xz/22 U(1)
=3 Pin™ (n) xz/27z SU(2)
4 Spin(n) Xz/272 SU(2)
3 Pint (1) xz/27 SU(2)
2 Pin™ (n) xz/2z U(1)
1 Pin™ (n)

Table 1: Groups H,(s) defined by Freed and Hopkins [5].
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Remark 4.3 In the case s = 4, Hj,(4) is isomorphic to a subgroup of G (n, 0, 4) and we can see the
index of H,(4) structure defined in [5] coincides with our index if the structure group of a G (n, 0, 4)
structure reduces to Hy(4).

We identify Spin(4) with SU(2) x SU(2). We give an embedding of H,(4) to G (n,0,4) by

Spin(n) xz/27 SU(2) > [g. u] = [g, diag(u, u)] € Spin(n) Xz,/27 Spin(4) C Gt (n,0,4).
The following proposition is a consequence of Main Theorem, Lemma 4.1 and the above remarks.

Proposition 4.4 We assume s = —1,—2, —3, or 4. Then there exists an isomorphism f such that the
following diagram commutes:

Q) oy —L 5 Q% (pp)

n—|s|

~ |

KO (pt)

4.2 The case of G *(5, 0, 4) structure

We consider the index of the G (5, 0, 4) structure especially because it is important to see the orientability
of Pin™ (2) monopole moduli space in the next section. The following arguments can be easily generalized
to the case of the index of the G+(8k +5,0,4) structure. We use only the k£ = 0 case in the next section;
therefore we only consider this case to avoid complications.

Definition 4.5 Let Z be a 5 dimensional closed manifold and s be a G (5, 0, 4) structure on Z. Let
@ be the standard spinor bundle of s. Note that & has a natural right Cls,4) action. Let €g, €1,..., €4
be generators of Clys. and let eq, ..., e4 be generators of Cl_4. We will denote by S a subbundle of @
such that the intersection of + 1-eigenspaces of €eq, ..., €4e4. We call S the spinor bundle of s. The
Clifford multiplication of 7Z and E_ preserves S because they commute with the right Cls 4) action.
We define a skew-adjoint Dirac operator DonS by using Clifford action of 7Z.

We have the following lemma from Lemma 2.2:

Lemma 4.6 The spinor bundle Sisa generalized 7./2 graded spinor bundle with left Cl_; action.
The index ind(s) of s coincides with (0, €, Cl_q, ker 5) € KO~ !(pt). Moreover, under the isomorphism
KO™!(pt) = Z /27, we have ind(s) = dim ker(5|§+) mod 2 where S is the even part of S,

We provide a specific construction of S when the structure group of s is reduced from G*(5,0,4) to
Spin(5) x Spin(4)/Z/27Z. This construction is useful to consider the orientability of Pin™ (2) monopole
moduli space.
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Definition 4.7 We will denote by €y, ..., €4 the generators of Cl; s and by ey, ..., e4 the generators
of Cl_4.

Let H be the quaternion ring. We use the convention that i jk = 1.
Let H(2) be the matrix ring of 2 x 2 matrices with entries in the ring H.

We define an isomorphism «: Cl_4 — H(2) by

e|—>01 e|—>0i e|—>0j er—>0k
" \=1o0) 27 \io) 27 \Go) 7 \ko)

Let I' = ejesezeq € Cl_y. Note that I'? = 1 and

We define an isomorphism 8: Cls — H(2) & H(2) by
€0 — (a(T), —a(T)), €i > (a(Dyale;), —a(Dale;)), i=1,2,3,4.
We define an isomorphism f: Cls 4y — (H(2) @ H(2)) ® H(2) by
ep > Blep) (D), eg>1®@aley),

where p =0,...,4, g=1,....,4.

Using isomorphisms «, 8, we define the spinor representations of Cl, 5, Cl_4 whose representation
spaces are H? @ H?2, H?, respectively. By abuse of notation, we let ., 8 stand for these spinor
representations, respectively. Note that

B(ei) - (¢o. d1) = (@(D)a(ei)po, —a(D)a(ei)py) for i =0,....4.

Remark 4.8 In our notations, the Z /27 grading of H(2) & H(2) induced by the isomorphism S is given
as follows: The subspace {(A, A) | A € H(2)} is the even part and {(A, —A) | A € H(2)} is the odd part.
The 7 /27 grading operator is a map (4, B) — (B, A).

The Z /27 grading of H(2) induced by the Z /27 grading of Cl_4 using the map « is given by declaring

the even part consists of diagonal matrices and the odd part of off-diagonal one. The Z/27Z grading
operator is given by A - a(I") Aa(I") ™! = Ad(a(T"))(A4).

Definition 4.9 We assume that the structure group of s reduces to the group Spin(5) x Spin(4)/(Z/?2).

Let S = So @ S, So = S; = H? be a representation space of the spinor representation 8 of Clys. We

define the representation p by

p([qv (U(), M])])¢ = 13(61) : (¢0M0_1, ¢1u1_1)
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for

¢ = (¢o.¢1) € S = H* @ H?,
[q, (uo, u1)] € Spin(5) x (Sp(1) x Sp(1))/(Z/2) = Spin(5) x Spin(4)/(Z/2).

We denote by S’ the associated vector bundle of the representation p. We give a Z /27 grading on S’ @ S’
by declaring the subspace {(¢, ¢) € S’ @ S’} is the even part and the subspace {(¢, —¢) € S’ ® S’} is
the odd part. We give the following right Cl4 action: let € be the generator of Cl;; and we define the
right action of €9 by (¢g, ¢1) - €0 = (9o, —¢1) for (@9, 1) € S’ @ S’. The left Cl_; action is given by
eo - ¢ := (€p) - €9, where € is the Z /27 grading operator. We define the Clifford multiplication ¢;, by
the left Clifford multiplication of Cl(s 4y given by €; - (9o, ¢1) = (B(€j)po. —B(€j)¢1) for j =0,....4.
Then S’ & S’ is Z /27 graded generalized spinor bundle with left Cl_; action of s.

Remark 4.10 We can define the cg_ Clifford action on S” @ S’ such that that action is preserved by the
isomorphism in the Lemma below. But we will not use c— in Section 5.

Lemma 4.11 As a Z /27 graded generalized spinor bundle with left Cl_; action of s, S’ & S’ = S.In
particular, St ~ §’.

Proof We identify Cls 4) with (H(2) & H(2)) ®g H(2) by using the isomorphism f in Definition 4.7.
Let ® be a map

(H(2) ® H(2)) g H(2) > (A9, A1) ® B+ (49 B*, A1 Ad(a(T"))(B*)) € H(2) & H(2),

where B* is transpose matrix of B. (We will denote by ~ the quaternion conjugate.) We define the
Spin(5) x Spin(4)/(Z/27Z) action on the space left hand side by

-1 1
oo eniido- a0 = (oo ("5 2 )0 (g2 ))

for [¢, (ug, u1)] € Spin(5) x Spin(4) /(Z /27) = Spin(5) x (Sp(1) x Sp(1))/(Z/27Z). For this action, we
see ® is a Spin(5) x Spin(4)/(Z/27.) equivariant map because diag(u(jl, ul_l) commutes with a(I").

The map @ is invariant under the right multiplication of f(eje;) fori = 1,2, 3, 4. Therefore, the —1-
eigenspaces of f(e;e;) for some i = 1,2, 3,4 are the subspace of ker ®. We see at once P is surjective
and the dimension of H(2) & H(2) is equal to the dimension of S. Thus we have that the restriction of ®
to the representation space Sisa Spin(5) x Spin(4)/(Z/27Z) equivariant isomorphism.

We see the Spin(5) x Spin(4)/(Z/27Z) representation H (2) & H(2) is equivalent to the representation
S’ @ S’ through an isomorphism given by identifying each column of the matrix with an element of
S S1- The Z/ZZ~ grading of S is defined by the Z /27 grading of Cls 4). It is easy to see that this
7./27, grading of S coincides with the Z /27 grading of S’ @ S’. Moreover, we see at once P preserves
the Clifford multiplication ¢, and f(€g). This completes the proof. O
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Remark 4.12 If we change the basis of S’@ S’ by the isomorphism (¢q, ¢1) — (%(q&o +¢1). 5(Po—¢1)).
we change the Z /27 grading of S’ @ S and the Clifford multiplication c¢;.,. The Z /27 grading is given
by S"@® 0 is even and 0 @ S’ is odd. The Clifford multiplication ¢, and the right €y action are given by

‘rz(€j) = (/3(2;) ﬂ(gj)) Bk ((1) <1>) |

Note that ¢, and right €q action commute.

the matrix

5 The orientability of Pin™ (2) monopole moduli space

5.1 The orientability and mod 2 indices

In Section 4.1, we consider the spinor bundle and index of the G+(5, 0,4) structure. In this section, we
translate the orientability of the Pin™ (2) monopole moduli space into a mod 2 index on a five dimensional
manifold.! From Main Theorem, we give a topological criterion for the determinant line bundle on the
ambient space of the Pin™ (2) monopole moduli space to be trivial.

Definition 5.1 We define a group Spin“~ (4) by
Spin®~ (4) := Spin(4) x Pin~ (2)/(Z /27Z),
where Z /27 = {(1,1), (=1, —1)} € Spin(4) x Pin— (2).

Remark 5.2 By the definition above, we see that Spin®~(4) is a subgroup of G (4,0, 3) by using the
natural embedding Spin(4) C Cl(4.4).

Definition 5.3 We define a Spin~ structure on Riemannian 4-manifold X as a G* (4,0, 3) structure
whose structure group reduces to Spin©~.

Definition 5.4 Let X be a 4-manifold and sx be a Spin°~ structure on X. We will denote by Pa
principal Spin°~ (4) bundle given by the Spin°~ structure sy .
o We identify R* with H. We define the representation of Spin‘~(4)

A*:Spin°~(4) > GL(4,R) and p:Spin°~(4) - GL(4,R)
by

A (gT g7 ubdp =g pu"". plgt.qT uv=gFvg)"
We will denote by S* the associated vector bundle given by the representation A* and the principal
Spin“~ bundle P. The associated vector bundle given by the representation p is TX .
1Originally, Mikio Furuta translated the orientability of Pin™ (2) monopole moduli space into a mod 2 index associated with a 3
dimensional submanifold with G 1 (3, 0, 2) structure. Nobuhiro Nakamura wrote Furuta’s idea in the note [16]. The argument in

that note is the neck stretching argument. In this paper, we use Witten deformation to determine the orientability of Pin™ (2)
monopole moduli space.
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o Let p*([gF, ¢~ u))v' :=¢ v(g+)~". We observe that there is a natural isomorphism P x 5« H = T* X
and we have an isomorphism 7X — T*X that is given by
TX = Px,H>3[p,v]r[p.0]€ Pxpr HxT*X.

We denote the image of v € Tx X under this mapping as v.
e We define a Clifford multiplication

c:TX®ST - S~
by ¢(v ® ¢) = v¢p. We will denote by ¢(v)¢ this Clifford action. We define

*:TX®S™ — ST
by ¢*(v ® ¢) = v¢. By abuse of notation, we use the same letter ¢(v)¢. We have c(v)? = |v|? for
veT,X.
e A connection A on P isa Spin®~ connection if it satisfies

VAc(X)p) = c(VECX)P +c(X)V 49

for X e [(TX), ¢ € T'(ST), where VLC is the Levi-Civita connection of X .

e Let A be a Spin®~ connection. We define a Dirac operator Djf associated to 4 by the composition of
following maps:

A
T(s%) 25 I(TY* ® S%) =~ T(TX ® %) > T(ST).

The notion of the Spin®~ structure is introduced by Nobuhiro Nakamura [14; 15] to define the Pin™ (2)
monopole equations and the Pin™ (2) monopole invariant. The Pin™ (2) monopole invariant is a Z /27Z-
valued invariant. The matter of when we determine the orientability of the Pin™ (2) monopole moduli
space is whether a gauge transformation preserves an orientation of ind D 4.

To define a gauge transformation, we introduce some associated vector bundles and their Clifford actions.
Definition 5.5 Let X be a 4-manifold and sy be a Spin®~ structure on X. Let P be the principal
Spin®~ (4) bundle given by the Spin®~ structure sx .

o We identify R? with the subspace {z € H | z=x+iy, x, y € R} 2= C. We define the real Spin~ (4)
representation
Po: Spin°~ (4) - GL(2,R)

by p(lg ™. g~ ul)z = uzu™", where the multiplication is that of H.
o We identify R? with the subspace { jw € H | w € C}. We define the real Spin®~ (4) representation

0+ Spin°~ (4) — GL(2,R)
by o} (lg%.q . ul)jw = ujwu", where the multiplication is that of H.
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It is easy to check the well-definedness of the above definition. We will denote by C., E the associated
vector bundles given by P and the representations pj, o, respectively.

Definition 5.6 We define the multiplication S ® (@ @ E) — S as follows. Note that the representation
space of po @ p; and AT @ A~ is H and H? = H & H_, respectively. We define a multiplication of
elements in these representation space by

¢-v:i=¢v

for v € H and ¢ € H?. This is a Spin°~(4) equivariant multiplication. This defines a multiplication
S=St®S and C @ E. We define the multiplication (@ DE)® ((6 ®E)—~> C & E in the same way.

Remark 5.7 Regarding the Spin°~ structure sy as a G (4,0, 3) structure, the vector bundle det E @ E
is the vector bundle E_ associated with sy (see Definition 2.6). From the definition of C and E , we have
Im(@ ) = det E. From now on, we fix an isomorphism Im(@) =~ det £ and identify Im(@) with det E. If
we take another isomorphism, arguments do not change.

Definition 5.8 We call an element of {u € F(@) | |u| = 1} a gauge transformation.
Now we state the topological method of evaluating the orientability of Pin™ (2) monopole space.

Theorem 5.9 Let u be a gauge transformation. We perturb u if necessary and we may assume that
—1 is a regular value of u. Let h be a section of E such that h is transverse to the zero section and its
submanifold u='(—1) C X. Then there is a natural Spin structure on h~'(0) N u~'(—1). This defines
an element of 1 dimensional Spin bordism group Q?pm (pt) = Z /27 and we denote by t-ind(sx, u) this
element. Then the following statements are equivalent:

(1) The gauge transformation u preserves the orientation of the index bundle {ind(D4)}4 on the
configuration space.

(2) The element t-ind(sy, u) of Q?pin(pt) is trivial.

Corollary 5.10 If we have t-ind(sy, u) = 0 for all gauge transformation u, the Pin™ (2) monopole moduli
space is orientable.

We begin the preparation of the proof of Theorem 5.9.
Definition 5.11 Let X be a 4-manifold and sy be a Spin°~ structure on X. Let S = ST @ S~ be the

spinor bundle of sy and u be a gauge transformation.

 We define the vector bundle L on X x S! as follows. Let 7r: [0, 1]x X — X be the projection. We
introduce an equivalence relation on n*C by (0,z) ~ (1, zu) for z € C and L is the quotient of
this equivalence relation L = *C / ~. Note that L has the canonical left 7*C action.
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o Let 7:S! x X — X be the projection. By abuse of notation, we use the same letter C for 7*C.
o V=V*t@®V~ isthe Z/2Z graded vector bundle given by V = 7*S @z (L & C), vt =7*S
and V- =7*S ®g L, where ®¢ is a tensor product of C modules.

Lemma 5.12 We define a skew-adjoint Dirac type operator D on V as follows:

e Let A be a Spin“~ connection on X and D4 is the Dirac operator on X given by A.

e Let A; be a one-parameter family of Spin®~ connection on X such that A; = A fort < % and
Ay =u*Afort > 3.

e Lete be the Z /27 grading operator of S. Let €’ be the operator on L & C given by 1 @ (—1).

o We define the Dirac type operatoron X x S! by

D= D;®prp +D4®prg +€d; Q€
where t is the coordinate of S and pry, prg are the projections to L, C, respectively.
Then the operator D is well defined on S' x X . It is equivalent that u preserves an orientation of the

index bundle {ind(D4)} on the configuration space and dimker D mod 2 = 0.

Proof The four-tuple (D; ® prp +Dg ® prg, € ® €0, L%(X x S',V)) defines a family index in
KO®(S!,pt). This family index coincides with ind(D;) — ind(D,) when we use the definition of
KO?(S?, pt) as the subgroup of the Grothendieck group of real vector bundles on S!. We see at once
the family index ind(D;) —ind(D,) is trivial if and only if u preserves an orientation of ind(D,4) by the
definition of V and Dy.

We see that this family index coincides with dim ker D mod 2 € Z /27 =~ KO°(S', pt) from index theory.
O

Definition 5.13 We define the G+(5, 0,4) structure sz on Z = X x S I as follows: Let P be the
principal Spin®~ (4) bundle on X given by Spin®~ structure sy and 7: [0, 1] x X — X be the projection.
We will denote by ¢ an embedding

Spin®~ (4) = Spin(4) xz,,7 Pin™ (2) — Spin(5) X727 Spin(4) = Spin(5) xz,/,7 (Sp(1) x Sp(1))

given by [¢, u'] +> [i(¢), (u’,u)], where i is a embedding Spin(4) — Spin(5) which is a lift of a map

A+~ diag(1, A). Let u be a gauge transformation of sxy. We define a principal Spin(5) Xz /,7 Spin(4)

bundle P on Z by 7* P x, (Spin(5) x7z/27 Spin(4))/ ~, where ~ is an equivalent relation given by
(0. p) ~ (1. pu). p € P x, (Spin(5) xz,27 Spin(4)).

It is easy to see that P defines a Spin structure of 7Z @ L @ 7* E. We will denote by s 7 a GT(5,0,4)

structure on Z given by Py.

Lemma 5.14 The mod 2 index dimker D mod 2 of the skew-adjoint operator D coincides withind(sz) €
KO™!(pt) = Z /27 where ind(s 7) is the index of s 7.
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Proof By the definition of V, we see that V is a spinor bundle S’ of GT (5,0, 4) structure 5 given in
Section 4.2. This lemma follows from Lemma 4.11 and Remark 4.12. O

We have the following proposition from Main Theorem.

Proposition 5.15 Let X be a closed Riemannian 4-manifold and s be a Spin®~ structure on X . Take a
gauge transformation u € F(@). Then the following statements are equivalent:

(1) The gauge transformation u preserves the orientation of the index bundle {ind(D4)}.

(2) The Spin structure induced on the zero locus of a transverse section of the vector bundle L & n* E
on X x S from Theorem 3.8 is trivial.

We consider the Spin structure on the zero locus of the transverse section of L & n*E.

Lemma 5.16 If it is necessary, we perturb u by homotopy and we may assume that —1 is a regular value
ofu. Let h be a section of E such that h is transverse to the zero section and its submanifold u='(—1) C X .
Let C = h~1(0) Nu~!(—=1) and U(C) is its tubular neighborhood. From Theorem 3.8, we have a spin
structure s¢ on C C U(C) introduced by the section Im(u)®h € I'((det E® E)|y(c)). Then there exists a
transverse section of the vector bundle L @ n* E whose zero locus is (h~1(0) Nu=1 (—1)) x {%} C X x {%}
and the Spin structure on C x {%} given in Theorem 3.8 coincides with sc.

Proof The transversality of Im(u) @ i € I'((det £ & E)|y(c)) follows from the assumptions on » and /.
Then s¢ is well defined.

To define a section of L x w* E, it is sufficient to take a section s = (s¢,51) € F((@ ® E) x [0, 1]) such
that 5¢(0) - u = so(1). We define a section s = (sg, 51) as

so(t)=(1—=t)+tu, s1(¢t)=h.

From the definition of s, we see that s71(0) = (h=1(0) Nu~1(=1)) x {1} € X x {1} and s is transverse
to the zero section. The normal bundle of s~!(0) splits into the [0, 1] direction and the X direction. The
[0, 1] direction is trivial rank one vector bundle, and the X direction is isomorphic to the vector bundle
det E @ E. On s~1(0), the real part of sq is a section of a summand of the normal bundle which is the
[0, 1] direction, and Im(sg) & s; = Im(u)/2 @ h is a section of det E @ E. Then we have a Spin structure
on s~1(0) given by s and sz coincides with s¢. |

Proof of Theorem 5.9 From Lemma 5.16, a gauge transformation u preserves the orientation of the
index bundle {ind(D,4)}4 on the configuration space if and only if the index of the Spin structure s¢ on
h=1(0) Nu~!(—1) is trivial. The index gives the isomorphism Q?pm (pt) = Z/27. O
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Remark 5.17 A slight change in the proof of Lemma 5.16 shows that there is a G (3, 0, 2) structure
(PiniL structure) on ¥ :=u~'(—1) C X induced by sy. The vector bundle E|y coincides with E_ given
by this G (3,0, 2) structure. Thus we have that the index of the Spin structure on 2~1(0) N Y coincides
with the index of this G+(3, 0,2) structure on Y from Main Theorem. From Theorem 5.9, u preserves
an orientation of moduli space if and only if the index of this GT (3,0, 2) structure on ¥ = u~!(—1) is
trivial. This is the statement proved by Mikio Furuta.

5.2 Examples

In this section, we give an example of four manifold with Spin®~ structure such that there exists a gauge
transformation which reverses an orientation of {ind D 4}.

Proposition 5.18 Let Y be a 3 dimensional closed Riemannian manifold and s be a G (3, 0, 2) structure
(Pini structure ) on Y such that the index of s is nontrivial. We denote by X a four manifold given by
gluing two copies of the disk bundle of det T'Y along boundaries. There is a Spin®~ structure on X and a
gauge transformation which reverse the orientation of {ind D 4}.

Proof First, we construct a Spin“~ structure on X.

e Let/=detTY and m:/ — Y be the projection. We will denote by E a vector bundle £_ associated
with the G (3,0, 2) structure 5. Note that det E 2/ and s is given by a Spin structure of

det7Y @TY ®det EBE.

e We will denote by 5" a Spin®~ structure on the total space / given by the Spin structure of
7' leTY ®rn*l®n*E
induced by s.

e Let D(/) be the disk bundle of / and S(/) be the sphere bundle of /. We choose a canonical trivialization
of w*/ on S(I). Hence we have that E and T'S(/) are orientable on S(/). Thus the restriction of ' to
S(1) induces a Spin® structure.

e S(!) is adouble cover of Y and the covering transformation t reverses the orientation of S(/). We glue
two copies of D(/) along S(/) by the map t. Let X = D(/) U; D(I). X is an oriented closed manifold.

e We glue Spin structure on each S(/) to give a Spin“~ structure sy on X such that the restriction of
sy to each D(/) coincides with s’

Second, we give a gauge transformation # which reverses the orientation of ind D 4.

e We will denote by f the tautological section of 7*/ on /.

e On the open subset / \ Y, 7*/ has the canonical trivialization. In this trivialization, we have f(v) = |v]
forvel\Y.
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e Deform f in the area |v| > % and we assume that f(v) =1 for |v| > %

e We define s(v) = —exp(izf(v)) as follows: There is the natural isomorphism / ® / = R and using
this isomorphism we have /2" e R, f2"*+1 e [. We define exp(im f(v)) € S(R ® v/—1/) using Taylor
expansion of exponential function.

 Note that s = 1 around S(/) and we extend on X by 1 on another D(/). We have s~ !(—1) =Y.

e The index of s on Y is nontrivial and from Theorem 5.9 and Remark 5.17, u reverses the orientation
of indD 4. O

We give an explicit example of Y in Proposition 5.18.
Lemma 5.19 Thereis a G1(3,0,2) structure s, on R P2 x S! whose index is nontrivial.

Proof For simplicity of notation, we omit the notation of the pull-back of projections. From Lemma 3.4,
we give a Spin structure on the vector bundle

detTRP?>dTS'® TRP? ®det TR P?> @ TR P?

and we give the G (3,0, 2) structure 5o by Lemma 3.2. Note that E_ = TR P2. We take a transverse
section of TR P2 on R P? whose zero locus is a single point on R P2. By pulling back this section,
we have a transverse section /1 of E_ whose zero locus is S! x {pt}. We immediately see that the Spin
structure on 2~ 1(0) 2 S! induced by / from Theorem 3.8 is given by the product S' x Spin(1). This is
the nontrivial element in the 1-dimensional Spin bordism group. From Main Theorem, we have that the
index of s is nontrivial. O

From Proposition 5.18 and Lemma 5.19, we deduce following corollary.

Corollary 520 We set X = (RP3#RP3) x S! and s = s¢. The determinant bundle on the ambient
space of the moduli space is not orientable.

This manifold is diffeomorphic to Py x S, where y is the tautological bundle of R P? and Py is its
projectivization.

Remark 5.21 The gluing construction in the proof of Proposition 5.18 can be generalized in the case of
gluing two 4 dimensional Spin°~ manifolds with boundary. If the restrictions of the Spin°~ structures to
their boundaries induce Spin® structures and their boundaries are diffeomorphic by a map which preserves
the orientation and the Spin® structure, our construction works.

Remark 5.22 Inthe case ¥ = RP2 x S! and 5 = s, we have S(/) = S? x S!. We cannot glue D(/)
by D3 x S! along S(/) because the first Chern class of Spin¢ structure on S(/) is the Euler class of 7'S?
and this cannot be extended to D3 x S

Algebraic & Geometric Topology, Volume 25 (2025)



Localization of a KO* (pt)-valued index and the orientability of the Pin™ (2) monopole moduli space 915

Appendix
Here we prove Proposition 3.22. We follow the notation of Section 3.2.

Lemma A.1 We assume that ¢ € T'(Y, @) satisfies | Dmp|| < Al|¢||. There are functions Ap(m,A),
By (m, A) of positive real numbers m, A depending on h such that if we fix a value A, they satisfy

Ap(m, X)) -0, Bp(m,A)—1

when m — oo. The tunctions Ay(m, L), By (m, A) satisfy the inequalities

2 _ 2 2 _ 2
/V|¢| _Ah<m,x)/y|¢| , Bh(m,)o/y|¢| _fy|p¢| ,
where V = {z € U(C) = B(N(C)) | |z] > 3} U U(C)*.

Proof We have the following estimate:
)\2 2 m 2
[Y 9P > /Y | Do
= [ -Pis.0)
Y
- /Y (—(D)? —m{D. 1 —m*h2). )
_ 2 200 112
= [ 1o+ [ winat~ [ miip.n.0)
200 212 2
z/Vm h /Ymcondhnoo|¢|

2
> m? /|¢|2—mco||dh||oo/|¢|2.
Vv Y

We define Aj(m, L) = 2(mCy||dh||co +A?)/m? and we have the first inequality, where Cj is a constant
only depending on the principal symbol of D (Clifford action). We have the second inequality by the

following estimate: ) . \

(o= ) - (-]
/Y|¢|2)j [or) |
[ o8} Ah<m,x>/yl|¢|2)2
= (1- Ah(m,k))(/yld)lz)z-

Setting By (m, ) = (1 —/Ap(m, A))Z, the proof is completed. ]
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A slight change of the proof of the above lemma actually shows the following lemma.

Lemma A.2 We will denote by S(N(C), @) a set of rapidly decreasing sections of @ on the total space
of the vector bundle N (C). We assume a section € S(N(C), @) satisfies | Pm || < A||Y||. There are
functions A’(m, A), B'(m, A) of positive real numbers m, A such that if we fix a value A, they satisfy

A'(m, L) =0, B'(m,A)—1

when m — oo. The functions A’(m, A), B'(m, A) satisfy the inequalities

[ e SA/(m,x)[ 2, B/(m,mf P2 s[ oy,
Vv’ N(C) N(C) N(C)
where V! ={z e N(C) | |z| > %}

Note that the perturbation term /4 of P, on N(C) satisfies |{ P, h}| = 2.

Lemma A.3 We assume that A is smaller than a constant given by the principal symbol of D and
the differentiation of p. We assume that m is large enough. Let T1’ be the orthogonal projection from
L?(N(C),®) to H. Then the map

"> H, ¢ ' ()

is injective.
Proof If a section ¢ € H,);, satisfies ||¢||L2(Y &) = 1 and IT'(p¢) = 0, we have

||Emp¢”L2(N(C),§5) > Ac ”M)HLZ(N(C),ﬁ)

from Lemma 3.18 when m is large enough. The support of the function p is contained in
U={zeNC)||z| <1}
and we identify U with U(C) C Y. We regard p¢ as a section on Y and we have

1Pmpdl 2y @) Z Aellpdll 2y @)

But we have the following estimate from Lemma A.1:

C d{) 2 (¢)2+ D (152
= 0” ”oo[ | | [l m |
C d 2 A ”1,)\, 2+)\42 2

< ColldplP (Ap(m, 1) +32) By(m. )" /Y 0dI2.

Provided m is large enough, the coefficient of fY|,0¢|2 tends to Col|dp||2,A%. If this constant is smaller
than A ¢, the above estimate contradicts the inequality || Dy p¢|| = Ac|pd|l. |
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We fix the value A so that 2C ||dp|| 2 A% < Ac.

Lemma A.4 We assume that m is large enough. Let H,An be the orthogonal projection from L*(Y, &)
to Hf‘n. The map
H—MHy § e T, (09)

is injective.
Proof If the map above is not injective, we have

”Dmlow ”LZ(Y,%) > A ||,0W ||L2(Y,§5)

for some ¢ € H. On the other hand, elements in H are rapidly decreasing sections; hence we use
Lemma A.2. Thus we have the following estimate by a similar argument to the proof of the Lemma A.3:

/ | Dunp? < Clldpl|% A'(m. 0)B (. 0) " / oy 2.
N(C) N(C)

If m is large enough, the above estimate contradicts the inequality || Dy, p¥ || = Allp¥|. |

Proof of Proposition 3.22 We have dim H > dim #{}, from Lemma A.3 and we have dim H < dim #},
from Lemma A.4. Thus the maps of Lemmas A.3 and A.4 are isomorphisms. In particular, the map in
Proposition 3.22 is the same as the map in Lemma A.4 and it is an isomorphism. Moreover, it is easy to
see that this map preserves the Z /2 gradings and the left Cl(s— , 4+ actions. O
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Verdier duality on conically smooth stratified spaces

MARCO VOLPE

We prove a duality for constructible sheaves on conically smooth stratified spaces. We consider sheaves
with values in a stable and bicomplete co-category equipped with a closed symmetric monoidal structure,
and in this setting constructible means locally constant along strata and with dualizable stalks. The crucial
point where we need to employ the geometry of conically smooth structures is in showing that Lurie’s
version of Verdier duality restricts to an equivalence between constructible sheaves and cosheaves: this
requires a computation of the exit paths co-category of a compact stratified space, which we obtain via
resolution of singularities.

18N60, 54B40, 57N80, 57P05

1. Introduction 919
2. Finite exit paths 924
3. Homotopy invariance and exodromy with general coefficients 933
4. Verdier duality 942
Appendix. The shape of a proper locally contractible co-topos 948
References 949

1 Introduction

Constructible sheaves are of great interest in both algebraic and differential geometry, as they provide tools
to study invariants for singular spaces (such as intersection cohomology; see Beilinson, Bernstein and
Deligne [8]) and have relations with D-modules (see Kashiwara [12]). Roughly speaking, constructible
sheaves are sheaves on stratified spaces that behave nicely on strata (see Definition 3.2 for more details).
A fundamental feature of constructible sheaves is that, assuming a finiteness condition on the stalks, they
carry a duality sometimes referred to as Verdier duality. This is an antiequivalence from the category of
constructible sheaves to itself, which is defined by taking an internal hom into the dualizing complex.
Verdier duality has many applications; for example, using abstract trace methods it allows one to associate
to any constructible sheaf a class in Borel-Moore homology. One of the interests of these classes is
that they can be related to Euler characteristics via computations with the six-functor formalism (see
Kashiwara and Schapira [13, Chapter 9] for a discussion on classical index formulas and their microlocal
enhancements).
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920 Marco Volpe

As far the author knows, it was an idea of MacPherson that, when the strata are manifolds, the duality
should be thought of as a combination of two different equivalences of categories. The first, induced
by the construction of sections with compact support, was expected to identify constructible sheaves
with constructible cosheaves. Without constructibility assumptions, this was proven by Lurie [15,
Theorem 5.5.5.1]. The second maps contravariantly constructible cosheaves to sheaves, and is obtained
using a foreseen combinatorial description of constructible (co)sheaves, similar in spirit to monodromy for
local systems. Following Barwick, Glasman and Haine [7], we refer to this combinatorial description as
exodromy (see [15, Theorem A.9.3] and Ayala, Francis and Tanaka [5, Theorem 1.2.5]). The topological
exodromy equivalence uses a generalization of the homotopy type of a stratified topological space, which
keeps track of the stratification. This is known as the category of exit paths of a stratified topological
space (see [15, Definition A.6.2] and Treumann [19]). We use here the language of oco-categories to

realize the vision of MacPherson and prove the expected duality result in a very general setting.

The first appearance of a proof of Verdier duality following the approach proposed by MacPherson is due
to Curry [10, Theorem 7.7]. That work deals with derived categories of constructible (co)sheaves of vector
spaces on locally finite regular CW complexes. This approach was later generalized by Aoki [1], working
with spectra-valued functors on posets. In our setting, a stratum can be any smooth manifold. Hence, via
exodromy, we obtain a duality for spectra-valued functors on co-categories that are not necessarily posets.
Another mention of Verdier duality is due to Ayala, Mazel-Gee and Rozenblyum [6, Example 1.10.8],
who outline a strategy to prove Verdier duality on stratified topological spaces that is essentially the same
as the one we employ in this paper. However, some of the main steps in their outline lack a rigorous proof
(see Remark 4.10 for a more detailed comment).

Let us spend a few words to specify more precisely the framework in which we are working. Relying on
our previous paper [20], we will be able to deal with sheaves valued in any stable bicomplete co-category C,
equipped with a closed symmetric monoidal structure. The machinery of six functors developed in [20]
supplies us with a dualizing sheaf a))@( for any C as above and X a locally compact Hausdorff stratified
space. More precisely, if a: X — x* is the unique map, a))e( is defined by applying the functor

ab: € — Shv(X;C)

to the monoidal unit of C. Our duality functor will be given by taking an internal hom into a))(}, and
denoted by D;.

Following the nomenclature of [7], we will define a sheaf with values in € to be formally constructible!
if its restriction to each stratum is locally constant, and constructible if furthermore all of its stalks are
dualizable. Similar definitions can be given for C-valued cosheaves by observing that, up to passing to an
opposite category, these are C°P-valued sheaves.

Un this paper we will only deal with sheaves which are constructible with respect to a fixed stratification, as opposed to [13,
Chapter 8], for example.
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Remark 1.1 The requirement of dualizability for stalks is unavoidable because, when X is the point,
a))(? is the monoidal unit of € and the duality functor coincides with the one coming from the monoidal
structure on C. Furthermore, this assumption is highly reasonable. For example, if € = D(R) and R is a
commutative ring (or, more generally, a module over any E-ring spectrum), it is a well-known result
that a complex is dualizable if and only if it is perfect (see for example [15, Proposition 7.2.4.4] for a
proof of a more general statement about E-ring spectra). Consequently, under our assumptions, we are
able to recover the classical setting as a special case.

For the geometric side of the story, we will consider conically smooth stratified spaces.? These were
introduced by Ayala, Francis and Tanaka [5], and provide a natural extension of C°°-structures in the
stratified setting. Notable examples of stratified spaces admitting a conically smooth atlas are Whitney
stratified spaces, as proven by Nocera and Volpe [17]. The definition of conically smooth atlases is rather
involved, as it relies on an elaborate inductive construction based on the depth of a stratification. For
convenience, we recall the definition of depth.

Definition 1.2 Let s: X — P be a stratified space. Then the depth is defined as

depth(X) = sup (dimy (X) — dimy (X;(x))),
xeX
where dim denotes the covering dimension and Xy is the stratum of X corresponding to s(x) € P.

We suggest the reader has a look at the introductions of [5; 17] to get an idea of how this works.

The main feature of conically smooth structures we will use in this paper is the unzip construction (see
[5, Definition 7.3.11]), which allows one to functorially resolve any conically smooth stratified space into
a manifold with corners. We will give a brief explanation of how this works in Example 2.15, but for now
let us only mention that, if Xz < X is the inclusion of a stratum of maximal depth, it consists of a square

Linky (X) «—— Unzipy (X)

(1.3) lnx - l

Xk ‘—h) X
which is both pushout and pullback, and Unzip, (X) is a conically smooth manifold with boundary given
by Linkg (X) such that both its interior and Linky (X') have depth strictly smaller than that of X. An
interesting consequence of the existence of the pushout/pullback square (1.3) is that the notion of conically
smooth map is completely determined by that of smooth maps between manifolds with corners.

We are now ready to state our main result.

2Most of our strategy to prove Verdier duality works more generally for C ®-stratified spaces (see [5, Definition 2.1.15]). However,
the proof of Proposition 2.19 relies on the existence of blow-ups, which are not available without the presence a conically smooth
structure. In a future paper [21], we will use some general facts about stratified homotopy types to show that the exit path
oco-category of a compact CO-stratified space is a compact object in Categ.
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Theorem 1.4 (Theorem 4.8) Let X be a conically smooth stratified space and let Shv® (X ; C) be the
full subcategory of Shv(X; C) spanned by constructible sheaves. Then the functor

DS : 8hv(X; )P — Shv(X; C)
restricts to an equivalence of co-categories

DY : Shve(X; €)° =5 8hve(X;€).

To conclude this introduction, let us make a short comment on how our proof strategy goes. As mentioned
earlier, our first observation is that the functor D)(? factors through the equivalence

De: 8hv(X; C) — CoShv(X; C),

proven by Lurie [15, Theorem 5.5.5.1]. Most of the work then lies in proving that the restriction of De to
constructible sheaves factors through constructible cosheaves. We first show in Proposition 4.3 that a)g, is
constructible when € = 8p (the co-category of spectra), and from the techniques developed in [20] we

deduce immediately that
ab: C — Shv(X;C)

factors through formally constructible sheaves. As a consequence of this and some properties of con-
structible sheaves that follow from homotopy invariance (see Theorem 3.4), one deduces that De maps
formally constructible sheaves into formally constructible cosheaves. We stress that being able to work
with such a general class of coefficients, which is closed under passing to opposite categories, makes this
step extremely formal.

The missing piece is then showing that De preserves the property of having dualizable stalks. This is the
point where we have to employ the geometry of conically smooth structures. More specifically, we use
the unzip constuction and an inductive argument on the depth to prove that any compact stratified space
equipped with a conically smooth structure has a finite exit paths co-category (Proposition 2.19). For
simplicity, let us explain how to use Proposition 2.19 in the special case X = C(Z) with Z compact,
where C(Z) denotes the cone on Z. If x € X is the cone point and F is any constructible sheaf on X,
there is a fiber sequence

(1.5) T (X: F) — Fy — I'(Z; F).

Here I'yx (X; F) denotes the sections of F supported at x (ie the stalk of the associated cosheaf of compactly
supported sections of F') and Fy is the stalk of F at x. By Proposition 2.19 and the exodromy equivalence
(which we show holds also for our general class of coefficients in Theorem 3.19), one deduces that
['(Z; F) is dualizable. Thus, using the fiber sequence above, Fy is dualizable if and only if I, (X; F) is,
which proves our claim.

1.1 Linear overview
We now give a linear overview of the results in our paper.
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Section 2 is mainly devoted to the proof Proposition 2.19. In the first part we recall the definition of a
finite co-category, and show how these can be described in the model of quasicategories. None of these
results or definitions are new, but we decided to include a few words on the subject since we could not
find any reference dealing with it in our preferred fashion. In the second part we recall Lurie’s definition
of the simplicial set of exit paths of a stratified topological space. Given a proper stratified fiber bundle
m: L — X, we show how one can conveniently compute the exit paths of the fiberwise cone of & in terms
of L and X. To prove Proposition 2.19, we cover a conically smooth stratified space with an open subset
given by the locus of points of depth zero and a tubular neighborhood of its complement. By induction
and Lemma 2.13, one is then left to show that the exit paths co-category of the former is finite. This is
proven using the unzip construction. Namely, by unzipping the complement, the open subset of points of
depth 0 can be identified with the interior of a compact manifold with corners.

In Section 3 we extend the results of Haine, Porta and Teyssier [11] to sheaves valued in stable bicomplete
oo-categories. This is very formal, after [20]. As a consequence, we show that the stalk at a point x of a
constructible sheaf is the same as sections at any conical chart around x (Corollary 3.7). We also provide
a convenient description of the restriction of a constructible sheaf along a stratum (Corollary 3.10). These
two results are essential and are used very often in what follows. For example, the first immediately
implies the existence of the fiber sequence (1.5). In the second part we then characterize constructible
sheaves by the property of being homotopy invariant (see Proposition 3.13), and use this to deduce
exodromy for conically smooth spaces with general stable bicomplete coefficients (Theorem 3.19).

In Section 4 we prove our main result. Given a C-stratified space X, through an inductive argument on
the depth we show that a)§ is constructible (Proposition 4.3). We first reduce to proving the statement in
the case C = 8p by employing the techniques developed in [20]. Then the only nontrivial part consists in
showing that, when X is a cone, the stalk of the dualizing sheaf at the cone point is a finite spectrum. We
then conclude by proving Theorem 4.8. As explained at the beginning of the introduction, our argument
starts by observing that the duality functor factors through Lurie’s Verdier duality. The hard part then
consists in showing that the latter restricts to an equivalence between constructible (co)sheaves, for which
we use all the results obtained previously in the paper.

Finally, in the appendix, we show that the shape of any proper and locally contractible co-topos is a
compact object in the co-category of co-groupoids.
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2 Finite exit paths

This first section contains the main geometric input needed to achieve our goal. Namely, we show the
exit paths co-category of a compact conically smooth stratified space is finite (Proposition 2.19).

2.1 Finite co-categories

This short section is devoted to recalling the definition of a finite co-category. Before going into that,
we say a few words about what an oo-category is for us. In this paper, we work in the model of
quasicategories. Let sSet be the category of simplicial sets. Following [9, Example 7.10.14], we define
Caty, as the localization of sSet at the class of Joyal equivalences. The class of Joyal equivalences and
fibrations equips sSet with the structure of a category with weak equivalences and fibrations in the sense
of [9, Definition 7.4.12]. Hence, by [9, Theorem 7.5.18], any object in Cats, is equivalent to the image
through the localization functor sSet — Caty, of a fibrant object in the Joyal model structure. For this
reason, objects of Cats, Will be called co-categories.

The first definition we propose is expressed internally to the oo-category Cat in terms of pushouts, and
so in a kind of model-independent fashion. Later we prove that this is actually equivalent to a notion
of finiteness that one might expect in the simplicial model. All the results appearing here are not at all
original, but we still felt the need to write this section as, in the process of completing the paper, we could
not locate a reference dealing with the subject. In what follows, we will denote by S the full subcategory
of Cats, spanned by oco-groupoids.
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Definition 2.1 An oco-category is said to be finite if it belongs to the smallest full subcategory of Catso
which contains @, A? and A! and is closed under pushouts. An co-groupoid is said to be finite if it is so
as an oo-category. We will denote by Gatgo and 87, respectively, the full subcategories of Cats, and S

spanned by finite objects.

Remark 2.2 Recall that the inclusion § < Cats, admits both a left and a right adjoint, and one may
describe the left adjoint on objects by sending an co-category € to the localization G[@~!]. Thus, since
8 < Caty preserves colimits and A[(A1)~1]~ A®, one may identify the class of finite co-groupoids with
the objects of the smallest full subcategory of 8 which contains & and A° and is closed under pushouts.
This implies in particular that, for any finite co-category C, the localization C[C~!] is again finite.

Lemma 2.3 Let C be a finite co-category and let W be a finite subcategory of C. Then the localization
C[W ~1] is again finite.

Proof We have a pushout square
W —2¢

Ll

WW=1 —— w1

in Cato; thus, it suffices to show that W[W ~1] is finite. This follows immediately by Remark 2.2. O

Recall that a simplicial set is said to be finife if it has a finite number of nondegenerate simplices. In the
next proposition we reconcile this notion of finiteness with the one in Definition 2.1. We will need the

following lemma, whose proof was explained to us by Sebastian Wolf.

Lemma 2.4 Let C be an co-category and let f: K — C be any map of simplicial sets, where K is finite.
Moreover, suppose that there exists a finite simplicial set K’ and a Joyal equivalence g: K’ — C. Then
there exists a finite simplicial set L, a Joyal equivalence j: L — € and a commutative diagram in sSet

e
L
K<k

where k is a monomorphism.

Proof We define inductively a sequence of finite simplicial sets {K/, },en. We set K6 = K’, and we
define K, via the pushout
Harsxy  Nf — Ky

[ |

Uy, A" —— K}
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Now set

K. :=colim(Ky <> K} <>+ > Kj <> --+).

Since all horns are finite simplicial sets, any map A’} — K factors through some Kj,. By construction
of the sequence, we get a commutative diagram

A > K, > K.
AT >y Kt

which implies that K is an co-category. Since the class of categorical anodyne extensions is saturated
(see [9, Definition 3.3.3]), K’ — K[ is a categorical anodyne extension, and in particular a Joyal
equivalence. Hence, by the assumption that € is an co-category, we get a commutative triangle

K £ ¢

B
j e
K&

where ¢ is a Joyal equivalence by the 2-out-of-3 property. Since K/ is also an co-category, ¢ admits a
quasi-inverse
v:C— K.

By the finiteness of K, the composition
Vf:K—>C—> K.
factors through some §: K — KJ,. Thus, we get a triangle
C
RN
n— Ko

K %5 K <

which commutes up to J-homotopy, where J is the interval object for the Joyal model structure as defined
in [9, Definition 3.3.3].

Now let L be the mapping cylinder of §. Since J is a finite simplicial set, L must be finite as well. By
the usual factorizations obtained via mapping cylinders, we get a triangle

e
L
K<‘s [
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commuting up to J-homotopy, where i is a monomorphism and p is a Joyal equivalence. If H is a
J-homotopy between f and pi, we may find a map H fitting in the diagram

KxJULx{l} 2, ¢

LxJ

since K x J UL x {1} — L x J is a categorical anodyne extension. Denote by j the restriction of H
to L x {0}. By construction, we get a commutative triangle

e
2
K5 L

Since the map j is J-homotopic to p, it is a Joyal equivalence. |

Proposition 2.5 Let y: sSet — Cat, be the localization functor. Then an co-category C is finite if and
only if there exists a finite simplicial set K and an equivalence C ~ y (K).

Proof Let sSet/ be the full subcategory of sSet spanned by the finite simplicial sets, and denote by F

the essential image of the restriction of y to sSet/. We need to show that Gat({o coincides with F.

Let K be any finite simplicial set, so that in particular there exists some finite # such that K = sk, (K).
By induction on # and using the cellular decomposition

[Ioan_s g 0A" —— sk,—1(K)
[ -
L[A”—)K A" —_— Skn(K)

we see that, to prove that L(K) belongs to G’atgo, it suffices to show that each A" does. But this is clear

because the n-simplex is Joyal equivalent to the n-spine. Thus, & C Gatgo.

Since F contains @, A® and A!, we are now only left to show that J is closed under pushouts. Let
D«—C—E

be any cospan of oco-categories in F, and let K — C be any Joyal equivalence, where K is a finite
simplicial set. By applying Lemma 2.4 twice, we get a map of cospans

L < > K« > M

L

D < C s &

where the vertical arrows are Joyal equivalences and the upper horizontal arrows are monomorphisms. We

then get a Joyal equivalence between the respective homotopy pushouts, and thus the desired conclusion. O
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2.2 Finiteness properties of compact conically smooth spaces

The main goal of this section is to show that the exit paths co-category of a compact conically smooth
stratified space is finite (Proposition 2.19). For this purpose, we make use of Lurie’s model of the exit
paths oco-category, whose definition we now recall.

By a slight abuse of notation, for a poset P we still denote by P the topological space obtained by
equipping the poset with the Alexandroff topology. If X — P is a stratified topological space, then we
define Exitp(X) by forming the pullback

Exitp(X) —— Sing(X)
N(P) — Sing(P)

in the category of simplicial sets. Lurie showed that if the stratification X — P is conical, then Exit p(X)
is an oo-category [15, Theorem A.6.4].

Example 2.6 Consider the stratified space R? — {0 < 1}, where the closed stratum is given by the origin.
This can be identified, up to stratified homeomorphism, with the cone on S, with its natural stratification.
Using Lemma 2.13, one can show that Exit{0<1}(R2) is equivalent to the oo-category (BZ)<. This is
given by formally adding an initial object to the classifying space BZ. More explicitly, let us denote by x
the origin, and y any point different from x. Then one can describe Exit{0<1}(R2) as a 1-category with
two distinct objects x and y, where x is initial and the monoid of endomorphisms of y is given by Z.

Remark 2.7 In what follows, we often consider a stratified space X without specifying any particular
notation for its stratifying poset. In that case, by a slight abuse of notation, we write Exit(X) for the
oo-category of exit paths of X.

In [5, Definition 1.1.5], the authors propose an alternative model of the opposite of the co-category of
exit paths of a conically smooth stratified space, called the enter paths co-category. Let us briefly recall
this definition, as it also allows us to introduce some notation that is used throughout our paper.

Let Snglr be the 1-category whose objects are conically smooth stratified spaces and morphisms are
conically smooth open immersions, and Bsc the full subcategory of Snglr spanned by basic conically
smooth stratified spaces, ie those which are isomorphic to one of the type R” x C(Z), where Z is compact
and conically smooth.

Lemma 4.1.4 of [5] shows that Snglr (and therefore Bsc) admits an enrichment in Kan complexes. By
passing to homotopy coherent nerves, one gets co-categories that we denote by

(2.8) Bsc — Snglr.
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For any conically smooth stratified space, the authors of [5] then define Entr(X') as the slice Bsc, y. More
precisely, this is defined to be the pullback

Entr(X) —— Snglr/x
|7
Bsc —— Snglr

Their proof of the exodromy equivalence for constructible sheaves of spaces, combined with the one in [15],
implies that Lurie’s exit paths co-category has to be equivalent to Entr(X)°P (see [5, Corollary 1.2.10]).

In this section, we prefer to use Lurie’s model, because it has an evident much richer functoriality. Indeed,
one sees by the functoriality of Sing that Exit is functorial with respect to general stratified maps. On the
other hand, the one in [5] is only functorial with respect to conically smooth open embeddings. We also
see immediately that, if we stratify P over itself through the identity, then Exitp(P) = N(P).

Definition 2.9 Let f/: (X — P) —> (Y — Q) be a map of stratified spaces. We say that f is a full
inclusion of strata if the underlying map of posets P — Q is injective and full, and the square

X —Y

L

P——0Q

is a pullback of topological spaces.
We will also need the following lemma.

Lemma 2.10 Let X — P and Y — Q be stratified spaces, and assume that the stratification on X is
conical. Assume that we have a stratified embedding Y < X which is a full inclusion of strata. Then
Exitg (Y') is an oo-category and the induced functor Exitg (Y') — Exitp(X) is fully faithful.

Proof Since the functor Sing from topological spaces to simplicial sets preserves limits and since ¥ < X
is a full inclusion of strata, we get a pullback square

Exitg(Y) — Exitp(X)
(2.11) l - l
N(Q) —— N(P)

of simplicial sets. By [15, Theorem A.6.4(1)], the functor Exitp(X) — N(P) is an inner fibration. Using
the pullback square (2.11), one sees that the map Exitg(Y) — N(Q) is also an inner fibration, which
implies that Exity (Y') is an co-category. Moreover, since the inclusion is full, the functor N(Q) — N (P)
is fully faithful, and thus we may conclude again by (2.11). |
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Recall that, for a proper conically smooth fiber bundle 7 : L — X, we define the fiberwise cone of 7 as
the pushout

L —— LxRx

(2.12) l ] l

X — C(m)

taken in the category of conically smooth stratified spaces (see [5, Example 3.6.3]). By definition, we get
a new fiber bundle C(r) — X whose fibers are isomorphic to basics. We now show how to compute the
exit paths of C(xr) in terms of L and X.

Lemma 2.13 Let w: L — X be a proper conically smooth fiber bundle. Then the commutative square

Exit(L) —— Exit(L xRxg)

| |

Exit(X) —— Exit(C(x))

in Catso induced by (2.12) is a pushout.

Proof By the Van Kampen theorem for exit paths [15, Theorem A.7.1], we may assume that X is a basic.
Thus, by [5, Corollary 7.1.4], we may also assume that 7 is a trivial bundle. Since Exit commutes with
finite products, we may assume that X = *, and hence we are only left to prove that, for any compact
conically smooth space L, the square

Exit(L) — Exit(L x Rxq)

/ |

A — 5 Exit(C(L))

is a pushout in Cats,. This follows from [5, Lemma 6.1.4]. O

We will also need to use the unzip and link construction, as defined in [5, Definition 7.3.11]. By [5,
Proposition 7.3.10], for any proper constructible embedding X < Y we have a pullback square

Link y (Y) —— Unzipy (Y)

(2.14) l”x 4 l

X —Y7Y

Here Unzip y (Y) is a conically smooth manifold with corners whose interior is identified with Y \ X,
and Unzip y (Y) — Y and myx : Linkx (Y') — X are proper constructible bundles.
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Example 2.15 To get a feeling for how Unzip y (¥) works, one may think of it as a generalization of
the spherical blow-up (see [3]). More precisely, when Y is a smooth manifold stratified with a closed
submanifold X and its open complement, the unzip of X < Y coincides with the spherical blow-up of X
in Y, and the link is diffeomorphic to the boundary of any normalized tubular neighborhood of X in Y.

For a visual representation of the unzip construction, we refer to [5, Figure 7.3.1].

The link of a proper constructible embedding is used to provide tubular neighborhoods in the stratified
setting. Proposition 8.2.5 of [5] shows that there is a conically smooth map

(2.16) C(nxy) =Y

under X which is a refinement onto its image and whose image is open in Y. Here we are using
the same notation as in (2.14). Denote by Link y (¥) x R~ and C(7ry) the respective refinements of
Linky (Y) x R.¢ and C(mry) through the embedding (2.16).

Corollary 2.17 Let X — Y be a proper conically smooth constructible embedding. Then the square

Exit(Link y (¥) x R~o) — Exit(Y \ X)

| |

Exit(C(wry)) ——— > Exit(Y)
is a pushout in Cats.

Proof This follows immediately by the Van Kampen theorem for exit paths oco-categories in [15,
Theorem A.7.1]. O

Remark 2.18 For the existence of tubular neighborhoods, one may relax the assumption of properness
for a constructible embedding i : X < Y to just requiring that there is a factorization

where i’ is a proper constructible embedding and ; is a conically smooth open embedding. For example,
if P is the stratifying poset of Y and X = Y, for some « € P, one may pick Y’ = Y>, and thus get a
tubular neighborhood of Y.

We are now ready to prove the main result of the section.

Proposition 2.19 Let X be any compact conically smooth stratified space. Then Exit(X) is a finite
co-category.

Proof Since X is compact, X is finite-dimensional and hence also has finite depth. We then argue by
induction on depth(X) = k.
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If k£ = 0, it is well known that Exit(X) = Sing(X) is a finite co-groupoid. For example, this follows by
the Van Kampen theorem [15, Theorem A.3.1] and the existence of finite good covers for X.

Assume now that k is positive. Denote by X, the union of strata of minimal depth, and by X~
its complement in X. One sees that X~ < X is a proper constructible embedding, and hence, by
Corollary 2.17, we get a pushout

Exit(Linkso(X) x R=9) — Exit(X)

| -

Exit(C(m~g)) — Exit(X).

By Lemma 2.13, to conclude the proof it suffices to show that Exit(LjrmA7 )), Exit(C(;>g)) and
Exit(Xy) are finite.

Being a closed subset of X, the space X~ is compact. By the pullback square (2.14), Link.¢(X) is
compact too. Since the depths of both are strictly less than depth(X), by the inductive hypothesis both
X~ ¢ and Link (X)) have finite exit paths co-categories. Notice that we have a stratified embedding

Link=o(X) x R=o <> Xo

and X is a smooth manifold, so the stratification on M) is trivial. Thus, Exit (M)) is a
localization of Exit(Links¢(X)) at all maps and, by Lemma 2.3, Exit(Link~ (X)) is finite.

By Lemma 2.13 and the inductive hypothesis, we also know that Exit(C(mw~¢)) is finite. Using [5,
Proposition 1.2.13], the canonical functor

¢ Exit(C(7=¢g)) — Exit(C(7w=g))

is a localization at the class of exit paths that are inverted by ¢. Since the inclusion C(7~¢) — X lies
under X > 0, the same argument as above shows that a noninvertible exit path is inverted by ¢ if and
only if it lies inside Link ¢(X) X R~ ¢ < C(7~¢). Notice that Link- o(X) X R~ < C(m~) is a full
inclusion of strata. Therefore, by Lemma 2.10, the induced functor on exit paths is the inclusion of a full
subcategory. This implies that one can identify Exit(é—(zo/)) with the localization of Exit(C(7~¢)) at
Exit(Links,(X)) x R~ (. Hence, by Lemma 2.3, Exit(ém)) is finite as well.

We know that X is the interior of the compact manifold with corners Unzip. ;(X). One can show that
the existence of collaring for corners [5, Lemma 8.2.1] implies that the inclusion Xy < Unzip. ((X) is
a homotopy equivalence. In the proof of [6, Lemma 2.1.3] one may find a construction of a homotopy
inverse of the inclusion X, < Unzip. (X)) in the special case where the corner structure is a boundary.
However, the construction of such an inverse in the more general case is completely analogous. Hence, to
conclude the proof it suffices to show that Sing(Unzip. ¢(X)) is finite. This follows by the existence of
good covers for manifolds with corners. |
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Corollary 2.20 Let X be a finitary conically smooth stratified space (see [5, Definition 8.3.6]). Then
Exit(X) is a finite oco-category. In particular, if X is the interior of a compact conically smooth manifold
with corners, then Exit(X) is a finite co-category.

Proof By Proposition 2.19 and Lemma 2.13, the class of conically smooth spaces with finite exit paths
oo-category contains all basics. Thus it suffices to show that it is closed under taking collar gluings.
Suppose there is a collar gluing f: Y — [—1, 1] such that /! (1. 1), f1 ((~1,1]) and /710) are
finitary. Then we get an open covering of Y given by f~! ([—1, 1)), ! ((—l, l]) and R x £~1(0),
which implies that Exit(Y") is finite by Van Kampen.

The last part of the statement follows by [5, Theorem 8.3.10(1)]. O

3 Homotopy invariance and exodromy with general coefficients

In this section we explain how to use [20] to prove homotopy invariance and the exodromy equivalence
for (formally) constructible sheaves (see Definition 3.2) valued in stable and bicomplete co-categories
(Theorem 3.19).

A proof of homotopy invariance for constructible sheaves with presentable coefficients can be found in [11].
Our argument in Theorem 3.4 follows precisely the one in [11]. Nevertheless, we will try to quickly
outline the main steps to convince the reader that all the results in [11], after [20], generalize to the setting
of stable bicomplete coefficients, at least if we restrict ourselves to locally compact Hausdorff spaces.

The exodromy equivalence was first proven by Lurie [15, Theorem A.9.3] and later generalized in [18].
For constructible sheaves of co-groupoids on conically smooth stratified spaces, this was proven in
[5, Theorem 1.2.5]. Here we stick with conically smooth stratified spaces, and we provide a short
argument that works for constructible sheaves in stable and bicomplete co-categories. This is essentially
a combination of the homotopy invariance and [5, Lemma 4.5.1].

With these at hand, we show that global sections of constructible sheaves on compact conically smooth

stratified spaces are dualizable (Corollary 3.22).

3.1 Homotopy invariance of constructible sheaves

From now on, all co-categories appearing as coefficients for sheaves will be assumed to be stable and
bicomplete, all topological spaces locally compact Hausdorff and all posets Noetherian. The next lemma
shows in particular that the stratifying poset of any C°-stratified space (see [5, Definition 2.1.15]) is
Noetherian. Since any conically smooth stratified space is by definition C°-stratified, all our stratified
spaces of interest will have Noetherian stratifying posets.

Lemma 3.1 Let X — P be a C°-stratified space. Then P is locally finite and therefore Noetherian.
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Proof Recall that, by [5, Lemma 2.2.2], any C°-stratified space admits a basis given by its open subsets
isomorphic as stratified spaces to ones of type R” x C(Z), where Z is a compact C-stratified space.
Therefore, it will suffice to show P is finite when X is compact. We prove this by induction on the depth
of X.

When the depth of X is 0, it follows by [17, Lemma 2.22] that P is discrete. Since X is compact, it can
have only a finite number of connected components, and therefore P has to be finite.

Assume that the depth of X is n. Since X is compact and C°-stratified, one may find a finite cover of X
by open subsets isomorphic as stratified spaces to R” x C(Z), where Z is a compact C-stratified space.
But the depth of Z is smaller than #, and thus by the inductive assumption its stratifying poset has to be
finite. Therefore, P has to be finite. |

Definition 3.2 Let X be any locally compact Hausdorff topological space, and let a: X — * be the
unique map. We say that a sheaf F € Shv(X;C) is constant if there exists an object M € € and an
equivalence F ~ aj M. We say that F is locally constant if there exists an open covering {U; };jes of X
such that F'|y, is constant.

Let X — P be a stratified space. We say that a sheaf F' € Shv(X; C) is formally constructible if, for any
o € P, the restriction of F' to the stratum X, is locally constant.

Assume now that € admits a closed symmetric monoidal structure, and denote by €42 the full subcategory
of C spanned by dualizable objects. We say that F' is constructible if F is formally constructible and
each stalk of F belongs to Cdual,

We denote by Shvi®(X; C) and Shv®(X; €) the full subcategories of Shv(X; €) spanned respectively by
formally constructible and constructible sheaves. Dually, we define formally constructible and constructible
cosheaves on X as CoShv(X; €) := Shv®(X; C°P)°P and CoShv®(X; C) := Shv®(X; C°P)P.

In this paper we only deal with constructible sheaves with respect to a specified stratification. Therefore,
we will take the liberty of omitting the stratifying poset from our notation for constructible sheaves.

We first recall the proof of the homotopy invariance of constructible sheaves and, before that, the definition
of stratified homotopy equivalence.

Definition 3.3 Let X — P and Y — Q be stratified spaces, and let [0, 1] € R be the closed interval,
considered as a stratified space with a single stratum. A stratified homotopy is a map of stratified spaces
H: X x[0,1]—>7Y.

We say that a stratified map f: X — Y is a stratified homotopy equivalence if there exists a stratified map
g:Y — X and stratified homotopies H: X x[0,1] — X and K:Y x[0, 1] — Y such that H| y oy =idy,

Hlxx(1y = g/, Klyxgoy =1dy and Kl|yx(1y = fg.
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Theorem 3.4 (homotopy invariance) Let X — P be a stratified space. Let p: X x [0, 1] - X be the
canonical projection. Then p*: Shv(X; C) — Shv(X x [0, 1]; C) restricts to an equivalence

Shv®(X; @) ~ Shv(X x [0, 1]; ©).

As a consequence, it Y — P is another stratified space and f: X — Y is a stratified homotopy equivalence,
then the functor
f*:8hv(Y; @) — Shv®(X; @).

is an equivalence.

Proof We first treat the case of locally constant sheaves, ie when P = x. By [15, Lemma A.2.9; 20,
Corollary 5.2], p* is fully faithful. We start by showing that p preserves constant sheaves. If a: X — *
and b: X x [0, 1] — * are the unique maps, then, for any object M € €, the fully faithfulness of p*
implies that we have equivalences

psb*M ~ pip*a*M ~a*M.

Now let F be any locally constant sheaf on X x [0, 1]. By [11, Lemma 4.9], there exists an open cover
{Ui}ier of X such that F|g. x[o,1] is constant. Therefore, since [0, 1] is compact, by proper base change
(see [20, Proposition 6.1]) we see that (p« F)|y, is constant. Hence, px preserves locally constant sheaves.
Thus, to conclude we only need to show that, for any locally constant sheaf F on X x [0, 1], the counit
map p* p« F — F is an equivalence.

Again by base change and [11, Lemma 4.9], we may reduce to the case when F ~ b* M is constant. In

this case we have a commutative diagram

counity* pr

pEpsb*M b*M
p*p*p*a*M counitp*a*M p*a*M
p* (unit,* M)T: ”
pra*M
which implies the desired result.

Now assume that P is any Noetherian poset. Using base change in a similar way as before, one sees that
P« preserves formally constructible sheaves, and thus we are left to show that, for any F constructible,
p* p« F — F is an equivalence. By [20, Corollary 4.2], any stable and bicomplete co-category respects
gluing in the sense of [11, Definition 5.17]. Hence, Lemma 5.19 of [11] implies that the functors given
by restricting to the strata of X are jointly conservative. By base change we may thus assume that F is
locally constant, whence the counit is known to be an equivalence by the previous step.

The last part of the statement then follows by a standard argument analogous to the proof of [20,
Corollary 3.1]. O
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We now present a couple of useful corollaries of homotopy invariance.

Corollary 3.5 Let f: X — Y be a stratified homotopy equivalence and F € Shv'(Y ; €). The natural
map
CY;F)—T(X;f*F)

is an equivalence.

Proof The commutative triangle
x —1 sy
*
induces an invertible natural transformation f*b* ~ a*. Since both a¢* and b* factor through formally

*

constructible sheaves, we get b* ~ na*, where 7 is any adjoint inverse of the restriction of f* to

Shv®(Y; @). Thus, by passing to right adjoints, we get the desired equivalence. |
We will need the following lemma.

Lemma 3.6 Let Z be a compact topological space. Let R>g x Z — C(Z) be the quotient map, and for
each € > 0 denote by C¢(Z) the image of the open subset [0, €) x Z. Then the family of open subsets

{Ce(Z) | € e Rxo}

forms a basis at the cone point.

Proof We will prove that, for every open subset W of R>( x Z containing {0} x Z, there exists some
€ > 0 such that [0,€) x Z € W. Since Z is compact, one can obtain a finite covering of {0} x Z with
opens of type [0, €;) x V; € W, and thus, by taking € to be the minimum of the ¢;, we get the claim. O

Corollary 3.7 Let X be a CO-stratified space and F € Shvi®(X ; C). For any point x € X and any conical
chart R" x C(Z) centered at x, the natural map

T'(R" x C(Z); F) — Fy

is an equivalence.

Proof First of all, notice that there is a homeomorphism R” 2 C(S”~!) sending 0 to the cone point,
under which the subsets C¢(S”~!) on the right-hand side are identified with open balls centered at
zero with radius €. Let us denote these subsets by B¢(0). By Lemma 3.6, the family of open subsets
{Bc(0) x Cc(Z)}e>0 is cofinal in the family of all open subsets of R” x C(Z) containing (0, cone point).

Hence,
lim T'(Be(0) X Ce(Z): F) =~ Fx.
By Corollary 3.5, we have r
FR"x C(Z); F) = lim T(R" x Ce(Z); F) |

>0
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Now let X — P be a conically smooth stratified space, and let « € P. By Remark 2.18, we get a

Xo

RN
- > X
J

commutative triangle

C(mq) <

where 7y is the fiber bundle Linky, (X>o) — Xg, i is the cone-point section of the fiber bundle
p: C(my) = Xy and j is a conically smooth open immersion. For any F € Shv(X; €), the unit of the
adjunction i * - i, gives a natural map

(3.8) Pxj F — puisi®*j*F ~ i} F.

o
Furthermore, the map (3.8) can be obtained by applying the sheafification functor to
3.9 P j ¥ F = puls ()P j*F ~ (i5)P°F,

where (i*)P™ and (i})P™ denote the corresponding presheaf pullback functors.

Corollary 3.10 Let Xy < X be the inclusion of a stratum in a conically smooth stratified space, and let
F be any formally constructible sheaf on X. Then the map (3.8) is an equivalence.

Proof Since F is a sheaf, it suffices to show that (3.9) is an equivalence. As usual, it suffices to prove
that it is an equivalence after taking sections on any euclidean chart U of X,,. For any such U, by [5,
Corollary 7.1.4],

L(U; p«j*F)=T(U x C(Z); F)
for some compact conically smooth stratified space Z. Thus we are left to show that the natural map

3.11) (U xC(Z): F)— lim I'(V: F)
ucv
is an equivalence.

By a cofinality argument, the map (3.11) factors through an equivalence

lim [(U x Ce(Z): F) = lim T(V; F),
>0 ucv

and thus we are left to show that

riOxCZ); F)— li_n)lI‘(U X Ce(Z); F)

e>0

is an equivalence. This last assertion then follows by Corollary 3.5. |
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3.2 Exodromy

This subsection is devoted to giving a proof of the exodromy equivalence on conically smooth stratified
spaces for constructible sheaves valued in stable and bicomplete co-categories. To do this we use the
model of the exit paths co-category of a conically smooth stratified space given in [5, Definition 1.1.5]. As
an intermediate step, we provide a useful characterization of the property of being formally constructible
for a sheaf on a conically smooth stratified space. In short, this says that a sheaf is formally constructible
if and only if it is homotopy invariant (see Proposition 3.13 for a precise statement). We also collect a
couple of useful corollaries of this fact, which are used later in the following section to prove a crucial
step of our main result.

One has functors
Bsc)x L} Bsc /X

lim
UX)

where U(X) denotes the poset of open subsets of X, and im sends an open immersion to its image in X.
Lemma 4.5.1 of [5] shows that y is a localization at the class W of open immersions of basics U <— V'
such that U and V are abstractly isomorphic in Strat. That is, precomposing with y gives an equivalence

(3.12) y*: Fun(Exit(X), ) — Funy (Bsc‘/’l}, ),

where the right-hand side denotes the full subcategory of Fun(B sc(/)l;(, ©) spanned by functors which send
all morphisms in W to equivalences. In the next proposition we show that W coincides with the class of
open immersions which are stratified homotopy equivalences, and then characterize the property of being
formally constructible through these maps.

Proposition 3.13 Let X — P be a conically smooth stratified space and let F € Shv(X; C). Then the
following assertions are equivalent:

(i) F is formally constructible.
(i) For any inclusion V — U of basic open subsets of X which is a stratified homotopy equivalence,
'U; F)->T(V;F)
is an equivalence.
(iii) For any inclusion V — U of basic open subsets of X which are abstractly isomorphic,
r'U; F)->T(V;F)

is an equivalence.

Proof We first prove that (ii) is equivalent to (iii) by showing that an open immersion j: V < U of basic
open subsets of X is a stratified homotopy equivalence if and only if U and V are abstractly isomorphic.
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First of all, observe that j is conically smooth, because the conically smooth structures of U and V
are restricted from that of X. If j is a stratified homotopy equivalence, it follows that U and V are
stratified over the same subposet of P, and so in particular V intersects the stratum of maximal depth of U.
Therefore, by the equivalence of conditions (2) and (4) in [5, Lemma 4.3.7], U and V are isomorphic.

Conversely, assume that U is abstractly isomorphic to V. Therefore, up to composing with isomorphisms
on both sides, we may assume j is of the form j: R” x C(Z) — R” x C(Z). Then, by [5, Lemma 4.3.6],
j is homotopy equivalent to Dy j, where Dgj denotes the differential of j at the point (0, cone point)
(see [5, Definition 3.1.4]). Since Dy is a stratified homotopy equivalence, the same is true for j.

By Theorem 3.4, (i) implies (ii), so we are left to show that (iii) implies (i). Leti: Y — X be the inclusion
of a stratum, and let V' < U be an inclusion of euclidean charts of Y. By Corollary 3.10, the horizontal
arrows in the commutative square

DU x C(Z); F) — T(U;i*F)

l !

F'(VxC(Z),F) —— T'(V;i*F)

are invertible, and thus T'(U ;i * F) — I'(V; i * F) is invertible too. Therefore, to deduce that i * F is locally
constant, we just need to show that (iii) implies (i) in the special case when X has a trivial stratification, ie
when X is a smooth manifold. The result is now a very special case of [11, Proposition 3.1]. For the reader’s
convenience, we review and adapt the proof of [loc. cit.] to our setting in the following proposition. O

Proposition 3.14 Let X be a smooth manifold and let F' € Shv(X; C). Then the following assertions are
equivalent:

(1) F islocally constant.
(i) For any inclusion V — U of euclidean charts of X, the restriction

T(U:F)—T(V:F)

is an equivalence.

Proof Since the question is local, we may assume that X = R”, where we will prove that condition (ii)
implies that F is constant. More precisely, we will show that, if a: R” — x is the unique map, the counit
morphism

3.15) a*ayF — F

is an equivalence. Since R” is hypercomplete and admits a basis given by those open subsets diffeomorphic
to itself, it then suffices to check that, for any such open j: U <> R”, the map ax jx j*a*asx F — ax jx j* F
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obtained by applying to (3.15) the functor of sections at U is invertible. Notice that we have a commutative

triangle
L. A j+ j Fcounitp L.
X ok *
as jxjra*ax F asjxj  F
counita*Fl =
ax (unitg)
as F

where the diagonal map is invertible by the assumption in (iii). Thus, to conclude the proof it suffices
to show that a* is fully faithful, which follows by the homotopy invariance of the shape (see [20,
Corollary 3.1]). O

Corollary 3.16 For f: L — X a conically smooth fiber bundle, the pushforward f.*: Shv(L; @) —
Shv(X; C) preserves formally constructible sheaves.

Proof By definition of a conically smooth fiber bundle, for any point x € X there exists an open
neighborhood U of x, a conically smooth stratified space ¥ and a pullback square
UxY «—— L
o7l
U———X

where p is the canonical projection. Let F be a formally constructible sheaf on L. To prove that f.* F is
formally constructible, it suffices to show that its restriction to any U as above is formally constructible.
Therefore, since any open immersion gives a locally contractible geometric morphism, by smooth base
change (see [20, Lemma 3.25]) it suffices to show that p$ preserves formally constructible sheaves.

Let G be any formally constructible sheaf on U x Y, and let j: V' < W be any open immersion of basics
in U which is a stratified homotopy equivalence. By Proposition 3.13, we need to show that the restriction
of p¢G corresponding to j is an equivalence. We have a commutative square

T(W; piG) —— T(V; piG)
rwWxY;G) —— I'(VxY;G)

Since G is constructible and j xidy: V x Y < W x Y is again a stratified homotopy equivalence, by
Corollary 3.5 we see that the lower horizontal arrow is an equivalence. The proof is then concluded by
observing that both vertical arrows are equivalences. |

Corollary 3.17 Let X be a conically smooth stratified space and let i : Xo < X be the inclusion of a
stratum. Let F € Shv(X; C) be a formally constructible sheaf. Then iéF is locally constant.

Proof We have a fiber sequence
(3.18) ibF —i3F —iljSjEF,
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where j is the open immersion X~ <> X. Hence, to conclude it suffices to show that i jE Jo F is locally
constant.

Let 4 : Linky, (X>«) — Xy be the projection from the link of Xy in X>4. Denote by k the open
immersion
k:Linky, (X>q) XRso = C(mg) — X,

and by p the conically smooth fiber bundle
p:Linky, (X>a) X R>o — Linky, (X>a) = Xa.

where the first arrow is the canonical projection. Then, by Corollary 3.10, we have an equivalence
iy jSj&F ~ plk} F. But, since k§ F is formally constructible and p is a conically smooth fiber bundle,
we can apply Corollary 3.16 to deduce that i jE Jo F is locally constant. |

Theorem 3.19 (exodromy) The composition
Fun(Exit(X), €) X5 Funyy((Bsc, x), €) A5 Fun(U(X)%, €)

is fully faithful with essential image Shv'®(X ; C). Moreover, if we assume that C has a closed symmetric
monoidal structure, the statement remains true if we replace Fun(Exit(X), €) by Fun(Exit(X), %) and
Shv®(X; @) by Shv® (X C).

Proof By Proposition 3.13, it suffices to show that the restriction of imy to Funy(Bsc, y, €) factors
through Shvi®(X; @).

Let U be a basic open subset of X" and let k: T < Bsc,yy be a covering sieve. There is at least one
V € T whose image in U intersects the deepest stratum. By the equivalence of conditions (2) and (4) in
[5, Lemma 4.3.7], U and V are abstractly isomorphic. Then, for any F € Funyy(Bsc /X @), we have a
commutative triangle

LU; F) — lim, . T'(O; F)

|

T'(V;F)

where the diagonal map is invertible by assumption. By [5, Proposition 3.2.23], open subsets isomorphic
to basics form a basis for the topology of X. Since X is hypercomplete, to show that im, F' is a sheaf it
suffices, by [2, Theorem A.6], to check the sheaf condition on open covers formed by basics of basic
open subsets. More succinctly, we have to show that the horizontal map in the triangle above is invertible.
Moreover, by the 2-out-of-3 property, it suffices to show that the vertical map is invertible.

Let §: T — T be the localization of 7" at W. Since § is final and «* sends maps in X to equivalences, the
result then follows by observing that V' is a terminal object in 7.
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For the second part of the statement, we just need to show that, for any functor F: Exit(X) — €% the
stalks of im4 y* F are dualizable. By Corollary 3.7, it suffices to prove that, for any open U which is
isomorphic to a basic, I'(U; imy y* F) is dualizable. But I'(U ; im, y* F) is equivalent to the value of F

at the object
(U € X) e Exit(X) = (Bsc, x),

and therefore is dualizable by assumption. O

Example 3.20 Consider again the stratified space (X — P) := (R? — {0 < 1}) as in Example 2.6,
and let C be a stable and bicomplete co-category. It follows from Theorem 3.19 that giving a formally
constructible sheaf on X is essentially the same as providing two objects M and N in C, a Z-action on N
and a Z-equivariant map «: M — N, where M is equipped with the trivial action. One may equivalently
supply a Z-equivariant object N andamapa&: M — N hZ  where the target of & denotes the homotopy
fixed points.

Remark 3.21 Even though we assumed from the beginning that the coefficients are stable and bicomplete,
all the arguments we have discussed work whenever Shv(X; €) < Fun(U(X)°P, C) admits a left adjoint
and C respects gluings in the sense of [11, Definition 5.17]. In particular, our proof also recovers the case
C = 8. A proof of the exodromy equivalence with presentable coefficients but on a much bigger class of
stratified spaces can be found in [18].

Corollary 3.22 Let Z be any compact conically smooth stratified space and let F € 8hv®(Z; C). Then
I'(Z; F) is dualizable.

Proof By Theorem 3.19, we know that there exists an essentially unique functor G : Exit(Z) — @

such that imy y*G ~ F. Therefore, since y is final, global sections of F are equivalent to the limit of G.
The proof is then concluded by applying Proposition 2.19 and observing that, since C is stable and its
monoidal structure is closed, G4 is itself stable. |

Remark 3.23 Let Z be a stratified space such that Exit(Z) is a retract in Cats, of a finite co-category,
and assume that the exodromy equivalence holds for constructible sheaves on Z. Since €44 is idempotent
complete, the same argument as in Corollary 3.22 shows that, for any F € Shv’(X; C), the object I'(Z; F)
is dualizable.

4 Verdier duality

This final section is devoted to proving Verdier duality for conically smooth spaces (Theorem 4.8). For
this reason, from now on our co-categories of coefficients are assumed to be equipped with a closed
symmetric monoidal structure. We first introduce the Verdier duality functor, and then recall the definition
of Lurie’s covariant Verdier duality. A crucial observation for the proof stratergy that we adopt is that
these two functors are closely related.
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For any locally compact Hausdorff topological space X, we will denote by a))(} the sheaf a'(1¢), where
a: X — x is the unique map and 1¢ is the monoidal unit in €. The sheaf a))e( will be called the C-valued
dualizing sheaf of X. We denote the functor

Homy (—, a)g,) :8hv(X; )P — Shv(X; C)

simply by Dg and, when X = x, we will only write D®: C% — €. In this case, D® sends an object
M € C to its dual Home (M, 1¢). Therefore, D gives an equivalence between %2 and its opposite.

Recall that, for any F € Shv(X;C) and V € U(X), one defines the compactly supported sections of F
at V by
L(ViF):= lim I (V: F).
K<V

In the colimit above, K ranges through the compact subsets of V, and 'y (V'; F) denotes the fiber of the
restriction I'(V'; F) — T'(V \ K; F) (see for example [20, Definition 5.6] and the whole section there for
a more detailed discussion). The association F + I (X; F) gives a left adjoint to the functor a'. The
above construction can be upgraded to a functor

(¢4
Shv(X; @) 255 CoShv(X;€), F > (U > [L(U: F)).

Lurie [15, Theorem 5.5.5.1] shows that D is an equivalence of co-categories. This equivalence is referred
to as covariant Verdier duality. Our next lemma explains the relation between covariant Verdier duality
and the contravariant functor DI(\?,.

Lemmad4.1 Let X be any locally compact Hausdortf topological space and let C be any stable bicomplete
oo-category equipped with a closed symmetric monoidal structure. Then there is a factorization

Homy (—,wx)

Shv(X; ©)°P > Shv(X;C)

D /D,e

CoShv(X; C)°P
where D¢ denotes the functor obtained by postcomposing with D®: €% — .

Proof Let j: U — X be any open subset of X. Then, for any F € Shv(X;C), by applying [20,
Corollary 3.26, Lemma 6.5 and Proposition 6.12], we get functorial equivalences

I'(U; Homy (F, wy)) ~T'(U;Homy (j*F, j*w%)) ~T(U; Homy, (j* F, w$;)) ~ Home ([ (U; F), 1)

and thus we have the desired factorization. O

Our next goal toward proving Theorem 4.8 is to show that the covariant Verdier duality functor D sends
constructible sheaves to constructible cosheaves. This is a consequence of constructibility of the dualizing
sheaf, which we prove in Proposition 4.3. We first compute the stalk at the cone point of the dualizing
sheaf of a cone on a compact C°-stratified space.
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Lemma 4.2 Let Z be a compact C°-stratified space. Denote by X the cone C(Z) and let x € C(Z) be
the cone point. Let 1 € C be the monoidal unit and let 1y € Shv(X; C) be the constant sheaf at 1. Then
we have an equivalence

(@%)x = DTy (X5 1x)).

Proof We have equivalences
(wy)x = lim T(U:i0y) ~ lim [(C(Z)iwy) = lim D(L(Ce(Z):1x)).
xeU 0<e=<oo 0<e=<oo
where the second follows from Lemma 3.6 and the third by [20, Proposition 6.12]. Here Coo (Z) refers
to C(Z). Notice that the colimit above is indexed by a weakly contractible co-category. Therefore, it
will suffice to show that, for any €, the map

N (X 1y) > Ty (Ce(2): 1x) — Te(Ce(2): 1x)
is invertible (see [20, Remark 5.7] for a proof of why the first equivalence holds).

First of all, notice that, for any K € C¢(Z) compact containing the cone point, there exists a 7" > 0
such that K € C7(Z) (namely, take 7 to be the maximum in the image of K through the projection
Ce(Z) — Rx9). Hence, by a cofinality argument, we have a commutative triangle

[ (X 1y)
lim_r_ Tezy (X5 1x) —= 3 T.(Ce(2): 1x)

where we fix {x} := Cr(Z). Notice that 0 is the initial object in the indexing poset of the colimit
appearing above. Hence, to conclude our proof it suffices to prove that, for any 7, the map

Ny (X 1y) = Tz (X 1x)
is invertible. By definition, this holds if and only if the restriction
FX\{x}:1x) > T(X\ Cr(2): 1x)
is invertible. But the inclusion X \ C7(Z) — X \ {x} is a homotopy equivalence, and so we may conclude

by the homotopy invariance of the shape. O

Proposition 4.3 Let X be any C°-stratified topological space. Then the dualizing sheaf wf“i is con-
structible.

Proof We will proceed by induction on the depth of X. If X has depth O, then X is a topological manifold
(see [17, Lemma 2.22]), and hence, by [20, Proposition 6.18], a))e( is locally equivalent to »dim(X) 1x.
Now assume that X has finite nonzero depth. Since the question is local on X, by [5, Lemma 2.2.2] we
may assume that X = R” x C(Z), where Z is a compact C°-stratified space with depth(Z) < depth(X).
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Let p:R"xC(Z)— C(Z) be the projection and b: C(Z) — * the unique map. By [20, Proposition 6.18],
for any sheaf F on C(Z) we have a functorial equivalence p!F ~ X" p* F, so it suffices to show that
bél = wg( 7) is constructible. Hence we may assume that X = C(Z).

Let x be the cone point and j: U — X its open complement. Since x is the point at which the depth is
; ; i* . C ~ ,C

maximal, we have depth(U) < depth(X'). Moreover, we have an equivalence j*wy >~ w;, and so, by

the inductive hypothesis, j *a))e( is constructible. Thus, for every stratum 7' € X which does not contain

the cone point, the restriction of wy is locally constant with dualizable stalks. Hence it remains to prove

that the stalk of wy at the cone point is dualizable.

Since the dual of a dualizable object is again dualizable, by Lemma 4.2 it suffices to show that Iy (X; 1x)
is dualizable. By definition, I} (X 1x) is the fiber of the restriction I'(X:; 1xy) — I'(X \ {x}; 1x).
Using the homotopy invariance of the shape, we get a commutative square

F(X;1ly) — T'(X \{x};:1x)

Lk
1 — 5 I'(Z:1y)

where the right vertical arrow is induced by any inclusion Z < X inducing an homotopy equivalence
between Z and X \ {x}, and the left vertical arrow by the inclusion of x in X. Since 4 is stable, it
suffices to show that I'(Z;1~) is dualizable. But this follows from Corollary A.7. m|

Corollary 4.4 Let X be a conically smooth stratified space. Then the covariant Verdier duality functor
]D))e( restricts to an equivalence

4.5) D: Shv(X: @) ~ CoShv®(X; C).

Proof The inverse of the covariant Verdier functor ID)I(‘?, is given by (D}?p)"p (see for example the proof
of [20, Theorem 5.10]). Therefore, it suffices to show that JD))G( preserves formally constructible objects
for any C stable and bicomplete.

First of all, we prove that, if F € Shv(X; C) is locally constant, then D F is a formally constructible
cosheaf. Since restricting along an open immersion commutes with D (see [20, Lemma 6.5]) and the
property of being formally constructible can be checked on an open cover, it suffices to show that D sends
constant sheaves to formally constructible sheaves.

Assume F ~ a* M, where a: X — * is the unique map. In this case, by [20, Definition 6.1], D F' ~ aéupM.
Moreover, by [20, Proposition 6.16], aleopM ~ wf{",op ® a*M. Therefore, by Proposition 4.3, D F is
constructible.

Assume now that F is any formally constructible sheaf, and let i : X, < X be the inclusion of a stratum
of X, with complement j: U < X. We need to show that i5,,D F' ~ IDi éF is locally constant. Notice that
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it suffices to show that iéF is locally constant. Indeed, since X, is a smooth manifold, it is in particular
conically smooth. Therefore, by what we have proven before, if G is any locally constant sheaf on Xy,
DG must be formally constructible. But Xy, is unstratified, and hence being formally constructible on X
is equivalent to being locally constant. Thus, by Corollary 3.17, i éF is locally constant. |

Proposition 4.6 Let X be a conically smooth stratified space. Then the covariant Verdier duality
functor ]D))e( restricts to an equivalence

4.7 D: 8hv(X; €) ~ CoShv’(X; C).

Proof By Corollary 4.4, it suffices to show that, for any x € X and F € Shv®(X; @), Fy € C is dualizable
if and only if (D F)y is dualizable, where the latter denotes the costalk of D F at x.

Let x: % < X be the inclusion of a point x € X. By definition, there are equivalences (D F), =~
Xpop(DF) =~ xéF. Thus, by applying global sections to the localization sequence associated to i and j,
we obtain a fiber sequence

x'F~T(X:isi'F)>T(X;F)—>T(U;F)
and hence an equivalence
[ (X; F) ~i'F.

Thus, by choosing a conical chart R” x C(Z) around x and applying Corollary 3.7, we get a fiber sequence
DF)x = Fx = T(R" x C(2)) \ (0, %); F),

where * € C(Z) denotes the cone point. Therefore, arguing as in the proof of Corollary 3.22, it suffices
to show that Exit((R” x C(Z)) \ (0, *)) is finite. But, by Van Kampen for exit paths, one has a pushout

Exit(R"\ {0} x Ry g x Z) ——— Exit(R" xR- g x Z)

| -

Exit(R" \ {0} x C(Z)) —— Exit((R" x C(Z)) \ (0, *))

The result then follows by observing that Exit commutes with products, Exit(Z) and Exit(C(Z)) are
both finite by Proposition 2.19 and Lemma 2.13, and Exit(R” \ {0}) ~ Sing(S"!) is finite. |

Theorem 4.8 Let X be a conically smooth stratified space. Then the restriction to Shv’(X’; €)°P of the
functor Dg"( factors through an equivalence

DY : 8hve(X; €)° =5 8hve(X; €).
Proof By Lemma 4.1 and Proposition 4.6, we only need to show that
D¢ CoShve(X; €)P — Shv¢(X; C)
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is an equivalence. Denote again by im: Bsc,y — U(X) the functor taking a conically smooth open
immersion into X to its image. The diagram

[
Fun(Exit(X), (Cdualyor) _ Fun(Exit(X), Cdual)

"_Vl/y * ’:l/y *

DC
Funyp((Bse, x)°, (C**)P) — Fumy((Bsc, x)™, C**)

ZTim* ZTim*

(¢}
CoShve (X; €)°P De | se(x:e)

commutes, since the horizontal arrows are given by postcompositions and the vertical arrows by pre-
compositions. Moreover, since the restriction of D¢ induces a duality on €%, the upper horizontal
arrows are equivalences, and thus we get the desired conclusion. |

Example 4.9 Let us give an explicit description of what Verdier duality looks like for the stratified
space X appearing in Example 2.6. Let C be any stable and bicomplete oco-category. For any map
a: M — N2 in @ as in Example 3.20, we get a map QN"Z — fib(«). It follows by Poincaré duality
for manifolds (see [20, Proposition 6.18]) that there is an equivalence N hZ ~ QNjz. Therefore, we have
amap Q%Nyz — fib(«). This can be upgraded to a functor

Fun(BZ<,C) — Fun(BZ">,€), (a: M — N"%) > (@: Q> N,z — fib(@)),

which is easily seen to be an equivalence. We invite the interested reader to work out the details to show

that the functor given above coincides with (4.5), after applying the exodromy equivalence.

Remark 4.10 In [6, Example 1.10.8], the authors propose a strategy to prove Verdier duality. However,
they do not provide proofs for some of the major steps in their outline. We specify here the main missing
points in [loc. cit.]. Let X — P be any stratified topological space. First of all, in [loc. cit.] there is
no explanation of why the stratification on Shv(X; €) restricts to a stratification on Shv®(X; C). We
verify this for conically smooth stratified spaces in the proof of Corollary 3.17. Secondly, in [loc. cit.]
the authors claim without proof that, if wy is formally constructible, then the covariant Verdier duality
functor preserves formally constructible objects. We prove this claim in Corollary 4.4. The authors also
do not explain for which kind of stratified topological spaces one should expect the dualizing sheaf to be
formally constructible. We show that this is the case for C°-stratified spaces in Proposition 4.3.

Remark 4.11 The equivalences (4.5) and (4.7) are already interesting on their own, because they imply
that, for any stratified map f: X — Y, £ or /¢ preserves (formal) constructibility if and only if f!e
or fé does. In particular, fé always preserves (formally) constructible sheaves.

Remark 4.12 Any pu-stratification of an analytic manifold in the sense of [13] satisfies the Whitney
conditions, and hence by [17] defines a conically smooth structure. Thus, Theorem 4.8 recovers and
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generalizes the duality on constructible sheaves on analytic manifolds as defined in [13] (ie sheaves which
are constructible in our sense with respect to some p-stratification).

Appendix The shape of a proper locally contractible co-topos

In this appendix, we present a couple of topos-theoretic results that provide an elegant argument to conclude
the last step in the proof of Proposition 4.3. While the content of this appendix is not fundamental for our
primary purposes, we have decided to include it because we believe it is interesting on its own. More
precisely, in this appendix we prove that the shape of any proper and locally contractible co-topos is a
compact co-groupoid.

We start by recalling the definition of the shape of a locally contractible co-topos. For a more general and
detailed discussion about shape and locally contractible geometric morphisms, see [20, Section 3].

Definition A.1 Let X be an co-topos and let @: X — § be the unique geometric morphism. We say that
X is locally contractible if a* : § — X admits a left adjoint, denoted by ay: X — 8.

If X is any locally contractible co-topos, we define the shape of X, denoted by I (X), as the co-groupoid
ay(lx), where 1y denotes the terminal object of X.

We now show that sheaf topoi associated to C*-stratified spaces are locally contractible. We need the
following preliminary lemma.

Lemma A.2 Let X be a CO-stratified space. Then the co-topos Shv(X; 8) is hypercomplete.

Proof By [5, Lemma 2.2.2], X admits an open cover given by its open subsets isomorphic as stratified
spaces to ones of type R” x C(Z), where Z is a compact C°-stratified space. Therefore, X is locally
paracompact and of finite covering dimension. By [14, Theorem 7.2.3.6], the covering dimension of
a paracompact space agrees with its homotopy dimension (see [14, Definition 7.2.1.1]). Moreover, by
[14, Corollary 7.2.1.12], any oo-topos which is locally of finite homotopy dimension is hypercomplete.
Therefore, we conclude that Shv(X'; 8) is hypercomplete. |

Corollary A.3 Let X be a C°-stratified space. Then the co-topos Shv(X;8) is locally contractible.
Moreover, we have an equivalence of co-groupoids Il (Shv(X;8)) ~ Sing(X).

Proof Since, by [5, Lemma 2.2.2], the topological space X is locally contractible, the result follows
from Lemma A.2 and [20, Corollary 3.19]. O

Definition A.4 Let X be an oco-topos and let a: X’ — 8 be the unique geometric morphism. We say that
X is proper if as: X — & preserves filtered colimits.

Remark A.5 It would be very natural to define an co-topos to be proper by requiring the unique
geometric morphism a: X — S to be proper in the sense of [14, Definition 7.3.1.4]. This alternative
definition is proven to be equivalent to Definition A.4 in [16].
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Proposition A.6 Let X be a proper and locally contractible co-topos. Then Il (X) is a compact object
in 8.

Proof Leta: X — S be the unique geometric morphism. Observe that a,: X — 8 is corepresented by
the terminal object 1. Since X is assumed to be proper, 1 must be a compact object in X. Therefore, to
conclude the proof it suffices to show that ay: X — 8 preserves compact objects. But this is clear because
its right adjoint a* preserves (filtered) colimits. O

Corollary A.7 Let X be any compact Hausdorff topological space and assume that Shv(X ; 8) is locally
contractible. Let € be any stable bicomplete co-category equipped with a closed symmetric monoidal
structure. Let M € C be any dualizable object and denote by My the constant sheaf at M. Then
I'(X; Mx) is dualizable.

Proof Let a: X — x be the unique map. Recall that, by [20, Corollary 5.16], we have an equiv-
alence Shv(X;C) ~ Shv(X;8) ® C, where the ® denotes Lurie’s tensor product of cocomplete co-
categories. Since X is locally contractible, by combining [20, Corollaries 5.16 and 5.20] we see that
ag: € — Shv(X: C) admits a left adjoint ag obtained by tensoring with C the cocontinuous functor
ay: 8hv(X;38) — 8. In particular, if we denote by 1x the constant sheaf at the monoidal unit 1 € C,

ag(ly)~ lim 1.
Moo (X)

Here I (X) denotes the shape of the locally contractible oco-topos Shv(X'; 8). Moreover, it follows from
the dual version of the smooth projection formula (see [20, Corollary 3.26]) that there is an equivalence
I'X; My) ~ Home(ag(lX), M). Hence,

I(X:My)~ lim M.
Moo (X)

Since 44! is an idempotent complete stable co-category, we can conclude by Proposition A.6. |

References

[11 K Aoki, Posets for which Verdier duality holds, Selecta Math. 29 (2023) art.id. 78 MR Zbl
[2] K AoKi, Tensor triangular geometry of filtered objects and sheaves, Math. Z. 303 (2023) art.id. 62 MR Zbl

[3]1 G Arone, M Kankaanrinta, On the functoriality of the blow-up construction, Bull. Belg. Math. Soc. Simon
Stevin 17 (2010) 821-832 MR Zbl

[4] D Ayala, J Francis, N Rozenblyum, A stratified homotopy hypothesis, J. Eur. Math. Soc. 21 (2019)
1071-1178 MR Zbl

[5] D Ayala, J Francis, HL Tanaka, Local structures on stratified spaces, Adv. Math. 307 (2017) 903-1028
MR Zbl

Algebraic & Geometric Topology, Volume 25 (2025)


https://doi.org/10.1007/s00029-023-00887-2
http://msp.org/idx/mr/4656893
http://msp.org/idx/zbl/1524.18008
https://doi.org/10.1007/s00209-023-03210-z
http://msp.org/idx/mr/4549105
http://msp.org/idx/zbl/1516.18007
http://projecteuclid.org/euclid.bbms/1292334057
http://msp.org/idx/mr/2777772
http://msp.org/idx/zbl/1252.57011
https://doi.org/10.4171/JEMS/856
http://msp.org/idx/mr/3941460
http://msp.org/idx/zbl/1445.57019
https://doi.org/10.1016/j.aim.2016.11.032
http://msp.org/idx/mr/3590534
http://msp.org/idx/zbl/1367.57015

950

(6]

(7]
(8]

[9]

(10]

(11]

Marco Volpe

D Ayala, A Mazel-Gee, N Rozenblyum, Stratified noncommutative geometry, Mem. Amer. Math. Soc.
1485, Amer. Math. Soc., Providence, RI (2024) MR Zbl

C Barwick, S Glasman, P Haine, Exodromy, preprint (2018) arXiv 1807.03281

A A Beilinson, J Bernstein, P Deligne, Faisceaux pervers, from “Analysis and topology on singular
spaces, [, Astérisque 100, Soc. Math. France, Paris (1982) 5-171 MR Zbl

D-C Cisinski, Higher categories and homotopical algebra, Cambridge Stud. Adv. Math. 180, Cambridge
Univ. Press (2019) MR Zbl

JM Curry, Dualities between cellular sheaves and cosheaves, J. Pure Appl. Algebra 222 (2018) 966-993
MR Zbl

P J Haine, M Porta, J-B Teyssier, The homotopy-invariance of constructible sheaves, Homology Homotopy
Appl. 25 (2023) 97-128 MR Zbl

M Kashiwara, The Riemann—Hilbert problem for holonomic systems, Publ. Res. Inst. Math. Sci. 20 (1984)
319-365 MR Zbl

M Kashiwara, P Schapira, Sheaves on manifolds, Grundl. Math. Wissen. 292, Springer (1990) MR Zbl
J Lurie, Higher topos theory, Ann. of Math. Stud. 170, Princeton Univ. Press (2009) MR Zbl

J Lurie, Higher algebra, preprint (2017) Available at https://url.msp.org/Lurie-HA

L Martini, S Wolf, Proper morphisms of oo-topoi, preprint (2023) arXiv 2311.08051

G Nocera, M Volpe, Whitney stratifications are conically smooth, Selecta Math. 29 (2023) art. id. 68 MR
Zbl

M Porta, J-B Teyssier, Topological exodromy with coefficients, preprint (2022) arXiv 2211.05004

D Treumann, Exit paths and constructible stacks, Compos. Math. 145 (2009) 1504-1532 MR Zbl

M Volpe, The six operations in topology, preprint (2021) arXiv 2110.10212

M Volpe, Finiteness and finite domination in stratified homotopy theory, preprint (2024) arXiv 2412.04745

Department of Mathematics, University of Toronto
Toronto, ON, Canada

marco.volpe@utoronto.ca

Received: 12 December 2022 Revised: 10 December 2023

Geometry € Topology Publications, an imprint of mathematical sciences publishers :.msp


https://doi.org/10.1090/memo/1485
http://msp.org/idx/mr/4760797
http://msp.org/idx/zbl/07913520
http://msp.org/idx/arx/1807.03281
http://numdam.org/item/AST_1982__100__1_0/
http://msp.org/idx/mr/751966
http://msp.org/idx/zbl/0536.14011
https://doi.org/10.1017/9781108588737
http://msp.org/idx/mr/3931682
http://msp.org/idx/zbl/1430.18001
https://doi.org/10.1016/j.jpaa.2017.06.001
http://msp.org/idx/mr/3720863
http://msp.org/idx/zbl/1481.18017
https://doi.org/10.4310/hha.2023.v25.n2.a6
http://msp.org/idx/mr/4651175
http://msp.org/idx/zbl/1528.32046
https://doi.org/10.2977/prims/1195181610
http://msp.org/idx/mr/743382
http://msp.org/idx/zbl/0566.32023
https://doi.org/10.1007/978-3-662-02661-8
http://msp.org/idx/mr/1074006
http://msp.org/idx/zbl/0709.18001
https://doi.org/10.1515/9781400830558
http://msp.org/idx/mr/2522659
http://msp.org/idx/zbl/1175.18001
https://url.msp.org/Lurie-HA
http://msp.org/idx/arx/2311.08051
https://doi.org/10.1007/s00029-023-00877-4
http://msp.org/idx/mr/4642716
http://msp.org/idx/zbl/07746697
http://msp.org/idx/arx/2211.05004
https://doi.org/10.1112/S0010437X09004229
http://msp.org/idx/mr/2575092
http://msp.org/idx/zbl/1185.32022
http://msp.org/idx/arx/2110.10212
http://msp.org/idx/arx/2412.04745
mailto:marco.volpe@utoronto.ca
http://msp.org
http://msp.org

