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A cubical model for (oo, n)-categories

TiM CAMPION
KRZYSZTOF KAPULKIN
YUKI MAEHARA

We propose a new model for the theory of (oo, n)-categories (including the case n = 0o) in the category
of marked cubical sets with connections, similar in flavor to complicial sets of Verity. The model structure
characterizing our model is shown to be monoidal with respect to suitably defined (lax and pseudo) Gray
tensor products; in particular, these tensor products are both associative and biclosed. Furthermore, we
show that the triangulation functor to precomplicial sets is a left Quillen functor and is strong monoidal
with respect to both Gray tensor products.
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Introduction

The theory of (oo, n)-categories is becoming an important tool in a number of areas of mathematics,
including manifold topology, where it is used in the definition and classification of extended topological
quantum field theories [Lurie 2009], and in derived algebraic geometry, where it is used to capture certain
properties of the “category” of correspondences [Gaitsgory and Rozenblyum 2017a, 2017b]. There are
several equivalent models for this theory, including: n-trivial saturated complicial sets [Verity 2008b,
2007; Riehl and Verity 2020; Loubaton 2022], n-quasicategories [Ara 2014], ®,-spaces [Rezk 2010] and
n-fold complete Segal spaces [Barwick 2005].

© 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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1116 Tim Campion, Krzysztof Kapulkin and Yuki Maehara

We propose a new model for the theory of (0o, n)-categories, using comical (composition + cubical) sets.
Comical sets are certain marked cubical sets (having marked n-cubes for all values n > 1), just like
complicial sets are certain marked simplicial sets. Our model allows for a particularly elegant and simple
treatment of the (lax and pseudo) Gray tensor products since they are inherently cubical in nature. One
can find drawings of cubes in Gray’s book [1974], and the simplest ways of defining the lax Gray tensor
product of strict w-categories are via cubical sets [Crans 1995; Al-Agl et al. 2002].

Because of the obvious similarities with complicial sets, there is a natural comparison functor to marked
simplicial sets. To obtain it, we extend the usual triangulation functor 7" : cSet — sSet from cubical sets
to simplicial sets to a marked version 7: cSet™ — PreComp. Here T is valued not in the whole category
sSet™ of marked simplicial sets but in the reflective subcategory PreComp of precomplicial sets, so that
our results hold up to isomorphism rather than homotopy. PreComp supports a model structure that is
Quillen equivalent to the complicial model structure on sSet™ and the lax Gray tensor product on sSet™
is more well-behaved when restricted to PreComp.

With that, our main results (see Theorems 3.3, 2.16, 6.5, 6.10 and 7.1) can be summarized as follows:

Theorem The category cSet™ of marked cubical sets carries a model structure whose cofibrations are
the monomorphisms and whose fibrant objects are the comical sets. This model structure is monoidal
with respect to both the lax and pseudo Gray tensor products, which are simultaneously associative and
biclosed.

Furthermore, the triangulation functor T : cSet™ — PreComp is left Quillen and strong monoidal with

respect to both Gray tensor products.

Since this paper was first made available in 2020, a slight adaptation of our model was proven to be Quillen
equivalent via the triangulation functor to n-trivial saturated complicial sets in [Doherty et al. 2023].
The “special cases” of this result had previously been known for (oo, 0)-categories (ie co-groupoids)
[Cisinski 2006] and (oo, 1)-categories [Doherty et al. 2024], although these papers consider slightly
different versions of the cubical site from us.

In particular, our model validates the assertions [Gaitsgory and Rozenblyum 2017a, Propositions 10.3.2.6
and 10.3.2.9], given there without a proof or a reference. They are essentially the desiderata of a convenient
model of (0o, 2)-categories used throughout [Gaitsgory and Rozenblyum 2017a, 2017b], and in that
sense our model in cSet™ is a convenient such model. We should note however that these assertions
were previously proven in [Verity 2008b] and [Maehara 2021] in the contexts of complicial sets and

2-quasicategories, respectively.

Finally, our work owes a great deal to [Steiner 2006], where the (semi)cubical nerves of strict w-categories
are analyzed. In particular, our definition of comical open boxes in Section 3 follows [Steiner 2006,
Example 2.9].

Geometry & Topology, Volume 29 (2025)



A cubical model for (0o, n)-categories 1117

Organization of the paper We begin in Section 1 by reviewing the necessary background on model
categories, cubical sets and complicial sets. In Section 2, we introduce marked cubical sets, study their
basic properties, and construct both the lax and the pseudo Gray tensor products. In Section 3, we define
comical sets and construct the model structure for them. As a proof of concept, we define in Section 4 the
homotopy 1-category of a comical set and show that it has expected properties. We then turn our attention
to the comparison between the cubical and the simplicial approaches. We extend the triangulation functor
to marked cubical sets in Section 5, show that it is strong monoidal with respect to both the lax and the
pseudo Gray tensor products in Section 6, and that it is a left Quillen functor in Section 7.

Acknowledgements The authors benefited greatly from conversations about related matters with Alexan-
der Campbell, Emily Riehl and Dominic Verity. The paper was greatly improved by the comments
of the referee. This material is based upon work supported by the National Science Foundation under
grant 1440140, while the authors were in residence at the Mathematical Sciences Research Institute in
Berkeley, California, in the program Higher categories and categorification in Spring 2020. We would
like to thank the MSRI for its hospitality, and the program organizers for giving us the opportunity to
participate. Above all, we thank (again) Emily Riehl for continued support and encouragement.

1 Background
In this section we introduce the notation and collect preliminary results to be used later in the paper.

1.1 Model categories

In this subsection, we review (a special case of) the theory of Olschok [2009] for constructing combinatorial
model structures with all objects cofibrant, which generalizes the theory of Cisinski [2006] for constructing
combinatorial model structures on presheaf categories with cofibrations the monomorphisms. This theory
will be used to construct the model structures for comical sets.

Definition 1.1 [Simpson 2012] We say a set A of trivial cofibrations in a model category M is
pseudogenerating if and only if any map f that has a fibrant codomain and the right lifting property with
respect to A is a fibration.
Now fix a locally presentable category K.
Given a bifunctor ©: K x K — K and maps f: A — A’ and g: B — B’ in K, we denote by

S Og: (A OB Uyep(A0B)—> A OB
the Leibniz ©-product of f and g.

Geometry & Topology, Volume 29 (2025)



1118 Tim Campion, Krzysztof Kapulkin and Yuki Maehara
Similarly, for any natural transformation ¢: F' = G between endofunctors F, G: K — K and for any
f:A— A" in K, we denote by

¢r: G(A) Upg) F(A) — G(A')
the Leibniz product of ¢ and f.

By the cellular closure of a set S’ of maps in X, we mean the closure of .S under pushouts along arbitrary
maps and transfinite composition. In the rest of this subsection, assume that we are given a small set / of
maps in K whose cellular closure is precisely the monomorphisms.

Definition 1.2 A functorial cylinder on K is a functor C: K — K equipped with natural transformations
9°,91:Id= C and 0: C — Id such that 69° = 09 =id. We also write y = [8?‘,, 811‘,]: X+X—>CX. We
say that C is a cartesian cylinder if the functor C preserves colimits and moreover dy is a monomorphism
for all X.

Definition 1.3 Suppose that K admits a cartesian functorial cylinder C = (C, 3%, 3',0). Let S be a set
of morphisms in . We define A(K, I, C, S) € Mor K to be the smallest class of morphisms containing
SU{d|ielyufd!|iel}

closed under the operation f éf.
Theorem 1.4 [Olschok 2009, Theorem 2.2.5, Lemma 2.2.20] Let KC and I be as above. Suppose we are

given a cartesian functorial cylinder C on K and a set S of monomorphisms in K. Then there exists a
model structure on K uniquely characterized by the following properties:

e The cofibrations are the monomorphisms.

e Theset A(K, I, C,S) is a pseudogenerating set of trivial cofibrations.
This model structure is combinatorial and left proper.
Proposition 1.5 Let K and I be as above. Suppose K admits a model structure whose cofibrations
are the monomorphisms, and a pseudogenerating set A of trivial cofibrations. Suppose further that K is

equipped with a tensor product ©: K x K — K that forms part of a biclosed monoidal structure. Then
these data form a monoidal model structure if and only if

e [ O g isacofibration whenever f, g €I,
e /O g is atrivial cofibration whenever f € A and g € I, and

o O g is atrivial cofibration whenever f € I and g € A.

Proof This is an instance of [Maehara 2021, Proposition A.4]. See also [Henry 2020, Appendix B]. O

Geometry & Topology, Volume 29 (2025)



A cubical model for (0o, n)-categories 1119

1.2 Cubical sets

We will define cubical sets as presheaves on the box category, denoted by [1. The category [ is the
(nonfull) subcategory of the category of posets whose objects are the posets of the form [1]? := {0 < 1}",
and whose maps are generated by the cubical operators

o faces 3 1" - [1]" fori =1,...,nand & =0, 1 given by
07 (X1, X2, 0o, Xp—1) = (X1, X2, .+, Xi—1, 8, Xiy o5 Xp—1),
* degeneracies o}’ : [1]" — [11"! fori =1,2,...,n given by
07/ (X1,X2, ..., Xn) = (X1,X2, ..., Xim1. Xjg1, -+, Xn),

* max-connections yl.”’o: (11" = [17"" ' fori =1,2,...,n—1 given by

Vio(X1, X2, Xn) = (X1, X2, . oo, Xj—1, MAX{XG, Xj 1}y Xig2, - - -5 Xn),s
e min-connections )/l.”’l 17 =117 fori =1,2,...,n—1 given by

yi"’l(xl,xz,...,xn) = (X1,X2, -+, Xie1, MIN{X;, Xj41}, Xig2, .- Xn).

We will omit the superscript # when no confusion is possible.

A straightforward computation shows that cubical operators satisfy the following cubical identities. These
maps obey the following cubical identities:

0j,e0ie = 0j41,60j,& for j <i, Oi—1,6Yj,e forj<i—1,
0i0j =0joj+1 for j <i, id for jel{i—1,i},e=¢,
Vj.e'ie = . . . ,
di_100; forj <i, 0;,60i for jel{i—1,i},e=1-¢,
0jdic = 4id for j =i, ieyj—1, forj>i,
0ig0j—1 for j >1i, Vi—1,0; for j <i,
VieVj+1,¢ for j >1i, 0jYi,e = 0i0; for j =1,
j &' Vie = . . . O 1 j
Ve YieVi+1,e forj=i¢ =g¢, YieOj1 for j >i.

Let us point out that this is only one of the many choices of the box category that appear in the literature.
References such as [Maltsiniotis 2009; Kapulkin et al. 2019] consider a box category that is spanned by
faces, degeneracies and one of the connections, specifically the max-connection (although dual arguments
can be used to work with min-connections as well). In [Cisinski 2006; Jardine 2006], a subcategory
of our O is considered that is generated by the face and degeneracy maps, but no connections; and in
[Steiner 2006], an even smaller subcategory is considered, as it is spanned by the face maps alone. At the
other extreme, [Kapulkin and Voevodsky 2020] works with [ as the full subcategory of Cat.

Our choice is intentional. Since our (marked) cubical sets will be used to model (oo, n)-categories, all
of our cubes need to have an orientation, and hence the symmetry and diagonal maps appearing in the

Geometry & Topology, Volume 29 (2025)



1120 Tim Campion, Krzysztof Kapulkin and Yuki Maehara

choices strictly larger than ours are undesirable. On the other hand, the box category with at least one
connection is known to have better categorical properties than the ones without connections; see [Tonks
1992; Maltsiniotis 2009]. Finally, allowing for at least one connection, we choose to work with both to
allow for a convenient description of the opposite (oo, n)-category.

Given our choice of the box category, we have the following normal form of morphisms in [J.

Theorem 1.6 [Grandis and Mauri 2003, Theorem 5.1] Every map in the category O can be factored
uniquely as a composite

(acl,a’l "'acr,s})(ybl,al "'Vbq,sq)(aal "'Uap)’
wherel <ay <---<ap, 1 by =<---<bg,bj <bjy1ifei=¢;41andc; >--->c, > 1. O

With this, one can describe [ as the category generated by the cubical operators, subject to the cubical
identities.

Remark 1.7 In particular, any composite face map can be written uniquely as o = g, ¢, ... 0k, ¢, With
ki > ++-> k;. Geometrically, such an « is the intersection of all the d .

This theorem allows us to prove the following key property of [I:

Theorem 1.8 The category O is an EZ Reedy category with the structure defined as
o deg[l]* =n,
e [_ is generated under composition by degeneracies and (both kinds of) connections,

e [, is generated under composition by face maps.

The key difficulty in proving this theorem lies in showing that each map in O_ is determined by its
sections. This is done by induction on the length of the decomposition of such a map given in Theorem 1.6.
Before proceeding with the proof, we state two lemmas. The first of these contains the base case of
induction, whereas the second contains the technical heart of the proof —a case analysis allowing us to
complete the inductive step.

Lemma 1.9 (1) The sections of o; are d;,9 and 0; ;.
(2) The sections of y; o are 0;,0 and 0;41 .

(3) The sections of y; 1 are 0;,1 and 0;41,1. O
Lemma 1.10 Given two distinct maps p, p: [1]* — [1]*~% in O_, there is a face map
die: (11" — 1~
such that pd; ¢ # p’d; . and at least one of pd; . and p’d; ¢ is in CI_.

Geometry & Topology, Volume 29 (2025)



A cubical model for (0o, n)-categories 1121
Proof We proceed by induction with respect to k with the base case of £ = 1 handled by Lemma 1.9.

For the inductive step, we may use Theorem 1.6 to write
e * LR . . DI . / = . DR . . DY .
P =VYiver  VieOjy Oy A DTS Yir o Vit g0 O O

and without loss of generality we may assume that m < m’.

We first suppose that there is an index j; that does not appear in the set ji, ..., j, . ie there is a degeneracy
in the decomposition of p that is not present in the decomposition of p’. Then we may note that the
normal form of pdj, o is obtained by removing o;; from the normal form of p, and hence the resulting
map is in OJ_. On the other hand, the normal form p’d;, o will contain more degeneracy maps than that
of pdj, o, since dj, o will not cancel with any of the degeneracy maps present in the normal form of p’
and we assumed m < m’.

If there is no such j;, then the string o7, ---0j,, is a substring of ojr 0y By precomposing with

m Tt

different face maps, we may assume that 72 = 0. We proceed by case analysis, addressing m’ > 2, m’' =1
and m’ = 0 in order.

For m’ > 2, we can write
s . .o e £ / B . .o e . . .o e .
P =Viver " VYige Ad PL= Vg Vi g Ot O

Now observe that pd;, ¢, = Vi ,e; *** Vie—1,6¢—, 15 in the normal form (and belongs to O0_), but the normal
form of pd;, ¢, must end with at least one degeneracy.

For m’ = 1, we can write

P =VYiie " View, and p =yy

ey Ve 0T

To treat this case, we will precompose both p and p” with ;7 to cancel the degeneracy appearing in the
normal form of p’, yielding a normal form of p’d;/ ., which then clearly belongs to OJ—. However, some
care is needed to choose the correct ¢ in order to ensure that the normal form of pd;/ . is different from
that of p’d;/ .. If j’ appears in the sequence: iy, ..., ig, then we pick ¢ = 1 —¢j,. With this choice, the
normal form of pd;: . will end with a degeneracy, making it distinct from pd; .. If on the other hand ;'
does not appear on the list of indices: iy, ..., i;, we first need to determine whether when using cubical
identities to write pd;’ . in normal form, we will encounter a connection with which our face map will
cancel: if not, then we can pick either &; otherwise, we pick ¢ in such a way as to ensure that as a result
of commuting the face and the connection, we obtain a degeneracy map.

At this point, it remains to treat the case when m’ = 0, ie the normal forms of p and p’ consist solely in
connections:

P . e e e [ . .« Y
P =Vii,e Vi ek and p' = Vli,a’l Vl,/(,a;(~

Geometry & Topology, Volume 29 (2025)



1122 Tim Campion, Krzysztof Kapulkin and Yuki Maehara

Note that the two decompositions have the same length, since both p and p’ are maps [1]" — [1]”_k.

Without loss of generality, we may assume that i <i ,/c, and we proceed by case analysis based on i ,’{ — i,
considering three cases: i; =i, i; =i+ 1 and i} > i} + 2.

Ifip =i ]/c, we precompose p and p’ with 9;, ¢, . In the case of g = e;c, this reduces us to the inductive
hypothesis. If however ;. # &}, then the normal form of pd;, e, Will be i e, - Vij_y 61, » Making it
an element of [J_, whereas the normal form of p’d;, ,, will end in a degeneracy.

Next, suppose that i ]’c =iy + 1. Then the cases of ¢ = s}c and g # 8;{ need to be treated separately. In
the former, we precompose with 0;, ¢, . Then p0;, ¢, = Viy,e; " Vik—_1,ex—, 1 the normal form, making
it an element of CI_, but the normal form of p’0;, ., ends with one of: a degeneracy, a connection of
first index greater than ix, or a connection y;, g making it distinct from pd;, ¢, . In the latter case, we

/ ends

see that the normal form of pd; . ends with a degeneracy, but the normal form of p’d;, e

Lk+1-8)
with Vil e, and this element belongs to [J_.
1€k
Finally, if i ,’{ > ix + 2, then we precompose both p and p’ with 9;, ¢, . This gives the normal form of
POy e AS Vijer - Vik_1.ex_;» Making it an element of CJ_. But the normal form of p’9;, ,, ends with

either a degeneracy or the connection Yir &) > making it distinct. O

Proof of Theorem 1.8 The Reedy part follows immediately from Theorem 1.6. Every morphism in [
is a split epimorphism by Lemma 1.9.

It remains to show that maps in [J_ are determined by their sections. To do this, we pick two such maps
p. p':[1]" = [1]"% and proceed by induction with respect to k. The base case of k = 1 is handled by
Lemma 1.9, whereas the inductive step is handled by Lemma 1.10. |

The category [ carries a canonical strict monoidal product ® given by [1]” ® [1]" := [1]"*" with unit
given by [1]°. Note that this product is not cartesian since, for instance, there is no “diagonal” map
[1]' — [1]? in O. This monoidal structure leads to another characterization of our box category, due to
Grandis and Mauri [Grandis and Mauri 2003, Section 5], as a certain kind of a free monoidal category.

A cubical monoid in a monoidal category (C, ®, I) is an object X equipped with maps
00,01: 1 > X, o0:X—>1, Y0, V1: X ® X — X,

subject to the axioms
00, =id for ¢=0,1,

0y =0(0Q®idy) =0(dy ® o) for £¢=0,1,
Ye(Ye ®idx) = ye(idy ® ye) for e =0, 1,
Ye(de @idy) = idy = ye(idy ®de) for & =0, 1,
Ye(ds ®idy) = 050 = ye(idy ® d5) for § # e.

Geometry & Topology, Volume 29 (2025)



A cubical model for (0o, n)-categories 1123

Theorem 1.11 [Grandis and Mauri 2003, Theorem 5.2(d)] The box category [ is the free strict
monoidal category equipped with a cubical monoid. |

Having established basic properties of the box category, we can now define cubical sets and fundamental
constructions on them.

Definition 1.12 A cubical set is a presheaf X : O0°% — Set. A cubical map is a natural transformation of
such presheaves. The category of cubical sets and cubical maps will be denoted by cSet.

We write (0" for the cubical set represented by [1]” and call it the (generic) n-cube. The boundary of the
n-cube, denoted by 01" — [1", is the maximal proper subobject of the representable (17, ie the union of
all of its faces. The subobject of (17 given by the union of all faces except the (i, €)™ one is called the
(i, &)-open box and denoted by FIZ . — O

Proposition 1.13 The monomorphisms of cSet are the cellular closure of the set

(00" — O" | n > 0}.
Proof This follows from Theorem 1.6. O

The monoidal product ® can be extended via Day convolution from [J to cSet, making (cSet, ®, [1°) a
biclosed monoidal category. We refer to this monoidal product as the geometric product of cubical sets.

We adopt the convention of writing the action of cubical operators on the right, eg the (1, 0)-face of an
n-cube x: 0" — X will be denoted by xd; .

Proposition 1.14 The geometric product X ® Y of cubical sets X and Y admits the following description.

e Forn >0, then-cubesin X ® Y are the formal products x ® y of pairs x € Xy and y € Yy such
that k + £ = n, subject to the identification (xox4+1) ® y = x ® (y0y).

e For x € X} and y € Yy, the faces, degeneracies and connections of the (k+{)-cube x ® y are
computed as follows:
(x0ie)®y  if 1=<i <k,
X® (¥0i_pe) ifk+1<i<k+¢
X07) ® if1<i<k+1,
(x®y)0i={( ey . . .
xQ(yoj_g) ifk+1<i<k+{+1;
{(xyi,s)®y if 1<i <k,
X® (VVieke) if k+1=<i<k+L.

@®yﬁm={

(x® y)Vi,e =

Proof This is proven in [Doherty et al. 2024, Proposition 1.20] in the case of cubical sets with one kind
of connection. The proof given there works almost verbatim in our case. O
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Given cubes x € Xy, and y € Yy, we may regard them as cubical maps x: 0% — X and y: 0¢ — Y. Then
applying the geometric product to these maps yields a map x ® y: Okt X ® Y, which corresponds
precisely to the (k+{)-cube with the same name. Moreover, every n-cube of X ® Y arises via this
construction for some, perhaps nonunique, pair of cubes (x: OF — X, y: O¢ - Y) for k +£ = n.

Since the identification in Proposition 1.14 only concerns degenerate cubes, we obtain the following
corollary.

Corollary 1.15 A pair of nondegenerate cubes x € X}, y € Yy yields a nondegenerate (k+X)-cube
x®yin X ® Y. Conversely, every nondegenerate cube in X ® Y arises this way from a unique pair of
nondegenerate cubes. a

Remark 1.16 In particular, when X = (0™ and Y = " are representable, this pairing is given by the
formula

Oy e1* Okye) ® (y iy =+~ egymy) = Oty my == Omttymy Oky oy Oy
where all strings of d’s are in the normal form specified by Theorem 1.6. The factors are permuted because

the geometric product lists cubes in order (in the sense that x in x ® y corresponds to smaller values of i)
whereas the normal form lists faces in reverse order.

Proposition 1.17 For natural numbers k, m and n, and ¢ = 0, 1, we have natural isomorphisms
(M, = OM@EO" — O") = (M " — 0"+,

(OO0 — O"Q(T; , > O") = (M th 074,

Proof This follows from [Doherty et al. 2024, Lemma 1.26] and the associativity of &. |
Using the above proposition and the fact that [J is an elegant Reedy category, we obtain:
Corollary 1.18 If f and g are monomorphisms in cSet, then ' ®g is again a monomorphism. a

The category [J admits two canonical identity-on-objects automorphisms (—)<°, (—)°°P: 0 — [O. The

n n n n n n n n
first one takes 81.’(9 tod o/'too and y/’, to Yin—1)+1—i.e" The second one takes 81.’(9 to 97

n+1—i,e’ n+1-i’ i,1—¢g’
o/ to o/ and /", to )/l?”l_g. (Their names are motivated by the fact that, according to the source/target
distinction described in Section 3 below, (—)°° reverses the direction of even-dimensional cubes and
(—)°°P reverses the direction of all cubes.) Precomposition with these automorphisms induces functors
also denoted by (—)°, (—)>°P: cSet — cSet. Moreover, (—)° o (—)°P = (—)°°P o (—)°, yielding a

third automorphism (—)°P := (—)° o (—)“°°P,

The “contravariant” behavior of these automorphisms with respect to the cubical structure can be seen via
their interaction with the geometric product.
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Proposition 1.19 (1) The functor (—)°°: cSet — cSet is strong antimonoidal, ie (X ® Y )= Y°® X,
naturally in X and Y .

(2) The functor (—)°°°P: cSet — cSet is strong monoidal, ie (X ® Y )P = X P g Y P naturally

inX andY.
(3) The functor (—)°P: cSet — cSet is strong antimonoidal, ie (X ® Y)°P = Y°P ® X °P, naturally in X
and Y. |

Finally, the composite [ — Cat — sSet given by (17 — (A!)" defines a cocubical object in the category
of simplicial sets. Taking the Yoneda extension, we obtain an adjoint pair

T :cSet = sSet :U.
We will call T': cSet — sSet the triangulation functor.

The triangulation functor can also be seen through the lenses of Theorem 1.11. The simplicial faces
d1,9:[0] = [1] and degeneracy o¢: [1] — [0] maps, along with max, min: [1]*> — [1], equip [1] with the
structure of a cubical monoid. Since the nerve functor preserves products, this gives a structure of a
cubical monoid on A! in sSet. The triangulation functor 7 : cSet — sSet arises from this cubical monoid
via Theorem 1.11.

We conclude this section by recording some properties of the triangulation functor.

Proposition 1.20 (1) 7 is strong monoidal.

(2) T preserves monomorphisms.

Proof The first statement follows by the fact that 7" preserves colimits and sSet is cartesian closed.

The second statement follows from first, since 7" takes boundary inclusions, ie the elements of the cellular
model, to monomorphisms. |

1.3 Complicial sets

In this section, we recall marked simplicial sets and model structures for (n-trivial) complicial sets from
[Verity 2008a, 2008b]. The reader is referred to those papers for more detail on the subject. The theory
developed in Section 3 draws great insight from this simplicial precursor.

Just as in the case of cubical sets, when working with simplicial sets, we will write the action of simplicial
operators on the right.
Definition 1.21 A marked simplicial set is a simplicial set X equipped with a subset e X of its simplices
called the marked simplices such that

e no 0-simplex is marked, and

» every degenerate simplex is marked.

A map of marked simplicial sets f: X — Y is a map of simplicial sets which carries marked simplices to
marked simplices. We denote sSet™ for the category of marked simplicial sets with maps for morphisms.
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Marked simplicial sets used to be called stratified simplicial sets (see eg [Verity 2008a]), but the name
“marked” is more descriptive and has since become more popular.

There is a natural forgetful functor sSet™ — sSet, which has both left and right adjoints. The left adjoint
X — X" endows a simplicial set X with the minimal marking, marking only the degenerate simplices.
The right adjoint X +— X # endows a simplicial set X with the maximal marking, marking all simplices.

If X is a simplicial set, we will by default consider it as a marked simplicial set with its minimal
marking X b,

Definition 1.22 We say that X € sSet™ is n-trivial if every simplex of dimension > 7 + 1 is marked.

Given a marked simplicial set X, we will write core, X for its maximal n-trivial subset. In other words,
the k-simplices of core, X are precisely those k-simplices x in X such that x« is marked in X for any
o [m] — [k] with m > n. This assignment extends to a functor core, : sSett — sSet™, which admits a
left adjoint 7, : sSet™ — sSet™. Explicitly, 7, acts as the identity on the underlying simplicial set and a
k-simplex is marked in 7, X if either k < and x is marked in X or k >n + 1.

Definition 1.23 A map X — Y of marked simplicial sets is

o regular if it creates markings, ie for an n-simplex x of X we have that x € eX,, if and only if
f(x) €eeYy,, and

o entire if the induced map between the underlying simplicial sets is invertible.

We now define several distinguished objects and maps in sSet™. These will be essential to the description
of various model structures we will be considering.

We denote by A" = Ty—1 (A") the n-simplex with the nondegenerate n-simplex marked and no other
nondegenerate simplices marked. We call the canonical map A" — A" the n-marker.

Forn > 1 and 0 < k < n, we denote by A7 the n-simplex with the following marking: a nondegenerate
simplex is marked if and only if it contains all of the points {k — 1, k£, k + 1} N [n] among its vertices. We
call A} the k-complicial n-simplex. We denote by A} C A} the k-horn of dimension # (ie the simplicial
subset missing the nondegenerate n-simplex and the k™ (n—1)-face) endowed with the marking making
it a regular subset of A7. We call A} the complicial k-horn of dimension n. We call the inclusion
A} — A7 the k-complicial horn inclusion of dimension n. We write AZ” = Ty—2 A}, and we write
AZ’ = A7 1 A7 ty—2AJ. The canonical inclusion A’,i' — AZ” is called the elementary k-complicial

marking extension of dimension n.

Let Ag’q denote the marked simplicial set obtained from A3 by marking the 1-simplices {0, 2}, {1, 3} and
all 2- and 3-simplices. By a saturation map, we mean a map of the form A x qu — A" % (A3)ﬁ for
m > —1 (where A™! is interpreted as @).

There are two standard model structures on marked simplicial sets:
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Theorem 1.24 The category sSet™ carries two model structures:

(1) The complicial model structure characterized by the following properties:
e The cofibrations are the monomorphisms.
e The set of
— complicial horn inclusions, and
— elementary complicial marking extensions
forms a pseudogenerating set of trivial cofibrations.
(2) The saturated complicial model structure characterized by the following properties:
o The cofibrations are the monomorphisms.
e The set of
— complicial horn inclusions,
— elementary complicial marking extensions, and
— saturation maps
forms a pseudogenerating set of trivial cofibrations.

Both of these model structures are cartesian.

Proof This is a combination of [Verity 2008b, Lemma 72, Theorem 100 and Lemma 105] and [Ozornova
and Rovelli 2020, Appendix B]. O

Note that since the terminal object is always fibrant, this includes a characterization of the fibrant objects
of the model structures, which are called (saturated) complicial sets.

Definition 1.25 A map of marked simplicial sets X — Y is
e a complicial marking extension if it is in the cellular closure of the elementary complicial marking
extensions, and

e complicial if it is in the cellular closure of the complicial horn inclusions and the elementary
complicial marking extensions.

There is also the n-trivial version of the (saturated) complicial model structure.

Theorem 1.26 The category sSet™ carries two model structures:

(1) The n-trivial complicial model structure characterized by the following properties:
e The cofibrations are the monomorphisms.
e The set of
— complicial horn inclusions,
— elementary complicial marking extensions of dimension < n + 1, and
— markers of dimension > n
forms a pseudogenerating set of trivial cofibrations.
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(2) The saturated n-trivial complicial model structure characterized by the following properties:
e The cofibrations are the monomorphisms.

e The set of
— complicial horn inclusions,

— elementary complicial marking extensions of dimension < n + 1,
— markers of dimension > n, and

— saturation maps
forms a pseudogenerating set of trivial cofibrations.

Proof Essentially the proof of Theorem 1.24, but combined with [Verity 2008b, Example 104]. |

In sSet™, the pseudo Gray tensor product is modeled by the cartesian product. We will adopt the following
notation from [Verity 2008b], which emphasizes this view.

Notation 1.27 The cartesian product on sSet™ (and its reflective subcategory PreComp described below)
is denoted by ®.

Thus Theorem 1.24 in particular says that Verity’s model structure is monoidal with respect to the pseudo

Gray tensor product.

The following proposition will be useful later.

Proposition 1.28 Let f: A — X and g: B — Y be entire maps in sSet™. Then their Leibniz pseudo
Gray tensor f®g is a complicial marking extension.

Proof Since the forgetful functor sSet™ — sSet preserves colimits and products, f®g is entire. We
assume for the sake of simplicity that f®g is an inclusion. Let (x, y) be an n-simplex that is marked
in X ® Y but not in dom(f®g) = (A®Y) U (X ® B). Equivalently, x is marked in X but not in 4,
and y is marked in Y but not in B. Then we must have n > 1, so the (n+1)-simplex z = (x0y, yo1) is
well-defined. We claim that this simplex z extends as indicated below:

A 2 5 (4®@Y)U (X ® B)

A
_
-
~
~
-
~
_
-

n+1’ ~
Al

To see that z at least extends to A'1'+1, let : [m] — [n + 1] be a simplicial operator with 0, 1,2 € im«.
Then both x(0g o «) and y(o; o «) are degenerate, so z« is marked in dom( f®g). Since the face
zdg = (x, y(dg 0 0p)) is marked in X ® B and the face zd, = (x(0; 0 dp), y) is marked in A® Y, we
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indeed have an extension as indicated. Therefore we have a pushout square

LA™Y — 5 (4®Y)U(X ® B)

. |

a=*" —  xev

where the coproducts are taken over all n-simplices (x, p) that are marked in X ® Y but not in dom( f ®g),
and both horizontal maps are induced by the simplices of the form (xo9, yoy). |

Definition 1.29 Let [n] € A and let 0 < p, ¢ < n be such that p 4+ ¢ = n. Then we write .47 [p] — [n]
for the simplicial operator i — 7, and ilg 1 [q] = [n] for the operator i > p +1i.

In the following definition, we use slightly different terminology from Verity’s original one [2008a,
Definitions 127 and 128].

Definition 1.30 Let X,Y esSet™, let (x,y) € X, x Y, be a simplex of X xY,andlet 0 <i <n. We
i,n—i i,n—i

say that (x, y) is i-cloven if either x 1. is marked in X or y 1, * is marked in Y. We say that

(x, y) is fully cloven if it is i-cloven for all 0 < i < n.

The Gray tensor product of X and Y, denoted by X ® Y, is defined to be the marked simplicial set with
underlying simplicial set X x Y, where a simplex (x, y) € X, x Y, is marked if and only if it is fully
cloven.

Theorem 1.31 [Verity 2008a, Lemma 131] The Gray tensor product endows the category sSet™ with
a (nonsymmetric) monoidal structure such that the forgetful functor (sSet™, ®) — (sSet, x) is strict
monoidal.

Definition 1.32 A precomplicial set is a marked simplicial set X with the right lifting property with
respect to the complicial marking extensions. These form a reflective subcategory of sSet™, which we
will denote by PreComp. We will denote the localization functor by X +— XPe.

Proposition 1.33 The unit of the reflection X — XP™ is a complicial marking extension for any
X esSett.

Proof Obtain a complicial marking extension f: X — Y into a precomplicial set Y by applying the
small object argument to the unique map X — 1 with respect to the elementary complicial marking
extensions. Then any map X — Z into a precomplicial set Z factors through f. Moreover, since f is an
epimorphism, such a factorization is necessarily unique. In other words, f has the universal property of
the unit X — XP. m
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Theorem 1.34 For each of the four model structures in Theorems 1.24 and 1.26, the category PreComp
carries an analogous model structure characterized by the following conditions:

e The cofibrations are the monomorphisms.

* A pseudogenerating set of trivial cofibrations can be obtained by taking that for the corresponding
model structure on sSet™ (described in Theorem 3.3 or Theorem 1.26), removing the complicial
marking extensions, and then applying the precomplicial reflection.

The localization (—)P° is a left Quillen equivalence between the complicial model structures (resp. the
n-trivial complicial model structures).

Proof Fix one of the four model structures on sSet™. Observe that if we factor a map between
precomplicial sets into a cofibration followed by a fibration (one of which is trivial) with respect to that
model structure, then the middle object must also be precomplicial. Thus we obtain a restricted model

structure on PreComp.

We obtain the characterization of its cofibrations by observing that the reflective inclusion PreComp <
sSet™ preserves and reflects monomorphisms. It is straightforward to check that the precomplicial
reflection preserves pseudogenerating sets, and moreover it inverts all (elementary) complicial marking
extensions.

It follows that the adjunction sSet™ = PreComp is a Quillen adjunction. Finally, since the unit is a natural
weak equivalence this is in fact a Quillen equivalence. |

Remark 1.35 We believe that the precomplicial reflection does not actually affect the remaining members
of the pseudogenerating set. However we do not provide a proof as it is not essential.

Now we analyze the precomplicial reflection of the Gray tensor product on PreComp.

Definition 1.36 We write ®P: PreComp x PreComp — PreComp for the precomplicial Gray tensor
product functor (X, Y) — (X ® Y)P.

Theorem 1.37 The bifunctor @™ is part of a biclosed monoidal structure on PreComp. Moreover each
model structure on PreComp described in Theorem 1.34 is monoidal with respect to ®@P®.

Proof The first assertion is [Verity 2008a, Theorem 148]. It is straightforward to check that the Leibniz
Gray tensor product preserves monomorphisms. Since the complicial model structure on sSet™ is monoidal
with respect to the Gray tensor product [Verity 2008b, Theorem 109] (although it is not biclosed on
sSet™) and the unit of the precomplicial reflection is a levelwise complicial marking extension, it follows
that the complicial model structure on PreComp is monoidal. The n-trivial and saturated versions follow
from [Ozornova and Rovelli 2020, Section 2]. O
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2 Marked cubical sets and Gray tensor products

In this section, we introduce marked cubical sets and define their Gray tensor product.

2.1 Marked cubical sets

In order to define marked cubical sets, we need to introduce certain enlargement (11 of the box category.
The objects of O consist of: [1]" for every n > 0 and [1]? for every n > 1. The morphisms of O are
generated by the maps

8;’,6:[1]”_1 —[1]" forevery n>1,i=1,...,nande=0,1,
o :[1I" > [1]""' forn>1landi=1,...,n,

vie: 111" —S["! forn>2,i=1,....n—lande=0,1,
" 11" = (115 for n>1,

R -t forn>1landi=1,...,n,
l-’fS:[I]Z—>[1]”_1 forn>1,i=1,...,nand e =0, 1,

subject to the usual cubical identities and the following additional relations:

Sip = oi, i e® = Vie 0i{j = 0j8i41 for j<i,
Yi—1,6¢; for j <i,
0j&i 5 = 10i&i for j =1,

VisEi+1,e for j>1i,
Vj,ebis = { HOSITE
YisCi+1 for j>i.

Visbi+1,6 for j=iandd=e¢,
Proposition 2.1 The category (0" is an EZ Reedy category with the following Reedy structure:
o deg[1]° =0, deg[1]" =2n—1 for n > 1, and deg[1]? = 2n forn > 1.
e OT is generated by the maps o", Vier 6 and ..
. Di is generated by the maps 97, and ¢".

The proof of this fact follows the one in [Ozornova and Rovelli 2020, Appendix C]. We begin by noting
the following simple lemma:

Lemma 2.2 (1) The are no nonidentity maps in % whose target is in O \ .

(2) The are no nonidentity maps in I:Ii whose source is in 07 \ 0. O
Proof of Proposition 2.1 We first note that the sections of {; are ¢d; o and ¢0; 1, the sections of §; | are
®0;0 and ¢0; 410, and the sections of &; o are ¢d; | and ¢0;41,1. Thus all maps in O have sections.

Using the techniques of [Grandis and Mauri 2003, Theorem 5.1], we can then extend Theorem 1.6 to
write normal forms for maps in (1. These are established separately for the four cases:
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(1) The normal form of a map of the form [1]”* — [1]" is given by its normal form in . If such a form
were to be nonunique, we would need to have [1]"* — [l]lec — [1]* with [l]lec —[1]" € Di, which is
impossible by Lemma 2.2(2).

(2) The normal form of a map [1]” — [1] is obtained by observing that it is necessarily a composite
[17" — (11" 4% [1]% and taking the normal form of the first map in [J. Again, Lemma 2.2(2) implies
uniqueness.

(3) The normal form of a map of the form [1]7* — [1]" is obtained by factoring it as [1]”" —[1]"~! —[1]",
where the first map is either ¢; or &; ., and taking the normal form of Theorem 1.6 of [1]"~! — [1]"
in 0. Note that the choice of {; or &; . as the first map may not be unique, but it can be made so by
imposing the additional compatibility requirement with the factorization of Theorem 1.6 — this is
because of the additional relations relating the ¢; to the o;, and the &; ; to the y; .. Put differently,
we may precompose [1]7* — [1]" with ¢, use the normal form in [, and replace the last element by
¢ or & ¢ as appropriate.

(4) [1]7" — [1]2. In this case, we obtain the normal form by combining the techniques from the previous
two cases, namely factoring

(17— 1" - [1]" 2> 112,
where again the first map is one of ¢; or &; ¢, and the composite [1]"~! — [1]¥ — [1]" is obtained
in 0.
Having established the normal forms, we proceed in a manner analogous to the proof of Theorem 1.8. O

Definition 2.3 A structurally marked cubical set is a presheaf X : (O7)°P — Set. A map of structurally
marked cubical sets is a natural transformation of such presheaves.

Given a structurally marked cubical set X, we will write X, for X([1]") and eX}, for X ([1]7). Just as in
the case of cubical sets, we adopt the convention of writing cubical operators on the right, eg for x € e X7,
we write x ¢ for the resulting element of X7.

Definition 2.4 A marked cubical set is a structurally marked cubical set X : (OF)% — Set for which
the map X¢: eX, — X, is a monomorphism for all n > 1. We write cSet™ for the full subcategory of
Set@H” spanned by the marked cubical sets.

We think of a marked cubical set X as a cubical set in which certain n-cubes have been designated as
equivalences, ie those in e X, C Xj,. The maps {; and &; ; ensure that every degenerate cube is marked.

We may apply the same intuition to structurally marked cubical sets. However, failure of the maps X¢ to
be monomorphisms (in an arbitrary structurally marked cubical set X') means that being an equivalence is
not a property of an n-cube of X, but a structure on it, as there can be multiple markings on a single cube.

Every (structurally) marked cubical set has an underlying cubical set, defining a functor v: cSet™ — cSet.
Given a cubical set X, we can form a marked cubical set in two ways:
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e The minimal marking functor takes a cubical set X to a marked cubical set X b where only
degenerate n-cubes are marked.

o The maximal marking functor assigns to X the marked cubical set X# in which all cubes marked
(ie all maps X" are identities).

This gives two functors (—)°, (—)#: cSet — cSet™. A straightforward verification shows:
Proposition 2.5 We have a string of adjoint functors (—)” 4 v = (—)*. |

Remark 2.6 (limits and colimits of marked cubical sets) The proposition above gives a recipe for
computing limits and colimits of diagrams F:.# — cSet™. In both cases, we first compute the underlying
cubical set by taking the (co)limit of uF in cSet, and then equipping it with the minimal marking making
the colimit inclusions maps of marked cubical sets, or the maximal marking making the limit projections
maps of marked cubical sets. It follows, for example, that a cube in a colimit is marked if and only if it is
in the image of a marked cube under one of the colimit inclusions.

Furthermore, the canonical embedding cSet™t < Set™@™ of marked cubical sets into structurally marked
cubical sets admits a left adjoint, denoted by Im: Set@N™ s cSett. Explicitly, Im X is obtained by
factoring all the ¢, via their image eX,, — (eXy)p, — X}, and taking the resulting object as a new set of
marked n-cubes. We may summarize it with the following statement:

Proposition 2.7 Marked cubical sets form a reflective subcategory of the structurally marked cubical sets
with the reflector given by Im: Set@@D7 5 cSet . |

Corollary 2.8 The category cSet™ of marked cubical sets is locally presentable. |

Definition 2.9 A map f: X — Y of marked cubical sets is

e regular if it creates markings, ie for an n-cube x of X we have: x € eX), if and only if f(x) € eYy,

o entire if the induced map between the underlying cubical sets is invertible.
Definition 2.10 We say that X € cSet™ is n-trivial if every cube of dimension > n + 1 is marked.

Given a marked cubical set X', we will write core, X for its maximal n-trivial subset. In other words,
the k-cubes of core, X are precisely those k-cubes x such that xe is marked for all oz [1]” — [1]¥
with m > n. This assignment extends to a functor core, : cSet™ — cSet™, which admits a left adjoint
Tn: cSet™ — cSet™. Explicitly, 7, acts as the identity on the underlying cubical set and a k-cube is
marked in 7, X if either kK <n and x is marked in X or k >n + 1.

When a cubical set is considered as a marked cubical set, it will almost always be considered with its
minimal marking. The only exception is the open boxes; see Section 3. We denote by 0" = (O0")" the
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n-cube regarded as a marked cubical set and likewise 901" = (301")". Just as in the case of cubical sets,
we call the inclusion map 301" — 00" the boundary inclusion. We denote by 01" = ,_; (O") the n-cube
with the nondegenerate n-cube marked and no other nondegenerate cubes marked. We call the canonical
map 00" — 0" the n-marker.

(@t)yer

Proposition 2.11 The monomorphisms of cSet™ (and Set ) are the cellular closure of the set

(00" — 0" |n>0}U{0" — 0" |n > 1}.

The functors (—)°°, (—)°P, (—)°P: cSet — cSet generalize to the marked setting in the straightfor-
ward manner. For (—)* we send ¢ to itself, {i' to ¢, ;, and §' to & , . . For (=), we

n These then induce functors by precomposition

send ¢" and ¢} to themselves and £, to &, _ .

(=)0, (=)0 (—)%P: cSet™ — cSet™.
2.2 Gray tensor products

The following definition makes use of Corollary 1.15.

Definition 2.12 The (lax) Gray tensor product X ® Y of two marked cubical sets X, Y € cSet™ is the
geometric product vX ® vY, wherein a nondegenerate cube x ® y is marked if and only if either x is
marked in X or y is marked in Y. This extends to a functor ®: cSet™ x cSet™ — cSet™ in the obvious
way.

Definition 2.13 The pseudo Gray tensor product X ® Y is the geometric product vX ® vY, wherein a
nondegenerate cube x ® y is unmarked if and only if

e x is a 0-cube and y is unmarked in Y, or

e x is unmarked in X and y is a O-cube.

This extends to a functor ®: cSet™ x cSet™ — cSet™ in the obvious way.

Remark 2.14 Since no 0-cubes are marked, one can easily check that X ® ¥ may be obtained from
X ® Y by marking those nondegenerate x ® y such that x € X,;,, y € Y5 with m, n > 1. Thus the identity
at vX ® vY lifts to an entire map pyx,y: X ® ¥ — X ® Y. This map is clearly natural in X and Y, and
moreover Ly, y is invertible if either X" or Y is O-trivial.

Remark 2.15 The Gray tensor products @ and ® share many properties, and often a statement or a
proof applies equally well to both tensor products. In such situations, we write ® to mean either. Of
course the interpretation of © is to be kept consistent within each statement and its proof.

Geometry & Topology, Volume 29 (2025)



A cubical model for (0o, n)-categories 1135
Theorem 2.16 (1) The Gray tensor product © forms part of a biclosed monoidal structure on cSet™
such that the forgetful functor v: (cSet™, ®) — (cSet, ®) is strict monoidal.

(2) The entire inclusions uxyy: X ® Y — X ® Y together with p1o = idqo equip the identity functor
with a monoidal structure (id g+, /1) : (cSet™, ®) — (cSet™, ®).

(3) The minimal marking functor (—)": (cSet, ®) — (cSet™, ®) is strict monoidal.

(4) The maximal marking functor (—)*: (cSet, ®) — (cSet™, ®) is strict monoidal.

Proof We first check the associativity of the tensor product. Suppose we are given nondegenerate cubes
X€Xm, yEYy,z€ Zin X, Y, Z € cSet™. Then the (m+n+k)-cube (x ® y) ®zin (X OY)O Z is
unmarked if and only if

(®) none of x, y, z is marked, or

(®) (atleast) two of x, y, z are O-cubes and the last is unmarked.

One can give a similar characterization of when x ® (y ® z) is unmarked, and it follows that the
associativity isomorphism (vX ® vY) ® VZ =~ vX ® (VY ® vZ) in cSet lifts to an isomorphism
(XOY)OZ=X0O( ©Z)incSet™. The unit isomorphisms can be lifted similarly, and moreover
these lifted isomorphisms are suitably natural and coherent. Thus we indeed obtain a monoidal structure
on cSet™ such that v is strict monoidal. The clauses (2)—(4) are then obvious from the definitions of the
tensor products.

It remains to show that this monoidal structure is biclosed. Equivalently, we must show that ©® preserves
colimits in each variable separately. So let F: .# — cSet™ and X € cSet™. Since the geometric product is
cocontinuous in each variable and v is cocontinuous and strict monoidal, the canonical comparison map

colim(X ® F) - X ©colim F

is v-invertible. Moreover one can check using Remark 2.6 that a nondegenerate cube in either side is
marked if and only if it is the image of some marked cube under the canonical map from X ® Fi for
some i € .#. It follows that this comparison map is invertible. Dually, (—) ® X preserves colimits. Since
cSet™ is locally finitely presentable, the existence of the desired biclosed structure now follows. O

Lemma 2.17 Let f: A — X and g: B — Y be monomorphisms in cSet™. Then f O g is again a
monomorphism. Moreover:

(1) Ifboth f and g are regular, then so is [ Og.
(2) Ifeither f or g is entire, then so is fOg.
(3) Ifboth f and g are entire, then f © g is invertible.
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(4) Ifeither f or g is entire, then the square
X®B)UARY) — (XY ®B)U(A4®Y)

f@gl lf@)g

mx.y

XQ®Y : > X®Y

is a pushout in cSet™, where the upper horizontal map is induced by .

Proof Since a map in cSet™ is a monomorphism if and only if its underlying map in cSet is a monomor-
phism, the first (unnumbered) assertion follows from Corollary 1.18, Theorem 2.16(1) and the cocontinuity
of v. We will assume for the sake of simplicity that / @ g is an inclusion.

(1), case (®) Let x ® y be a nondegenerate cube in dom( f®g). By duality, we may assume that x is
in A. If x ® y is marked in X ® Y, then either x is marked in X or y is marked in Y. It follows (by the
regularity of f in the former case) that x ® y is marked in 4 ® Y. This shows that /®g is regular.

(1), case (®) Let x ® y be a marked nondegenerate cube in X ® Y. Suppose that x ® y is in the image
of f®g. The case (1®) combined with the commutativity of the square in (4) imply that if x ® y is
marked in X ® Y then it is also marked in dom( f®g). Thus by Remark 2.14, it suffices to consider the
case where x € X;, and y € Y;, for some m,n > 1. But in this case x ® y is marked in dom( f ®g) by
the definition of ®.

(2) Since v preserves colimits, we have v(fOg) = vf ® vg. Thus this assertion follows from the fact
that the pushout of an isomorphism along any map is itself an isomorphism.

(3), case (®) We know from (2) that f ® g is entire, so it suffices to show that this map is also regular.
Let x ® y be a marked nondegenerate cube in X ® Y. Then either x is marked in X or y is marked in Y.
The cube x ® y is then marked in X ® B in the first subcase and it is marked in 4 ® Y in the second
subcase. Thus f®g is indeed regular.

(4) By (2), each map in this square is entire. Thus its image under v is trivially a pushout in cSet.
Moreover, for each of the horizontal maps, Remark 2.14 implies that the codomain is obtained from the
domain by marking those cubes x ® y such that x € X}, and y € Y, with m,n > 1. Now the assertion
follows by Remark 2.6.

(3), case (®) This case follows from (3), case (®), and (4). O

Proposition 2.18 For any m,n > 0, the Leibniz Gray tensor product (300 — 0™)® (000" — O") of
boundary inclusions in cSet™ is isomorphic to 1" < ",

Proof This is a straightforward consequence of Proposition 1.17, Theorem 2.16(3) and the cocontinuity
of (—)°. o
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3 Model structure for comical sets

In this section, we construct two families of model structures on the category cSet™ of marked cubical
sets. The former of those has as its fibrant objects (saturated) comical sets, which we will define, and it is
our tentative model for the theory of weak w-categories. The fibrant objects of the latter are the n-trivial
comical sets, and it is our tentative model for the theory of (oo, n)-categories.

A comical set is to be thought of as a kind of weak w-category, and an n-cube therein represents an
n-dimensional morphism. The (n—1)-source of such an n-cube is the “composite” of the faces d .
with £ + ¢ odd, and similarly the (n—1)-target is given by the even faces. (This idea of parity-based
decomposition into source and target goes back to [Street 1987], where Street considers the free w-
categories on simplices. In the case of cubes, see eg [Aitchison 1986; Street 1991; Steiner 1993; Al-Agl
et al. 2002]). For instance, a 2-cube can be seen as a morphism of the form

02,0
a1,0J / Jal,l
e —> o
02,1

and a 3-cube represents a morphism between the composites

N NS
.330/‘/ /{Ja

|l 7
) 81’0 J ° / 83 1
Marked n-cubes are to be thought of as being (weakly) invertible, although not every invertible cube is
marked unless the comical set is saturated.

Before defining comical sets, we will need a few auxiliary definitions.

Forn>1,1<k <nand ¢ € {0, 1}, we denote by DZ’E the n-cube with the following marking: a
nondegenerate cube d, ¢, - -k, g, Written in the form specified by Theorem 1.6, is marked whenever
this string does not contain dx_j ¢, Ok, Ok,1—¢ OF g 41,¢. (This is exactly the marking described in
[Steiner 2006, Example 2.9].) We call this the (k, €)-comical n-cube. We denote by I‘IZ,S - DZ’S the
(k, £)-open box of dimension  (ie the cubical subset missing the nondegenerate n-cube and the (k, &)™
(n—1)-face) endowed with the marking making it a regular subset of DZ,S. We call I‘IZ,S the comical
(k, €)-open box of dimension n. We call the inclusion I‘IZ’S — DZ,s the (k, &)-comical open box inclusion
of dimension n.
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The elementary (k, £)-comical marking extension of dimension n, denoted by 0} 8’ — O 8”, is the
Leibniz product of the unit id — 7, and the comical box inclusion My — O _, ie the dashed map in

n ; n
I_Ik,s 1V”_zl_lk,es

| e |

n )
Dk,s )

T”_ZDZ,S

For each x, y € { /', /}, we define the basic Rezk map Ly, — L;y as the entire inclusion depicted
below:
e —) , c— ..
Lyq= {l% | %l} Lyq= {l%l%l}
e —) / c— ..
L//={J,ZlZ\L}» //:{l%lzi}’

o=l AL o= {lgiAd)
o=l e} - {le el
Here thick arrows indicate marked cubes. More precisely, L » » is the pushout of the span

01,0

o' — y,

.1

01
X <

where X is obtained from (12 by marking 9d; ¢ and 93,1, and Y is obtained from 2 by marking 0; ;
and d3 9. The codomain L’/ y is the O-trivialization 7o(L » »). The marked cubical sets Lyy, L;y are
defined similarly for other choices of x, y € { /', ,//}. By a Rezk map we mean any map of the form

(00" < O™ (Lxy < L, )®(O0" — O").

Definition 3.1 (1) A comical set is a marked cubical set with the right lifting property with respect to
the comical open box inclusions and the elementary comical marking extensions.

(2) A saturated comical set is a marked cubical set with the right lifting property with respect to the
comical open box inclusions, the elementary comical marking extensions and the Rezk maps.

Remark 3.2 We briefly explain how the definition of (saturated) comical set should be interpreted. In
the comical n-cube 00} _, any subcube not contained in dx—1,¢, Ok,e» Og,1—¢ OF Og41,¢ is marked. In
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particular, the unique nondegenerate n-cube is marked, so it can be thought of as an equivalence between
the composite of its odd faces and the composite of even faces. In other words, the comical n-cube [I7 |
exhibits dy . as a composite of Bk_l,g, Ok,1—¢ and Ox 4 . For example, IZ];’O looks like

[ ] 83 0 / / [ ] / J L]
. 91,0 J %

[ ]
One can thus interpret the right hftmg property with respect to the comical box inclusions and the comical
marking extensions respectively as the existence of composites and the closure of marked cubes under
composition. In Section 4, we show how these conditions additionally encode such expected properties

of composition as the unit and associative laws, at least for 1-cubes.

/.

There are two standard model structures on marked cubical sets:

Theorem 3.3 (model structure for comical sets) The category cSet™ carries two model structures:

(1) The comical model structure, characterized by the following properties:
e The cofibrations are the monomorphisms.
e The set of
— comical open box inclusions, and
— elementary comical marking extensions
forms a pseudogenerating set of trivial cofibrations.

(2) The saturated comical model structure, characterized by the following properties:
e The cofibrations are the monomorphisms.
e The set of
— comical open box inclusions,
— elementary comical marking extensions, and
— Rezk maps
forms a pseudogenerating set of trivial cofibrations.
Both of these model structures are combinatorial, left proper, monoidal with respect to either of the
Gray tensor products, and have all objects cofibrant.

The proof of this theorem is an application of the Cisinski—Olschok theory and verification of the closure
of anodyne maps under pushout-product. The latter part is contained in Lemma 3.5 below.
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Definition 3.4 We say that a map of marked cubical sets X — Y is
(1) a comical marking extension if it is in the cellular closure of the elementary comical marking
extensions, and

(2) comical if it is in the cellular closure of the comical open box inclusions and the elementary comical
marking extensions.

Lemma 3.5 Foranyl <k <m,e€{0,1} andn >0 (orn > 1 for g), the Leibniz Gray tensor products
f= M, 0P 6 (0" — O,
g=0, =07 O (@O" — Om),
h=Op,/ —0¢,)o 0" =0

are all comical.

Proof Since the case n = 0 is trivial, we will assume otherwise.

Consider a face of "™ whose normal form Ok,,e, *** Ok, e, does not involve dg_j ¢, k0, J,1 OF
Jk+1,e- Then clearly any terminal segment of this normal form does not involve any of these four 9’s.
This observation implies that the second isomorphism of Proposition 1.17 may be lifted to the following
commutative square:

e —— (@, 090" U (MY, 0 0"

[ b

m+n
_
O.e DZ”S o O"
Observe that this is a pushout square on the underlying cubical set level.

In the case ® = ®, it is in fact a pushout square in cSet™. To see this, it suffices to check that the marking
on 07" ® 0" agrees with that described in Remark 2.6. This is indeed the case since [ is regular by
Lemma 2.17(1) and the only marked nondegenerate cube in cod( /) \ dom( /') is the (m—+n)-cube, which
is the image of a marked cube under the lower horizontal map. Thus f is indeed comical.

Now we consider the case ® = ®. If m = 1 then we can simply repeat the above argument since we
have natural isomorphisms

I_Ii’s@)(—) o~ I—li’€®(—) and D}’S@)(—) o~ EI},S® (-)

by Remark 2.14. So assume m > 2. Then there is an extra marked nondegenerate cube in cod( /') \dom( /'),
namely dx .. But then it is straightforward to check that dx_; ¢, 0 1—s and 0g 41, are also marked
(whenever they exist). So f can be written as a pushout of the open box inclusion I‘IZ;"” — IZ]Z’:'”
followed by a pushout of the comical marking extension D;{”’j"/ — I:IZ’;””.
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The map g is entire by Lemma 2.17(2). Similarly to the above argument, one can deduce the existence of
the following commutative square of entire monomorphisms:

/ ~
O —— @g, o0mumy, 00m
[ e
m+n'’ =
_—
O k.e D;{”’ MO, "
One can check that, in the case where © = ® and m > 2, the map g is in fact invertible. Otherwise, the
only cube in cod(g) that is not marked in dom(g) is dg . and it is the image of a marked cube under the

lower horizontal map. This shows that the above square is a pushout. Hence g is a comical marking
extension.

Similarly, one can check that the following square is a pushout:
/
Opim —— @, e u @y, oo
[ [r
m+n'! 1"
S

O.e Dzs ogr

Therefore / is a comical marking extension. a

Proof of Theorem 3.3 We apply the Cisinski—Olschok theory, ie Theorem 1.4 with K = cSet™ and I the
set of boundary inclusions and markers. The set S’ consists of the comical open box inclusions and the
comical marking extensions in (1), and it additionally contains all Rezk maps in (2). For our cylinder
functor C, we can use either (' ® (—) or (' ® (—) as they are equal by Remark 2.14. This produces a
model structure on cSet™ in which the cofibrations are the monomorphisms and A(cSet™, I, C, S) is a
pseudogenerating set of trivial cofibrations.

It remains to prove that the set S is in fact pseudogenerating, and moreover the model structure is monoidal
with respect to either of the Gray tensor products. By duality and Proposition 1.5 it suffices to show that

e /O gisin the cellular closure of I whenever f,g € I, and

e /O g is in the cellular closure of S whenever f € S and g € I.

The first clause essentially follows from the unmarked version (Corollary 1.18). We now treat the second
clause.

There are three kinds of maps in S, namely

(A) comical box inclusions,
(B) elementary comical marking extensions, and

(C) Rezk maps,
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and two kinds of maps in /, namely

(a) boundary inclusions, and

(b) markers.

The case (Ca®) is a straightforward consequence of the associativity of ® and Proposition 2.18. The
case (Ca®) then follows by Lemma 2.17(4). In the cases (Bb) and (Cb), the map f 0) g is invertible by
Lemma 2.17(3). The remaining cases are treated in Lemma 3.5. |

There are also n-trivial versions of these model structures.

Theorem 3.6 (model structure for n-trivial comical sets) The category cSet™ carries two families of
model structures:

(1) The n-trivial comical model structure characterized by the following properties:
e The cofibrations are the monomorphisms.

e The set of
— comical open box inclusions,

— elementary comical marking extensions of dimension < n + 1, and
— markers of dimension > n
forms a pseudogenerating set of trivial cofibrations.
(2) The saturated n-trivial comical model structure characterized by the following properties:
o The cofibrations are the monomorphisms.

e The set of

— comical open box inclusions,
— elementary comical marking extensions of dimension < n + 1,
— markers of dimension > n, and

— Rezk maps
form a pseudogenerating set of trivial cofibrations.

Proof Analogous to the proof of Theorem 3.3. Note that the Leibniz Gray tensor product of the m-marker
with any monomorphism is in the cellular closure of the m’-markers with m’ > m. |

Proposition 3.7 The functor t,,: cSet™ — cSet™ is a left Quillen functor from the n-trivial comical model
structure (resp. saturated n-trivial comical model structure) to the comical model structure (resp. saturated
comical model structure).

Lemma 3.8 Foranyn >0,1 <k <n+ 2 ande¢ € {0, 1}, the map ‘L’nl_lz::z > r,,I:IZ:’;Z = DZ;ZH is
comical.
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Proof Recall the defining pushout square of the comical marking extension:
n+2 s n+2
I—Ik,a Tn l_lk,s

[ e |

n+2
Dk,s ’

This diagram exhibits the desired result. |

Proof of Proposition 3.7 That 7, preserves cofibrations is obvious. Thus it suffices to check (by [Joyal
and Tierney 2007, Lemma 7.14]) that t, sends each member f: X — Y of the pseudogenerating set to a
trivial cofibration.

Unless f is the open box inclusion 7" <> 07" with m > n+2, any marked cube in ¥ of dimension > n
admits a (not necessarily marked) preimage in X . In these cases, the naturality square for the unit

X — X

fl |ms

is a pushout in cSet™ by Remark 2.6, so 1, f is a trivial cofibration.

So assume that " is the open box inclusion My’ < O0}'  with m > n + 2. Then we have the following

commutative square:
m m
Tim—2 l_lk,s — T l_lk,s

fm—zfl anf:'fn(fm—Zf)

N R

Observe that the left vertical map is comical by Lemma 3.8 (with suitable substitution), and moreover it
satisfies the condition on f described in the previous paragraph. Thus this square is a pushout, exhibiting
7,/ as a comical map. This completes the proof. |

As we mentioned earlier, our definition of comical box inclusion uses the marking described in [Steiner
2006], where Steiner characterizes the nerves of strict w-categories. Phrased in the language of comical
sets, his characterization implies the following result:

Theorem 3.9 (cf [Steiner 2006, Theorem 3.16]) The cubical nerve of a globular w-category, or
equivalently the underlying cubical set of a cubical w-category with connections, is a comical set. a

This is analogous to the statement that the simplicial nerve of a strict w-category is a complicial set [ Verity
2008a].
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We conclude this section with the following observation, which will be useful in Section 7.

Proposition 3.10 Foranyn > 2,1 <k <n and ¢ € {0, 1}, the comical box inclusion I‘IZ’,3 — DZ,S may

be written as

(M, = 0] )®EO" 2 — 0"7?) ifk=1,
(0K 2 O3, — O3 )®ED"* 1 0" 1) if 1 <k <n,
(00" - 0" ?)R(N3,, — O3 ) if k =n.

Proof Itis easy to check that the underlying cubical maps match, and also the markings on the codomains
match. Now observe that these Leibniz Gray tensor products are regular by Lemma 2.17(1). |

4 Homotopy 1-categories of comical sets

Suppose we are given two 1-cubes f, g: x — y in a comical set X. Then a marked 2-cube satisfying any
one of the following boundary conditions may be reasonably regarded as a homotopy f ~ g:

x#}/ x%y X —— X X ——— X

g ¢% f WZ f X% g g X/Z /
/ / / /

y =) ) =) Yy =) Y Y
S g

X —— ) X — ) X —— X X ——— X
WZ W’Z w%f a)’Z g
/ / 7/ /

XTJ/ xfy xTy XTJ/

Here equalities indicate degenerate (and hence marked) 1-cubes.

Proposition 4.1 If any one of the above boundary conditions admits a marked solution in the comical
set X then so do the others.

Proof Consider the following picture:

/dx\ 1~
x\eg/x xdeg H wx
| e i o /X\glf
X H y X o’ y

~ !z ~0
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(Here the faces labeled “deg” are fully degenerate on the O-cube x, and the face labeled “min” is the
min-connection on f.) If we have a marked 2-cube w satisfying the boundary condition specified above,
then this picture may be interpreted as a map 1y l‘lg’1 — X, which may be extended to Dg’l " by Lemma 3.8,
yielding a marked 2-cube ’. Conversely, if we are given ’ then this picture specifies a map t; I‘lf =X
and extending it to III? 1” yields a marked 2-cube w. ’

Similarly, the following picture shows that y exists if and only if @ does:

) /dzg\ - H ~ .
N deg min

| Tk -

) Jf/y >\ e

y

/
Dually, x’ exists if and only if w’ does.

The following picture shows that ¥ exists if and only if @’ does (dually, ¥’ exists if and only if @ does):

/ ﬁ = 4
>0 | 3
deg H v y / \«
~ ' A \ /

X

X

Finally the following picture shows that ¢ exists if and only if X/ does (dually, ¢’ exists if and only if x
does):

/\g L

. H y
T4 12-2
min ¢ / \@
X g y Y
R ; ~ ?\ ~
This completes the proof. O

Definition 4.2 We say two 1-cubes f, g in a comical set X are homotopic, and write f ~ g if any one

of the above marked 2-cubes exists in X.

Proposition 4.3 For any pair of 0-cubes x, y in a comical set X, the homotopy relation is an equivalence
relation on the set of all 1-cubes x — y.
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Proof The reflexivity of ~ is obvious, and its symmetry follows from Proposition 4.1. For transitivity,
suppose we are given two homotopies:

g
X — ) X —— )
g ¢ % h X %
/ /
y y ——
Then the following picture specifies a map 7, M 3 0o > X:
y y
N, S deg
h Y H hj Y H
X deg N
y y y deg y
y y
This map extends to I:Ig 0//, which in particular yields a homotopy f ~ A. a

Now consider a “composable” pair of 1-cubes f: x — y and g: y — z in a comical set X. We may

“compose” f and g by filling any one of the open boxes I‘If 0 I‘I% 1> I‘Ié 0 I‘Ig , as follows:
X 4>f y X —— X X —>c z X —>f y
oA AL A
h / h h / h / /
7 —— 7 y ———— =z y — =z X —— z
g 4 d

We will temporarily call such a a (1, 0)-composite of f and g, and similarly call b, ¢ and d (1, 1)-, (2, 0)-
and (2, 1)-composites of f and g respectively.

Proposition 4.4 Any two composites of f and g are homotopic to each other.

Proof First, consider two (1, 0)-composites a and @, witnessed by 2-cubes ¢ and ¢’, respectively. Then
the following picture specifies a map 7,13 ) — X:

xy;&z Xf/ry\%

N S deg degZ
RN
\a’\«z/ \a’\\z/
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This map extends to D; 0”, which yields a homotopy a ~ a’. Similarly, for any given a, b, ¢, d as above,
a homotopy a ~ ¢ can be obtained by filling the following open box:

x/é%y e
N, S
e mm £ | o7

X % ! /g' z X 7\ 1){ /g
and a homotopy b ~ d can be obtained using
X /d: ~ X b - I ~ X
ST
A I
o~ A ~ A

N 1
X \mlnf/ Y X deg H " y
| ek
X e Jd z X /deg\% z
Rl ~ Nl ~
This completes the proof. a

Proposition 4.5 Let f, f':x — y and g, g’: y — z be 1-cubes in a comical set X such that f ~ f' and
g ~ g'. Then any composite of f and g is homotopic to any composite of f” and g’.

Proof Choose witnesses of the following forms for compositions and a homotopy f ~ f:

S
X —— X X — ) X — X
%h A A
¢ a g v
fh/ /X / S
y ——— =z X — z X — )

g b S
Then extending the following map ;M3 | — X to O3 1// yields a homotopy a ~ b:
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x/d:\x I\
~ v Vg
| =k yy\gl“
N N

[N}
[N

into a map t; I‘Ig o — X as follows:

%;\ /Z\Z
ﬂy B
gW z/deg\z
. \Z/

Extending this map to [ ; 0/ yields a homotopy ¢ ~ d. The desired result now follows by Propositions 4.3
and 4.4. |

Definition 4.6 We define the homotopy 1-category hoy X of a comical set X to be the category of
0-cubes and homotopy classes of 1-cubes in X.

Proposition 4.7 For a comical set X, ho; X is indeed a 1-category.

Proof Proposition 4.5 implies that we have a well-defined composition operation on ho; X . For any
0-cube x in X, we claim that the homotopy class containing xo; is the identity at x. Indeed for any

f:x — y, the degenerate 2-cube o
1

A

f foi /
y 4

y =)
Yo

exhibits f as a (1, 0)-composite of xa; and f, and also as a (1, 1)-composite of f and yo;.
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For associativity, suppose we are given l1-cubes f:x — y, g:y —zand h:z — w in X. Compose these

1-cubes as follows:

x#y x#z y%z
¢%g X% h w% h
/ / /

X — Z x—>b w y — w

Then we may combine them into a map t; |‘|§ | X

X 4

y Y
f/¢\gz xf/\g}
\xylh yW h
Xw xy \C)w
5 \x/b

deg

deg
b

™~

X

Extending this map to I:Ig 1// then yields a marked 2-cube that witnesses the desired associativity. O
The following proposition is straightforward to verify.

Proposition 4.8 The assignment X — hoy X extends to a functor from the category of comical sets
to Cat. Moreover there is a natural isomorphism ho; (X °P) =~ (ho; X)°P. a

5 Triangulation

In this section, we upgrade the triangulation adjunction described in Section 1.2 to a marked version.
We start by recalling the basic combinatorics of simplicial cubes, which can be found in [Verity 2007,
Section 5]. (Note however that our indexing is reversed from Verity’s.)

Given an r-simplex ¢ in the simplicial set (A')”, we can define a function
{1,...,n} > {1,...,r,£o0}

by declaring
400 ifmiop(r)=0,
= 3p ifriop(p—1)=0and miop(p) =1,
—oo if 7o (0) =1.
If we regard ¢ as an r-step walk on the n-cube with the p™ step connecting ¢ (p — 1) to ¢(p), the above
function takes i to the unique p such that the p™ step moves in the i™ direction; it takes the value +oo if
we never move in the i™ direction, and the value —oo if we have already moved in that direction before

we start.
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Conversely, any function {1,...,n} — {1,...,r, £00o} determines a unique r-simplex in (AI)”, SO we
will identify the r-simplices and these functions.

Remark 5.1 In what follows, we sometimes write such expressions as p +k for p € {1,...,r, £oo}
and finite k. These expressions are to be interpreted as p when p € {£oo}. We will never consider
expressions involving more than one +oo.

Definition 5.2 We will write ¢t = ¢,,: {1,...,n} — {l,...,n, oo} for the inclusion regarded as an
n-simplex in (A1)".

We will think of any set of the form {1, ..., 7, £oo} as a linearly ordered set
—o<l<--<r < +4o0.

Note however that simplices ¢: {1,...,n} — {1,...,r, oo} are not necessarily order-preserving.

Proposition 5.3 Under this identification, a simplicial operator «: [q] — [r] sends an r -simplex ¢ to the
q-simplex ¢ given by
oo if ¢(i) > alq),

(o)) =1 p ifa(p—1) <¢@) =a(p),
—oo if p(i) < a(0).

Example 5.4 Again, let us think of an r-simplex ¢ as an r-step walk. Then the last face ¢d, of ¢ moves
in the i™ direction at exactly the same step as ¢ does except that it does not have an r™ step. This agrees
with the following formula obtained using Proposition 5.3:

4+oo ifg@i)=r,

¢(i) otherwise.

(@3,)(7) = {

On the other hand, taking the 0 face decreases the index of each step by 1, so we have
) —00 ifo@i) =1,
(o)) =1 , . :
¢({@)—1 otherwise.

For 0 < k < n, taking the k' step merges the k™ and the (k + 1)** steps, so it does not affect the endpoints
of the whole walk. When regarded as a function, this means that ¢y takes the values +co on exactly the
same inputs as ¢ does. However, some of the indices are shifted:
p(@)—1 ifk<¢p@)=r,
o) otherwise.

(G00)(0) = {

For any 0 < m < r, taking the last face (r —m) times yields iL'I"’r_m, so we have

+oo if (i) >m,

@ 0= {¢(z'> if $(i) <m.
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Similarly, since taking the 0" face m times yields 15", we have
SN s p(@)—m if ¢p(i) > m,
(¢ 15""""™)0) = e
—00 if p(i) <m.

It is easy to verify the following proposition using Proposition 5.3.

Proposition 5.5 An r-simplex ¢ in (A')" is nondegenerate if and only if $~'(p) # @ foreach1 < p <r.
More precisely, ¢ is degenerate at p — 1 if and only if ¢~ (p) = @.

Now we upgrade the codomain of the triangulation functor to a marked version. More precisely, we first
consider the functor ] — PreComp associated (in the sense of Theorem 1.11) to the cubical monoid A,
where PreComp is considered to be monoidal with respect to the Gray tensor product ®P™. Its object part
is thus given by [1]* — (A1)®""". This functor induces a strong monoidal left adjoint 7": cSet — PreComp
with right adjoint U. We first show that (A1)®™” = (A1)®"

Proposition 5.6 An r-simplex ¢: {1,...,n} — {1,...,r,+oo} in (A')®" is unmarked if and only if
there exist
1<ij<---<iy=<n

such that ¢ (i) = p forall 1 < p <r. In particular, the only unmarked n-simplex in (A')®" is ,,.
Proof This is proved in [Verity 2007, Observation 27] (with opposite indexing from ours). a
Using the above characterization, we can indeed prove the following.

Proposition 5.7 The marked simplicial set (A')®" is precomplicial for any n > 0.

Proof Suppose for the sake of contradiction that there exists a map A]’C’ — (A1)®" that cannot be
extended to A7”. Regard this map as an r-simplex ¢: {1,...,n} — {1,...,r,200}. Then ¢dy is

unmarked, so Proposition 5.6 implies that there exist
l<ij<-=<ip1=n

such that
e p(ip)=pforl <p=<k-1,
e ¢p(ix)=kor¢(iy)=k+1,and
e ¢lip)=p+lfork+1<p<r—1.

But if ¢ (i) = k then the same sequence iy, ...,i,—; Witnesses that ¢dx is unmarked, and similarly
if (i) = k + 1 then ¢dj_; is unmarked. In either case, it contradicts with our assumption that ¢
corresponds to a map A}" — (A1)®". m|
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Next we would like to upgrade the domain of T to a marked version too, by sending the marked n-cube
to 7,1 ((A1)®"). Proposition 5.6 implies that this marked simplicial set may be obtained from (A!)®”
by marking ¢,. The following lemma shows that it is indeed an object in PreComp.

Lemma 5.8 The marked simplicial set t,_ ((A')®") is precomplicial for any n > 1.

Proof Suppose for the sake of contradiction that we are given a map ¢: A?' — Ty 1 ((A1)®") that cannot
be extended to AZ’”. Then ¢ must not factor through the precomplicial set (A1)®”, so ¢ sends at least
one of the marked, nondegenerate simplices in AZ" to (5. Since all simplices in AZ” of dimension > m
are degenerate, it follows that 72 > n. On the other hand, we cannot have m > n since ¢d, is unmarked in
the (n—1)-trivial marked simplicial set 7,_; ((A1)®"). Thus we must have 7 =1 and ¢ = 1,,. But at least
one of d;_; and dj; is a well-defined face of A", and it can be easily checked using Proposition 5.6
that ¢ sends this face to an unmarked simplex. This is the desired contradiction. a

Thus we have defined the object part of T : 0% — PreComp, but we still need to define its value on the
are identity on the underlying simplicial sets and add the additional marking on ;. To define 7'}
(resp. T&}",), notice that we must have T'¢' T ¢" = To[' (resp. T[T " =Ty/",). Since To] (resp. Ty}",)

sends the n-simplex ¢, to a degenerate (and hence marked) one, it must factor through 7' ¢". Moreover,

generating morphisms ¢", {7 and &/’ , and verify the cocubical identities. The maps T'¢": T[1]" — TT1]

since T'¢" is (entire and hence) an epimorphism, this factorization is unique, yielding a unique possible
choice for T'¢}' (resp. Tég ¢)- Finally, to see that this definition satisfies the additional identities, we note
that these involving ¢ are clear, whereas the remaining ones can be reduced to the usual cubical identities
by precomposing with ¢ and using the fact that it is an epimorphism.

Hence we obtain a left adjoint functor T from structurally marked cubical sets to precomplicial sets.
Moreover, the right adjoint U takes values in marked cubical sets, because the map (" — 01" is carried
by T to an epimorphism. Thus by restricting the domain of 7', we have constructed an adjunction 7 4 U
between marked cubical sets and precomplicial sets. In the remainder of the paper, we show that T is
strong monoidal with respect to either version of the Gray tensor products and moreover left Quillen with
respect to suitable model structures. We will make use of the following observation.

Proposition 5.9 There are isomorphisms T (X °P) 2 (T X)°P natural in X € cSet™.

Proof Since both X +— 7' (X°P) and X +— T (X)°P are cocontinuous, it suffices to verify the assertion
for X = O" forn > 0 and X = (" for n > 1. The component at each (1" is simply given by
T(@"MP) = T(@") = (AH®" = ((AH)P)®" = (AH®")® = T([@"),

where the isomorphism is induced by the antimonoidality of (—)°: sSet™ — sSet™ [Verity 2008a,
Lemma 131], and the component at each (1" is then obtained by applying ;1.
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It remains to check that these components are natural. Since the forgetful functor sSet™ — sSet is faithful,
we may instead check the naturality of the whiskering:
(=)
ST
at jL sSett —— sSet

\_/‘
T (—)®*
Now it is straightforward to check that this (potentially unnatural) transformation may also be written as
T((—)™)
gt—0Od JL sSet

T(—)*
where the first factor forgets the marking and the second factor (potentially unnatural transformation) is
the unmarked analogue of our desired natural isomorphism. But in the unmarked case, we know that both
X+ T(X)and X — T (X)°P are antimonoidal, and moreover it is straightforward to manually check
that the naturality of its restriction to the full subcategory spanned by [1°, (! and [J?. Thus the desired
naturality follows from Theorem 1.11. |

6 Triangulating Gray tensor product

We now prove that the triangulation functor is strong monoidal with respect to either version of the Gray
tensor product. We begin by describing a proof strategy that will be used in both the lax and the pseudo
cases.

6.1 Proof strategy

The proof typically reduces to showing an entire inclusion A < B to be a complicial marking extension
where A and B are certain entire supersets of (A1)®"_ (The integer N will be of the form N = m +n
in the actual proofs, but this is irrelevant in this subsection.) There are three kinds of simplices of interest,
namely those that are

(i) marked in (A1)®N,
(i) marked in 4 but not in (A)®V and

(ii1) marked in B but not in A.

The simplices of type (i) are characterized by Proposition 5.6. The first step of the proof will be to (define
suitable 4, B and) characterize simplices of type (ii) and (iii).

Before proceeding, we need the following definitions.
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Definition 6.1 For any r-simplex ¢: {1,..., N} — {1,...,r, oo} in (A")V, define

D@)=l¢p "{1.....r}HI—r and O@P)=1{G.j)ef{l,....N}*|i<j,¢@()<¢p(j)}

The integer D(¢) measures how “diagonal” ¢ is, and the set O(¢) measures how “in order” ¢ is.

We complicially extend the marking on A to those simplices ¢ of type (iii) by nested induction on D(¢)
and |O(¢)|. More precisely, consider the lexicographical ordering on Z x N so that (u1, v{) < (12, vp) if
and only if

* Uy <up,or
e uy =1uyand vy < v,

For each (u,v) € Z x N, let A(u, v) denote the marked simplicial set obtained from 4 by marking those
simplices ¢ such that ¢ is marked in B and (D(¢), |O(¢)|) < (u,v). Then

e A(uy,vy) is an entire subset of A(uy, v,) for any (1, vy) < (uz, v3),
e colimy A(u,v) = A(u+1,0) for any u € Z,
e colimy, , A(u,v) = B, and

e A(0,0) = A (by Proposition 5.5).

Now we assume the following.
Assumption 1 Any marked simplex ¢ in B with D(¢) = 0 is marked in A.

Then we may upgrade the last bulleted item to A(1,0) = A. Thus to prove that A — B is a complicial
marking extension, it suffices to exhibit the map A(u, v) — A(u, v+ 1) as a complicial marking extension
for each (u,v) > (1,0).

So fix (u,v) > (1, 0) and suppose that we are given an r-simplex ¢ of type (iii) with (D(¢), |O(¢)|) =
(u,v). Then in particular D(¢) > 1. So by the pigeonhole principle, we can choose 1 < pg < r such that
l¢™1(pp)| = 2. Letiy = ming~ ' (py). Let ¢ be the (r+1)-simplex given by

o) if (i) < ppandi # iy,

¢(@)+1 ifp@i) > ppori =ig.

Observe that we have 5 dp, = ¢. We wish to show that this simplex 5 extends to A;,Ill:

3(0) = {

AT+t ¢ A(u,v)

r+1’
APd>
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Assuming this fact, we can deduce that we have a pushout square

/
ALY ——— A, v)

[

LAY —— A@w.v+1)

where the coproducts are taken over all r-simplices ¢ of type (iii) with (D(¢), |O(¢)|) = (u,v) for
various r, and the horizontal maps are induced by 5

The following lemma implies that q; at least extends to A;Il.

Lemma 6.2 Let a: [q] — [r + 1] be a face operator with {pg, pgp =1} C ima. Then 50: is marked in
(A1)®N.

Proof Let p €[g] be the necessarily unique element with a(p) = pg. Then we must have a(p—1) = py—1
and a(p + 1) = py + 1. Now one can check using Proposition 5.3 and the minimality of iy that
((25105)_1 (p +1) ={ip} and moreover any 1 <i < N satisfying (504)(1') = p must also satisfy i > 7.
Thus (}5(1 is marked in (A')®" by Proposition 5.6. |

Therefore it remains to prove that the faces y = 58 po—1and ¥ = (}5 dp,s+1 are marked in A(u, v). First,
we describe these simplices explicitly.

Lemma 6.3 The simplex x is given by

(i) = {—oo if §(i) = pg andi # iy,
¢(i) otherwise.
if py =1, and
X(l):{p¢—1 1f¢(l)=p¢&1’1dl7£l¢,
o) otherwise

if py = 2. The simplex { is given by

. +oo Iifi =iy,
Vi) =y, ¢
¢(i) otherwise
if py = r and
. po+1 ifi=ig,
vi)=1."% ¢
o) otherwise
if pg <r.
Proof This is a routine application of Proposition 5.3. m|

These explicit descriptions allow us to prove the following.
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Lemma 6.4 The simplices y and y satisfy
(D). 000D < (D(9). 10@)]) and (D). |OW)]) < (D(@).[O@)]).

Proof If py = 1 then clearly D(x) < D(¢).

Suppose pg > 2. Then we have D(x) = D(¢). We claim that O() is a proper subset of O(¢). Indeed, it
can be seen from Lemma 6.3 that if a pair (7, j) satisfies ¢ (i) > ¢(j) and x(i) < x(j) then we must
have ¢(i) = ¢(j) = py and i # iy = j. But then the minimality of iy implies i > j, and this shows
that there is no pair (i, j) in O(x) \ O(¢). On the other hand, since ¢ is unmarked in (A1)®¥ there
exist 1 <iy <--- <i, < N such that ¢(ip) = p for 1 < p <r. Itis straightforward to check that the
pair (ip,—1, max o ! (pg)) is then in O(¢) \ O(x). Therefore O()) is a proper subset of O(¢), and this
proves the lexicographical inequality concerning .

The simplex ¥ can be treated dually. |
The last missing piece of the proof (that A — B is a complicial marking extension) is the following.
Assumption 2 The simplices x and Y are marked in B.

This completes the proof strategy. (Whether Assumptions 1 and 2 hold depends on the exact definitions
of A and B, so there is no general strategy for verifying them.)

6.2 Triangulating the lax Gray tensor product
The goal of this subsection is to prove the following theorem.

Theorem 6.5 The adjunction T - U is monoidal with respect to the lax Gray tensor products. Equiva-
lently, T': (cSett, ®) — (PreComp, ®P™) is strong monoidal.

Fix m > 1 and n > 0. Observe that

L[ Dm-i—k y Dm—}-n
L[fpl J
]_[ ﬁm+k N ﬁm ® 0"

is a pushout square in cSet™, where the coproducts are taken over all face maps [1]k — [1]". This pushout
is preserved by T, so the right square in

1] Amtk Hun+x s L[(AY)®en+h) s (A1)®mtn)

| | |

UZm—i—k _ L[Tm+k—1((Al)®(m+k)) _ T(ﬁm ®|:|n)
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is a pushout square in PreComp, where the upper horizontal map is induced by ida1yem ® T'(¢) for
various face maps ¢: [1]€ — [1]”. The left square is also a pushout by Proposition 5.6, so the pasted
square is a pushout too. In this subsection, we define A to be the corresponding pushout in sSet™ (and
not in PreComp)

]_[Am+k ; (A1)®(m+n)

| w |

L[ Zm—l—k — 4
so that its precomplicial reflection AP is precisely 7' (0™ @ O0%).

Now we give combinatorial characterizations of marked simplices in 4 and in 7/(5") ® T'(0").

Lemma 6.6 An r-simplex ¢ is marked in A but not in (AY)®*1 if and only if r > m, ¢ (i) =i for
all 1 <i <m and the restriction

dV{1,. )=,

of ¢ is an isomorphism of linearly ordered sets.
Proof Compute the colimit. |

Lemma 6.7 Let ¢ be an unmarked r-simplex in (A")®*™  Then ¢ is marked in 7(@m) g T(O") if
and only if:

(1 rz=m;

(2) ¢(i)=iforalll <i <m;and

(3) there does NOT exist a sequence m < iy <ipmyq <---<I, <m+n such that ¢(ip) = p for all
m=p=r.

Proof Write ¢ = (¢;, ¢,) for ¢ regarded as a simplex in the product simplicial set (A1) x (A1)".
Thatis, ¢1:{l,....,m} —>{1,...,r,L£oo}and ¢,: {l,...,n} — {1,...,r, £oo} are respectively given
by ¢1(i) = ¢ (i) and @1 (i) = Pp(m +1).
It follows from the definitions of ® and T(ﬁm) that ¢ (which we are assuming to be unmarked in
(A1)®+1) i marked in 7(0™) ® T(O") if and only if

(@ rzm,

(b) (¢1,¢2) is g-cloven for all g except for g = m,

(©) ¢1 11" "=1;, and

(d) ¢ 15"""™ is unmarked in (A1)®".
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The clauses (a) and (c) here clearly correspond respectively to (1) and (2) in the lemma. Since we
are assuming ¢ to be unmarked in (A1)®mtn) Proposition 5.6 implies that there exists a sequence
1 <ji <--<jr =m+nsuchthat ¢(j,) = p forall 1 < p <r. Note that the strict inequalities
imply ;41 > m. One can now check using Example 5.4 that (¢, ﬂ'zn’r_m)(jp —m) = p —m for all

m 4+ 1 < p <r. Thus the clause (d) is in fact redundant by Proposition 5.6.

It remains to check that, assuming (a), (c) and (d), the clauses (3) and (b) are equivalent. Note that
(¢1, @) is g-cloven for any m < g < r since the g-simplex ¢ chlz,r—q in the simplicial set (A1)™ must be
degenerate. For 0 < ¢ < m, since we are assuming (c), ¢ lL(f’r_qz tg is unmarked in T(0™). So (b) is
equivalent to ¢, Jlg’r_q being marked in (A!)®” for all 0 < ¢ < m. By Example 5.4 and Proposition 5.6,
this latter condition for fixed ¢ is equivalent to the NON-existence of a sequence

m<igyy <---<ip<m+n
such that ¢(ip) = p forall ¢ + 1 < p <r. Clearly the nonexistence for g = m — 1, which is precisely (3),
implies the nonexistence for all other values of g. This completes the proof. O

By combining Proposition 5.6 and Lemma 6.7, we obtain the following.

Lemma 6.8 Anr-simplex ¢ in T(ﬁm) ® T(O") with r > m is unmarked if and only if there exist
I1<iij<---<iy<m+n

such that ¢(ip) = p forall 1 < p <r and moreover iy, > m.

Proof Let ¢ be an unmarked r-simplex in (A)®+7) with r > m. Note that ¢ is unmarked in
T(0™) ® T(O") if and only if it violates either Lemma 6.7(2) or (3).

The “if” direction is easy since the existence of a sequence satisfying the condition stated in the lemma
would immediately contradict Lemma 6.7(3).

For the “only if” direction, assume that ¢ is unmarked in T(0™)Q T(O"). Recall that by Proposition 5.6
there exist
I<ji<--<jr<m+n

such that ¢ (jp) = p forall 1 < p <r.If j, > m, then simply taking i, = j, for all p would yield the
desired sequence. So assume j,, = m. Then since the inequalities j; < --- < jp, are strict, we must have
Jjp=pforall 1 < p <m. Thus ¢ cannot violate Lemma 6.7(2), so it must violate (3). That is, there exist
m<im <img1 <+ <ip <m+nsuchthat¢(ip) = p forall m < p <r. We then obtain the desired
sequence by taking i, = j, for 1 < p <m—1. a

Lemma 6.9 There is a complicial marking extension A — T(0™) ® T(0O") that commutes with the
evident inclusions of (A1)®m+m)

Geometry & Topology, Volume 29 (2025)



A cubical model for (0o, n)-categories 1159

Proof We apply the proof strategy from Section 6.1 with B = T/(0™) @ T(0").

One can easily check using Lemmas 6.6 and 6.7 that any marked simplex ¢ in T'(0™) ® T(0") with
D(¢) = 0 must also be marked in A. This verifies Assumption 1.

To verify Assumption 2, let ¢ be an r-simplex that is marked in 7(3) ® T'(O") but not in A. Then we
necessarily have r > m by Lemma 6.7.

Consider the simplex x = 58 ps—1- Suppose for contradiction that x is unmarked in 7(@m) ® T(O").
Then by Lemma 6.8 there exist 1 <iy <--- <i, <m +n such that y(i,) = p forall 1 < p <r and
Im > m.

e If py = 1, then we also have ¢(ip) = p for all p by Lemma 6.3, thus ¢ is unmarked in
7T (8™) ® T(O"). This is the desired contradiction.

* Suppose pg > 2. We claim that ¢ (i) = p holds for all p in this case too. According to Lemma 6.3,
the only thing we must check is that ¢ (ip,—1) = py — 1 holds (as opposed to ¢ (ip,—1) = pg). To
see that this is indeed the case, observe that x~!( DP¢) = iy by Lemma 6.3. Thus we must have
ipy =ig. Since ip, 1 <ip,, the minimality of iy implies that i, ¢! (pg)- Therefore we
have obtained the desired contradiction.

The simplex ¥ = ¢0 ps-+1 can be similarly checked to be marked in T (0™) ® T(O"). This completes
the proof. |

Proof of Theorem 6.5 Since both 7(— ® —) and 7'(—) ®P™ T'(—) preserve colimits in each variable, it
suffices to check the existence of natural isomorphisms 7(X ® ¥Y) = T(X) @ T(Y) for X, Y generic
(possibly marked) cubes.

By construction of T', we have 7' (0" @ O") ~ T(O™) @P* T(O") for any m,n > 0.

For any m > 1 and n > 0, we may obtain an isomorphism 7@ @ O") =~ T(O™) @P* T(O") by
reflecting the complicial marking extension of Lemma 6.9 into PreComp. Dually, we have 7'(0" ® (1) =~
T(0O0™) @P T(0") for any m > 0 and n > 1.

Let m,n > 1. Observe that the left square below is a pushout in cSet™ by Lemma 2.17(3):

O"eO" — O"eO" y(mi-Ym L p— (i L S L)
0" @0" — Om 0" T(O" g0 — T(@O" 0"

Since T is cocontinuous, it follows that the right square is a pushout in PreComp. On the other hand,
since both 7/(0™) — T'(0™) and T'(O") — T(0") are entire, the square below is a pushout in PreComp
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by [Verity 2008a, Lemma 140]:
T(O™) & 7(0") —— T([@™) @ 7(0")

Thus by comparing the two pushout squares in PreComp, we obtain 7' (0™ @ ") ~ T (0™) @P T(0").
The naturality of these isomorphisms is evident, and this completes the proof. a

6.3 Triangulating the pseudo Gray tensor product

The goal of this subsection is to prove the following theorem.

Theorem 6.10 The adjunction T - U is monoidal with respect to the pseudo Gray tensor products.
Equivalently, T': (cSet™, ®) — (PreComp, ®) is strong monoidal.

Fix m,n > 1. By Remark 2.14, the square

]_[ Dk+€ ; m+n

| |

L[ ﬁk—i—ﬁ s O™ @ O"

is a pushout in cSet™, where the coproducts are taken over all pairs of face maps Ok — O™ and O¢ — O"
such that k, £ > 1. This pushout is preserved by 7', so the right square in

UAk-‘rﬁ Ltk s U(A1)®(k+€) s (A1)®(m+n)

| l |

UZk-{-Z - ]_[Tk+ﬁ—l((A1)®(k+e)) - T(Dm®|:|n)

is a pushout square in PreComp. The left square is also a pushout by Proposition 5.6, so the pasted square
is a pushout too. In this subsection, we define 4 to be the corresponding pushout in sSet™ (and not in
PreComp):

UAk+K s (A1)®(m+n)

| |

L[ Ak+L - s 4
so that its precomplicial reflection AP™ is precisely 7(00" @ O").
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Lemma 6.11 An r-simplex ¢ is marked in A but not in (AV)®+1) jf and only if the restriction

o (1, )= {1, )

of ¢ is an isomorphism of linearly ordered sets and moreover ¢~ ({1,...,r}) intersects both {1,...,m}
and{m+1,...,m+n}.

Proof Compute the colimit. a

Lemma 6.12 An r-simplex ¢ in T(O™) ® T (O") is unmarked if and only if there exist either
1<ij<-<ip<m or m+1=Zij<---<iy<m+n

such that ¢ (ip) = p forall1 < p <r.

Proof Since ® is the categorical product on PreComp, ¢ is marked if and only if both 771 (¢) and 75 (¢)

are marked. Equivalently, ¢ is unmarked if and only if either 7 (¢) or m,(¢) is unmarked. Thus the
assertion follows from Proposition 5.6. a

Lemma 6.13 There is a complicial marking extension A — T (0O™) ® T (") that commutes with the
evident inclusions of (A1)®+m)

Proof We apply the proof strategy from Section 6.1 with B = T(O0") ® T'(O").

One can easily check using Proposition 5.6 and Lemmas 6.11 and 6.12 that any marked simplex ¢ in
T(O™)® T(O") with D(¢) = 0 must also be marked in A. This verifies Assumption 1.

To see that Assumption 2 holds for ¥, suppose for contradiction that y is unmarked in 7(O0™) @ 7'(O").
By Lemma 6.12, this unmarked-ness is witnessed by a sequence i1, ..., i,, but then the same sequence can
be checked to witness that ¢ is unmarked in 7'(C0™) ® T'((0"). The details are similar to the corresponding
part in the proof of Lemma 6.9. Assumption 2 for ¥ can be checked similarly. |

Let m > 1 and n > 0. Observe that the square below is a pushout in cSet™:

[[O" — OmeO"

| |

[[O" — O"eO”
where the coproducts are taken over all [1]° — [1]”. This pushout is preserved by T, so the right square in

1am Lo 1yr@omy — ram e o

L] l

[[A™ — [[T(@") —— T(@O" e O")
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is a pushout in PreComp. The left square is also a pushout by Proposition 5.6, so the pasted square is a
pushout too. Let A" denote the “corresponding” pushout in sSet™ (and not in PreComp):

[[A™ —— 4

| oo J

[[A" —— A’
so that its precomplicial reflection (A’)P™ is precisely 7' (0™ @ O").

Lemma 6.14 The marked simplicial set A’ is obtained from A by marking those m-simplices ¢ such
that p(i) =i for1 <i <m and ¢(i) € {£o0o} fori > m.

The unmarked simplices in B’ =T (8™) ® T(O") admit a characterization similar to Lemma 6.12.

Lemma 6.15 An r-simplex in T(8™) ® T(O") with r # m is unmarked if and only if it is unmarked in
T(@O™ @ T(O"). An m-simplex ¢ in T(8™) ® T(O") is unmarked if and only if there exist

m+l1<i)<---<im<m+n

such that ¢ (ip) = p forall 1 < p <m.

Lemma 6.16 There is a complicial marking extension A" — T(0™) ® T(O") that commutes with the
evident inclusions of (A1)®+m)

Proof We first check that Assumption 1 holds. Let ¢ be a marked r-simplex in 7(8™) @ T(O") with
D(¢) = 0. Note that, if ¢ is marked in T((0™) ® T'([0") then we already know that it is marked in 4
(and so in A’ t00). So suppose otherwise. Then we can see from Lemmas 6.12 and 6.15 that we must
have r = m and a sequence

1<ii<---<im=<m
such that ¢(ip) = p forall 1 < p <m. Itis then easy to check that ¢ is one of the extra marked simplices

described in Lemma 6.14.

For Assumption 2, we assume for contradiction that x or iy is unmarked, obtain a sequence using
Lemma 6.15, and deduce that ¢ is unmarked. The details are similar to those in the proofs of Lemmas
6.9 and 6.13. i

Proof of Theorem 6.10 Since both 7'(— ® —) and T(—) ® T'(—) preserve colimits in each variable, it
suffices to check the existence of natural isomorphisms T(X ® Y) = T(X) ® T(Y) for X, Y generic
(possibly marked) cubes.
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For the appropriate values of m and n, we may obtain isomorphisms
TO"eO" ~T{O"e T,
r@"e0" = T(EM @ T(@"),
TO"e0" = 1@ e 7@

by reflecting to PreComp the complicial marking extensions of Lemmas 6.13 and 6.16 and the dual of the
latter respectively.

Let m,n > 1. Observe that the left square below is a pushout in cSet™ by Lemma 2.17(3):

O"eO" — 0" e 0" T([O"eO") — T(O™e 0"
OmeO" —— Om e 0" T(O" e 0" —— T(O™e0")

Since T is cocontinuous, it follows that the right square is a pushout in PreComp. On the other hand,
since both 7/(00™) — T(E1™) and T(O") — T(0") are entire, the square below is a pushout in PreComp
by Proposition 1.28:

(@O e T(@") — T e T(@O")
7O e T@A") — TE™) e 7"

Thus by comparing the two pushout squares in PreComp, we obtain 7(0™ @ 0") =~ 7(O™) ® T(0").
The naturality of these isomorphisms is evident, and this completes the proof. |

7 Triangulating model structures

The main theorem of our final section is the following.

Theorem 7.1 The adjunction T < U is a Quillen adjunction with respect to the comical model structure
on cSet™ and the complicial model structure on PreComp.

In the following proof, we denote a nondegenerate r-simplex ¢: {1,2,3} — {1,...,r,£oo} in the
simplicial set (A1)*3 by the sequence ¢(1)¢(2)¢(3), omitting the letter co. For instance, 21— denotes
the 2-simplex ¢ given by ¢ (1) = 2, ¢(2) = 1 and ¢(3) = —oo. Note that since ¢ is assumed to be
nondegenerate, the dimension of ¢ can be recovered as the maximum integer appearing in the sequence.
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Proof We first show that 7" preserves cofibrations. It suffices to prove that T' sends the boundary
inclusions and the markers in cSet™ to monomorphisms in sSet™. Clearly 7" sends the boundary inclusions
00° < O° and ' — O! to (maps that are isomorphic to) the boundary inclusions A < A? and
dA! — A respectively. For any n > 2, we have

TOO" < O 2 T((O0" < O0HY®") = (790" < O0')®" = (JA! < A!)®"

by Proposition 1.17 and Theorem 6.5, and the last map is clearly a monomorphism. Also, 7" sends the
marker 00" < (3" to the monomorphism (A!)®” — 7,_;((A!)®") by definition. This shows that T
preserves cofibrations.

Next we show that 7" sends the open box inclusions to trivial cofibrations. We will check this “by hand”
on the boxes of dimension < 3. This will imply the general case since the higher-dimensional box
inclusions are generated by these low-dimensional ones in the sense of Proposition 3.10, 7" is strong
monoidal with respect to the lax Gray tensor products (Theorem 6.5), and the Leibniz Gray tensor product
of a complicial horn inclusion and a monomorphism (in PreComp) may be obtained as a composite of
pushouts of complicial horn inclusions [Verity 2008b, Lemma 72].

Clearly T sends I‘I% e < I:I{ . to the trivial cofibration Ai_s — A{_E. Consider the open box inclusion
I‘I%’0 > IZI%,O. Its in’nage under T may be written as a pushout of the horn inclusion A% < A? followed
by a pushout of A% — A%. The following pictures (in which thick arrows indicate marked simplices)
depict this factorization:

BN RN

The box inclusions I‘Ilzc e EI,ZC . for other values of k and/or ¢ can be treated similarly.

Now consider the open box inclusion I‘I% 0o > g o- Observe that the only marked, nondegenerate cubes
in D; 0 are ld, 81’1, 83,1 and 83’181’12

Let B’ denote the marked simplicial set obtained from (A!)®3? by marking the 3-simplex (3 = 123, the
2-simplices 12— and —12 and the 1-simplex —1—. Then the precomplicial reflection (B’)P™ is precisely
T(D;,o)' Observe that the 3-simplex 231 specifies a map A? — B’. So if we mark its first face 121, the
resulting object B has the same precomplicial reflection as B’. We will adopt B (rather than B’) as our
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s | pushoutof | interior | missing face
1| A2 A2 211 111
2| A=A 2+1 1+1
3] Al A3 312 212
41 Al A3 213 112
5| Al Al 123 122
6| uAd—ad"| 321 221
7 Al AY | 231 121
8| Al A3 132 1+2

Table 1: Inclusions A5~! < A%,

“model” for 7' (O g o)- For the open box, we define 4 to be the regular subset of B (or B’) consisting of
those simplices ¢ such that:

e ¢(1) € {£o0},
e ¢(2) =—o0,0r

* ¢(3) € {£o0},
so that the precomplicial reflection AP is T(I‘I; o)- Then we have a sequence of inclusions
A=A Al < ... A = B,

where 457! < A% is the pushout of a suitable trivial cofibration as indicated in Table 1. This table is to
be interpreted as saying, for example, that the inclusion A% < A! fits into the pushout square

A —— A°

[

A —— 4!

in sSet™, where the composite A% — A' < B corresponds to the simplex ¢ = 211, and the face ¢,
corresponding to the missing face in the horn is 111. One can check that every nondegenerate face in
B\ A appears exactly once in Table 1, and moreover it is marked if and only if it appears either in the
“interior” column or in the sixth or seventh row. It is also straightforward to verify using Proposition 5.6
that, for each 1 < s < 8, the marked simplicial set A°~! indeed contains enough (marked) simplices to
support a map from the domain in the “pushout of” column. By reflecting everything to PreComp, we
can deduce that T" sends the box inclusion H%,o — I:lg,0 to a trivial cofibration. The case I‘Ii1 — I:lg,1
is dual, and the other 3-dimensional boxes can be treated using Proposition 3.10.
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It remains to prove that 7'(00} " < O7 ") is a trivial cofibration for any n, k, &. We show that this map
is in fact invertible.

Consider the following commutative diagram in PreComp:

. _1y T0ke)
Al =l Tt —25 7@y )

/ | [

~ _ ~ Tk, e
Rnmt iy @ty L0 e vy

The left square is a pushout by the definition of 7', and the right square is a pushout because it is the

image of a pushout square under 7'. Thus, to show that 7'(C0} 8’ — OF 8”) is invertible, it suffices to

prove that the (n—1)-simplex in T(DZ’ 8’) corresponding to the top row above is marked. Note that, by

unwinding the above argument, one can express 7'(M} , <> 0} ) as a composite

T(M)=X">X'o...oxN=710,).

where each map X*~! < X is a pushout (in PreComp) of the precomplicial reflection of a complicial
horn inclusion. We show by induction on s that all (n—1)-simplices contained in X* are marked in
T(Or ).

For the base case, write 0} 8' as a pushout

L]

e — o,

where the coproducts are taken over all marked faces of LI} 8/, which in particular include all faces dy
of codimension 1 with (¢, n) # (k, ). By applying T to this pushout square, we can deduce that any
(n—1)-simplex of the form

_ T
An—l tn—1 s (Al)®(n—1) — T(Dn—l) ( €=’7); T(Dn)

is marked in 7'(00} 6'). By combining this observation with Proposition 5.6, one can deduce that any

(n—1)-simplex contained in X © is marked in T (DZ’E/). For the inductive step, suppose that all (n—1)-

simplices contained in X*~! are marked in 7'(O7 ,"). Suppose further that X* contains a nondegenerate

(n—1)-simplex ¢ that X*~! does not contain (for otherwise we are done). Then X*~! < X fits into

either a pushout square of the form

(Aig—l)pre s Xs—l

) |

(Az—l)pre ¢ s XS
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or one of the form
( Azl)pre s Xs—l

[ /

(Az)pre X s X$

with ydy = ¢. In the former case, ¢ is marked in X* and hence in T(DZ,!) since the unique nondegenerate
(n—1)-simplex in A;’_l is marked. In the latter case, the inductive hypothesis implies that y extends to
the marked simplicial set A’Z’. Since X¥ is a precomplicial set, it follows that ¢ = xd, is marked in X*
and hence in 7'(CJ} ,'). This completes the proof. i

The saturated and n-trivial versions can be proved analogously.

Theorem 7.2 The adjunction T < U is a Quillen adjunction when cSet™ and PreComp are respectively
equipped with:
e the saturated comical model structure and the saturated complicial model structure,

e the n-trivial comical model structure and the n-trivial complicial model structure for some 0 <n < 00,
or

e the saturated n-trivial comical model structure and the saturated n-trivial complicial model structure
for some 0 < n < oo.

Proof The proof is analogous to that of Theorem 7.1. For the n-trivial versions, observe that T sends
the (cubical) m-marker to a pushout of the (simplicial) m-marker.

For the saturated versions, we only check that 7" sends the basic Rezk maps to trivial cofibrations. (That
the higher Rezk maps are also sent to trivial cofibrations then follows from Theorems 1.37 and 6.5.) Note
that 7" sends all four basic Rezk maps to the same map (up to isomorphism). This unique image, which
we denote by T'L < TL’, may be visualized as

e ——> o —) ° ° —) ° H °
= [N e = [N
° —) e ——> o ° —) ° —) °
Let A (resp. A”) be the regular subset of T'L (resp. TL’) consisting of the middle two nondegenerate
2-simplices so that they look like

Clearly TL < TL' is a pushout of its restriction 4 < A’, so it suffices to show that the latter is a trivial
cofibration.
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Observe that A4 is isomorphic to the regular subset of qu consisting of dg and d3. One can check that
the inclusion 4 — Ag’q may be written as the composite of a pushout of A% — A% (attaching d;) and
a pushout of A3 < A3. Hence 4 < A}, is complicial. Similarly, 4" < (A)# is the composite of
pushouts of two complicial horn inclusions and one elementary complicial marking extension (marking
the 1-simplex {0, 3}), so it is complicial too. Since the square

A—— A

L

A, — (A3

commutes, the desired conclusion now follows by the 2-out-of-3 property. |
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We develop a notion of rank-one properly convex domains (or Hilbert geometries) in real projective space.
This is in the spirit of rank-one nonpositively curved Riemannian manifolds and CAT(0) spaces. We
define rank-one isometries for Hilbert geometries and characterize them as being equivalent to contracting
elements (in the sense of geometric group theory). We prove that if a discrete subgroup of automorphisms
of a Hilbert geometry contains a rank-one isometry, then the subgroup is either virtually cyclic or
acylindrically hyperbolic. This leads to several applications like infinite dimensionality of the space of
quasimorphisms, counting results for conjugacy classes and genericity results for rank-one isometries.
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1172 Mitul Islam
1 Introduction

A properly convex domain in P(R?*1) is an open subset 2 C P (RZ+1) such that Q is a bounded convex
domain in an affine chart. Any such domain €2 carries a canonical distance function dg, called the
Hilbert metric on 2, defined using projective cross-ratios; see Section 3. Then 2 equipped with its
Hilbert metric constitutes a Hilbert geometry. A motivating example is given by the open projective disk
Qp:={[x:y:1]eP[R3) | x2+ y? < 1}, a properly convex domain in P(R?). In fact, (Q2, dg,) is the
projective model of the 2-dimensional real hyperbolic space H?.

For a properly convex domain €2, the group Aut(2) := {g € PGL;(R) | g2 = Q} acts properly and
isometrically on (€2,dg). If I' < Aut(2) is a discrete subgroup, then the quotient space /I is “locally
modeled” on (€2, dg). These are the main objects that we study in this paper. We make the following
definition.

Definition 1.1 We say that 2 is a Hilbert geometry if Q@ C P(R4*!) is a properly convex domain.
Further, we say that a pair (2, I') is a Hilbert geometry if Q2 C PR isa properly convex domain
and ' < Aut(2) is a discrete subgroup. A Hilbert geometry (2, ') is divisible if T < Aut(2) acts
cocompactly on €.

Example Consider the projective model 2, of H?. Here Aut(Q2,) = PO(2,1). If I' <PO(2, 1) is any
discrete subgroup, then (25, I') is a Hilbert geometry and (22, I') is divisible when I' is a uniform lattice.

The boundary of a Hilbert geometry €2, denoted by 0€2, is the topological boundary of € as a subset of
P(RZ+1). The regularity of S strongly influences the geometric properties of (€2, dg). For instance,
consider the class of strictly convex Hilbert geometries, ie Hilbert geometries €2 such that 92 does not
contain any nontrivial projective line segments. Benoist [8] showed that strictly convex divisible Hilbert
geometries (Q,T") have C! boundaries and behave like compact Riemannian manifolds of negative
curvature (more precisely, I' is Gromov hyperbolic and the geodesic flow is Anosov). This analogy
between strictly convex Hilbert geometries and Riemannian negative curvature was subsequently studied
by many authors with much success; see Benoist [12] or Marquis [43] for a survey.

On the other hand, the nonstrictly convex Hilbert geometries (ie when 2 contains nontrivial projective
line segments) have remained elusive. There are only a few examples (see Section 3.4) and, until recently,
only a limited number of results. Taking a cue from the strictly convex case, one hopes to liken nonstrictly
convex Hilbert geometries to Riemannian nonpositive curvature, or more generally, CAT(0) spaces. This
will be our guiding principle in this paper. But we remark that the similarity with CAT(0) geometry is
superficial. In fact, an old theorem of Kelly and Straus [41] states that Q2 is CAT(0) if and only if 2 is the
projective model of the real hyperbolic space. Thus, one needs to use very different tools and techniques
for working with Hilbert geometries as compared to CAT(0) spaces.

Our target in this paper is to classify Hilbert geometries into two broad classes: “rank one” and “higher
rank”. The motivation for this classification comes from the success of the rank rigidity theorem for
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Rank-one Hilbert geometries 1173

Figure 1: In the left figure, (a,b) is a rank-one geodesic while in the right figure, (a, b) is
contained in a half triangle in 2. However, Proposition 6.5 will show that neither of these can be
a closed rank-one geodesic (ie a rank-one axis) in 2/ T.

nonpositively curved Riemannian manifolds; see Ballmann [3] and Burns and Spatzier [22]. Roughly, this
theorem states that there is a dichotomy for irreducible compact Riemannian manifolds of nonpositive
curvature: either the manifold is “rank one”, or it is a higher rank Riemannian locally symmetric space.
Similar rank rigidity theorems have been proven in other “nonpositive curvature” settings (see Caprace
and Sageev [23] and Ricks [47]) and conjectured for CAT(0) spaces. We remark that the usual definition
of rank for Riemannian manifolds uses Jacobi fields and will not be useful for Hilbert geometries. This is
because the geodesic flow on a generic nonstrictly convex Hilbert geometry is only C°.

We introduce a notion of rank-one geodesics in (€2, dg) using projective geometry. Consider an open
projective line segment (a, b) C Q2 with a, b € dQ2. Then (a, b) is a bi-infinite geodesic for the Hilbert
metric dg. We will say that (a, b) is a rank-one geodesic provided it is not contained in a half triangle in 2,
ie either (a,c) C Q or (¢, b) C Q2 for any ¢ € dL2; see Figure 1 and Definitions 6.1 and 6.2. The notion
of a half triangle in Hilbert geometry is analogous to the notion of a half flat in CAT(0) geometry; see
Ballmann [4, Section III.3]. Our above definition of a rank-one geodesic is motivated by an analogous
characterization of rank-one geodesics in CAT(0) geometry. In a CAT(0) geodesic metric space, a rank-one
geodesic does not bound a half flat.

We will say that an isometry y € Aut(2) is a rank-one isometry if y acts by a translation along a
rank-one geodesic £ C 2; see Definition 6.3. We remark that acting by a translation along a rank-one
geodesic (ie having a rank-one axis) is much more special than simply translating along any projective
geodesic (ie having an axis); see Remark 6.4. Our definition of rank-one isometry is again analogous
to a characterization of rank-one isometries in CAT(0) geometry; see Ballmann [2] and Ballmann and
Brin [5]. A rank-one isometry y € Aut(€2) has several properties reminiscent of hyperbolic isometries
in Isom(H?): y is biproximal, has exactly two fixed points y*in Q, has a unique axis (y*,y7) C Q,
both fixed points are “visible” (ie (y,z) U (z,y™) forany z € 9Q — {y ™, y™}), and y has the so-called
north—south dynamics on 9€2; see Proposition 6.5 and Corollary 6.7. In the case where (€2, I) is divisible,
it is quite easy to detect a rank-one isometry: if y € Aut(2) has an axis and is biproximal, then y is a
rank-one isometry; see Proposition 6.8.

We further the analogy between rank-one isometries in Hilbert geometry and CAT(0) geometry by proving
that rank-one isometries (in our sense above) are contracting elements in the sense of Sisto [49]. Sisto
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introduced the notion of contracting elements to capture the essence of “negative curvature” in groups; see
Section 9. He proved in [49, Proposition 3.14] that if A acts properly by isometries on a proper CAT(0)
space X, then an element of A is contracting if and only if it is rank one (in the sense of CAT(0) geometry).
Our first main result in the paper is an analogue of this result for Hilbert geometries. If 2 is a Hilbert
geometry, let PF2 := {[x, y] | x, y € Q}, where [x, y] is a projective line segment joining x and y.

Theorem 1.2 (see Part II) If 2 is a Hilbert geometry, then y € Aut(2) is a contracting element for
(Q, 29?) if and only if y is a rank-one isometry.

In the light of these analogies, one naturally expects that the presence of many rank-one isometries would
induce interesting “negative curvature”-like behavior. To formalize this, we now introduce the notion of
rank-one Hilbert geometries. An example to keep in mind is (25, ') where 2, C P(R3) is the projective
model of H? and I" < PO(2, 1) is an infinite discrete subgroup.

Definition 1.3 A rank-one Hilbert geometry is a pair (Q, ') where Q  P(R4*1) is a Hilbert geometry
and I' is a discrete subgroup of Aut(£2) that contains a rank-one isometry.

Morally, if a rank-one group I" as in Definition 1.3 is not virtually cyclic (ie does not contain a finite-index
cyclic subgroup), then it contains many rank-one isometries and we expect the group I to appear quite
“hyperbolic”. But of course we cannot expect such a group I" to always be Gromov hyperbolic — there
are many examples to the contrary; see Section 3.4. The main result of this paper is to identify the notion
of hyperbolicity that rank-one groups satisfy. We prove that a rank-one group is either virtually cyclic or
an acylindrically hyperbolic group; see Theorem 1.4 below.

The notion of acylindrically hyperbolic groups, introduced by Osin in [45], is a generalization of the notion
of nonelementary Gromov hyperbolic groups. Roughly speaking, a group is acylindrically hyperbolic if it
admits a nonelementary action on a (possibly nonproper) Gromov hyperbolic metric space with all but
finitely many elements acting “hyperbolically”; see Definition 12.1. This family includes many important
classes of groups: mapping class groups of most finite-type surfaces, rank-one CAT(0) groups that are
not virtually abelian, relatively hyperbolic groups that are not virtually cyclic and have proper peripheral
subgroups, and outer automorphism groups of free groups on at least two generators; see [45, Appendix].
We prove the following.

Theorem 1.4 (see Section 12) If (2,T) is a rank-one Hilbert geometry, then either T is virtually
cyclic or I is an acylindrically hyperbolic group.

The acylindrical hyperbolicity of rank-one Hilbert geometries (€2, I') have several applications. We defer
this discussion until the section Applications below. Instead we first mention some of the precursors to
our above result. In all those previous results, the conclusion is that the group under consideration is
either Gromov hyperbolic or relatively hyperbolic — both of which are acylindrically hyperbolic groups;
see the previous paragraph. Benoist [8] showed that if (€2, T") is divisible and d€2 is strictly convex, then
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" is Gromov hyperbolic. If instead 2/ I" is noncompact but has finite volume, then Cooper, Long and
Tillmann [25, Theorem 0.15] showed that I is relatively hyperbolic (with respect to the cusp subgroups).
More generally, if Q/ T is geometrically finite, then Crampon and Marquis [27, Theorem 1.8] proved
that T is relatively hyperbolic. However, they require that 2 is C!, and not just strictly convex.

Outside the strictly convex setting, Islam and Zimmer [39] have recently shown that if I" acts cocompactly
on €2, then I is relatively hyperbolic (with peripheral subgroups free abelian of rank at least two) if and
only if the set of properly embedded simplices in €2 of dimension at least two (see Section 3.3) forms an
“isolated family”. The results in [39] hold in greater generality — whenever I" acts convex cocompactly
on 2; see Definition A.1 and Section A.6 for further discussion. We can interpret the above Theorem 1.4
as a generalization of these aforementioned results in the general setup of (possibly nonstrictly convex)
Hilbert geometries. Theorem 1.4 characterizes the existence of rank-one isometries in I" as a key factor
that underpins the presence of these various weak forms of hyperbolicity for the group T.

Zariski density and rank one

Before moving on to contrasting rank one against “higher rank” Hilbert geometries, we indulge in a
short discussion about Hilbert geometries (€2, ') where I' < Aut(£2) is Zariski dense in SL;41(R),
ie it is “large” in an algebraic sense. For such groups I', one can define a notion of proximal limit
set Ag/ Qc P(R?+1) (see Definition 8.3 and Remark 8.4) that is independent of the properly convex
domain 2. In Section 8, we prove that if x,y € A?/Q N d2 are such that (x, y) C Q is a rank-one
geodesic, then the set of rank-one isometries in I" form a Zariski dense set in SLz4(R) and (x, y) can
be approximated by the axes of rank-one isometries (Lemma 8.10). In particular, a Hilbert geometry
(€2,T") with I' Zariski dense in SL; 4 (R) is rank one if and only if €2 contains a rank-one geodesic
(x,y) withx,y € A?/Q N d€2; see the answer to Question 8.1.

Rank one versus higher rank

The class of rank-one Hilbert geometries is quite rich. Besides the strictly convex Hilbert geometries,
there are several examples of nonstrictly convex divisible Hilbert geometries which are rank one, eg the
3-manifold groups constructed in Benoist [10] from projective reflection groups. For more examples, see
Section 3.4. In Appendix A, we discuss this further and also generalize the notion of rank one for convex
cocompact actions.

On the other hand, there are several examples of Hilbert geometries that are not rank one, or in other
words, have “higher rank”. Projective simplices of dimension at least two and symmetric domains of
real rank at least two are the key examples of “higher rank” Hilbert geometries; see Sections 3.3 and 3.4.
The former are examples of reducible “higher rank” while the latter are examples of irreducible “higher
rank” domains; see Definition 3.6. At this point, it is natural to ask whether these are all the “higher
rank” divisible Hilbert geometries, akin to the case of Riemannian nonpositive curvature. Recently,
A Zimmer [50] has proven that this is indeed the case.

Geometry & Topology, Volume 29 (2025)



1176 Mitul Islam

We will now briefly discuss Zimmer’s result for context. Zimmer calls €2 a higher rank Hilbert geometry
if any (p, q) C Q2 is contained in a properly embedded projective simplex S in €2 of dimension at least
two; see also Section 3.4. Under some assumptions, he proves that his notion of higher rank is exactly
complementary to our notion of rank one. We remark that Zimmer does not develop a theory of rank-one
geometries. He focuses only on higher rank geometries and proves that an irreducible divisible Hilbert
geometry (€2, I') is higher rank (in his sense) if and only if it does not satisfy the notion of rank one (in
the sense introduced in this paper).

Theorem 1.5 (part of [50, Theorem 1.4]) Suppose (2, T") is a divisible Hilbert geometry and €2 is
irreducible. Then the following are equivalent:
(1) €2 has higher rank (in the sense of Zimmer [50, Definition 1.1]).
(i) €2 is a symmetric domain of real rank at least two.
(iii) €2 does not contain any rank-one geodesics (in the sense of this paper, Definition 6.2).

@iv) T does not contain any rank-one isometries (in the sense of this paper, Definition 6.3).

Applications

We now return to our discussion about rank-one geometries. There is a sizeable literature exploring
different properties of acylindrically hyperbolic groups. By virtue of Theorem 1.4, we can use these to
establish several interesting results about rank-one Hilbert geometries. We remark that in the ensuing
discussion, we usually do not require the additional assumption of divisibility.

1.1 Second bounded cohomology and quasimorphisms

A quasimorphism of a group G is a function f: G — R such that sup, peq | f(gh)— f(g)— f(h)| is finite.
We say that two quasimorphisms are equivalent if they differ by a bounded function or a homomorphism
of G into R. The set of all equivalence classes of quasimorphisms of G constitute aﬁ(G), which is a
R-vector space. More generally, if p: G — U(E) is a unitary representation of G on a complete normed
R-vector space (E, || - ||), then we can define Q\C(G; 0); see Section 13.

Bestvina and Fujiwara proved in [17] that if M is a compact nonpositively curved Riemannian manifold,
then — under some mild assumptions — Qﬁ(m (M)) is infinite-dimensional if and only if M is a rank-one

Riemannian manifold. We prove a similar cohomological characterization of rank-one Hilbert geometries.

Theorem 1.6 (sece Section 13) If (2, I") is a rank-one Hilbert geometry, I" is torsion-free and T" is not
virtually cyclic, then

(i) dim(QH(T")) = oo, and

(i) if p € (1,00) and prlég: I' — A(€P(T")) is the regular representation, then dim(@é(F; prlég)) = 00.
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We prove a more general Theorem 13.1. On the other hand, if I' < G is a lattice in a higher-rank simple
Lie group G, then a result of Burger and Monod [21, Theorem 21] implies that aﬁ(F) = 0. Then
Theorem 1.6 and the rank rigidity result (Theorem 1.5) implies:

Corollary 1.7 (see Section 13) If (2,T") is a divisible Hilbert geometry and <2 is irreducible, then
dim(@ﬁ(f‘)) = oo if and only if (2, T") is a rank-one Hilbert geometry. Otherwise dim(aﬁ(F)) =0.

1.2 Counting of conjugacy classes

For g € Aut(R2), define the translation length 7o (g) := infyeq da(x, gx) (see also Section 3.8) and the
stable translation length

do(x, g"x
rgable(g) = lim —Q( g"x) .
n—o0o n
Note that rgsg“ble (g) is independent of the basepoint x € 2. Now suppose that (€2, I') is a rank-one Hilbert
geometry. For g € I', let [c¢] denote the conjugacy class of g in I'. Both 7q and rgable are well-defined

on the set of conjugacy classes in I". Then for # > 0, define
(1) :=#{cgl | g €T, ta(leg]) <t} and  €°(1) :=#{[cg] | g € T, 15 ([leg]) <1}

Here €(¢) (resp. €%°!(¢)) counts the number of conjugacy classes in I' whose translation length (resp. sta-
ble translation length) is at most ¢. For divisible rank-one Hilbert geometries, we prove an asymptotic
growth formula for €(¢) and €*?*!°(¢). To state our result, we will require the critical exponent of T,

which is defined as
log#{g € I' [ da(x, gx) <n}

or = lim sup
n—00 n

for some (and hence any) basepoint x € 2.

Theorem 1.8 (see Section 14) Suppose (2, I') is a divisible rank-one Hilbert geometry and I" is not
virtually cyclic. Then there exists a constant D’ such that if t > 1,

Lexp(rwp) < @) < D,exp(lwp)'

D’ t 4

The function €% (¢) also satisfies a similar growth formula as above.

Remark 1.9 (i) Anelement g € T is called primitive if g # h" forany 4 € I and |n| > 2. If €pim(¢)
is the number of conjugacy classes [cg] of primitive elements in I" such that 7 ([cg]) < ¢, then
©@prim (7) satisfies a similar growth formula as 6(¢).

(ii) In [18, Proposition 1.5], Blayac establishes finer counting results for (a related notion of) rank-one
Hilbert geometries using very different techniques.

Counting of conjugacy classes is often connected to counting of closed geodesics. However, this connection
is subtle for Hilbert geometries, since there could be elements in I" that do not act by a translation along
any projective line in 2 (ie do not have an axis, see Example 5.11(B)).
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1.3 Genericity and random walks

Suppose (€2, I') is a rank-one Hilbert geometry, I" is not virtually cyclic and I' is finitely generated. If S
is a finite symmetric generating set of I", let W, (S) be the set of words of length n in the elements of S.
A simple random walk on I" (with support .S) is a sequence of I"-valued random variables { X}, },en With

laws u, defined by: if n > 1 and g € T,
#{w € W,(S) | w represents g}

un(1g}) = #,(S)

Using results in [49], we show that rank-one isometries in I" are exponentially generic from the viewpoint

of simple random walks. This roughly means that the probability that a long word, written down by
randomly choosing generators of I', is not a rank-one isometry is small. In particular, this probability
decays exponentially in the length of the word.

Proposition 1.10 (see Section 15) Suppose (€2, I') is a rank-one Hilbert geometry, I' is not virtually
cyclic and T" is finitely generated. Then the rank-one isometries in I are exponentially generic: if
{Xn}nenN is a simple random walk on T', then there exists a constant C > 1 such that for alln > 1,

P[X,, is not a rank-one isometry] < Ce /€.

1.4 More consequences of acylindrical hyperbolicity

Proposition 1.11 (see Section 15) If (2,T") is a rank-one Hilbert geometry and T is not virtually
cyclic, then:
(1) T is SQ-universal, ie every countable group embeds in a quotient of T.

(i) If T is the Baumslag—Solitar group BS(m,n), then m = n = 0 and T is the free group on two
generators.

1.5 Morse geodesics and Morse boundary

Roughly speaking, the Morse geodesics [26] in a geodesic metric space identify the “hyperbolic directions”.
As a corollary to Theorem 1.2, we prove that the axis of a rank-one isometry is a Morse geodesic.

Proposition 1.12 (see Section 15) If 2 is a Hilbert geometry and y € Aut(2) is a rank-one isometry,
then the axis £, of y is J{-Morse for some Morse gauge J: [1,00) x [0,00) — [0,00), ie if « is a
(A, £)-quasigeodesic with endpoints on £y, then a C Ny ¢)(€y).

In [26], Cordes introduced a notion of Morse boundary for proper geodesic metric spaces. In the cases of
proper CAT(0) spaces and hyperbolic metric spaces, the Morse boundary coincides with the contracting
boundary and the Gromov boundary respectively. Theorem 1.2 and Proposition 1.12 implies that the
Morse boundary dps 2 of a rank-one Hilbert geometry (€2, I') is nonempty. This inspires the following
question (that we will not answer in this paper).

Question 1.13 Describe the Morse boundary dps<2 of a rank-one Hilbert geometry (2, T).
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Recent developments

Since this paper first appeared on arXiv, there have been tremendous new developments in the field.
We mention a few of them. Blayac [18] has developed the Patterson—Sullivan theory for rank-one
Hilbert geometries. In [20], Blayac and Viaggi constructed examples of divisible rank-one Hilbert
geometries (2, ") in every dimension d > 3 where I' is not Gromov hyperbolic. In their examples, T is
Zariski dense in SLy; 41 (R) and relatively hyperbolic with peripheral subgroups isomorphic to Z x H,
where H is possibly nonabelian [20, Theorem 1.3].

Outline of the paper

We discuss the preliminaries in Part I. Section 4 of Part I is of particular interest as it discusses the
geometry of w-limit sets of automorphisms in Aut(2). Part II develops the notion of rank-one Hilbert
geometries. We define rank-one isometries and study their geometric properties in Sections 6 and 7. Our
main tools here are the lemmas proven in Section 5. In Section 8, we study rank-one groups which are
Zariski dense.

In Part ITI, we prove Theorem 1.2 (in Sections 10 and 11) and Theorem 1.4 (in Section 12). Part IV discusses
several applications of our results, like computing the dimension of the space of quasimorphisms, counting
of conjugacy classes and genericity from the viewpoint of random walks. We discuss generalizations,
examples and nonexamples of rank-one Hilbert geometries in Appendix A. In Appendix B, we discuss
the equivalence of two notions of contracting elements.
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Part I Preliminaries

2 Notation

We set the following notation as standard for the rest of the paper.
(i) IfveR4H1\ {0}, let [v] or 7(v) denote its image in P(RZ+1). Conversely, if u € P(R4H1), we
will use # to denote a lift of u (ie 7 (#) = u).
(i) If A € GLz41(R), let [A] denote its image in PGLy 41 (R), while Be GLg44+1(R) will denote a
lift of B € PGLy4+1(R).
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(iii) If W <R4*1! is a nonzero linear subspace, P (W) denotes its projectivization.

(iv) If g € GLgz4+1(R), the eigenvalues of g (over C) are denoted by A1(g),...,Ag+1(g). We index
them in the nonincreasing order of their absolute values, ie |[A1(g)| > -+ > |[A4541(g)]. Let
Amax(g) 1= [A1(g)] and Amin(g) := [Ag+1(8)I-

(v) IfgePGLyy (R)and 1 <i # j <d + 1, define
g€GLg+1(R) of g.

Ai (2)
A; (&)

for some (hence any) lift

Ai |
/\_j(g)‘ =

3 Hilbert geometries

3.1 Properly convex domains

An open set 2 C P(Rd“) is called a properly convex domain if there exists a codimension one subspace
H <R4+! guch that © is a bounded (Euclidean) convex domain in the affine chart A := P (R4 1) \P(H).

Remark 3.1 If L < R4+ is a 2-dimensional linear subspace, then P(L) ¢ Q for any properly convex
domain 2. This elementary observation that a properly convex domain cannot contain an entire projective
line will be used in many of the proofs in this paper.

For a nonempty set X C R4+ let Span(X) denote the linear span of X. If X’ C P(R4*1) is nonempty,
define
Span(X’) := Span({X € RT! | 7(X) € X'}).

Suppose 2 is a properly convex domain. If x,y € , let [x, y] denote the unique closed connected
subset of P(Span{x, y}) N  that joins x and y. We will call [x, y] the projective line segment between
x and y (note that the notion of a projective line segment depends on €2, but we assume that 2 will
be clear from context and suppress it for brevity). We introduce the notation (x, y) := [x, ¥] \ {x, ¥},
[x,y):=[x,y]\{y}and (x, y] :=[x, y] \ {x}. We will call (x, y) an open projective line segment. When
we say that [x, y] (or (x, y)) is nontrivial, we mean x # y.

We have a notion of convexity and convex hull in a properly convex domain Q2. A set Y C Q is convex if
[y1,y2] C Y forall y;, y, € Y. If X C Q is a nonempty set, then ConvHullg (X) is the smallest closed
convex subset of Q that contains X. We define

ConvHullg (X) := © N ConvHullg (X).

3.2 Hilbert metric

Suppose € is a properly convex domain and A is an affine chart that contains £ as a compact subset. We
equip A with the Euclidean norm | - |. If x, y € Q, then there exist a, b € 92 such that

P(Span({x, y})) N 2 = [a. D],
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where the four points appear in the order a, x, y, b. The cross-ratio of these four points is given by
b—x|ly—a

la,x,y,b]:= 1b=xlly zal |.
|b—yllx —al

The Hilbert metric on 2 is defined by
da(x, y) := 5 log([a, x, y, b]).
Observation 3.2 If Q' C Q are properly convex domains and x,y € Q', thendg(x, y) < dgq/(x, y).

If x, y € 2, then [x, y] is a geodesic in (€2, dg) joining x and y. In order to emphasize this fact, we will
often refer to the projective line segment [x, y] as the projective geodesic segment between x and y. If
(x,y) C Q2 with x, y € 9€2, then (x, y) is a bi-infinite geodesic in (€2, dg) and we will call it a (bi-infinite)
projective geodesic.

The space (€2, dg) is a proper, complete and geodesic metric space and we will call Q a Hilbert geometry,
see Definition 1.1. The group Aut(2) := {g € PGLy4+1(R) | g2 = Q} acts properly and isometrically
on (2,dg). However, the projective geodesic may not be the unique geodesic between points in (2, dg).
Consider, for example, the two-dimensional simplex 75 := P(RTe; ®R e, @ R+e3) with its Hilbert
metric dr,. Then generic points x # y € T, have uncountably many geodesics (for the Hilbert metric dr, )
joining them [36, Proposition 2].

Definition 3.3 For a Hilbert geometry €2, the preimage 71 (Q) := {v € RZ*! | 7(v) € Q} has two
connected components. The cone above (or over) €2, denoted by Q, is a connected component of 771 ().

Then 77 1(Q) = Qu (—Q). If g € Aut(2), then there is a lift g € GLy4+1(R) of g that preserves Q,
ie ¥-Q = Q. Indeed, if a lift & does not preserve 2, then §- 2 = —Q and hence —g preserves . We
have the following elementary observation about such lifts of automorphisms.

Observation 3.4 Suppose Q is a cone above Q and g € GL;j41(R) preserves Q. If @ € Q satisfies
g-a=A-da,then A > 0.

Proof Clearly A # 0. As g preserves Q, §-a €  which implies that A - € Q. Now if A < 0, then
de(—$). Butthen @ € 2 N (—Q) = @, a contradiction. m|

3.3 Projective simplices
The standard k-dimensional projective simplex in P (R4 1) is
T :={[x1::Xpq1:0:---:0] € PRI | xq, ..., xpqq1 > O

A k-dimensional projective simplex is a subset of P (R *1) of the form g7} for some g € PGL; 1 (R).
If @ C P(RZ*1) is a properly convex domain and S C § is a projective simplex, then we say that S is a
properly embedded simplex in Q2 if and only if 0S C 0RQ.
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The Hilbert metric d7, on T} is given by
XiYj
XjJi

Then (T, dr, ) is quasi-isometric to the real Euclidean space of dimension k. For a more elaborate

1
dr (1 i xg41:0:--:0 [yr -1 yk41:0:---:0)) =  max  ~|log

1<i,j<k+12

discussion, see [39, Section 5], [44] or [36]. The group Aut(7};) is generated by the group of permutation
matrices in PGL; 1 (R) and the group {[diag(A1,...,A4541)] € PGLgz+1(R) | A1,...,Ag41 > 0}.

Lemma 3.5 Suppose g := [diag(A1,...,Ag+1)] € Aut(T;) where A; >0 foralli =1,...,d + 1. Let
Amax = maxj<j<d+1 Ai and Ayp i= minlsisd—i—l Ai. Then de (x,gx) = %log(kmax/kmin) for any
xeTy.

Proof Fix x =[x1:---:xg441] € Ty. Using the formula for d7,,,
1 XiAjXj 1 Aj Amax
dr,(x,gx)= max =l|loe——=|= max =|log—|==1o O
T4 (¥, 8%) 1<i,j<d+12 g XjAi X 1<i,j<d+12 g A 27 Amin
3.4 Examples of Hilbert geometries
The projective open ball Q; := {[xl teeeixg 1] 251:1 xi2 < 1} in P(R4*1) is the simplest example

of a divisible strictly convex Hilbert geometry. In fact 2 with its Hilbert metric is isometric to H? and
is well-known as the Beltrami—Klein model of real hyperbolic space. Moreover, Aut(2;) = PO(d, 1).
There are several examples of divisible strictly convex Hilbert geometries that are not isometric to H¢: in
dimension 4, there is a construction due to Benoist [11, Proposition 3.1], while Kapovich [40] constructed
examples in all dimensions above 4.

Among nonstrictly convex (divisible) Hilbert geometries, the simplest example is the standard d-
simplex Ty; see Section 3.3. But this example is reducible, a term which we now define. Recall that a
convex cone in R4t is a set C ¢ R4t such that rqv; + rpva € C whenever vy, v, € C and ry, rp > 0.

Definition 3.6 A properly convex domain Q@ C P(R4*1) is reducible if there exist convex cones
C; C RY and C, c R%2 with dy, dp > 1 such that Q = P(C; & C5). Otherwise, 2 is irreducible.

An irreducible nonstrictly convex (divisible) example is Pos; with d > 3, the set of positive-definite
real symmetric d X d matrices of unit trace. It is a properly convex domain in RA@+D/2 and is a
projective model for the symmetric space of SL;(R). The notion of symmetric domains generalize Pos,.
A symmetric domain €2 is a properly convex domain such that: for each x € €2, there exists an order two
isometry s, € Aut(€2) where x is the unique fixed point of s, in . Symmetric domains of real rank
at least two are real projective analogues of higher rank Riemannian symmetric spaces of nonpositive
curvature; see [12; 50] for details. As one might expect, symmetric domains are very special in the theory
of properly convex domains. The rank rigidity theorem (Theorem 1.5) mentioned in the introduction is
also a result in this spirit. Benoist proved the following result.
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Theorem 3.7 [12, Theorem 5.2] Suppose Q C P(R?+1) is an irreducible properly convex domain that
is not a symmetric domain. If I' < SL;41(R) is a discrete subgroup that acts cocompactly on 2, then I'
is Zariski dense in SL; 41 (R).

Besides simplices and the symmetric domains of real rank at least two, only a few examples of divisible
nonstrictly convex Hilbert geometries are known. These are low-dimensional examples; see for instance
[10; 24], which rely on Coxeter group constructions, or [1], which uses “cusp-doubling” construction for
certain three manifolds.

3.5 Closest-point projection for the Hilbert metric

Suppose €2 is a Hilbert geometry. If r > 0, we set

RBo(x,r):={y eQ|do(x,y) <r}.
Lemma 3.8 [25, Lemma 1.7] RBgq(x, r) is a relatively compact and convex set.

If C C Q2 is a closed convex set, we define the closest-point projection on C as: if x € €,

e (x) :=C NBa(x,da(x, C)).
As the intersection of two closed convex sets is again a closed convex set, Lemma 3.8 immediately implies

the following.

Observation 3.9 Suppose Q2 is a Hilbert geometry, C is a closed convex set and x € Q. Then I1¢ (x) is
a compact convex set.

Corollary 3.10 Suppose o: R — (2, dg) is a unit-speed parametrization of the bi-infinite projective
geodesic o (R) with o(£o0) € Q2. If x € Q, then there exist Ty, " € R with Ty < T} such that

o) (x) = [0(T), o (T,)].

Proof Any compact convex subset of the bi-infinite projective geodesic o (R) is of the form [0(T'), o (T")]
with T <T'. ]

3.6 Faces of properly convex domains

Suppose 2 is a Hilbert geometry. We define the relation ~q: if p,q € Q, then p ~q ¢ if and only if
there exists an open projective line segment in Q that contains both p and ¢g. The relation ~g is an
equivalence relation; see [27, Section 3.3]. The equivalence class of p €  is called the (open) face of p
and is denoted by Fq(p).
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Proposition 3.11 Suppose Q C P(R¢*1) is a Hilbert geometry.
(1) If x € 0, then Fq(x) C 022.
(i) Fq(x)= Q ifand only if x € Q2.
(iii) If x,y € 02, then either [x, y] C 02 or (x, y) C Q2.
(iv) Suppose [x,y] C 3R, a € Fo(x) andb € Fq(y). Then [a,b] C 092.

Proof For part (i), note that if y € Q, then [y, x] cannot be extended beyond x in Q. Thus Fq(x) C
Q — Q = 9Q. Part (ii) follows from part (i).
(iii) If [x, y] & 02, choose any z € (x, y) N Q. So Fq(z) = Q2. Then (x, y) C Fq(z) C Q.

(iv) Tt suffices to prove this for b = y, ie to prove that [a, y] C d2. Suppose, for a contradiction,
that (a, y) C Q. Then a # x. Pick a’ € Fq(x) such that x € (a,a’). As (a,y) C , pick w € (a, y).
Then (w,a’) C Q. Thus ConvHullg{a’, y,a} is a nonempty set, as it contains (w,a’) C Q. Hence,
ConvHullg{a’, y,a} C Q. This implies that a, a’ and y span a 2-simplex in Q and the interior of this
2-simplex is contained in Q. As x € (a,a’), (x, y) is contained in the interior of this 2-simplex. Thus
(x, y) C 2, a contradiction. |

3.7 Distance estimates

Proposition 3.12 [38, Proposition 5.2] Suppose 2 is a Hilbert geometry and {x,} and {y,} are
sequences in 2 such that x := limu—c0 Xp and y := limy, oo ¥, €xist in Q. If

liminfdg (x,, yn) < 00,
n—->oo
then y € Fg(x) and
dFq @) (¥, X) < liminfdg (xn, yn).
Note that if lim inf,— 0 dg (X5, ¥») = 0, then the above proposition implies that y = x.

Next we need the notion of Hausdorff distance. If (X, d) is a metric space, then the Hausdorff distance
between A, B C X is defined by

dHal.]S(A, B) = max{ sup d(a, B), sup d(b, A)}
acA beB

Proposition 3.13 [38, Proposition 5.3], [25, Lemma 1.8] Suppose 2 is a Hilbert geometry and
X1, X2, y1, y2 € Q satisfy Fo(x1) = Fo(x2) and Fo(y1) = Fo(y2). If (x1,y1) C Q, then

dgaus (('xlv J’l), (-xzv )’2)) S maX{dFQ(Xl)(xl’ x2)9 dFQ(Xz)(yl’ YZ)}

In particular, if x;, y; € Q, then g™ ([x1, 1], [x2. y2]) < max{dg(x1,x2),da(y1. y2)}-
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3.8 Translation length

Suppose 2 is a Hilbert geometry and let g € Aut(2). Its translation length is defined by 1q(g) =
infyeq do(x, gx).

Remark 3.14 [38, Observation 7.2] Suppose g € Aut(2) and W < R4*1isa g-invariant subspace of
dimension > 2 such that & NP (W) is nonempty. Then 7o (g) < tonpmw)(glw).

Proposition 3.15 [25, Proposition 2.1] If g € Aut(S2), then 1q(g) = = log

A
! (g)‘-
+1

This differs from the formula in [25] by a factor of % This is because our definition of Hilbert metric has the
factor of % We further remark that if § € GLy 41 (R) is any lift of g, then 7q(g) = % 102 (Amax (£)/Amin(2)).

3.9 Minimal translation sets

Suppose €2 is a Hilbert geometry and I' < Aut(2). If H < T is a subgroup, then the minimal translation
set of H in €2 is

Ming(H) := () {x € |da(x.h-x) = tq(h)}.
heH

Example 3.16 (i) If g = [diag(A1,...,Ag+1)] € Aut(Ty) with A; >Oforalli =1,...,d + 1, then
Lemma 3.5 implies that 7; = Minr, ((g)).

(i) The minimal translation set could be empty; eg if u is a parabolic isometry in PO(2, 1), then
T2 (#) = 0 and the minimal translation set of (u) is empty.

We will need the following result connecting eigenspaces with minimal translation sets.

Lemma 3.17 Suppose a, b, ¢ € 92 are three distinct fixed points of g € Aut(2).Then

ConvHullg{a, b, c} C Ming({g)).

Proof Without loss of generality, we can assume that ConvHullg{a, b, ¢} is nonempty since the result
is obviously true otherwise. Let T := ConvHullg{a, b, ¢}. Fix a cone Q over Q and a lift & g of g that
preserves $2. Let V = Span{a, b, c} and go := Z|y. Let d, b, € Q be lifts of @, b and ¢ respectively,
and fix the basis {a, b, ¢} of V. In this basis, go = diag(t1, t2,#3). By Observation 3.4, we can assume
that 1, f2,¢3 > 0. Since T is a 2-simplex in P(V'), Lemma 3.5 implies that

max{ty, fp, 13}
dr(x, gox) = = —_—_—
T(x. g0%) min{ty, 12,13}

forany x € T
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Suppose A1(g), ..., Ag+1(g) are the eigenvalues of g, indexed in the nonincreasing order of their modulus.
Then
121(@)| = max{ty, 12, 13} = min{ty, 12, 13} > [Ag 11 (&) .
By Proposition 3.15,
A1(8)
Ad+1(8)

w0 (g) = %log‘
Then dr(x, gox) < tq(g) forany x € T'.

As QNP(V) D T, Observation 3.2 implies that d7(y’, y) > donp)(y’', ) for any y’, y € T. Then
dr(x, gox) > tQnp(v)(go) for any x € T'. Then Remark 3.14 implies that d7 (x, gox) > tQ(g). Thus
dr(x, gox) = 1q(g) for any x € T. Hence T C Ming(g) = Ming ({g)). |

The next result concerns translation length and minimal translation sets of compact subgroups. This is
essentially a restatement of [43, Lemma 2.1], which shows that every compact subgroup of Aut(£2) has a
fixed point in €2.

Lemma 3.18 [43, Lemma 2.1] Suppose 2 is a Hilbert geometry and H < Aut(2) is a compact
subgroup. Then tq(h) =0 forall h€ H and Ming(H) ={x € Q| H -x = x} # &.

3.10 Centralizers

Suppose 2 is a Hilbert geometry and I' < Aut(2). If H < T is a subgroup, the centralizer of H in I is
Cr(H):= [{gel|ghg™" =h}.
heH
We will need to following result on cocompactness of centralizer subgroups.

Theorem 3.19 [38, Theorem 1.10] Suppose €2 is a Hilbert geometry, € C €2 is a closed convex subset,
and I' < Aut(2) is a discrete subgroup that acts cocompactly on 6. If A <T is an abelian subgroup, then
Cr(A) acts cocompactly on ConvHullg (Ming(A)), where

Ming(A) := € N Ming(A).
3.11 Proximality

We call g € GLy4+1(R) proximal if g has a unique eigenvalue of maximum modulus and the multiplicity
of this eigenvalue is 1, or equivalently if

1A1(g)] > [A2(8)].

We will say that g € GL4 (R) is biproximal if both g and g~ !

are proximal, ie |[A1(g)| > |A2(g)| and
[Aq(g)| > |Ag+1(g)|. Note that the notion of proximality is invariant under scaling a matrix by nonzero
real numbers. Then y € PGLy41(R) is proximal (resp. biproximal) if some (hence any) lift of y is
proximal (resp. biproximal).
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4 Dynamics of automorphisms

4.1 w-limit sets of automorphisms

Let Q C P(R4 1) be a Hilbert geometry and let y € Aut(2) with
A1

> 0.
Ad+1

(v)

1
ra(y) = 5 log

Recall that for any X C Q, X denotes the closure of X in Q. We define the w-limit set of y as
oy, Q)= | {y"x[neN}NIQ).
x€Q

Thus, w(y, ) is the union of all accumulation points in dS2 of all {y” | n € N}-orbits in Q.

Example 4.1 Let Q@ = T and y = [diag(1, 2, 2)]. Then for any x = [x1 : X3 : x3] € T2, limy 00 Y™ x =
[0: x5 :x3]. Thus
w(y, T2) = {[0: x2 : x3] € P(R?) | x2, x3 > 0}.

Thus w(y, T>) is the open projective line segment (7 (ez2), w(e3)) C dT>2. Also note that w(y, Tz) =
E;’ —{m(ez2), m(e3)}, where E)‘," = P(Span{e, e3}) N 2. Here P(Span{es, e3}) is the projectivization
of the direct sum of the eigenspace of y that correspond to eigenvalues of maximum modulus. This
observation that w(y, T2) C E )‘," holds more generally, as we will see in Proposition 4.9.

Remark 4.2 We now compare the notion of w-limit set with that of the full orbital limit set introduced
in [30]. Given an infinite discrete subgroup H < Aut(2), the full orbital limit set of H is defined in [30] as
PG (H) == |_J (H-xN0Q).

xeQ
If y € Aut(R2) and 1o (y) > 0, then {y" | n € N} is an infinite discrete subsemigroup of Aut(£2). Then
w(y, 2) can be interpreted as the full orbital limit set of the subsemigroup {y" | n € N}.

4.2 Geometry of w-limit sets of automorphisms

For the rest of this subsection, fix a Hilbert geometry 2 C P(R4+!) and y € Aut(Q2) with tq(y) > 0.
Fix a lift ¥ of y. Our goal here is Proposition 4.9 —a description of w(y, ) using the real Jordan
decomposition of y. We first give an intuitive idea. Suppose ci, ..., cq are all the eigenvalues (with
repetitions) of ¥ of modulus Amax(¥). If c1,....cq € R, then w(y, Q) is contained in the projective
subspace spanned by the eigenvectors corresponding to the eigenvalues of modulus Ay (3). In the
notation of Definition 4.3 below, this subspace is precisely IP(E%5). Now suppose that among the ¢;, there
is a complex conjugate pair of eigenvalues i, it € C —R. Then, in the above subspace, we need to replace
the eigenvectors for i and p with a 2-dimensional y-invariant projective real subspace on which y acts
by a rotation (£, in the notation of Definition 4.3). This is the key intuition behind Proposition 4.9. The
references for this section are [42, I1.1] and [25, Section 2]).
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Now we start the formal discussion. First we introduce some notation. If ; € R, define

w 1 0...0
0 u1..0
Jo=|:
0... 0. 1
0...0... u
If u =a+if € C—R, define
R(u) Idy O 0
0 R(n) ld 0
Ju = D B
0 0 . Idy
0 0 ... R(p

where Id; is the 2 x 2 identity matrix and

R(p) = (“ _f) :

Consider the real Jordan decomposition of . This says that there is a y invariant decomposition
R+ = Vi, @+ @V, into real vector subspaces and, with an appropriate choice of basis for V), ;,

Juy o O

=
|

0 ... Ju,
We remark that V,, = V;, as conjugate pairs of eigenvalues correspond to the same invariant subspace
in the real Jordan decomposition. Without loss of generality, we can assume that ui,...,u; € R
and (y41,....un € C—=R. Then py, ..., w7, fi41, Ri+1--- -, Un, n are eigenvalues (possibly with

repetitions) of  over C and the multiplicity of u; is determined by the Jordan block J,, .

Note that A« (¥) and Ay (¥) are the maximum and the minimum of the set {|w;|| 1 <i <n}. Now we
focus on the eigenvalues of maximum modulus. By reindexing the x;, we now assume that iy, ..., tm
are precisely those p; that satisty |@;| = Amax(y). We further assume that among them, g, ..., ux € R
and g 41,-.., dm € C—R. Then w1, ..., W, hk+1s Lk+1s - - - » Lm, m are eigenvalues (possibly with
repetitions) of ¥ of modulus A, (¥) and their multiplicities are determined by the Jordan block structure
of y.

Definition 4.3 If u; € R, let E,; be the eigenvector for y in V), with eigenvalue ;. If u; € C —R, let
E,; be the two-dimensional y-invariant subspace of V,; such that y|g ” is conjugated to R(u;). Define

Ey:= D Eu= @D Eu-
15/ <m |,U// |:Amax(7)
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We also define

Ly= @@ Vi ad Ky= H V.

|.Ufj |=)Lmax (7) |Mj |</lmax (7)

Then y|g; is conjugated in GL(Ey) to

M, 0 0
0 R(A‘”‘—“) 0
(1) hwan@) - O : ,
0 0 0 R( Hom )
Amax(7)

where My is a k x k diagonal matrix with each diagonal entry &-1. Thus (¥|g) is conjugated in GL(Ey)
to a cyclic subgroup of {+Id}¥ x O(Epuyy) XX O(Ey,,) < O(Ey). Here, O(W) denotes the group
of orthogonal transformations preserving a linear subspace W C R4,

Claim 4.3.1 There exists a sequence {my } in N with mj — oo such that

1
lim ————(¥|g,)™ =1d|Eg..
) (V|E5) |E;

Proof Letky := (1/Amax(¥))¥V|E, and K := (ky). By equation (1), there exists & € GL(Ey) such that
h-%-h~" is a compact subgroup of {+Id}* x O(Ep; ) XX O(Ey,,). Thus H' :=h -H-h~!is a Lie
subgroup of O(Ejy). Hence either Id is an isolated point of ' or there exists a neighborhood U of Id in
O(Ey) such that U NHK' C A’

In the latter case, it is obvious that there exists a monotonic sequence of integers {m,} such that
limp 00 k?” =1d|g;. Up to passing to a subsequence, we can assume that m, — oo or mp — —oo. If
mp — 00, the claim is proved. Otherwise, choose the sequence —m,.

In the former case (ie when Id is an isolated point of %), it implies (k, )’ = Id| E5 for some s € N. Then

mp := sp proves the claim. O

We will now discuss the dynamics of (7)" on P(R4*1). The results are quite standard and the proofs are
fairly elementary computations using Jordan blocks; see [42, II.1] or [25, Lemma 2.5] for instance.

Observation 4.4 (i) For a generic point v € V,,, all accumulation points of

1
)| nen]
{IMI” "

lie in Ew
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(ii)) Let W =V, & Vy, and |1| > |p2|. Then, for any w € W —V},, all accumulation points of
{(A/[ ) ylw)"w | n € N} liein Ey, .

(i) Let W =V, @V, with || = |u'|. Then, for a generic point w' € W', all accumulation points
of {(1/|u|")¥|lw)"w’ | n € N} lie in E,, if dim V), > dim V. If dimV,, = dim V), then the
accumulation points lie in E,, ® E,/.

Recall the notation from Definition 4.3. Then the above observations imply the following result.

Fact4.5 If w € P(R9t1)\ P(K3), then the accumulation points of {y"w | n > 0} lie in P(E3). In
particular, if w" € P(Ly), then all accumulation points of {y"w’ | n > 0} also lie in P (E7).

Remark 4.6 In fact, a finer conclusion is possible in Fact 4.5. Following [25], call a real Jordan
subspace V),; most powerful if |p;| = Amax(¥) and dim(V},;) = max{dim(Vy,;) | [i4;| = Amax(¥)}. Let
F3 be the direct sum of the E,; that correspond to the most powerful Jordan subspaces V), ;. Then,
Fy C Ey. Forany w € P(RI+1)\ IP(K3) as above, the accumulation points of {y"w | n > 0} actually lie
in P (F5); see part (iii) of Observation 4.4 above or [25, Proposition 2.5]. We record this finer conclusion
for completeness, but we will not need it in this paper.

Claim4.6.1 QNP(Ky) =2, P(E;)NQCIQ and o(y,Q) CP(Ey) NIQ.

Proof We first note that 2 NP (K3) = &. Otherwise, Remark 3.14 implies that
Amax()7|K~) Ama (7)
T 5 =log| — ] <o =1 ,
aneisy () = g 75 ) <tog(32 ) = ral

a contradiction. Suppose, if possible, that P(E5) N €2 is nonempty. Then 7o (y) < tp(£)ne(Y|E;) =0
by Remark 3.14, a contradiction. Finally, 2 c P(R+1) \ P(K3) since 2 NIP(K3) = @. Then Fact 4.5
implies that w(y, ) C P(E3). Moreover, w(y, 2) C 92 by definition. m|

Note that these subspaces in Definition 4.3 as well as the discussion above are independent of the lift
of y that we fix. Thus we introduce the following definitions.

Definition 4.7 If y € Aut(2), fix some (hence any) lift y € GL;41(R) of y that preserves the cone Q
above €2, and define

Ef:=P(Ey). Ly:=P(Ly) and K, :=P(Kp).

where the subspaces Ey, Ly and Ky are as in Definition 4.3. We also define

E; =ET

-7+ - kt
v y—1 L, ._Ly,1 and K, .—Ky,l.
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Remark 4.8 A linear subspace V C R4t is a real Jordan subspace for 7 with eigenvalue j if and only

1

if V is a real Jordan subspace for 7! with eigenvalue 1 ~!. Indeed, this follows because ker(y — 1 1)k =

ker(5~! — u~ 1 Id)¥ for any k € N. Thus, if the V. are the real Jordan subspaces for ¥ as above, then

Egsi= @ Eu Lyi= P Vi and K= PV

|M|=Amin()‘7) |/‘L|=Amin(§) |M|>Amin(§)

The key upshot of the discussion in this subsection is the following proposition.

Proposition 4.9 If 2 is a Hilbert geometry, y € Aut(2) and tq(y) > 0, then

() w(y,.Q)CEF,
(ii) the action of y on E)'," is conjugated into the projective orthogonal group PO(E }'," ), and

(iii) there exists a sequence of positive integers {my } with mj — oo such that

1 myg
kli>nolo(y|Ej_) _Id|E;"

Remark 4.10 A similar proposition is true if we replace y by y~! and E)‘," by E, . Moreover, it is
possible that w(y, 2) & E;," C 0€2; see Example 4.1. We finally remark that a finer conclusion is possible
here: w(y,) C P(Fy) C E +, where Fy is as defined in Remark 4.6. We will not need this finer
conclusion, but we record it for completeness.

4.3 -limit sets and faces in a properly convex domain

We continue our discussion about w-limit sets from the previous subsection. Our goal now is to prove a
result about the faces Fg(x) for x € Ef This result will be used in Section 11. Before formulating the
precise result, we give an illustrative example.

Example 4.11 Let g = diag(A1, A2, A3) where A > A, > A3 > 0, and let g preserve a properly convex
domain Q C P(R3). Suppose m(e3) € 92 and let F := Fq(m(e3)). We will show that (ep) ¢ F.
Suppose, on the contrary, that w(e3) € F. Then I; := [w(e3 —tey), w(e3 +tez)] C F for some ¢t > 0. It
is an elementary observation that /; gets expanded by the action of g and | 7= g¥I; = P(Span{ez, e3}).
Thus P(Span{e, e3}) C F C Q, which contradicts that 2 is a properly convex domain. Thus 7 (e;) ¢ F.
By similar reasoning w(ey) ¢ F.

The takeaway from this example should be the following: since 7 (e3) is an eigenvector corresponding to
an eigenvalue of modulus A,y (g), the corresponding face Fg(7r(e3)) cannot intersect any eigenspace
whose eigenvalue has modulus greater than Ay, (g). The above philosophy works even if we replace
eigenspaces by Jordan blocks, and is the key idea behind the next result.
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We now state the precise version of the result. Recall the notation L) from the previous section
(see Definition 4.7 and Remark 4.8): for any y € Aut(R2),

L, = P( ) V,,,).
|/’L|=Amm()‘7)
As in the previous subsection, ¥ is some (hence any) lift of y and V), is the real Jordan subspace of y for

the eigenvalue . Thus L), is the direct sum of all the Jordan subspaces corresponding to the eigenvalues
of ¥ of minimum absolute value.

Lemma 4.12 Suppose Q is a Hilbert geometry and y € Aut($2) with tq(y) > 0. If y € E,/, then
Fa(y) C L;.

Proof Suppose, for contradiction, that v € Fo(y)—L;,. Fix alift y of y. As y € E., Proposition 4.9(iii)
implies we can find a sequence {dy } of positive integers with dj — co such that (y| E;)dk — 1d|g; -

Up to passing to a subsequence of {d }, we can assume that y% v — vo € Q. As v ¢ L7, Observation 4.4
part (i) implies that there exists ¢ > Amin(¥) such that the accumulation points of {(¥/c)%v | k > 1} do
not lie in L,,. Thus veo ¢ L, and limg o0 (¢/Amin)® = co. We can then fix lifts 7, ¥ and Tso such that

~ d ~\d,
( y~)k)7—>)7 and (Z) kﬁ—)ioo.
Amin(¥) ¢

P(Span{y, vso}) C Q.

We claim that

To prove this claim, it suffices to show that (¥ + tT00) € Q for any real number ¢ # 0. Fix 0 # ¢ € R.

Define d
Lk
o— min
Sk =1~ T 4

ek + 1ALk,

Then s — 0 as k — oo. In fact, for k large enough, s; belongs to (0, 1) or (—1, 0) accordingly as ¢ > 0
ort <0. Set

dr
A9k

wki=7T((1—Sk)J7+SkU)=7T(J7+ i 5)2”(74*%5)’
1 —s c%k

since si /(1 —s) = t(ki’i‘n/cdk). Then wy € P(Span{y, v}) and limg_, o, wg = y. Thus, for k large
enough, wy € Fq(y) NIP(Span{y, v}) because v € Fo(y). Moreover, wy lies on opposite sides of y in
Fo(y) NP (Span{y, v}) accordingly as ¢t > 0 or ¢ < 0. Thus the following computation will show that
ydk expands small neighborhoods of y in P(Span{y, v}) N Fq(y) to large subintervals of the projective
line P(Span{y, veo}). More precisely, we observe that
~dy ~dy ~dy di di

. . Y ~ Vo~ . Y ~ Sk ¢ VT <

lim y%w = lim 7((1—s +s v]= lim & + ——
koo T kD% (( k)kmm()”/’)dk Y kS di ) k—o0 (Amm(?)dk A — 2%k cdk )

min min
e y

= lim 7| ———7J+t—V ) =n1(J+1tV0).
(xmm(y)dk T e ) (7 ec)
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Thus 77 (7 +1Vs0) € Q, since wy € Fo () for k large enough. Since ¢ # 0 is arbitrary, P (Span{y, veo}) C Q.
This proves the claim.

However, if © contains the nontrivial projective line P (Span{y, voo}), then  cannot be properly convex.
This is a contradiction. d

Corollary 4.13 Suppose  C P(R4*1) is a Hilbert geometry and y € Aut(2) with tq(y) > 0.
() Ify€E,, then Fo(y)NES = @.
(i) Ify € E,, z € Fa(y) and {ix} is a sequence in Z such that Zeo = limg 0 vz exists, then

zoer;.

Proof By Lemma4.12, Fo(y) C L), Since 7q(y) >0, L, N E;r is empty by definition and this proves
the first part. For the second part, note that z € Fio(y) implies that z € L},. On Span(L},), all eigenvalues
of ¥ have the same modulus A, (¥). Then Observation 4.4(iii) implies that all accumulation points of
{y"z |n € N} liein E . By similar reasoning, all accumulation points of {y ™"z | n € N} also lie in E.,".
This proves the second part. O

Remark 4.14 Analogues of Lemma 4.12 and Corollary 4.13 hold for Fg(x) where x € E ;r . One has to
replace y with y~! to obtain the analogous results.

Part II Rank-one Hilbert geometries

5 Axis of isometries

Definition 5.1 Suppose Q C P(R4 1) is a Hilbert geometry and g € Aut(2). An axis of g is a nontrivial
projective line segment £, := P (Vg) N Q where Vg < R4*1 is a two-dimensional g-invariant linear
subspace.

We will show that if g has an axis and 7q(g) > 0, then g acts by a translation along its axis £ and
the endpoints of £ correspond to eigenvectors with eigenvalues of maximum and minimum modulus
respectively. Recall the notation E ;‘ JEg C P (R?+1) from Definition 4.7.

Lemma 5.2 Suppose that Q C P(R*1) is a Hilbert geometry, and that g € Aut(2) with 7q(g) > 0
and g has an axis {g =P (Vg) N Q. If g is a lift of g in GLz41(R), then
(i) Zlv, has two distinct eigenvalues A > A,
(i) there exist &, 8- € R+  such that §- ¢4 = A+ - g% and £y = (g4, g—), where g+ = (%),
(i) [A+] = Amax(®), -] = Lin(Z) and g (g) = log(|A+ /A—]) > 0,
@iv) g+ € E; andg- € E,.
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Remark 5.3 If the lift g preserves the cone Q above 2 and g1 € Q, then A4 > 0; see Observation 3.4.
Then A4 = Amax(g) and A— = Apin(2).

Proof Let {; = (a,b). Note that g preserves the set {a, b} = £z N 2. Fix any lift g of g. In the basis
{R-a,R-b} of Vg, there exist c1, c2 # 0 such that g|y, is either

C10 or 0C1
0C2 C20 '

In the latter case, both eigenvalues of g|y, have the same modulus and tonp(v,)(glp(v,)) = 0, by
Proposition 3.15. But then Remark 3.14 implies

0 < 10(g) < tenp,) (&lP,)) =0,

a contradiction. Thus we are in the former case and g is diagonalizable with eigenvalues c¢; and c5.
Note that ¢; # ¢z, since otherwise the same reasoning as above implies that tq(g) = 0. Then set
A4 :=max{cy, ca} and A_ :=min{cy, ¢2} and this proves part (i). For part (ii), let g be the eigenvectors
of g in Vg with eigenvalues 1. Then note that by previous discussion, the set {7 (g3), 7(g-)} equals
the set {a, b}. Thus £z = (n(g%), w(g-)) and gy, = diag(A+, A-) in this basis.

For part (iii), first note that Remark 3.14 implies 7(g) < tQnp(v,)(glenp(v,)). Proposition 3.15
then implies that 102(Amax/Amin)(€) < log |A4+/A_|. Since |A4+| < Amax(2) and [A_| > Anin(2), we get
1A4/A~| < (Amax/Amin)(Z)- Thus

A-i— Amax ~

—|= (&)

A Amin
Then A4+ | = |A—|* (Amax/Amin) (€) = Amax (), implying |A 4| = Amax(g). Similarly, [A—| = Anin(2). This
proves part (iii). Then part (iv) follows by definition of £ ; and E, . O

Corollary 5.4 Suppose g € Aut(2) with 1@ (g) > 0 and g has an axis. If #(E;) =#(Ez)=1,theng
has a unique axis given by (E;, Eg) C Q. In particular, if g is biproximal (see Section 3.11) and has an
axis, then the axis of g is unique.

Proof Immediate from Lemma 5.2 parts (ii) and (iv), and the hypothesis that #( £ ;‘ ) =#(Eg) = 1. For
the “In particular” part, it suffices to note that if g is biproximal, then #(E ;’ ) =H#(Eg) =1 |

Remark 5.5 Although biproximality of g implies #(E é‘," ) =#(Eg) = 1, its converse fails in general.
For example, consider

02500
g=| 0 21
0 02

However, we will show in Lemma 5.17 that if g has an axis, then g is biproximal if and only if
#(EF) =#E;)=1.
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An isometry g € Aut(€2) may not have an axis; see Example 5.11 part (B) below. Hence we introduce
the notion of a pseudoaxis.

Definition 5.6 Suppose 2 C P(R4*1) is a Hilbert geometry and g € Aut(2). A pseudoaxis of g is a
nontrivial projective line segment og := P (W) N Q, where We < R4*1 is a two-dimensional g-invariant
linear subspace such that P(Wg) N Q = @.

Observation 5.7 If tq(g) > 0, then g has either an axis or a pseudoaxis.

This observation is immediate from the following result of Benoist (also see [43, Proposition 2.2]). Here
Q denotes a cone above Q; see Definition 3.3 and the remark that follows.

Proposition 5.8 [9, Lemma 3.2] Suppose 2 is a Hilbert geometry, g € Aut(2) and tq(g) > 0. Let g
be a lift of g that preserves Q. Then g has a real positive eigenvalue that equals An,.x (2) and there exists v
such that § - v = Apax(2) - v and (v) € Q. A similar result holds if we replace Amax(g) by Amin(2).

Remark 5.9 If g is an arbitrary element of GL; 1 (R), then A, (g) doesn’t have to be an eigenvalue
of g. In fact, g may only have complex nonreal eigenvalues of modulus Ap.x(g). So the key point of the
above proposition is that preserving the cone € above Q imposes a strong restriction, namely that g has
a positive real eigenvalue that equals Amax(2).

However, the proposition does not imply anything about the number (or nature) of the other eigenvalues
whose modulus is Amax(2). In Example 5.11 part (A), the matrix g, ! has a repeated eigenvalue 1/, of
maximum modulus. Moreover, g can have complex eigenvalues of modulus Anax(2); see Example 5.12.

We will now discuss a few examples to illustrate the notions introduced. An isometry may have a unique
axis, infinitely many axes, or no axes at all. An isometry can have pseudoaxes without having an axis,
and vice versa.

Example 5.10 (unique axis, no pseudoaxes) Consider the Hilbert geometry Q :={[x:y:1]|x?>+y2 <1}
in P(R3). It is the projective model of H? and Aut(2) = PO(2, 1). If g € SO(2, 1) has tq([g]) > 0 (ie g
is a hyperbolic isometry in Isom(H?)), then [g] has a unique axis.

Example 5.11 Consider the two-dimensional simplex 75 := {[x1 : x2 : x3] | X1, X2, x3 > 0}.

(A) (uncountably many axes, several pseudoaxes) Let g5 := [diag(A1,A2,A2)], where A1 > A, > 0.
For 0 <t <1, let Q; := ([e1]. [te2 + (1 —1)e3]). Then {Q¢}¢(0,1) is an uncountable family of
axes of go. There are three pseudoaxes: [e1, e2], [e2, e3] and [eq, e3].

(B) (several pseudoaxes, no axis) Let g; := [diag(A1,A2,A3)], where A1 > A, > A3 > 0. The
pseudoaxes of gy are [e1, €3], [e2, e3] and [e1, e3]. But g1 does not have an axis.
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Example 5.12 Let Q, C P(R?) be the projective disk model of H? and fix a cone Q, over Q5. Define
Qu:i={v:x]ePR* |ve Qx> 0}, ie Q4 C P(R?) is the properly convex domain obtained by the
join of €2, with a point. Let

A4 0 cos(f) —sin(6) 0
g = 1 | € Aut(2«), where A >1 and A = | sin(8) cos(d) 0| € SO(2,1).
) 0 0 1

Then g has three eigenvalues A, AeT1? of maximum modulus.

Note that g has an axis {g := (7(e3), w(e4)) C Q2«. The action of g is by a translation along £, and a
rotation (by angle 6) around {g. The axis £ is contained in properly embedded triangles in 2.

5.1 Three key lemmas

We conclude this section by establishing three lemmas that will be used in the next section. The first one
is a consequence of Lemma 5.2.

Lemma 5.13 Suppose 2 C P(R*1) js a Hilbert geometry, g € Aut(Q) with tq(g) > 0, and a, b are
fixed points of g witha € E;‘ andb € E4 . If ¢ is a fixed point of g such that ¢ € Q- (E;‘ U Eg), then
[a,c]U[b,c] C L.

Proof First observe that ¢ € dQ2. Otherwise, 1q(g) = dgq(c, gc) =0, a contradiction. Suppose (a, ¢) C 2.
Then (a, ¢) is an axis of g witha € E ; . Lemma 5.2 then implies that ¢ € E, a contradiction. Thus
[a, c] C 0K2. Similar reasoning implies that [c, b] C 9€2. |

The next lemma shows that if g € Aut(€2), tq(g) > 0, g has an axis (a, b) and #(E;‘) > 1, then Fg(a)
contains a nontrivial projective line segment in d$2. Before formulating the precise result and its proof, let
us give an intuitive explanation of the main idea. Suppose u #a € E ; and let & be a point in (a, b) C Q.
As Q is open, we can find a point £’ € Q NP (Span{&, u}) that is distinct from &. Then, up to extracting a
suitable subsequence of {g"}, g" & — a while g" &’ —a’. As € # & and u,a € E;, one can check
that a’ # a; see the proof below. Then a property of the Hilbert metric (Proposition 3.12) implies that
a’ € Fq(a). This is the gist of the proof below.

Lemma 5.14 Suppose 2 C P(R?*11) is a Hilbert geometry, g € Aut(S?) with tq(g) > 0, and g has
an axis (a, b), where a € E;‘ andbe E . Ifu € E;‘ \ {a}, then there exist x;; # x;I € dQ such that
a € (x;,x;5) and

Fa(a) NP(Span{a,u}) = (x,:,x;r).

Remark 5.15 Suppose we have the same setup as Lemma 5.14. By similar reasoning, if v € E, \ {b},
then Fq(b) NP (Span{b, v}) = (x;, x;), where x; # x;}.
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Proof Let us fix a cone Q over Q. Then, we fix lifts g, a, g, u of g,a,b,u such that a, l;, e and
g-Q = Q. Note that & is an eigenvector of & corresponding to the eigenvalue Amax (%) or —Amax ().
Since g preserves €, Observation 3.4 implies that g-a@ = Amax(2) -d. Similarly, g - b = Amin (2) -b. Since
uekE ; , Proposition 4.9(iii) implies that there exists an unbounded sequence of positive integers {my }

such that _ i
( g~) =1
Amax(8)

Fort e R, let p; := %(Zf+5) + tu and p; := 7 (p;). Since (a, b) is an axis, po € Q. Then, as 2 is an

open set, there exists g9 > 0 such that p; € Qforalls e (—€0, €0). Fix t € (—&0, €0). Then

~ my ~ ~ my 7 ~ my
. . g ~ . a Amin(g) b g -
1 Mk p, =1 =1 — -+t
koot P kﬂﬂo”((xmx(g)) P ’) klféo”(z * (Amax(g)) 2"\ e®)

= 7(d + 2til) € Q.

Then, limg _, o, g% po = a, and limy_, o, g"** p; # a whenever t # 0. By Proposition 3.12,
lim g™ p; € Fa(a)
k—o00
because limg_, o0 do (8™ po, 7 p;) = da(po, pr). Thus there exist x;7 # x;; € 92 such that

Fq(a) NP(Span{a,u})) = (x,,, x;'). |

The next lemma shows that if y € Aut(£2) has an axis and #(E,) = 1, then y~ ! is a proximal element in
PGL;+1(R); see Section 3.11. Before stating the precise version of the result, we give an illustrative
example to explain the main idea behind it.

Example 5.16 Let it > A > 0. Suppose that

g:

o OoOxr

00
Al
0 A
preserves Q C P(R3) and m(eq), m(ez) € Q2. Here g satisfies #(Eg) =1 but g~ ! is not proximal. The

main takeaway from this example will be that such a matrix g cannot have an axis in €2, ie the only
candidate for an axis, namely (;r(e1), w(e2)), cannot lie in €2.

To proceed, we will first explain that 77 (e3) cannot lie in Q. For this, first note that
g n(e3) = m(kA*"ler + 2%e3).

Hence g¥¥m(e3) — m(e2) as k — oo, but they approach 7(e») from “opposite directions™ in the
projective line P(Span{es, e3}). That is, g** “wraps” [g~ 7(e3), g7 (e3)] around P(Span{es, e3}).
Then, 7(e3) €  will imply that P(Span{es, e3}) C Q, which is a contradiction as 2 is a properly convex
domain. Thus 7(e3) ¢ Q.
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Now we revisit our basic proposition: that (;(ey), w(ez)) cannot lie in 2. Suppose this is false and
(m(e1). w(e2)) C Q. Since g¥ (m(e1). w(e3)) — (7 (e1). 7w(e2)), we can find 7 (yx) € RN (7w (er), w(e3))
such that g¥77(y;) converges to the midpoint of (rr(e1), 7(e2)). Now unless 7(yg) — 7(e3), one can
use the action of g to show that gkyr(yk) — m(e1), a contradiction; see the computation in equation (5).
Thus 7(yx) — m(e3) and hence 7 (e3) € Q. This contradicts the previous paragraph.

The argument discussed above is the gist of the proof below. We now precisely formulate and prove our
result.

Lemma 5.17 Suppose Q C P(Rd+1) is a Hilbert geometry, y € Aut(2) with tq(y) > 0 and y has an
axis. If #(E,;) = 1, then

Ad
Ad+1

> 1.

(v)

Remark 5.18 Similar reasoning with y replaced by y~! implies that if #(E;," ) =1, then

A1
— 1.
‘Az()/) >

Proof Suppose the axis of y is (a,b) with a € E;‘ and b € E. Let us fix €2, a cone above 2. Fix lifts
y,d and b where @, b € Q and y- Q= Q. Set Amax := Amax(¥) and Amin := Amin(¥). Since b € E)isa

fixed point and b € Q, Observation 3.4 implies that y - b= Amin- b. Similarly, ¥ -@ = Anax - @.

Since #(E; ) = 1, there is a one-dimensional eigenspace of y (namely ]Rg) and a single Jordan block Jiin
corresponding to eigenvalues of modulus A, (immediate from the definition, see Definition 4.7). Thus,
in order to prove [(Ag/Ag41)(y)| > 1, it is enough to show that the Jordan block Jpi, has size 1. Suppose
this is false. Then there exists @ € R4t such that if k € Z, then

) VAW = kA b+ Ay @,

Setting w := (W), limg_, o0 y¥w = b. Since y*a = a for all k, limg_,o y¥[a, w] = [a,b]. Fix
p € (a,b) C Q. Then there exist y; € (a, w) such that

3) lim ¥y = p.
k—o0
Since p € 2 and 2 is open, YK yi € Q for k large enough. Thus, up to truncating finitely many terms of
the sequence {y}, we can assume that for k > 1,
Vi € (a,w)N Q.
We can fix lifts y of yi in € such that
“ Yk = cra + diw,

where ¢y, di. € [0, 1]. Thus, up to passing to a subsequence, we can assume that ¢ := limy_, o, cx and
doo 1= limg_, o, dj exist. Then Yoo := limg_, oo Vi exists and we set
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We now claim that yo, = 7 (W) = w. If this is not true, then c¢oo 7% 0. Then, there exists kg € N such that
Ck > Coo/2 for all k > kg, and limyg_, oo (di /ci) = doo/Coo exists in R. Then using equation (3) followed
by (4) and (2),

~k ~ k—1 k
. . Y Vk . ~ dk k Amin ~ Amin) ~))
5 =1 ky =1 =1 x b
(o) p= lm y"yk kimoo”(ckxgax) kinéo”(“Jr o (Amax(kmax) + (Amax w

=nx(@) =a.

This is a contradiction since p € 2 while a € Q2. Thus yeo = w.
Since y; € Q for k > 1, w = y implies that w € Q. Then for all k € Z,
(6) [w,ykw] c Q.
We now show that this implies P (Span{w, b}) C Q. For ¢ > 0, let
Y = {x(@+rb) | —1 <r <t}

Then | J,- ¢ %; = P(Span{b, w}). Now observe that if k € Z, then equation (2) implies that

~k~
X yEw ~ k ~)
w=n|l"—"oa)=n|D+ b .
v (Aﬁm) ( Amin

Then, for every ¢ > 0, there exists k; € N such that %, C [y~ %®~Dw, w] U [w, y**w]. Then, by
equation (6), %, C Q for any ¢ > 0. Thus P(Span{w,b}) = |J,-o #; C Q. This is a contradiction as Q
is a properly convex domain and hence © cannot contain a projective line. a

6 Rank-one isometries: definition and properties

In this section, we introduce the notion of rank-one isometries for Hilbert geometries. Our definition is
analogous to the definition of rank-one isometries for CAT(0) spaces [2; 5]. The notion of half triangles
that we introduce is analogous to the notion of half flats used in the CAT(0) setting. Refer to Figure 1 for
the next two definitions.

Definition 6.1 Suppose 2 C P(R4*1) is a Hilbert geometry. Then the points x, z, y € 9 form a half
triangle in Q2 if
[x,z]U[y,z] IR and (x,y)C .

For x, y € 02, we will say that the projective geodesic (x, y) C 2 is not contained in any half triangle
in Q if for any z € 92, either (x,z) C Q or (z,y) C Q.

Definition 6.2 Suppose Q C P(R?*1) is a Hilbert geometry and a, b € 9S2. The projective geodesic
(a, b) is a rank-one geodesic provided (a, b) C Q2 is not contained in any half triangle in 2.
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We now define rank-one isometries for Hilbert geometries. An isometry in Aut(€2) is rank one if it acts

by a translation along a rank-one geodesic; see Figure 1.

Definition 6.3 Suppose Q@ C P(R?*1) is a Hilbert geometry.

(1) Anelement y € Aut(Q?) is a rank-one isometry if

(V)( >0,

A
@ ta(y)=log|7""

d+1
(b) y has an axis,

(c) none of the axes £, of y are contained in a half triangle in £2.

(i) A bi-infinite projective geodesic £ C 2 is a rank-one axis if £ is the axis of a rank-one isometry in
Aut(2).

Remark 6.4 The prototypical example of a rank-one isometry is a hyperbolic isometry [diag(A, 1,1/1)]
with A > 1 in Isom(H?); see Example 5.10. On the other hand, any element in Aut(7), where T is a
d-dimensional simplex, is a nonexample. In fact, this nonexample highlights the necessity of the half
triangle condition in the definition of a rank-one isometry, as we now explain. Recall Example 5.11
part (A). In that example, g, = [diag(A1, A2, A2)] has an axis Q; foreach 0 <¢ < 1 and 771,(g2) > 0.
But all of these axes are contained in the projective triangle 7> (and hence a half triangle). For another

nonexample, see Example 5.12.

Recall Definition 1.3: a rank-one Hilbert geometry is a pair (2, I') where Q2 is a Hilbert geometry and
I' < Aut(£2) is a discrete subgroup that contains a rank-one isometry. In Appendix A, we discuss examples

and also a generalization for convex cocompact groups.

We will now establish some key geometric and dynamical properties of rank-one isometries. The essence
here is that translating along a rank-one axis is much more special than translating along any axis, and
Proposition 6.5 could be interpreted as strengthening Lemma 5.2 under the rank one assumption. Our
results are reminiscent of Ballmann’s results in rank-one Riemannian nonpositive curvature [2; 4]. Recall
the notation £ ;,t from Definition 4.7 and the notion of proximality from Section 3.11.

Proposition 6.5 Suppose Q2 is a Hilbert geometry and y € Aut(2) is a rank-one isometry with an axis
{y =(a,b), wherea € E)‘," andb € E,/. Then
(1) vy is biproximal,
(ii) ¢, is the unique axis of y in €2,
(iii) the only fixed points of y in Q are a and b,
(iv) if z/ € 0Q\ {a, b}, then (a,z’) U (b,z") C Q (see Figure 1),
(v) if z € 02\ {a, b}, then neither (a, z) nor (b, z) is contained in a half triangle in Q2.
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Remark 6.6 If y is a rank-one isometry, then the above proposition shows that #(E;,':) =1 and we
will henceforth use the notation y* := E f We will call y T the attracting fixed point of y and y~ the
repelling fixed point of y. We choose this terminology because y has north—south dynamics on 9<2; see
Corollary 6.7.

Proof Let us fix Q, a cone over 2. For the rest of this proof, fix lifts ¥, @ and 5, where a, heQ and
)7-§§ = Q. Set Amax := Amax(¥) and Amin := Amin(¥). Since a € E;r is a fixed point of y, the lift @ is an
eigenvector of y corresponding to the eigenvalue Aax Or —Agax. By Observation 3.4,

Yd=Amax-d.
Similarly, ¥ - b = Amin -+ b.
(1) By the hypothesis, #(E ;—L) > 1. In order to prove that y is biproximal, we first prove that:
Claim 6.6.1 #(ES) =#E,)=1.

1

Proof It suffices to prove the claim for £, since the same arguments with y replaced by y~! implies

the result for £,”. Now suppose the claim is false and there exists u € E;r \ {a}. Then Lemma 5.14
implies that there exist z—,z+ € 3Q such that a € (z~, z") and

Fq(a) NP (Span{a,u})) = (z~,z").
Then, $, := [z_, z4] is the maximal projective line segment in d€2 containing both z_ and z.

Since y is a rank-one isometry, its axis (a, b) cannot be contained in a half triangle in Q. But [a, z4] C 0€2,
which implies that (z4, b) C Q. Similarly, (z—, b) C Q. Choose x+ € (z+,b) N Q. By Proposition 4.9
part (iii), there exists a sequence {my} of positive integers with m; — oo such that

1 myg _
klggo()/lE;) =ldg+.

Since z4 € P(Span{a, u}), it follows that z4 € E;‘ Fix a lift 75 € Q of z4. Then

On the other hand,

37 my - )k . miy -
lim b= lim 2] bH=0,
k—o00 Amax k—o00 Amax

as Amax > Amin. Then, since x4+ € (z4,b),

lim y™ x4y =z4.
k—o00
Similarly,

lim y"™x_ =z_.
k—o00

Since limy o do (Y™ x4, y™kx_) = dg(x+, x—), Proposition 3.12 implies that z4 € Fq(z_). Thus
there is an open projective line segment in 2 containing both z and z_. This contradicts the maximality
of $, and finishes the proof of Claim 6.6.1. |
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By the above claim, #(E)‘,") =#(E,) = 1, where tq(y) > 0 and y has an axis (a, b). Then Lemma 5.17
implies that y is biproximal.

(i) This follows from biproximality of y and Corollary 5.4.

(iii) Suppose c is a fixed point of y in d€2 that is distinct from both a and b. By part (i) of this proposition,
y is biproximal. Thus ¢ ¢ EJ‘,F U Ey—-. Then, by Lemma 5.13, [a,c] C 02 and [b, ¢] C 0€2. Thus, the
axis £, = (a, b) of y is contained in a half triangle, contradicting that y is a rank-one isometry.

(iv) Letv € dQ\ {a,b}. Then v ¢ P(Span{a, b}) as (a,b) C Q. Suppose [a,v] C d2. Since y is
biproximal, there exists a y-invariant decomposition of RA+1 given by

R =RGORIGE.
Choose any lift 7 of v in €. Then 7 decomposes as
5261a+C2E+%,

where c1,c2 € R and 0y # 0. If ¢, # 0, then lim, o0 Yy "v = b, that is, lim, o ¥y "[a, v] = [a, b].
Since [a, v] C 02 by assumption, [a, b] C d€2. This is a contradiction since (a,b) C 2. Thus, ¢, = 0.

Set Af = )Lmax()7|g). Since y is biproximal, )LE < Amax- Then, for every n > 0,

~ N\ -n Sl\"N
() m=alfe) @ (5E) =
Ag Ag Ag

Up to passing to a subsequence, we can assume that Voo := lim, o ¥ v exists. Note that ve, € QNP ( E ).

But Q N ]P’(E ) is a y-invariant nonempty convex compact subset of R4~1 and Brouwer’s fixed point
theorem implies that y has a fixed point in N P(E). But Q NP(E) N{a,b} = @. This contradicts
part (iii). Hence, (a, v) C 2. Similarly we can show that (b, v) C Q.

(v) This is a consequence of part (iv). O

Corollary 6.7 Suppose y € Aut(2) is a rank-one isometry. Then y has north-south dynamics on 9<2,
that is,

(Vlg_g) ™ = vE asn— oo,

and the convergence is locally uniform on compact subsets of Q — {yT}.

Proof The proof is very similar to part (iv) of Proposition 6.5. By the above proposition, y is biproximal.
Thus there exists a y-invariant decomposition RA+! = Ryt & H, ® Ry, where yE = E;’: Moreover,
y™ converges to the constant map y+ locally uniformly on compact subsets of P (R4 +1) —P (Hy®Ry™)
as n — oo.

We claim that P(H, @R-y7)N Q = {y~}. If the claim is false, pick v € P(H,®@R-y7)N Q such
that v # y~. Up to passing to a subsequence, we can assume that v, = lim, o, y™v exists in .
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Since v € P(H, & Ry™) — {y~}, similar reasoning as in part (iv) implies that vo, € P(H,). Thus
Voo € QNP(H y). Again, as in part (iv), Brouwer’s fixed point theorem will imply the existence of a
fixed point of y in Q NP (H,) which is distinct from yE. This contradicts Proposition 6.5 part (iii). This
finishes the proof of the claim.

By the claim and the first paragraph of the proof, y” converges to the constant map ¥+ locally uniformly
on compact subsets of Q& —{y~} as n — oo. The proof for y ™ follows by similar reasoning. m|

Now we prove a simpler characterization of rank-one isometries for cocompact actions.

Proposition 6.8 Suppose Q2 is a Hilbert geometry, I' < Aut($2) is a discrete subgroup that acts cocom-
pactly on Q and y € I', where tq(y) > 0. If y € I" has an axis, then the following are equivalent:

(1) vy is biproximal.

(il) None of the axes of y are contained in a half triangle in 2.

(iii) y is a rank-one isometry.

Proof Note that (ii) <= (iii) is by definition (see Definition 6.3), and (iii) = (i) is Proposition 6.5
part (i). We will prove (i) = (ii) under the assumption that Q/T" is compact.
Let (a, b) be the axis of y with a € E)‘," and b € E,. We first show that y has no other fixed points in 9€2

except a and b. If this is not true, let v be such a fixed point of y. Since y is biproximal, v ¢ E;F UE,.
Then Lemma 5.13 implies that

(7N [a,v]U[v,b] C 0R2.

Since (a, b) C 2, ConvHullg{a, v, b} is a nonempty set.

Let A, := (y). Recall the notation Ming (A4,) = ﬂheAy {x eQ|dq(x,h-x)=1tq(h)} from Section 3.9.
Lemma 3.17 implies that

®) ConvHullg{a, v,b} C Ming(A4y).

The group I' acts cocompactly on 2. Then, Theorem 3.19 implies that Cr(A4,) acts cocompactly on
ConvHullg (Ming (Ay)). Fix p € (a, b) and choose v, € [p, v) such that lim;, .« v, = v. By equation (8),
vn € Ming(Ay). Then there exists h, € Cr(Ay) such that g := lim, o0 hpvy, exists in Q. Thus
limy, 00 de (A, '¢, vn) = 0. Then Proposition 3.12 implies that, up to passing to a subsequence,
im0 = i vo =

Pick a point ¢’ € (a,b). Up to passing to a subsequence, v’ := limy— o0 1, !¢’ exists in . Since
limy, o0 de(hy, 19,1, 1q") = da(q, q’), Proposition 3.12 implies that v € Fq(v’). Now we show that
v' €{a,b}. Since h, € Cr(Ay), hy(a,b) is an axis of y. As y is biproximal and has an axis, Corollary 5.4
implies that y, (a, b) = (a,b). Then, since ¢’ € (a,b), we get v’ = limy o0 h, 1¢q’ € {a, b}. Hence

v e Fg(a)U Fq (D).
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If possible, let v € Fq(a). By equation (7), [a,v] U [v,b] C dQ2. Now, by Proposition 3.11 part (iv),
v € Fg(a) and [v,b] C 02 implies that [a,b] C 0. This is a contradiction as (a,b) C Q. Thus,
v ¢ Fg(a). So v must be in Fg(b). By a similar reasoning, we now observe that v ¢ Fq(b). Thus we
have a contradiction.

So we have shown that if y has an axis (a, ) and is biproximal, then y has no fixed points in d$2 other than
a and b. Then the proof of part (iv) of Proposition 6.5 goes through verbatim. Thus (a, z) U (z,b) C Q
for all z € Q2 \ {a, b}, that is, the axis (a, b) is not contained in any half triangle in d€2. This finishes the
proof. O

7 Rank-one axis and thin triangles

In this section, we prove that any projective geodesic triangle in 2 with one of its sides on a rank-one
axis £ is 9-thin for some constant %,.

Proposition 7.1 Suppose 2 is a Hilbert geometry. If £ C 2 is a rank-one axis, then there exists a
constant %y > 0 such that if A(x,y,z):=[x,y]U][y,z]U ][z, x] is a projective geodesic triangle in 2
with [y, z] C £, then A(x, Yy, z) is Dg-thin.

Remark 7.2 The thinness constant %y in the above theorem depends only on the axis £ (and not on the
rank-one isometry that has £ as its axis).

But first let us introduce some relevant definitions and technical results that we will need.

7.1 Thin triangles

Definition 7.3 Suppose (X, d) is a geodesic metric space.

(i) A geodesic triangle 7" with vertices y1, y2, ¥3 is a union of geodesics o1 U 0, U o3 where o; is a
geodesic joining y; and y; 41, where the indices i € {1, 2, 3} are counted modulo 3.

(i) A geodesic triangle T := 01 U 02 U 03 is called D-thin for some D > 0 if
0; C{x € X |d(x,0i—1Uoi41) < D},

where the indices i € {1, 2, 3} are counted modulo 3.
The following is an elementary observation about thin triangles that we use later in the paper.

Observation 7.4 Suppose (X, d) is a geodesic metric space and T := o1 U 0, U 03 is a geodesic triangle
with vertices y1, y2, y3, and each o; is a continuous geodesic path joining y; and y;y; (the indices
i €{l1,2,3} are counted modulo 3). If T is D-thin, then there exist x; € g; fori = 1,2, 3 such that
max{d(xy, x2),d(x1,x3)} < D.
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Proof By slight abuse of notation, let o1 : [0, ] — X denote the continuous parametrization of the
geodesic path o} for some » > 0. Without loss of generality, we assume that o1(0) = y;. Since T is
D-thin,

) 01([0,0]) C{x € X | d(x,02U03) < D}.

Note that d(01(0),03) =0as y; € 01 Nos. Let E :={t €[0,b] | d(01(¢),03) < D}. Then 0 € E and
so := sup E exists. We can find a sequence {t,} in E such that t, — s¢. Then, by continuity of o1,

d(01(s0).03) = lim d(01(tn),03) < D.
tn—>50
Now note that d(01(s0), 02) < D. Indeed, if t > s¢, then d(o1(t),03) > D by definition of so. Then
equation (9) implies that d(o1(¢),02) < D. By continuity of o1,

d(o1(s0),02) = lim d(o1(t),02) < D.

t—s,

Then set x1 := 01(s¢) and for i =2, 3, let x; € 0; be such that d(x1, x;) = d(x1, ;). |

Suppose (2, dg) is a Hilbert geometry. Then there are some special geodesic triangles in €2, namely the
ones whose edges are projective geodesic segments.

Definition 7.5 1If vy, vy, v3 € Q, a projective geodesic triangle (with vertices vy, v and v3) is

A(v1,v2,v3) 1= [v1, V2] U vz, v3] U 3, v1].

We will say that A(vy, vz, v3) is D-thin if it is D-thin in the sense of Definition 7.3. There is a simple
criterion to determine whether a projective geodesic triangle is D-thin. This proof comes from [39], and
we include it here for the convenience of the reader.

Lemma 7.6 Suppose 2 is a Hilbert geometry, R > 0 and A(x, y, z) is projective geodesic triangle such
that [y, z] C Nr([x, y]U [x, z]). Then A(x, y, z) is (2R)-thin.

Proof Since [y, z] C Ngr([x, y]U [x, z]), there exist my, € [y, z], mxy € [x, y] and my, € [x, z] such
that dg (my,,mxy) < R and dg(my;, my;) < R. Indeed, the existence of three such points follows by a
similar reasoning as in the proof of Observation 7.4. Then, by Proposition 3.13,

dgaus([% myz], [y.mxy]) < R,
dgaus([z’ myZ]a [27 m)CZ]) S R’
dgaus([x,mxy], [x,mxz]) <2R.

Hence, A(x, y, z) is (2R)-thin. |
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7.2 Proof of Proposition 7.1

Now we prove Proposition 7.1. Fix a Hilbert geometry Q and a rank-one axis £ C 2. The remark
following Proposition 7.1 will be a consequence of the proof — the proof only uses the fact that there is
some rank-one isometry y that acts along £ by a translation; it does not rely on y in any other manner.
Lemma 7.6 reduces Proposition 7.1 to the following.

Proposition 7.7 If £ C Q2 is a rank-one axis, then there exists a constant B, with the following property:
if A(x,y,z) is an projective geodesic triangle in Q with [y, z] C £, then [y, z] C Ng,([x, y] U [x, z]).
Moreover, this constant B, depends only on the rank-one axis £ (and not on the rank-one isometry whose
axis is £).

Proof The “moreover” statement will again follow from the proof since the proof is independent of the
choice of the rank-one isometry which has £ as its axis. Now we begin the proof of the first part.

If the claim is false, then for each n > 0, there exists a projective geodesic triangle A(ay, by, cy) C
with [ap, by] C 4, ¢, € Q2 and e, € (ay, by) such that
dQ(en, [Cn’an] U [Cn,bn]) 2 n.

Since £ is a rank-one axis, there exists a rank-one isometry y’ whose axis is £. Thus, translating
A(ay, by, cy) by elements in (y’) and passing to a subsequence, we can assume that e := lim, o €y
exists and e € £. Up to passing to a subsequence, we can assume that a := limy—co dn, b := limy o0 by,
and ¢ := limy, o ¢, exist. Observe that

dq(e,[a,c]U]c, b)) = nll)ngo da(en, [an, cn] Ulcn, by]) > nlgrolon = 00.

Thus [a, c]U|[c,b] C 02. But (a,b) C Q since e € (a,b) N Q. Thus a, ¢ and b form a half triangle in €.
But since [a,, by] C €, [a,b] C L. Since a,b € 32 and £ C Q, we get £ = [a, b]. Thus £ = (a, b). So the
rank-one axis £ is contained in a half triangle in €2, a contradiction. a

8 Rank-one Hilbert geometry: Zariski density and limit sets

Recall the definition of rank-one geodesics from Definition 6.2. In this section we would like to address
the following question.

Question 8.1 Suppose (2, ') is a Hilbert geometry and 2 contains a rank-one geodesic. When does
this imply that (2, I) is a rank-one Hilbert geometry?

It is a natural question that aims to understand how the geometry of a properly convex domain influences
the algebraic properties of a “large” group acting on it. Under certain assumptions, Zimmer answers this
question in [50].
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Proposition 8.2 Suppose 2 is an irreducible Hilbert geometry and I" < Aut(€2) acts cocompactly on 2.
Then (L2, T) is a rank-one Hilbert geometry if and only if Q contains a rank-one geodesic.

This is immediate from Theorem 1.5. So our main goal in this section is to answer Question 8.1 without
the assumptions of irreducibility or cocompactness as above. Instead, we will work with groups that
satisfy the following assumption.

Assumption ' < SL;(R) is a discrete Zariski dense subgroup of SL;4;(R) and there exists a
properly convex domain  C P(R4*1) such that T'- Q = Q.

In this assumption, Zariski density may be interpreted as an assurance that the group I" is “large”. We will
work with SL; 4 (R) in this section instead of PGL;41(R). Indeed, given I' < PGL;4;(R), we can
pass to a subgroup of index at most 2 and assume that I' < SL; 41 (R). In Section 8.2, we will formulate
a hypothesis on the proximal limit set Ag/ 0 (see Definition 8.3), that we call Hypothesis (x), and use it
to provide an answer to Question 8.1.

Notation For the rest of this section, let G := SL;4+1(R), let P < G be the subgroup of upper-triangular
matrices and Q be the stabilizer in G of [e;] =[1:0:---:0] € P(R?*+1). Fix the standard inner product
on R4+! and let K := SO(d + 1).

Let &; be the evaluation of the i " diagonal entry of a diagonal matrix. Take A:={g; —g;+1|1<i <d}tobe
the set of positive simple roots. For any 0 = {&;; —&;,+1, ..., &, —&i, +1} C A, let Py denote the subgroup
of block upper-triangular matrices in G with square diagonal blocks of sizes i1,i» —i1,...,if —ik—1,
d — iy, respectively. In particular, PA = P and G/ P is the full flag variety, while Py, _.,3 = Q and
G/Q =PRIt

8.1 Limit sets in flag varieties

We will require the notion of limit sets of discrete subgroups of G in flag varieties, in particular G/ P and
G/ Q. This has been defined and studied by various authors in different degrees of generality: Guivarch [35]
(for subgroups of SL;1(R) acting proximally and strongly irreducibly on R%), Benoist [6] (for Zariski
dense subgroups of reductive groups) and Guéritaud, Guichard, Kassel and Wienhard [34] (for arbitrary
subgroups of reductive groups). We use the definition from [34, Section 5.1]

First recall the notion of singular value decomposition (or more generally, Cartan decomposition in G):
for any g € G, there exist k1, kp € SO(d + 1) and Ag = diag(ay,....ag41) withay >--->az41 >0
such that

g =k1Agk>.

The Cartan decomposition defines the Cartan projection p(g) := diag(log(ay),...,log(agz+1)). It maps
G into the space of trace-zero diagonal matrices of size (d + 1) x (d + 1).
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Let @ C A. If g € G has a singular value decomposition g = k1 Agks, define Eg: G — G/ Py by
Eq(g) :==ki-ePy.

The map Ey does not depend on the choices of k1 and k5, provided a(u(g)) > O for all o € 6; see
[34, Section 5.1].

Definition 8.3 [34, Definition 5.1] Suppose I'g is a discrete subgroup of G. The limit set AIG‘(f Po of Iy
in G/ Py is defined to be the set of all accumulation points of sequences { Eg (V5 )}nen Where {yn}neN is
any sequence in [ such that a(u(y,)) — oo for all « € 6.

Remark 8.4 Suppose I'g is Zariski dense in G.

(i) Then Alg(f Po i nonempty and is the closure of the set of attracting fixed points of proximal elements
in G/ Py; see [6] and [34, Section 5.1]. Here, an element g € G is called proximal' in G/ Py
provided a(u(g)) > 0 for all @ € 6. Moreover, g is proximal in G/ Py if and only if g has a unique
attracting fixed point? in G/ Py; see [34, Definition 2.25].

(i) Suppose 0 ={e;—e2} so that Pg = Q. Then Alg({ 2 is the unique minimal closed I'-invariant subset
of G/ Q; see [13, Lemma 4.2]. This may not be true for arbitrary choices of 8; see [13, Remark 4.4].

Lemma 8.5 Suppose I' < SL; 1 (R) satisfies the assumption. Then A?/Q = & and A?/Q C 0% is the
unique minimal closed I"-invariant subset of 0€2.

Proof Note that €2 is a closed I'-invariant set and the unique attracting fixed point of any proximal
element (in G/ Q) of I lies in dQ2. The lemma then follows from Remark 8.4 above. a

If we do not assume Zariski density, then we may still have nonempty limit set (in an appropriate G/ Pg)
but with some unusual properties. The following is such an example.

Example 8.6 Consider the discrete subgroup I := {diag(2™!, ..., 2™d+1) | Zld: 11 m; =0} of Aut(Ty)
and d-dimensional torus T;/T'". Although I'" is not Zariski dense in SL; 41 (R), the proximal limit set
in P(R*1) is nonempty and in fact A?/Q ={le1],...,[eq+1]}- Thus AIG,/Q is a proper subset of 7.

Note that (77, I'’) is not a rank-one Hilbert geometry; see Remark 6.4.
In the light of Lemma 8.5 and this example, it is natural to ask when does Ag/ Q equal 0€2.

Remark 8.7 In general, if I only satisfies the assumption, then AIG-/ 2 canbea proper subset of d€2. For
example, let I' <PO(2, 1) be a Zariski dense convex cocompact Kleinian group. Then Ag/ - I xNoH?2,
where x € H2. Unless I is cocompact, Alg/ Q # dH?. However, under the additional cocompactness
assumption, we often have equality. Blayac [19, Theorem 1.3] has recently shown that if (2,T) is a
divisible rank-one Hilbert geometry, then Alg/ 2 —s.

IThis coincides with the notion of proximality discussed in Section 3.11 when 8 = {& — &5 }.
2A fixed point x € X of a smooth map f: X — X is attracting if | Dfx| < 1.
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8.2 Hypothesis (x) and an answer to Question 8.1

We now introduce a special hypothesis under which we can answer Question 8.1.

Hypothesis () Suppose ' < G is a discrete subgroup and  C P(R4*1) is a properly convex domain
such that I" - Q = Q. We will say that (2, I") satisfies Hypothesis (x) if there exists a rank-one geodesic
(a’,b") C Q with its endpoints a’, b’ € A?/Q Nog2.

We will show that for any Zariski dense discrete subgroup I', this hypothesis is equivalent to the rank one
property. One implication is easy and does not require Zariski density.

Lemma 8.8 Suppose I' < G is a discrete subgroup that preserves a properly convex domain €2 and
(2, ') is a rank-one Hilbert geometry. Then (€2, ') satisfies Hypothesis (*).

Remark 8.9 In this lemma, we do not assume that I" is Zariski dense in G.

Proof Since (€2, I') is a rank-one Hilbert geometry, we can find a rank-one isometry y € I'. Let y* € 9Q
be the attracting and the repelling fixed points of y. Then y* € AIq/ Q by definition of AIq/ 2. Also
(yT,y7) is the axis of y and hence a rank-one geodesic; see Definition 6.3 and Proposition 6.5. a

Next we will seek a converse of the above lemma and this will require the Zariski density assumption
on I". But first we recall the notion of loxodromic elements. We will call g € G loxodromic if
A1(g)] >+ > |Aa+1(8)l-

If g is loxodromic, then it has unique attracting fixed points in both G/Q and G/P. We will denote by
aét € G/Q (resp. X; € G/ P) the unique attracting fixed point of g*! in G/Q (resp. G/ P). With this
notation, ITpgp (Xgi) = ag,t, where

Npo:G/P —G/Q

is the natural smooth projection map. Also recall that if g € Aut(€2) is a rank-one isometry, then we
denote by gT the attracting and the repelling fixed points of g; see Remark 6.6.

Lemma 8.10 Suppose I' < G satisfies the assumption. If there exists a rank-one geodesic (a’,b") C
with its endpoints a’, b’ € Ag/Q N 0<2, then

(i) there exist rank-one isometries {g,} in T such that limy_ oo g;7 = @’ and lim, 0 g, = b’,

(i) (2, T) is a rank-one Hilbert geometry,

(i) the set of rank-one isometries in I' is Zariski dense in G,

(iv) Alq/ Q_ {yt | y is a rank-one isometry}.
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Corollary 8.11 Suppose I' < G satisfies the assumption, and (2, ") satisfies Hypothesis (x). Then
(2, ') is a rank-one Hilbert geometry.

Proof of Lemma 8.10 The key idea of this proof is in [46] and it relies on results of Benoist [7]. Before
starting the proof, we informally outline the main idea. The key technical point is to find a sequence {g; }
of biproximal elements in I" such that Ayt = a’ and ag, — b’. A direct way to find such a {g, } is: using
Zariski density, find a pair g, h € I of transversally biproximal elements [13, Chapter 7] such that a;
and a; are arbitrarily close to a’ and b’, respectively. Then, for large enough n, g"h" is a biproximal
element whose attracting and repelling fixed points are close to @’ and b’. However, in this proof, we
will take a more indirect approach by passing to the limit set in G/ P and using a result of Benoist. We
rely on [7, Lemma 2.6(c)]: given two distinct points X4, X_ € Alq/ P, there exist loxodromic elements
gn € I such that ertn — X 4. Once we have this sequence {g5}, Claim 8.11.1 implies that all but finitely
many of them are rank-one isometries.

Now we begin the formal proof. Equip G/ P and G/Q with K-invariant Riemannian metrics and denote
the corresponding Riemannian distance functions by dp and dg respectively. We remark that this
specific choice of Riemannian metrics will be insignificant as G/ P and G/Q are compact manifolds.
Let I'ox be the set of loxodromic elements in I'. Since I" is Zariski dense in G, Remark 8.4 implies that
Mpo(A%P) = AG/C. Then pick X4, Xp € AY* such that TTpg(X,) = @’ and Tpo(Xp) = b'. For
any ¢ > 0,

e :={g € Nox | dp (X7, Xo) < &, dp (X5, Xp) < &}

is Zariski dense in G; see [7, Lemma 2.6(c)].

For any g € Tox, ag,t = HPQ(X;’,'E) and az,t € Q. Moreover, I1pg is continuous and (a’, b’) C 2. Thus
there exists & such that if & € (0,¢&'), then (a7 ,a;) C Q for any g € Te. In fact (a7 ,ag) C Q is the
unique axis in €2 for any such g € I';. Indeed, the uniqueness follows from Corollary 5.4 because g has
an axis (a;, ag) C Q, g is loxodromic and 7g(g) > 0. We now claim that:

Claim 8.11.1 If ¢ € (0, ¢’) is small enough, then g is a rank-one isometry for all g € T,.

Proof Suppose the claim is false. Then there exist a sequence {&,} in (0, &’) with e, — 0 and g, € T,

such that g, is not a rank-one isometry. Then X;f” — Xg and X, — Xj. Since I1pg is continuous,

J’_

agn

—a'andag, — b’

n
Jdg ) —>
(a’,b"). But since g, is not a rank-one isometry by assumption, this implies that there exists {c, } with

cn €09 — {a;n ,dg | such that

By the paragraph before the claim, each g, has a unique axis (az,rn ,dg ) C 2. Moreover, (a;,rn

[a;n,cn] Ulen,ag,] C0Q.

Up to passing to a subsequence, we can assume that ¢, — ¢ in dQ2. Then [a’, c] U [c, b’] C 9 while
(a@’,b") C Q. Thus (a’, b") cannot be a rank-one geodesic and we have a contradiction. This finishes the
proof of this claim. |
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Now we finish the proof of the lemma. Let us choose an ¢ € (0, &’) as in the above claim.
(i) The result follows by choosing g, € I'y/, forall n > 1.

(i) This follows from (i), since there is at least one rank-one isometry in I'.

(iii) The set I'; is a subset of the set of rank-one isometries of I" and I'¢ is Zariski dense.

(iv) By Lemma 8.5, Ag/ 2 coQisa minimal, closed I"-invariant set which contains the unique attracting
fixed points of all proximal elements. Since a rank-one isometry is necessarily proximal,

G/Q
r -

{yT | y is a rank-one isometry} C A

Since {y T | y is a rank-one isometry} is a closed I"-invariant set, the equality then follows from minimality
of Alg/ 2 d

We now observe that Hypothesis (x) gives:

Answer to Question 8.1 (see Lemma 8.8 and Corollary 8.11) If I' < SL;4;(R) is a discrete Zariski
dense subgroup of SL; 1 (R) that preserves a properly convex domain 2, then (2, I") is a rank-one
Hilbert geometry if and only if Q contains a rank-one geodesic (a’,b") C Q witha’, b’ € Ag/ 2 nog.

WEe finish the section with an example where Hypothesis (x) fails. Recall Example 8.6. In that case, I'/
preserves the standard d-simplex Ty, T;/ T is homeomorphic to a d-torus, and T; does not contain
any rank-one geodesics. Thus (T, I'') does not satisfy Hypothesis (x). However, in this example, the
group I'” is not Zariski dense in SL; 4 1(R), and one may wonder if that is the reason why Hypothesis (*)
fails. So we ask the following question.

Question 8.12 Suppose I' < G is a discrete subgroup that preserves a properly convex domain Q2. If T’
is Zariski dense in G, then does (2, I') satisfy Hypothesis (x)?

To the best of the author’s knowledge, the answer to this question is not known unless one makes other
assumptions, eg say 2/ I" is compact and €2 is irreducible. Under these assumptions, Remark 8.7 and
Theorem 1.5 together provide an answer.

Part III Contracting elements in Hilbert geometry

In this part of the paper, we prove our main results: Theorems 1.2 and 1.4. The outline of this part of the
paper is as follows. We recall the notion of contracting elements in Section 9. The proof of Theorem 1.2
is split into two sections: Sections 10 and 11. In Section 12, we introduce the notion of acylindrically
hyperbolic groups and prove Theorem 1.4.
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9 Contracting elements: definition and properties

Suppose K > 1 and C >0. A function F: (X,dy) — (¥, dy) is called a (K, C)-quasi-isometric embedding
if for any x1, x € X,

1
de(xl,xz)—c <dy(F(x1), F(x2)) < Kdx(x1,x2) +C.

Fix a proper geodesic metric space (X, d) and a group G that acts properly and by isometries on X. If
K >1and C >0, then a (K, C)-path in (X, d) is a set F(R) where F: (R,|-]) > (X,d)isa (K, C)-
quasi-isometric embedding. A subpath of the path F(R) is F (/) where I C R is an interval, possibly
unbounded.

Definition 9.1 Let K > 1 and C > 0. Let ?¥ be a collection of (K, C)-paths in X. Then:

(1) P is called a path system on X if
(a) any subpath of a path in P¥ is also in P¥, and
(b) any pair of points in X can be connected by a path in .

(i) P is called a geodesic path system if all paths in ¥ are geodesics in (X, d).
(iii) If G preserves P, then (X, PY) is called a path system for the group G.

Definition 9.2 (contracting subsets [49]) If ¥ is a path system on X, then & C X is said to be
PSP-contracting (with constant C) if there exists a map w4 : X — o such that
(i) if x € o, then d(x, my(x)) <C,
(i) ifx,y € X and d(wy(x), w4 (y)) > C, then for any path 0 € P¥ joining x and y,
d(o,my(x)) <C and d(o,y(y)) <C.
A prototypical example of a contracting subset is a bi-infinite geodesic in H? (with the map 7 being the
closest point projection on the geodesic). Generally speaking, one should think of the projection map 7y

as an analogue of the closest-point projection. In fact, the following lemma makes this analogy concrete
in the context of geodesic path systems. We will use the notation

psa(x) :={a € b | d(x,a) = d(x, )}

for the set-valued closest-point projection map on .

Lemma 9.3 Suppose P is a geodesic path system and 4 C X is PF-contracting (with constant C)
with the projection map 7wy : X — sl. Then sup,e, , (x) d(7a(x),a) < 2C forall x € X.

Proof Suppose there exist x € X and a € py(x) such that
d(wg(x),a) > 2C.
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Since o is PF-contracting and a € A, one gets that d(wy(a),a) < C. Then

d(ra(x). ma(@) = d(a(x), @) — d(wa(a). a) > C.
Let ox 4 be a geodesic path in P& joining x and a. Since s is PF-contracting, there exists z € ox 4 such
that d(z, mg(x)) < C. As z € 0x 4, d(a,z) = d(a,x) —d(z,x). Asa € pg(x), d(x,a) < d(my(x),x).

Then
d(a,z) <d(mwy(x),x)—d(x,z) <d(mrg(x),z) +d(z,x)—d(z,x) <C.

Then d(my(x),a) < d(wy(x),z) +d(z,a) <2C, a contradiction. |

Using the notion of contracting subsets, one introduces the notion of contracting group elements. A
prototypical example of a contracting element is

A0

g= 1
0 —
A

for some A > 1, that acts on H? by a translation along a bi-infinite geodesic in H?.

Definition 9.4 (contracting elements [49]) If (X, P¥) is a path system for G, then g € G is a contracting
element for (X, PY) provided for some (hence any) x¢ € X,

(i) g has infinite order and (g) - x¢ is a quasi-isometric embedding of Z in X, and

(ii) there exists &§ C X containing x¢ that is (g)-invariant, ?¥-contracting and has cobounded (g)-
action.

Remark 9.5 If g € G is a contracting element and P¥ is a geodesic path system, then 4 is coarsely
(g)-equivariant. This is immediate from Lemma 9.3 since 74 is coarsely equivalent to py and py is
clearly (g)-equivariant.

In the definition of a contracting element, the set s is not necessarily a (g)-orbit in X. We will now
explain that we can always replace s by a (g)-orbit. Moreover, we also show g has positive translation
length for its action on X. We remark that the following observation does not require that ¥ is a geodesic
path system.

Observation 9.6 Suppose (X, PY) is a path system for G and g € G is a contracting element for
(X,29). Then

(1) tx(g):=infyey d(x, gx) is positive, and

(ii) for any xo € A, Amin(x0) := (g)x0 is the minimal PF-contracting, (g)-invariant subset of X
containing xo with a cobounded (g)-action.
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Proof (i) Recall the definition of stable translation length

d(x, g"x
r)sfmble(g) = lim w
n—00 n
en ty(g) > 13" °(g) and it suffices to show 73°°¢(g) > 0. Fix any x¢ € X. Since g is contracting,
Th Spable d it suffi how Tble 0. Fix any xo € X. S g
(g)x0 is a quasigeodesic, that is, there exists K > 1 and C > 0 such that d(xg, g"x¢) > (1/K)|n|—C
for every n € Z. Then, t3*"'*(g) > 1/K > 0.

(i) Let A be PF-contracting with constant Cy and the map wy: X — . Fix any xg € o and set
Ry :=diam(s4/(g)), Co := Cy + 2Ry and Apin(x0) := {(g)xo0.

Since Amin(x9) C A, if x € X, then there exists m € Z such that d(my(x), g"x0) < Ry. Define
Tmin: X —> Amin(X0) by setting myin(x) = g™x¢. Then, if x € Amin(x0), Tmin(x) =x. fx,y € X
and d(7min(X), Tmin(y)) = Co, then d(wy(x), 74(y)) = Cy. Thus, if 0 € PF is a path from x to y,
d(mg(x),0) < Cyq and d(;y(y), o) < Cy. Hence,

d(ﬂmin(x)’ 0) <Co and d(nmin(Y)’ U) < Co. O

There are many other notions of contracting subsets in geometric group theory. We will require one such
notion in Section 14 for proving our Theorem 1.8. We will call this notion contraction in the sense of BF —
it was introduced by Bestvina and Fujiwara for CAT(0) spaces [17] and by Gekhtman and Yang [32] in
general. We defer all further discussion about this to Appendix B and only remark that in our case, this
notion of contraction will be equivalent to Definition 9.2.

Remark 9.7 If Q is a Hilbert geometry, we use the geodesic path system P99 := {[x, y] | x,y € Q}
given by projective geodesics. We use the F-contracting notion everywhere in the paper except in
Section 14 (where we use contraction in the sense of BF, see Definition B.2). Proposition 9.8 below
implies that these two notions of contraction are equivalent in our setup. Hence, in the rest of the paper,
we will use the term contracting subset (and element) without additional labels.

Proposition 9.8 Suppose (X, PY) is a geodesic path system. Then:

(1) A C X is PS-contracting if and only if i is contracting in the sense of BF.

(i) If G preserves ¥, then g € G is a contracting element for (X,?¥) if and only if g € G is a
contracting element in the sense of BF.

Proof See Appendix B. |

10 Rank-one isometries are contracting

In this section, we prove one implication in Theorem 1.2. Fix a Hilbert geometry Q and let ¥ :=
{lx.yllx.y Q).
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Theorem 10.1 If y € Aut(R) is a rank-one isometry, then y is a contracting element for (2, P¥?).

The key step will be part (ii) of Lemma 10.3, which shows that a rank-one axis is ¥ -contracting. First,
we construct suitable projection maps on a rank-one axis. Recall the notion of closest-point projection on
closed convex subsets, particularly Corollary 3.10.

Definition 10.2 Suppose 2 is a Hilbert geometry, £ is a bi-infinite projective geodesic in 2 and 6: R — ¢
is its unit-speed parametrization. Then I;(x) = [0(Ty),o(T)] for Ty, T7 € R. We define the

X X
projection map my: 2 — £ as

we(x) = G(W).

We now establish some properties of the map 7ty when £ is a rank-one axis.

Lemma 10.3 If £ C Q2 is a rank-one axis, then there exists ¢; > 0 such that:
(1) If x € Q and z € £, then there exists py, € [x, z] such that

do(me(x), pxz) < 3%€y.

(ii) The geodesic £ is PF -contracting with constant €, and the map 7.

Proof (i) Letx € Q and z € £. Choose any Cy > D,, where Dy is the constant from Proposition 7.1.
Proposition 7.1 implies that A(x, w¢(x), z) is Dy-thin. By Observation 7.4, there exists p € [x, my(x)],
q € [me(x),z] and r € [z, x] such that

do(q.p) <%¢ and dgq(q,r) <9y.
Then
do(m(x), p) = da(me(x), x) —da(p. x) <dq(q.x) —da(p,x) <da(p,q) < Dy.

Thus
de(me(x), q) <dq(me(x), p) +da(g, p) <2%.

Set pxz :=r. Then
da(me(x), pxz) < de(me(x),q) +de(q.r) < 3%y <3Cy.

(i1) Set 7 := 7y for ease of notation. Let us label the endpoints of £ so that £ := (a, b). Observe that we
only need to verify (ii) in Definition 9.2. Suppose, for a contradiction, that it is not satisfied. Then, for
every n € N, there exist x,,, y, € € such that

do(m(xn),m(yn)) =n and dq([xn, yu], m(xs)) > n.

Since £ is a rank-one axis, fix a rank-one isometry y whose axis is £. Then y o r = 7 o y. Hence, up to
translating x, and y, using elements in (y), we can assume that & := lim, o 7(X;) exists in £ C Q.
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Up to passing to a subsequence, we can further assume that the following limits exist in Q:

xi= lm xp,  yi= lm yp, pi= lim 7(yn).

Then limy,—c0[Xn, Yn] = [x, ¥]. We will now show that
(10) [x,y] C Q.
This follows from the following estimate:
dQ (O{’ [X, y]) = lim dQ (O{’ [Xn’ yn]) 2 lim (dQ (JT(Xn), [Xn’ yn]) - dQ (n(xn), Ol))
n—>oo n—>oo
> lim (n—dg(m(xn). @)) = oo.
We also observe that
do(a, B) = lim dg(a, m(y,)) > lim (dQ (w(xn), 7 (yn)) —dg (7 (xn), 0‘))
n—>oo n—>oo
> nll)ngo(n —dg(m(xy,), oz)) = 00.

Thus B € Q2. However, since f € £ = [a, b], B € {a, b}. Thus, up to switching the labels of the endpoints
of £, we can assume that

(11) B=b.

Claim 10.3.1 x=y=hb.

Proof We first show that y = b. Since y, € Q and o € £, part (i) of Lemma 10.3 implies that there
exists py € [yn. o] such that
de(pn. w(yn)) = 3€,.

Up to passing to a subsequence, we can assume that p :=1im,_, o py exists in Q. Then by Proposition 3.12,
p € Fq(B). By equation (11), 8 = b, which implies p € Fq(b). Since b is an endpoint of the rank-one
axis £, part (iv) of Proposition 6.5 implies that Fo(b) = b. Thus p = b. On the other hand, since
Pn € [Vn, o], we have p € [y, a]. Since p = b, we have p € 0€2. Thus,

pe€la,y]NoQ = {y}.

Hence,

y=p=b.
We now show that x = b. By equation (10), [x, y] C dQ2. But since y = b, this contradicts part (iv) of
Proposition 6.5 unless x = y. Hence x = y = b. This concludes the proof of Claim 10.3.1. O

Consider the points x, € Q and 7 (y,) € £. By part (i) of Lemma 10.3, there exists ¢, € [xn, 7(Vn)]
such that dg (7 (xn), gn) < 3%,. Up to passing to a subsequence, we can assume that ¢ := limy—o0 ¢n
exists in Q. Then by Proposition 3.12, ¢ € Fg(a) = Q. Thus limy,— co[Xn, 7(y,)] is a projective line
segment containing ¢ and hence intersects 2. However, lim,— oo[X,, 7 ()] = [x, 8] = {b} C 92. This
is a contradiction. |
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We will now apply Lemma 10.3 to prove Theorem 10.1. Suppose y € Aut(£2) is a rank-one isometry.
Then tq(y) > 0, which implies that y has infinite order. By part (ii) of Proposition 6.5, y has a unique
axis £, along which y acts by a translation. Fix xg € £,. As (y) acts cocompactly on £, (y)-xo is a
quasi-isometric embedding of Z in . Part (ii) of Lemma 10.3 implies that £, is a PF2_contracting set.
Thus y is a contracting element for (€2, P¥%); see Definition 9.4.

11 Contracting isometries are rank one

In this section, we prove the other implication of Theorem 1.2. Fix a Hilbert geometry €2 and let
PLL = {[x,y]| x,y € Q}.

Theorem 11.1 If y € Aut(S2) is a contracting element for (2, P¥*?), then y is a rank-one isometry.

We begin by recalling a result of Sisto which says that contracting elements are “Morse” in the following

sense.

Proposition 11.2 [49, Lemma 2.8] If PY is a path system on (X,d) and s{ C X is PF-contracting
with constant C, then there exists a constant M = M(C) such that if 6 is a (C, C)-quasigeodesic with
endpoints in A, then 0 C Npr(A) :={x € X |d(x, ) < M}.

We use this Morse property to show that a contracting element has at least one axis and none of its axes
are contained in half triangles in €2. The first step is the following lemma. Recall the notation £ ;r JES
from Definition 4.7.

Lemma 11.3 Suppose S is a Hilbert geometry and y € Aut(S2) is a contracting element for (2, PF?).
If there exist xo € Q and two unbounded sequences of positive integers {nj }ren and {my }rcn such that
p:= lim y"kxy belongs to E;r and q:= lim y~™kxo belongsto E,,

k—o00 k—o00

then

i (p.q) CQ,and
(ii) (p,q) is not contained in any half triangle in 2.

Proof Since y is a contracting element, Observation 9.6 implies that 7o (y) > 0. Thus p # q.

(1) Suppose this is false. Then [p, g] C d2. Choose any r € (p, q). Set Ly := [y~ ™ x¢o, y"*  x¢]. Then
Lo :=1limy_ oo Lr = [q, p]. Thus we can choose r; € Lj such that limg_, o 1 = 7.

Since y is a contracting element, part (i) of Observation 9.6 implies that sdpin(xo) 1= (y)xo is PF2-
contracting. Since the Lj are geodesics with endpoints in iy (Xg), Proposition 11.2 implies that there
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exists a constant M such that for all k > 1, Ly C Nas(Amin(x0)). Thus for every k > 1, there exists
ytk X0 € ﬂmin(xo) such that

(12) da(re, y* x0) < M.
Up to passing to a subsequence, we can assume that

t:= lim y%xq
k—o00

exists in Q. Since ry leaves every compact subset of Q, {#;} is an unbounded sequence. Then by
Proposition 4.9 part (i), t € (E J‘f L E). On the other hand, by Proposition 3.12 and equation (12),

(13) t € Fo(r) C 0Q2.
We now analyze the two possibilities:

Case 1 If possible, suppose 7 € E,. Then consider the sequence {y"*r}ren. Up to passing to a
subsequence, we can assume that roo 1= limg_, o Y%7 exists in d2. Since p € Ej, q € E, and
r € (p,q) with ng > 0, Observation 4.4 part (ii) implies that

(14) Foo = lim y" r € Ej
k—o00

To sum up, we have r € Fq(t), where t € E, and roo = limg 0 y"r; see (13) and (14). Now we
apply part (ii) of Corollary 4.13 with ¢, r and {ny } taking the role of y, z and {ij } respectively. Then the
conclusion is that roo € E; . This contradicts equation (14).

Case 2 If possible, suppose t € E;L . We can repeat the same arguments as in Case 1 by considering
the sequence {y "k r}renN, and arrive at a contradiction — we need a version of Corollary 4.13 with y
replaced by y~!; see Remark 4.14.

The contradiction to both of these possibilities finishes the proof of (i).

(i) By part (i), (p,q) C 2. Suppose there exists z € 92 such that p, z, ¢ form a half triangle in Q.
Choose any sequence of points zj € [xg, z] N 2 such that limy_, o, z; = z. Since y is contracting, part (ii)
of Observation 9.6 implies that s i (x9) = (¥)x0 is PP -contracting (with constant, say C). Thus there
exists a projection 7 :  — min(x0) that satisfies Definition 9.2. We will analyze the sequence 7 (zy).
Since 7(zx) € smin(x0), there exists a sequence of integers {iz } such that (zx) = y'* xq. Up to passing
to a subsequence, we can assume that the following limit exists in Q:

(15) w:= lim 7(zx) = lim y'*xq.
k—o0 k—o00
Claim 11.3.1 It holds that w € 3Q and w € (E,f U E;)).

Proof Recall that I acts properly discontinuously on €. Moreover, (y, Q) Uw(y~!, Q) C E;," UE,;
see Proposition 4.9. Thus it suffices to show that {i } is an unbounded sequence. Suppose, on the contrary,
that {iz } is a bounded sequence. Then w € 2 and limy_, o dg(w, 7(zx)) = 0; see (15).
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Recall that {ny} is the sequence such that y"**xo — p € Q2. We will prove this claim by comparing
Yk xo(= m(zx)) with p"* xo. We claim that dg (7 (zg), 7 (y™ x¢)) — 00 as k — oo. To prove this
subclaim, first note that (i) of Definition 9.2 implies that

do(y"* xo, (y"* x0)) < C
because Y% xg € Amin(xo). The subclaim then follows from the equation
lim dg(7(zx), 7(y™ x0)) = lim (dg(w,y"* x0) —dq(w, 7(zx)) —da(y"* xo, 7(y"* x0)))
k—o00 k—o0
> liminfdg(w, y™* x¢) — C = o0.
k—o00

The above equation then implies that for k& large enough, dg (7 (zx), w(y™*x9)) > C. Since 7 is a
projection into a P¥%-contracting set, condition (ii) of Definition 9.2 implies that

do((zk). [zk. ¥  x0]) < C.
Thus
do(w, [z, p]) < lim do(m(zk). [zx, y"*x0]) < C.
k—o00

Then [z, p] N Q # &. But since p, z, g form a half triangle, [z, p] C 9. This is a contradiction and it
concludes the proof of this claim. m]

Claim 11.3.2 w € Fq(z).

Proof First observe that for k large enough,

de (7 (zx). 7(x0)) = C.

Indeed, this follows because 7 (xo) € 2 while w = limy_, o 7 (2 ) € 2. Again, as 7 is a projection into
a @)Efg—contracting set, we have
do (7 (zk). [x0. zk]) = C.

Choose 1 € [xo, zx] such that dg (7 (zx), nx) < C. Up to passing to a subsequence, we can assume that
n = limg _, oo N €xists. By Proposition 3.12, n € Fo(w). Since w € 42, n € 32 (Proposition 3.11(i)).
But 1 € [x9, z], which intersects d€2 at exactly one point, namely z. Thus, n = z implying z € Fg(w), or
equivalently, w € Fg(z). This concludes the proof of Claim 11.3.2. a

Since p, z, ¢ form a half triangle, [p, z] U [z,g] C 9Q2. By Claim 11.3.2, w € Fq(z). Then part (iv) of
Proposition 3.11 implies that

(16) [p. w]U[g, w] C 0L2.

Recall from Claim 11.3.1 that {i;} is an unbounded sequence and that w = limy_, o, ¥ Xx¢ lies in
E ;r U E,;. We will now show that (16) contradicts this.
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Suppose, up to passing to a subsequence, that {i } is a sequence of positive integers. Then w € E ;r . Since
limg o0 Yk xg = w € E}'," and limy oo v ™ x9 =¢q € E., then part (i) of Lemma 11.3 implies that
(w, q) C Q. This contradicts (16). On the other hand, if we suppose that {i} is a sequence of negative
integers, then w € E.. Then, by a similar reasoning, (p, w) C €2 which again contradicts (16). These
contradictions show that p, z, ¢ cannot form a half triangle. |

We now prove Theorem 11.1 using the above lemma. Let y € Aut(2) be a contracting element for
(Q, P9?). By part (i) of Observation 9.6, tq(y) > 0. The following will imply that y is a rank-one
isometry.

o yhasanaxis By Proposition 5.8, there exists (a, b) C Q with a, b fixed points of y such that a € E;,"
and b € E,/. We will show that (a,b) C 2; hence it is an axis of y.

Fix x¢ € Q. Proposition 4.9 part (i) implies {y"x¢ | n € N} has an accumulation point p in EJ‘f and
{y"xo | n € N} has accumulation point g in E,,. By part (i) of Lemma 11.3, (p,q) C 2.

Note that E.f N'Q C 9L; see Claim 4.6.1. Thus [a, p] C Q2 as a, p € E;f N 3K Similarly, [b, ¢] C 9.
By part (ii) of Lemma 11.3, (p, ¢) C €2 is not contained in any half triangle in 2. Since [b, ¢] C 02, this
implies that (p, b) C Q2.

We will use (p,b) C €2 to derive that (a,b) C Q. First note that since b € E, is the endpoint of a
pseudoaxis, b is a fixed point of y. Thus limg_,oc y %Xy’ =b € E. for any y’" € (p, b). We then note that
p is an “almost-fixed” point of y, ie there exists {ny} with ny — oo such that limg_,, y"*p=p € EJ‘,"
Indeed, Proposition 4.9 part (iii) implies that there exists a sequence of positive integers {nj} with
ny — oo such that limg_, o y|"* Ef = IdE+ ie limy o0 ¥ p = p. Now pick yo € (p, b) € Q. The above
discussion implies that hmk_,Oo Y yo=p€E, + while limg o0 ¥y %yo=b € E. . Then, by part (ii)
of Lemma 11.3, (p,b) C Q cannot be contained in a half triangle in 2. But we know that [a, p] C 0L2.
Thus, (a,b) C Q2.

e None of the axes of y are contained in a half triangle in  Let (¢’,5") C Q be any axis of y
with a’ € E)‘," and b’ € E. If zg € (@', b'), then limy _, o, yKzo = a’ and limg_, o, ¥ ¥z9 = b’. Then, by
part (i) of Lemma 11.3, (a’, ") cannot be contained in a half triangle in €.

12 Acylindrical hyperbolicity: proof of Theorem 1.4

Acylindrically hyperbolic groups are a generalization of nonelementary Gromov hyperbolic groups with
many interesting examples, like mapping class groups of most finite-type surfaces, rank-one CAT(0)
groups that are not virtually cyclic, outer automorphisms of free groups on at least two generators and
relatively hyperbolic groups with proper peripheral subgroups that are not virtually cyclic [45, Appendix].
In this section, we will add a new class of examples by showing that discrete groups acting on Hilbert
geometries with at least one rank-one isometry are either virtually cyclic or acylindrically hyperbolic.
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12.1 Acylindrically hyperbolic groups

We first recall some basic definitions about Gromov hyperbolic metric spaces (not necessarily proper)
and we refer to [33] for details. A geodesic metric space (Y, dy) is called Gromov hyperbolic if there
exists § > 0 such that every geodesic triangle in Y is §-thin (recall Definition 7.3). If (¥, dy) is Gromov
hyperbolic, let dY denote the boundary of Y defined via equivalence classes of sequences in Y “convergent
at infinity”’; see [33, Section 1.8]. We remark that this definition of dY does not require that Y is a proper
metric space.

If G acts isometrically on a Gromov hyperbolic space (Y,dy), let Ag(Y) C dY denote the limit set of
the G-action (ie Ag(Y) is the set of accumulation points in dY of any G orbit in Y'). The action is called
nonelementary if #(Ag(Y)) = o00; see [45] for details.

Finally we define the notion of acylindrical actions on a metric space (not necessarily Gromov hyperbolic).
An isometric action of a group G on a metric space (Y, dy) is called acylindrical if, for every & > 0, there
exists Rg, Np > 0 such that if x, y € Y with dy (x, y) > R,, then

#{g € G |dy(x,gx) <eand dy(y,gy) <&} < N.

Definition 12.1 A group G is called acylindrically hyperbolic if it admits an isometric nonelementary
acylindrical action on a (possibly nonproper) Gromov hyperbolic metric space (Y, dy).

A motivating example of acylindrically hyperbolic groups is a nonelementary Gromov hyperbolic group.
Indeed, if H is a finitely generated nonelementary Gromov hyperbolic group, then it has a nonelementary
acylindrical action on its Cayley graph which is a Gromov hyperbolic metric space. More generally if H
is a finitely generated nonelementary relatively hyperbolic group with proper peripheral subgroups, then
H has an acylindrical action on its coned-off Cayley graph. Another interesting example is the mapping
class group of a closed hyperbolic surface. It acts acylindrically and nonelementarily on the curve graph
of the surface, which is a (nonproper) Gromov hyperbolic space.

Although Definition 12.1 of acylindrically hyperbolic groups is perhaps the cleanest to state, a characteri-
zation of acylindrically hyperbolic groups using contracting elements will be particularly well-suited for
our purpose. We state such a characterization now, which follows directly from work of Osin and Sisto; a
proof is included because we could not find a result stated in this form.

Theorem 12.2 [45; 49] Suppose G has a proper isometric action on a geodesic metric space (X, d),
and suppose that (X, PY) is a path system for G and g € G is a contracting element for (X, ?Y). Then
either G is virtually cyclic, or G is acylindrically hyperbolic.

Sketch of proof In [45], Osin introduces several characterizations of acylindrically hyperbolic groups
that are equivalent to Definition 12.1. The one that we will use (Proposition 12.3) requires the notion of
hyperbolically embedded subgroups. Results due to Osin and Sisto (see Propositions 12.3 and 12.4) will
allow us to use this notion without defining it precisely. See [45, Definition 2.8] or [49, Definition 4.6].
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Proposition 12.3 (Osin [45, Theorem 1.2 and Definition 1.3] and Remark 12.5) A group G is acylin-
drically hyperbolic if G contains a proper infinite hyperbolically embedded subgroup.

So in order to prove that a group is acylindrically hyperbolic, it suffices to produce a proper infinite
hyperbolically embedded subgroup. For this, we rely on a result of Sisto.

Proposition 12.4 [49, Theorem 4.7] Suppose g € G is a contracting element for (X, PY) and 4 C X
is (g)-invariant, S -contracting and has cobounded (g)-action. Then

E(g):=1{h € G | d"™(my(hst), st) < oo}

is a hyperbolically embedded subgroup of G which is infinite and contains (g) as a finite-index subgroup,
ie E(g) is virtually cyclic.

Now let us summarize how these results give us our desired conclusion. Suppose g € G is a contracting
element. By Proposition 12.4, E(g) is an infinite hyperbolically embedded subgroup of G which is
virtually cyclic. Now note that if G is virtually cyclic, there is nothing to prove. So suppose that G is not
virtually cyclic. Then E(g) € G as E(g) is virtually cyclic. Thus E(g) is a proper infinite hyperbolically
embedded subgroup and Proposition 12.3 implies that G is an acylindrically hyperbolic group. See the
following remark for further comments on the proof. o

Remark 12.5 Recall the alternate definition of an acylindrically hyperbolic group from Proposition 12.3.
A subgroup H < G is proper infinite if H C G and H is infinite. Such proper infinite hyperbolically
embedded subgroups are sometimes called nondegenerate hyperbolically embedded subgroups in the
terminology of [45; 29]. Notably, the existence of one such nondegenerate hyperbolically embedded
subgroup H < G implies the existence of nonabelian free subgroups in G; see [45, Lemma 5.12] or
[29, Theorem 6.14]. Thus G is not virtually cyclic and contains infinitely many “independent loxodromic”
elements [45; 29]. Roughly speaking, this is akin to producing nonabelian free subgroups in any
nonelementary Gromov hyperbolic group.

12.2 Proof of Theorem 1.4

We first recall the theorem.

Theorem 1.4 If (2,T") is a rank-one Hilbert geometry, then either I" is virtually cyclic or T is an
acylindrically hyperbolic group.

The proof of Theorem 1.4 will be immediate from Theorem 12.2, thanks to the well-developed machinery
of acylindrically hyperbolic groups due to the work of many authors; see for instance [45; 29; 49; 16]. In
case the proof seems a bit opaque to a reader, we will first give an informal sketch of the underlying idea
before providing a formal proof.
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Our result Theorem 1.2 implies that rank-one isometries in Aut(§2) are contracting elements for (€2, 2$).
Thus a rank-one Hilbert geometry (€2, I") contains contracting elements by definition. Now it is possible
that I" is virtually cyclic in which case I', up to passing to a finite-index subgroup, is generated by a single
rank-one isometry. But if I" is not virtually cyclic, then there will be infinitely many rank-one isometries
Y1, Y2, ... which are “independent loxodromics”, ie there exists an abstract Gromov hyperbolic space X
on which each y; acts “loxodromically” with exactly two distinct fixed points )/l.jE and the sets {yl.i} and
{yji} are pairwise disjoint whenever i # j. This last conclusion follows from results in [29] and [49]
that we referred to in Remark 12.5. These infinitely many independent rank-one isometries y; generate
nonabelian free subgroups of I', and the y; lie in distinct hyperbolically embedded subgroups E(y;); see
Proposition 12.4.

Now let us give the formal proof.

Proof of Theorem 1.4 Since (€2, I') is a rank-one Hilbert geometry, I contains a rank-one isometry.
Then Theorem 1.2 implies that I" contains a contracting element for (€2, PFL). The result follows from
Theorem 12.2. |

Remark 12.6 By Theorem 1.4, a rank-one Hilbert geometry (€2, I') where I is not virtually cyclic
gives an example of an acylindrically hyperbolic group I". A natural question is: what is an example of a
Gromov hyperbolic metric space X on which I'" acts acylindrically and nonelementarily? Is there a way
to understand this space X in terms of the Hilbert geometry €27

It seems that one might be able to apply the projection complex construction in [16] (see also [14; 49]) to
construct such a space X from the Hilbert geometry 2. Roughly speaking, this will be a metric space
obtained by collecting all rank-one axes in 2 and adding edges between them depending on diameters of
images of some projection maps. We do not pursue this direction in this paper and this remark is mostly
speculative in nature.

Part IV Applications

13 Second bounded cohomology and quasimorphisms

13.1 Definitions

We first introduce some definitions following [15, Section 1]. Suppose G is a group, (E,| -||) is a
complete normed R-vector space and p: G — U(E) is a unitary representation. Let C(G, E) be the space
of all functions from G to E.

A function F € C(G, E) is called a quasicocycle if

A(F):= sup ||F(gg')—F(g)—p(g)F(g)| < oc.
g.8'eG
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Let V' be the vector subspace of C(G, E) that consists of all quasicocyles. Let Vj be the subspace of V
generated by bounded functions and the set

{F:G—E|F(gg)=F(g)+p(g)F(g) forall g. g’ € G}.
Define
QC(G; p):=V/Vo.
If p is the trivial representation pgiy: G — R, then V' is the space of quasimorphisms of G while Vj is the
space generated by bounded functions and group homomorphisms from G to R. In this case, GEI(G; Piv)

recovers a classical object called the space of “nontrivial” quasimorphisms of G, usually denoted by
Q\ﬁ(G); see the definitions preceding Theorem 1.6.

Group cohomology of G (twisted by the representation p) affords an interesting interpretation of (Sé(G; 0).
If F is a quasicocycle, then dF (g, g') := F(gg')—F(g)—p(g) F(g’) defines a class in the second bounded
cohomology group H 13 (G; p). This class dF is trivial in the ordinary cohomology group H2(G: p). On
the other hand, the class d F' is nontrivial in H bz (G; p) whenever F is nontrivial in V/ V. Thus QVC(G; 0)
is the kernel of the comparison map H bz (G, p) = H?*(G; p). For a more detailed discussion, we refer the
reader to [15, Section 1] or [31].

13.2 Results

Infinite dimensionality of QTI(G) and QVC(G; p) is often related to geometric phenomena. For example,
[17] shows that a compact irreducible nonpositively curved Riemannian manifold M is (Riemannian)
rank one if and only if dim(@ﬁ(m (M))) = co. Now, in the same spirit as in Riemannian nonpositive
curvature, we prove a cohomological characterization of rank-one Hilbert geometries. We will only
consider unitary representations on uniformly convex Banach spaces,? eg R or £7(G), where G is a
discrete group and 1 < p < oco.

Theorem 13.1 Suppose that (2, ') is a rank-one Hilbert geometry, I is torsion-free and p is any unitary
representation of T" on a uniformly convex Banach space E # 0. Then either I" is virtually cyclic or
dim(QC(T; p)) = oc.

The proof follows directly from the following general result about acylindrically hyperbolic groups.

Theorem 13.2 [15, Corollary 1.2] If G is an acylindrically hyperbolic group, E # 0 is a uniformly
convex Banach space, p: G — W(FE) is a unitary representation and any maximal finite normal subgroup
of G has a nonzero fixed vector, then dim(@(G; p)) = 0. |

Proof of Theorem 13.1 If I' is not virtually cyclic, then Theorem 1.4 implies that I" is an acylindrically
hyperbolic group. Since I is torsion-free, there are no finite normal subgroups. The claim then follows
from Theorem 13.2. |

3 A Banach space E is uniformly convex if for any &’ > 0, there exists 8’ > O such thatif u,v € E, |[ul| < 1, |v] <1, |lu—v| = ¢,
then (v +v)/2|| <1-4§".

Geometry & Topology, Volume 29 (2025)



Rank-one Hilbert geometries 1225

We will now apply Theorem 13.1 to two specific choices of p and E to get Theorem 1.6. For the first,
0 = puiv and E = R, in which case @(F; p) = @(F), the space of nontrivial quasimorphisms. For the
second, £ ={P(I") with 1 < p <ocoand p = prﬂzg is the regular representation, ie pr%g(y) f(x)=f(y~1x)
forany f € £#(T')and x € T".

Theorem 1.6 If (2, T") is a rank-one Hilbert geometry, I is torsion-free and T is not virtually cyclic,
then dim(Q\ﬁ(F)) = oo and dim(QVC(F; ,orlég)) =o0if 1 < p <oo.

Proof Immediate from Theorem 13.1 and the fact that R and £7(I") with 1 < p < oo are uniformly
convex Banach spaces; see [15, Section 3]. O

Corollary 1.7 If (2, T) is a divisible Hilbert geometry and €2 is irreducible, then dim(aﬁ(f‘)) =00 if
and only if (2, T") is a rank-one Hilbert geometry. Otherwise, dim(aﬁ(F)) =0.

Proof If (2,T) is a rank-one Hilbert geometry, then Theorem 1.6 implies that dim(éﬁ(f‘)) =oo. If
(2, T) is not rank one, then Theorem 1.5 implies that Aut(2) is locally isomorphic to a simple Lie
group of real rank at least two, ie €2 is an irreducible symmetric domain of rank at least two. Thus I" is
isomorphic to a uniform lattice in a higher-rank simple Lie group, which implies that dim(éﬁ(f‘)) =0
[21, Theorem 21]. O

14 Counting of conjugacy classes

Suppose (£2,T") is a rank-one Hilbert geometry. Recall the notions of translation length and stable
translation length of a conjugacy class in I'; see Section 1.2. We now introduce the notion of pointed
length for a conjugacy class [cg] of g € I'; see [32]. Fix a basepoint p € Q. The pointed length of [cg] is
Lp([cg)) = inf da(p.g'p).
g'€lce]

We first show that

Q ([Cg]) = Téable [Cg])-

Indeed, triangle inequality implies rgable (g) < 1Q(g). On the other hand, by Proposition 3.15,

. TQ(g" 1 Amax (8" Amax (&

Next, we show that if Q/T" is compact and R := diam(2/T"), then

tQ([cg]) < Lp([eg)) < ralleg]) +2R.

Clearly tq([cg]) <£p([cg]). On the other hand, if x € €2 then there exists /i € I such that dg (x, iix p) < R.
Then

Pp(lcg)) <da(p, hy'ghxp) <2da(hyp,x) +da(x, gx) < 2R +dg(x, gx).
Thus, £, ([cg]) < 1Q([cg]) + 2R.
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Now let us consider the following counting functions for conjugacy classes in I':
€(r) :=#cgl | g € T ta([cg]) = 1},
€e(r) :=#[cg] | g € T, 1™ (leg]) <13,
€7 (1) :=#{ce] | g € T, Ep(cg]) <1}
Based on the above discussion,
(17) @(r) = €e(r),
If /T is compact and R = diam(£2/T"), then
(18) @’r (1) <€6(t) <€*(t +2R).

We now prove asymptotic growth formula for these functions. It is a direct consequence of the Main
Theorem in [32]. Recall that the critical exponent of I" (see Section 1.2) is defined by

. log#{g € I' | da(x, gx) <n}
or = limsup .
n—00 n

Theorem 1.8 Suppose (2, ') is a divisible rank-one Hilbert geometry and T" is not virtually cyclic.
Then there exists a constant D' such that for all t > 1,

1 exp(twr)
D’ t
The functions €% (¢), €*r (t) and @pm(t) (see Remark 1.9) also satisfy similar growth formulas.

exp(ter)

19) <%@)<D’

Proof Part (1) of the Main Theorem in [32] implies that if I" is a nonelementary group with a cocompact
action (more generally, statistically convex cocompact action) on a geodesic metric space and I" contains a
contracting element (in the sense of BF, see Appendix B), then 6”7 (¢) satisfies the growth formula in (19).
If (2,T) is as above, then it satisfies all of these conditions; see Theorem 1.2 and Remark 9.7. Then
©”r (¢) satisfies equation (19). By equations (17) and (18), ¢(¢) and €*@(¢) also satisfy equation (19).

For proving Remark 1.9 part (ii), set

Ep
Prim

Gpr (1) :=#{[cg] | g € T is primitive, £, ([cg]) < t}.

Part (1) of the Main Theorem in [32] implies that the %i’i’m () satisfies a similar growth formula as (19).

Since 1@ ([cg]) < £Lp([cg]) < ta([cg]) + 2R, this implies the result for €pim (7). ad

15 Proofs of Propositions 1.10, 1.11 and 1.12

For the proofs in this section, recall the following implication of Theorem 1.4: if (€2, I') is a rank-one
Hilbert geometry and I" is not virtually cyclic, then I' is an acylindrically hyperbolic group.

Geometry & Topology, Volume 29 (2025)



Rank-one Hilbert geometries 1227

Proposition 1.10 If (2, ') is a rank-one Hilbert geometry, I' is not virtually cyclic and I is finitely
generated, then the rank-one isometries in I" are exponentially generic: if (X,),eN is a simple random
walk on I, then there exists a constant C > 1 such that for all n > 1,

P[X,, is not a rank-one isometry] < Ce /€.

Proof Under the hypotheses, I is an acylindrically hyperbolic group. The result then follows from
[49, Theorem 1.6]. O

Proposition 1.11 If (2, I") is a rank-one Hilbert geometry and T is not virtually cyclic, then:

(1) T is SQ-universal, ie every countable group embeds in a quotient of T'.

(ii) If T is the Baumslag-Solitar group BS(m,n), thenm = n = 0 and I is the free group on two
generators.

Proof Under the hypotheses, I' is an acylindrically hyperbolic group. Then SQ-universality follows from
[45, Theorem 8.1]. The second part follows from [45, Example 7.4], where Osin proves that BS(m, n) is
acylindrically hyperbolic if and only if m = n = 0. But BS(0,0) = F>. |

Proposition 1.12 If Q is a Hilbert geometry and y € Aut(2) is a rank-one isometry, then the axis £,
of y is H-Morse for some Morse gauge K : [1, 00) x [0, 00) — [0, 00), ie if « is a (A, €)-quasigeodesic
with endpoints on £, then oo C Ny(a ) (£y).

Proof Since y is a rank-one isometry, Theorem 1.2 implies that y is a contracting element for (2, 2F?).
Then the axis of £, of y is PSS _contracting. Thus [49, Lemma 2.8] (Proposition 11.2 in this paper)
implies that £, is a Morse geodesic. O

Appendix A Rank-one Hilbert geometries: generalization, examples and
nonexamples

This section is devoted to the discussion of examples and nonexamples of rank-one Hilbert geometries
(see Definition 1.3) and generalizing the notion of rank one to convex cocompact actions.

A.1 Strictly convex examples

If Q2 is a strictly convex Hilbert geometry, then d€2 does not contain any line segments. Thus, if g € Aut(2)
with 7q(g) > 0, then g is a rank-one isometry (as it has an axis and there are no half triangles in €2).
Then, all the strictly convex divisible examples in Section 3.4 are rank one.

A.2 Non-strictly-convex examples

Suppose (€2, I') is a divisible Hilbert geometry where I is infinite and not virtually abelian. Assume that
I' is a relatively hyperbolic group with respect to a finite collection of free abelian subgroups of rank at
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least two. Then we claim that (2, ") is a divisible rank-one Hilbert geometry. The proof of this follows
from Remark A.3(B) and Proposition A.4; see below. This claim implies that the divisible nonstrictly
convex examples discussed in Section 3.4, that are neither simplices nor symmetric domains of rank at
least two, are all examples of rank-one Hilbert geometries.

A.3 Nonexamples

The d-simplices Ty for d > 2 are clearly nonexamples of rank-one Hilbert geometries. If Q2 is an
irreducible symmetric domain of rank at least two and I' < Aut(£2) acts cocompactly on €2, then (2, ")
cannot be a rank-one Hilbert geometry; see Theorem 1.5.

A.4 Generalization of rank one to convex cocompact actions

The notion of convex cocompact actions on Hilbert geometries [30] generalizes divisible Hilbert geometries.
Suppose 2 is a Hilbert geometry and I' < Aut(£2) is a discrete subgroup. The full orbital limit set is
defined as QZ‘S’{b(F) = Uyeq(T - xNAIQ) and let 6 o (I") := ConvHullg (Qiorb(I‘))

Definition A.1 An infinite discrete group I < Aut(£2) is convex cocompact if €, (I') # & and 65, (I')/ T’
is compact.

The ideal boundary of € (I') is given by 0;6 (I') := 92 N 6 (F) For convex cocompact groups,
0;65 (I) is the only part of 92 “visible” to the group acting on 2. Thus it is natural to modify the notion
of rank-one isometries by considering half triangles in 65, (I') instead of 2. We say that the projective
geodesic (a,b) C € (') is not contained in any half triangle in €, (") if either (a,z) C €5 (") or
(z,b) C65(I) for any z € 0;65 ().

Definition A.2 Suppose Q C P(R4+1!) is a Hilbert geometry and I < Aut(£2) is a convex cocompact
group.
(i) Anelement y € I" is a convex cocompact rank-one isometry if
(a) log|(A1/Ag+1)(y)| > 0 and y has an axis (see Definition 5.1),
(b) none of the axes £, of y are contained in a half triangle in €, (T").

(ii)) We say that I is a rank-one convex cocompact group if I' contains a convex cocompact rank-one
isometry.

Remark A.3 (A) The notion of a convex cocompact rank-one isometry differs from the notion of a
rank-one isometry (see Definition 6.3) only in condition (i)(b): for convex cocompact actions, we
consider half triangles in €%, (") instead of 2.

(B) If T acts cocompactly on 2, then (2, I') is a divisible rank-one Hilbert geometry if and only if T
is a rank-one convex cocompact group. This is because divisibility implies 65, (I') =
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If I' < Aut(2) is a convex cocompact group and y € I is a convex cocompact rank-one isometry, then
the analogues of Propositions 6.5, 6.7 and 6.8 hold. But now we need to replace 2 with 65, (I") and 9<2
with 0;6& (I'). In particular, we have that y € " is a convex cocompact rank-one isometry if and only if
y is biproximal and has an axis.

We sketch the proof ideas of these analogues; see [37] for details. Observe that if [(A1/A441)(y)| >0,
then EF N9Q = EF N 0;6% (). Recall that if x € 8;65 ("), then

Feg,(ry(x) := {x}U{y € €< (I') | an open projective line segment in %Q(F) contains x and y}.

Convex cocompact groups have a special property: if x € ;65 ('), then Fee, @) (x) = Fq(x); see
[30, Corollary 4.13]. Using these properties, one can now see that the proofs in Section 6 go through
verbatim after replacing €2 by 65, (I') and 9<2 by 0;65, (I'). Thus the analogues of Propositions 6.5, 6.7
and 6.8 hold; also see [37].

A.5 Convex cocompact examples: hyperbolic groups

Suppose ' < Aut(2) is a convex cocompact group that is word hyperbolic. We claim that I" is a rank-one
convex cocompact group. Indeed, [30, Theorem 1.15] implies that word hyperbolicity of I is equivalent
to the property that 9;65, (I') does not contain any nontrivial projective line segments. Then there are no
half triangles in €5, (I'). Moreover, any infinite-order element y has an axis [30, Corollary 7.4]. Thus
every such y is a convex cocompact rank-one isometry and the claim follows.

A.6 Convex cocompact examples: relatively hyperbolic groups

Proposition A.4 Suppose I' < Aut(2) is a convex cocompact group that is relatively hyperbolic with
respect to {A1, Az, ..., Am}, where each A; is a virtually free abelian group of rank at least two. Then
I' is either a rank-one convex cocompact group or a virtually abelian group.

This proposition shows that the divisible examples of Section A.2 and their convex cocompact deformations
produce relatively hyperbolic examples that are rank-one convex cocompact. We will spend the rest of
this subsection proving this proposition. We will rely on results from [39].

Proof Let ¥ be the collection of all maximal properly embedded simplices in 65, (I') of dimension at
least two. Since I is relatively hyperbolic with respect to virtually abelian subgroups of rank at least
two, [39, Theorem 1.7] implies that (€, (I'),dq) is a Hilbert geometry with isolated simplices, ie ¥
is closed and discrete in the local Hausdorff topology induced by dg. In this case, [39, Theorem 1.18]
implies that for each i € {1,...,m}, we can assume A; = Stabr(S;), where S; is a maximal properly
embedded simplex in 6¢ (F) of dimension > 2 and 1 = | |/ T'- S;. We will require the following
result regarding simplices in .
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Proposition A.5 [39, Theorem 1.8] Suppose I' and S are as above. Then:

(i) If [x,y] C 0;€G(I") with x # y, then there exists S € S such that [x, y] C 0S.
@11) If Sy 75 S> € S, then #(Sl N Sz) <1land dS;NJdS, = @.

Since T is relatively hyperbolic with respect to {A1, A2, ..., Am}, [28, Lemma 2.3] implies either
o Casel T isvirtually gd;g~ ! forsome geTand 1 <i <m, or
o Case2 thereexists y € I such that y ¢ J,er UL 24ig™" = Useyy. Stabr(S).

In Case 1, I is a virtually abelian group. So we can now assume that we are in Case 2.

Claim If y is as in Case 2, then y is a convex cocompact rank-one isometry.

From this claim, Proposition A.4 is immediate. |
All that remains is to prove this claim.

Proof of claim As I' is a convex cocompact group, log|(A1/Ag+1)(¥)| = u(ggz(p)(y) > 0. We first show
that y has an axis in 65 (I"). Let

6t:=EN€4(T) and €~ :=E;, N€5(T).

Then €1 and €~ are disjoint, nonempty, compact, convex, y-invariant subsets of R4 Then the Brouwer
fixed point theorem implies the existence of distinct fixed points y* of y in €. If [y+,y~] C 0;65,(IN),
Proposition A.5 implies that there exists S € T such that [y*,y~] € dS. Then d(yS)NaS D [y*.y7]
and Proposition A.5 implies that yS = S. Thus, y € Stabr(S). This contradiction implies that (y T, y™) C
g (') and is an axis of y.

Suppose Ay, 1= [Aj,', A} ]is an axis of y contained in a half triangle in 6, (T'): [A;’, z]U[z, A, ] C 965 (I).
Then, by Proposition A.5, there exist S* € ¥ such that [z, A}ﬂf] C 9S*. Since z € ST N IS,
Proposition A.5 implies that § := ST = S~ and 4, C S. Since y acts by a translation along A,,
yS NS D A, which implies #(yS N §) = oco. Then by Proposition A.5, yS = S. Thus y € Stabr(S), a
contradiction. Thus A, is not contained in any half triangle in 6%, (I"). This proves the claim. O

Appendix B Contracting elements

Fix a proper geodesic metric space (X, d) and a group G that acts properly isometrically on X. If x € X
and R > 0,let B(x,R):={y e X |d(x,y) < R}. If 4 C X and x € X, let the closest-point projection
onto o be defined by py(x) :={y € A |d(x,y) =d(x,d)}. Welet N, (d) :={y € X | d(y, ) < r} and
No(sd) :={y € X | d(y, sd) < r}) denote the open and the closed r-neighborhoods of #, respectively.

In [17], Bestvina and Fujiwara introduced the following notion of contracting subsets.

Definition B.1 A set d C X is B-contracting if there exists a constant B such that if x € X, R > 0 and
B(x, R) N si = @, then diam(px(B(x, R))) < B.
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We will, however, use a related but stronger notion of contracting subsets introduced in [32].

Definition B.2 [32] Fix a geodesic path system P& on X; see Definition 9.1. A set { C X is a
contracting subset in the sense of BF if there exists a constant C such that if 0 C X is a geodesic in P
for which d(o, ) > C, then

diam(py(0)) < C.

Suppose G preserves PF. Then g € G is a contracting element in the sense of BF if for any xg € X,

(1) g has infinite order and (g) - x¢ is a quasi-isometric embedding of Z in X, and

(i) (g)-xo is a contracting subset in the sense of BF.

Remark B.3 If X is a proper CAT(0) geodesic metric space, Bestvina and Fujiwara [17, Corollary 3.4]
prove that Definitions B.1 and B.2 are equivalent. In fact, they prove this equivalence for any metric
space that satisfies their axioms DD and FT; see [17]. However, it is unclear whether Definitions B.1 and
B.2 are equivalent in complete generality. We will discuss this in Proposition B.6 below. Proposition B.6
suggests that it is unlikely that these definitions are equivalent in general.

We will now prove Proposition 9.8, that contraction in the sense of BF is equivalent to Sisto’s notion
(see Definitions 9.2 and 9.4), in the context of a geodesic path system. Before starting the proof, we
record the following immediate consequence of Definition B.2.

Lemma B.4 Suppose A C X is contracting in the sense of BF with constant C. Let oy x» € PY be a
geodesic joining x and x' such that oy x» N Nac (A) = {x'}. Then sup,e,,(x) d(a, x") < 3C.

Proof Since d(ox,x/, A) >2C > C, it follows that d(y, y') < C for any y € p4(x) and any y’ € pq(x’).
But d(a’, x’) <2C for any a’ € p4(x’). Hence the conclusion. O

Proposition B.5 (Proposition 9.8) Suppose (X, PY) is a geodesic path system. Then:

(1) oA C X is PS-contracting if and only if s is contracting in the sense of BF.

(ii) If G preserves P, then g € G is a contracting element for (X, PY) if and only if g € G is a
contracting element in the sense of BF.

Proof It suffices to prove only part (i), as (ii) then follows from definitions. We will use 0 4 to denote a
geodesic path in ¥ joining p and g. We now start the proof of (i).

(=) Suppose oA is contracting in the sense of BF. Define a projection map 7: X — s by choosing
(x) € py(x) for each x € X. We remark that such a map 7 is coarsely unique, ie any other such map 7’
has the property that d(7(x), 7’(x)) < 2C for any x € X. Indeed, for any x such that d(x, ) > C,
we have that diam(p4(x)) < C as {x} is a geodesic in ?¥. On the other hand, if d(x, #) < C, then
SUPgep, (x) d(x,a) < C and hence diam(ps(x)) < 2C. Hence the remark.
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We now show that 7 satisfies Definition 9.2 with constant 3C. Clearly, if x € o4, then d(x, 7(x)) = 0.
Now suppose that x, y € X is such that d(w(x), w(y)) > 3C. Then diam(py(0x,y)) > 3C > C. Then
d(0x,y, 1) < C and thus oy, N Nac(sd) # @. Let x’ be the first point along oOx,y that intersects
Nac (sd) (assume that oy, is continuously parametrized in the direction from x to y). If x = x’, then
d(r(x),x") <2C. Otherwise apply Lemma B.4 to ox x' C 0x,y to see that d(w(x),x") <3C. Similarly,
if y’ is the last point along oy, where oy, intersects Nac (A), then d(y’, w(y)) < 3C. Thus 7 is a

contracting projection with constant 3C.

(&) Suppose 7: X — o is a contracting projection with constant C. By Lemma 9.3, it follows that
SUP4ep, (x) d(@, (X)) < 2C for any x € X. Let ox,y € PY be such that d(ox,y, sd) > 5C. If possible,
let there exist a; € py(x) and by € py(y) such that d(ay, b1) > 5C. Then

d(m(x). 7(y)) = d(a1. by) —d(ay. 7(x)) —d(b1, 7(y)) > C.

Then, oy, must intersect N'c (s4), a contradiction. |
B.1 Comparison between Definitions B.1 and B.2

To discuss the relationship between B.1 and B.2 for a general metric space, we need the following
condition (¢). We will say that A C X satisfies (§) if there exists a constant C such that for any x € X,

ze Aanda € pg(x),
d(x,z)>d(x,a)+d(a,z)—C.
We will now show:

Proposition B.6 Fix a proper geodesic metric space X and a geodesic path system Y on X. Then
A C X is contracting in the sense of BF if and only if it satisfies (¢) and Definition B.1.

The implication (=) follows from [48, Lemma 2.10]. Note that in [48], condition (¢) is called (AP1)
while Definition B.1 is called (AP2). This direction is then immediate from [48, Lemma 2.10]. The proof
of the converse (<=) follows from the next two lemmas. For p, g € X, we will denote by 0, 4 a geodesic
in ¥ joining p and q.

Lemma B.7 Suppose A C X satisfies Definition B.2. Then A satisfies (¢).

Proof Fixany x € X,z € A anda € pg(x). It suffices to only consider the case when d(x, A) > 2C. Let
x’ € o ; be the first point along o ; that intersects m (assume that o, is continuously parametrized
in the direction from x to z). By Lemma B.4, d(x’,a) < 3C. Then d(x,a) —d(x,x’) <d(x’,a) <3C
and d(z,a)—d(z,x’) <d(x’,a) <3C. Since x’ € 0y 7, it follows that d(x, z) = d(x, x") +d(x’, z). Thus

d(x,z) —d(x,a) —d(a, z) = (d(x,x") —d(x,a)) + (d(x", z) —d(a. 2)) = —6C. O
Lemma B.8 Suppose s{ C X satisfies Definition B.2. Then s also satisfies Definition B.1.

Proof Proposition B.5 implies that o is P -contracting. Then there exists a projection map 7wy : X — A
with constant C satisfying Definition 9.2. Suppose x € X and 0 < R < d(x, ). We claim that
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diam(py(B(x, R))) <20C. By Lemma 9.3, it suffices to prove that d(wy4(x), 74(y)) < 8C for any
y € B(x, R).

Fix y € B(x, R) and let o, € Y. Without loss of generality, we can assume that d(7y(x), 7y(y)) > C.
Then there exists x1 € 0y, such that d(x1, my(x)) < C. Then

[d(x, x1) —d(x, )| <d(x1,myg(x))+ sup d(a,my(x)) <3C.

acpq(x)
Thus, d(y,x;) = d(y,x) —d(x,x1) <d(y,x) —d(x,od) 4+ 3C. As d(y,x) < d(x,s), we get that
d(y,x1) <3C. Then

d(y, wa(y)) = d(y, ma(x)) = d(y, x1) +d(x1, 70 (x)) < 4C,

which implies that

d(mry(y), ma(x)) < d(ra(y), y) +d(y, x1) +d(xy, ma(x)) < 8C. o
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Random unitary representations of surface groups
IT: The large n limit

MICHAEL MAGEE

Let X, be a closed surface of genus g > 2 and I'y denote the fundamental group of X,. We establish a
generalization of Voiculescu’s theorem on the asymptotic *-freeness of Haar unitary matrices from free
groups to I';. We prove that, for a random representation of I, into SU(n), with law given by the volume
form arising from the Atiyah-Bott—Goldman symplectic form on moduli space, the expected value of the
trace of a fixed nonidentity element of I’y is bounded as n — co. The proof involves an interplay between
Dehn’s work on the word problem in Iy and classical invariant theory.
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1 Introduction

In a foundational series of papers, Voiculescu [1985; 1986; 1987; 1990; 1991] developed a robust theory
of noncommuting random variables that became known as free probability. One of the initial landmarks
of this theory is the following result. Let F, denote the noncommutative free group of rank r. Let

U(n) denote the group of n x n complex unitary matrices. For any w € F, we obtain a word map

Haar
U(n)”r
measure on U(n)” and Tr: U(n) — C the standard trace. Any integral over a compact group will be done

w: U(n)" — U(n) by substituting matrices for generators of F,. Let u denote the probability Haar

with respect to the probability Haar measure, denoted by du.
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1238 Michael Magee

A simplified version of Voiculescu’s result [1991, Theorem 3.8] can be formulated as follows:!

Theorem 1.1 (Voiculescu) For any nonidentity w € F,, asn — oo,

(1-1) /U T A = o)

We describe the interpretation of Theorem 1.1 as convergence of noncommutative random variables in a
moment. Before this, we explain the main result of the current paper.

Another way to think about the integral (1-1), which invites generalization, is to identify U(n)" with
Hom(F,,U(n)) and Haar measure as a natural probability measure on this representation variety. Now it
is natural to ask whether there are other infinite discrete groups G besides F; such that Hom(G, U(n))
has a natural measure, and whether similar phenomena as in Theorem 1.1 may hold. The main point of
this paper is to establish the analog of Theorem 1.1 when F, is replaced by the fundamental group of a
compact surface of genus at least 2.

We now explain this generalization of Theorem 1.1; for technical reasons it superficially looks slightly
different, as follows:

(1) The integral (1-1) is equal to 0 if w ¢ [F;, F,], the commutator subgroup of F, [Magee and Puder
2015, Claim 3.1], and, if w € [Fy, F;], the value of (1-1) is, for n > ng(w), the same as the
corresponding integral over SU(n)" < U(n)", where SU(n) is the subgroup of determinant one
matrices [Magee 2022, Proposition 3.1]. So in all cases of interest we can replace U(n) by SU(n)
in (1-1).

(2) Since Tro w is invariant under the diagonal conjugation action of SU(n) on Hom(F,,SU(n)) =
SU(n)", the integral fsu(n)r Tr(w(x)) dp(x) can be written as one over Hom(F;, SU(n))/PSU(n).
Here PSU(n) is SU(n) modulo its center.

For g > 2 let X4 denote a closed topological surface of genus g. We let I'; denote the fundamental group
of Xg with explicit presentation

Ig =(a1.b1,....ag,bg | [a1,b1]--[ag, bg]).

The most natural measure on Hom(Is, SU(n))/PSU(n) to replace the measure induced by Haar measure
on Hom(F,,SU(n))/PSU(n) is called the Atiyah—-Bott—-Goldman measure. The definition of this measure
involves removing singular parts of Hom(Ig, SU(n))/PSU(n). Indeed, let Hom(Tg, SU(1))™ denote the
collection of homomorphisms that are irreducible as linear representations. Then

Mg, :=Hom(Ty, SU(n))™/PSU(n)

IVoiculescu’s result [1991, Theorem 3.8] is more general than what we state here, also involving a deterministic sequence of
unitary matrices.
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is a smooth manifold [Goldman 1984]. Moreover there is a symplectic form wg , on Jlg ,, called the
Atiyah-Bott-Goldman form after [Atiyah and Bott 1983; Goldman 1984]. This symplectic form gives, in
the usual way, a volume form on g, , denoted by Voly, ,. For many more details, see [Goldman 1984]
or our prequel paper [Magee 2022, Section 2.7].

For any y € I, we obtain a function Try : Hom(Iy, SU(n)) — C defined by

Try (¢) := Tr($(y))-

This function descends to a function Try : Mg, — C. We are interested in the expected value

fMg.n Tl‘y dVOlMg’n
fngn dVO]Jl/Lg,n

Egn[Try] :=

The main theorem of this paper is the following:

Theorem 1.2 Let g > 2. If y € Iy is not the identity, then Eg ,,[Tr,] = Oy, (1) asn — oo.

The noncommutative probabilistic consequences of Theorem 1.2 will be discussed in the next section.

1.1 Noncommutative probability

We follow [Voiculescu et al. 1992]. A noncommutative probability space is a pair (%, 7) where B is a
complex unital algebra and t is a linear functional on % such that t(1) = 1. Let C{xy,..., x;) denote
the free noncommutative unital algebra in indeterminates x, ..., X,. A random variable in (B, t) is an
element of B. If (X1,..., X;) € B" are random variables in (%, t), their joint distribution is defined to
be the linear functional

T:C{x1,...,x,) > C

given by 7(z) := t(P(z)), where ®: C(xyq,...,x,) — B is the linear map defined by ®(x;) = X;. For a

linear functional Too: C(x1,...,x,) = C with T55(1) = 1, we say that a sequence of random variables
(X 1("), . ¢ r(")) € (B, tn) converges in distribution as n — 00 to T if T, converges pointwise to Tog
on C(xy,...,xp).

A very concrete example of this phenomenon is as follows. The function

o Fr—>C, t(w):= %/U( y Tr(w(x)) du(x)

extends to a linear functional t, on the algebra C[F,] with 7, (id) = 1. From this point of view, Theorem 1.1
implies the following statement:

Geometry & Topology, Volume 29 (2025)



1240 Michael Magee

Theorem 1.3 (Voiculescu) Let r >0 and Xy, ..., X, denote fixed generators of F,, and X1,....X,
denote their inverses, ie )?i = Xl._l. The random variables X1, ..., Xy, X1, ....X , in the noncommutative
probability spaces (C[F,], t,) converge as n — oo to a limiting distribution

Too: C{x1,...,Xxr, X1,..., %) > C
that is completely determined by (1-1). Indeed, if w is any monomial in x1,...,Xr, X1,...,Xr, then
Too(w) = 1 if and only if, after identifying x; with xi_l, w reduces to the identity in Fr = (x1,...,Xr),

and Too(w) = 0 otherwise.

In the language of [Voiculescu 1991], in the limiting noncommutative probability space

(C(.xl,...,Xr,.x_:l,...,.)zr>,%oo),
the subalgebras
ﬂl 3:C<X1,)21), ey ﬂr::(c(.x",x")
are a free family of subalgebras: if a; € sd;; for j € [q] with iy # iz # -+ # ig, and To(a;) = 0 for
J € lg], then

:Eoo(alaz . 'aq) - 0.

Accordingly [Voiculescu 1991, Theorem 3.8], if {u;(n) : 1 < j < r} are independent Haar-random
elements of U(n), the family {{u; (n), u}" (n)} : 1 < j <r} of sets of random variables are asymptotically
free.

Because I’y is not free, asymptotic freeness does not correctly capture the asymptotic behavior of the
expected values Eg ,[Tr, ]; however, an analog of Theorem 1.3 is implied by Theorem 1.2. For y € Iy let

1
Tg,n (y):= ;Eg,n [Try]-

Corollary 1.4 Let g>2,a1,b1,...,ag,bg denote the previously fixed generators of I'y, and ay, 51, e,
dg,bg denote their inverses. The random variables ay,by,...,ag,bg, a1,b1,...,dg,be in the non-
commutative probability spaces (C|[Ig], t¢,n) converge in distribution as n — oo to a limiting distribution

Too0: C{X1, 0o, Xg, V1, s Vg X1y, Xg, V1., Vg) = C,

where x; (resp. y;, Xi, ¥i) corresponds to a; (resp. b;, d;, l;i). This can be described explicitly as follows.
If w is any monomial in x1,...,Xg, ¥1,-.., Vg, X1,...,Xg, V1,..., Vg, then Tg oo(w) = 1 if and only if
w maps to the identity under the map

(C(xl,...,xg,yl,...,yg,il,...,ig,yl,...,)?g)—>C[I‘g]

obtained by identifying x;, y;, X; and y; with the corresponding elements of I'y. If w does not map to
the identity under this map, then Tg oo(w) = 0.

Notice that the estimate given in Theorem 1.2 is stronger than needed to establish Corollary 1.4.
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1.2 Related works and further questions

The most closely related existing result to Theorem 1.2 is [Magee and Puder 2023, Theorem 1.2],
which establishes Theorem 1.2 when the family of groups SU(n) is replaced by the family of symmetric
groups Sy, and Tr is replaced by the character fix given by the number of fixed points of a permutation.
In this case, the result is phrased in terms of integrating over Hom(I'g, S,;) with respect to the uniform
probability measure. The corresponding result for Hom(F;, S,) was proved much longer ago [Nica
1994].

The problem of integrating geometric functions like Tr), over .lg , is also connected to the work of
Mirzakhani, since, as Goldman [1984, Section 2] explains, the Atiyah—Bott—Goldman symplectic form
generalizes the Weil-Petersson symplectic form on the Teichmiiller space of genus g Riemann surfaces.
Mirzakhani [2007] developed a method for integrating geometric functions on moduli spaces of Riemann
surfaces with respect to the Weil-Petersson volume form. Although there is certainly a similarity between
[loc. cit.] and the current work, here the emphasis is on n — oo, whereas [loc. cit.] caters to the regime
g — o00; the target group playing the role of SU(n) is always PSL(2, R).

We now take the opportunity to mention some questions that Theorem 1.2 leads to. Voiculescu [1991]
is able to boost Theorem 1.1 from a convergence in distribution result to a result on convergence in
probability; that is, for any € > 0 and fixed w € F,, the Haar measure of the set

{¢ € Hom(F,,U(n)) : [Tr(¢p(w))| < en}

tends to one as n — oo [Voiculescu 1991, Theorem 3.9]. To do this, Voiculescu uses that the family of
measure spaces (Hom(F r,Um)), ,u) form a Levy family in the sense of [Gromov and Milman 1983]. This
latter fact relies on an estimate for the first nonzero eigenvalue of the Laplacian on Hom(F;, U(n)). It is

interesting to ask whether a similar phenomenon holds for the family of measure spaces (Jlg 5, M?EIG),

ABG
g,n

seems to be a significant complication in answering this question using isoperimetric inequalities.

where @ is the probability measure corresponding to Vol ,. The fact that Jlg , is noncompact

On the other hand, as pointed out to us by a referee, the results of this paper can very likely be extended
to give bounds on the variance
IEg,n[lTr}/|2]

that can be used to improve Theorem 1.2 to the result that, for y # id, the normalized traces Try /n
converge in probability to zero as n — oo. To avoid adding complications to this paper, this will be
pursued elsewhere.

In the prequel to this paper [Magee 2022], we proved that, for any fixed y € I, there is an infinite
sequence of rational numbers a—1(y),ao(y),ai(y), ... € Q such that, for any M € N,

_ 1
1D Eealll=anman) + A0 o WO 10,57
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as n — 0o. Theorem 1.2 implies that a_; (y) = 0 if y # id. It is also interesting to understand the other
coefficients of this series. This has been accomplished when T’ is replaced by F, in [Magee and Puder
2019], where in fact it is proved that

Er, lTrali= [ Tr(u() duo
un)r

is given by a rational function of n and, in particular, can be expanded as in (1-2). The corresponding

coefficients of the Laurent series of E g, ,,[Try,] are explained in terms of Euler characteristics of subgroups

of mapping class groups. One corollary is that, as n — oo,

1
(1-3) IE:Fr,n[Trw] = O(W),

where cl(w) is the commutator length of w: the minimal number of commutators that w can be written
as a product of, or oo if w ¢ [F,, F;]. We guess that an estimate like (1-3) should hold for Eg ,[Try],
where commutator length in F; is replaced by commutator length in I.

Another strengthening of Theorem 1.1 is the strong asymptotic freeness of Haar unitaries. This states that,
for any complex linear combination

Zaww e C[Fy].
w

almost surely with respect to Haar random ¢ € Hom(F,, U(n)) as n — oo, we have

Zaw¢(w) Zaww ,
w w Op(£2(F}))

where the left-hand side is the operator norm on C” with standard Hermitian inner product and the norm

—

on the right-hand side is the operator norm in the regular representation of F,. This result was proved in
[Collins and Male 2014]. It is probably very hard to extend this result to I'y; the proof of Collins and
Male relies on seminal work of Haagerup and Thorbjgrnsen [2005] in a way that does not obviously
extend to Ig.

We finally mention that the expected values Eg ,[Tr,] arise as a limiting form of expected values of
Wilson loops in 2D Yang—Mills theory, when the coupling constant is set to zero. This will not be
discussed in detail here; we refer the reader instead to the introduction of [Magee 2022]. Here we just
mention the recent works [Lemoine 2022; Dahlqvist and Lemoine 2023], which make progress on related
problems in the Yang—Mills setting.

1.3 Overview of paper

Here we explain the structure of the paper.

In Sections 2.1-2.5, we give some general background to the paper not depending on [Magee 2022]. In
Section 2.6, we import results that we proved in the prequel and that are needed here.
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Random unitary representations of surface groups, Il 1243

At the beginning of Section 3, we state the key result (Theorem 3.1) of the remainder of the paper. To
motivate things, Section 3.1 contains a discussion of why the most straightforward approach does not
work, and also a discussion of what will follow instead. In the remainder of Section 3, we explain how
to augment the Weingarten calculus to arrive to a formula for the key quantity $,(w, i, v) (defined in
Proposition 2.9) in combinatorial terms that are “good” for the next part of the argument.

Indeed, in Section 4.1 we explain how each combinatorial datum we encountered in our formula for
$n(w, u,v) can be used to build a decorated surface. In Corollary 4.5 we obtain a bound on $,(w, i, v)
in terms of the Euler characteristics of some of the surfaces that previously arose. We may restrict to
certain surfaces of simplified form by performing two surgery arguments explained in Section 4.2. Given
that now we have reduced estimating $,(w, i, v) to estimating Euler characteristics of certain surfaces,
in Section 4.3 we formulate a topological result (Proposition 4.8) which suffices to prove Theorem 3.1.
Proposition 4.8 is proved in Section 4.5 using arguments related to Dehn’s algorithm and the work of
Birman and Series. The necessary additional background for this proof is given in Section 4.4.

In Section 5, we show how Theorem 3.1, in conjunction with the results of [Magee 2022], proves
Theorem 1.2.

1.4 Notation

We write N for the natural numbers {1,2,3,...} and Ng := N U {0}. We write [n] := {1,...,n} for
neNand [k,l]:={k,k+1,...,l}fork,] € N. If A and B are two sets, we write A\ B for the elements
of A notin B. If H is a group and hy, hp € H, we write [k, h;] := hlhzhl_lhgl. We let id denote the
identity element of a group. We let [H, H] be the subgroup of H generated by elements of the form
[h1, h2]; this is called the commutator subgroup of H. If V' is a complex vector space, for ¢ € No we let

Ve =V QVR---QV.
q

We use Vinogradov notation as follows. If f and & are functions of n € N, we write f < h to mean
that there are constants n¢ > 0 and Coy > 0 such that, for n > ng, | f(n)| < Coh(n). We write f = O(h)
to mean f < h. We write f < h to mean both f < h and h < f. If in any of these statements the
implied constants depend on additional parameters, we add these parameters as subscripts to <, O or <.
Throughout the paper we view the genus g as fixed and so any implied constant may depend on g.

In this paper, Tr denotes the standard (unnormalized) trace on square complex matrices.
Acknowledgments We thank Benoit Collins, Antoine Dahlqvist, Doron Puder, Sanjaye Ramgoolam,
Calum Shearer and Henry Wilton for valuable discussions about this work. This project has received

funding from the European Research Council (ERC) under the European Union’s Horizon 2020 research
and innovation programme (grant agreement 949143).
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2 Background

2.1 Representation theory of symmetric groups

Let Sy denote the symmetric group of permutations of [k] := {1, ..., k}, and C[S;] denote its group
algebra. The group Sy is by definition the group with one element.

If we refer to S; < S with [ < k, we always view §; as the subgroup of permutations that fix every
element of [/ + 1, k] :={/ +1,...,k}. We write S| < Sy for the subgroup of permutations that fix every
element of [k — r]. As a consequence, we obtain fixed inclusions C[S;] C C[S] for [/ and k as above.
When we write S; x Si_; < Sk, the first factor is S; and the second factor is S I/c—l'

A Young diagram A is a left-aligned contiguous collection of identical square boxes in the plane such that
the number of boxes in each row is nonincreasing from top to bottom. We write A; for the number of
boxes in the i row of A and say A - k if A has k boxes. We write £(1) for the number of rows of A. For
each A -k, there is a Young subgroup

S = S,\l X S)Lg Xoeee X SM()\) < Sk,
where the factors are subgroups in the obvious way, according to the increasing order of [k].

The equivalence classes of irreducible representations of S are in one-to-one correspondence with Young
diagrams A F k. Given A, the construction of the corresponding irreducible representation V* can be
done, for example, using Young symmetrizers as in [Fulton and Harris 1991, Lecture 4]. We write y, for
the character of Sy associated to V4 and dj := y; (id) = dim V*. Given A I k, the element

d
pri=77 O 2a(0)o € CISK]

T oeSk
is a central idempotent in C[S;].
If G is a compact group, (p, W) is an irreducible representation of G, and (77, V') is any finite-dimensional
representation of G, the (p, W)-isotypic subspace of (i, V) is the invariant subspace of V' spanned by
all irreducible direct summands of (7, V') that are isomorphic to (p, W). When p and 7 can be inferred
from W and V, we call this simply the W -isotypic subspace of V. If H < G is a subgroup and (p, W) is
an irreducible representation of H, then the W -isotypic subspace of V' for H is the W -isotypic subspace
of the restriction of (7, V) to H.

If (7, V) is any finite-dimensional unitary representation of Sg, and A - k, then V is also a module
for C[S%] by linear extension of 7 and 7 (p,) is the orthogonal projection onto the VA—isotypic subspace
of V.

For any compact group G, we write (trivg, C) for the trivial representation of G. The following lemma
can be deduced for example by combining Young’s rule [Fulton and Harris 1991, Corollary 4.39] with
Frobenius reciprocity.

Lemma 2.1 Let k € Ng and A b k. The space of vectors in V* fixed by S, is one-dimensional.
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2.2 Representation theory of U(n) and SU(n)

Every irreducible representation of U(n) restricts to an irreducible representation of SU(n), and all
equivalence classes of irreducible representations of SU(n) arise in this way. The equivalence classes of
irreducible representations of U(n) are parametrized by dominant weights, which can be thought of as
nonincreasing sequences

A=(A1,....,Ap) €L,

also known as signatures. We write W for the irreducible representation of U(n) corresponding to the
signature A. Two irreducible representations of U(#n) restrict to the same one of SU(n) if and only if their
signatures differ by a constant vector. Let T (n) denote the maximal torus of U(n) consisting of diagonal
matrices. Any matrix of T (n) has the form diag(exp(i01), ..., exp(if,)), where all 6; € R. Associated
to the signature A is the character £5 of T (n) given by

En (diag(exp(i@l), ... ,exp(i@n))) = exp(i ( Z Aj Gj)).
j=1

The highest weight theory says among other things that the £ -isotypic subspace of W2 for T (n) is
one-dimensional. Any vector in this subspace is called a highest weight vector of WA,

Given k, [ € Ny and fixed Young diagrams p -k and v -/, we define a family of representations of U(n)
as follows. For n > £(u) + £(v), define

Au,v(n) = (/,Ll, M2,y g(), (), ey 0 > VL) —Ve@Ww)—1>-- - —vl).
n—t(uw)—£v)

We let (pi*", W*") denote the irreducible representation of U(n) corresponding to A w,v(n) when
n>L(p) +4L(v). Welet Dy y(n) :=dim W,"*" and s,,,(g) := Tr(o}"" (g)) for g € U(n). If -k and
v [, then, as n — oo,

(2-1) Dyyv(n) =< nkt!
by [Magee 2022, Corollary 2.3] (alternatively [Enomoto and Izumi 2016, Lemma 3.5]).

We now present a version of Schur—Weyl duality for mixed tensors due to Koike [1989]. The very definition
of U(n) makes C" into a unitary representation of U(n) for the standard Hermitian inner product. We let
{e1,...,en} denote the standard basis of C”. If (p, W) is any finite-dimensional representation of U(n),
we write (pV, WY) for the dual representation, where WV is the space of complex linear functionals
on W. The vector space (C")" has a dual basis {¢1, ..., &,} given by ¢;(v) := (v, e;). Throughout the
paper we frequently use certain canonical isomorphisms, eg

(CM®P)Y = ((C")Y)®?, End(W) =W W,
to change points of view on representations; if we use noncanonical isomorphisms, we point them out.
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Let 9’; L= (C™)®k @ ((C™)V)®!, with the convention that (C)®0 := C. With the natural inner product
induced by that on C”, this is a unitary representation of U(n) under the diagonal action and also a unitary
representation of S x S7, where Sy acts by permuting the indices of ((C”)®k and S; acts by permuting
the indices of ((C")V)®!. We write nn :Un) — End[fk l] and ,o C[Sk x S;] — End[gﬁ’l] for
these representations. The actions of U(n) and S; x S; on J,’i’l commute. We use the notation, for
I'=(i1.....ix) € [1]F and J = (j1.....jp) €[],
eri=e, ®- Qe €(CMH®K, ¢;:=¢,®--®¢, e (CH)®!, ef =er®é;eTh!

We write I LI J for the concatenation (iq, ..., Ik, j1,--.,j1)-
Fork,[>1, let Q'”f,’l denote the intersection of the kernels of the mixed contractions ¢ : 9‘5’1 — ghk-Li=1
for p € [k] and ¢ € [/] given by
(2-2) cpgle;; ®--®ej, ®éj; ®---®¢;,)

=68i,j,6 ® - ®ei, Ve, Q- Qe ¥ Q- V&, ®&,,,Q-®¢j,

is the Kronecker delta. If k = 1 or / = 1, then the definition is extended in the natural way,
Gl _ gl

where &;, ;.

1nterpret1ng an empty tensor of e; or ¢; as 1. If either k =0 or [ =0, then J

by convention.
The space J ﬁ’l is an invariant subspace under U(n) x Si x S; and hence a unitary subrepresentation
of gﬁ’l. On Jd_ﬁ’l there is an analog of Schur—Weyl duality due to Koike.

Theorem 2.2 [Koike 1989, Theorem 1.1] There is an isomorphism of unitary representations of
U(n) x Sk xS

(2-3) gl P wreVvie V.

ukk, vl
L()+L()=<n

Next we explain how to construct U(n)-subrepresentations of ﬁﬁ ! isomorphic to W;/*"". Suppose that
£ e 9",12’] is a nonzero vector such that, under the isomorphism (2-3),

(2-4) Exw®vu

for w e W*" and v e V# @ V. Then U(n)-£ linearly spans a U(n)-subrepresentation of Jd“s’l

to W;*¥. The following argument to construct such a vector £, given u - k and v I/, appears implicitly
in [Koike 1989] and is elaborated in [Benkart et al. 1994]. For n > £(u) + £(v), let

isomorphic

(2-5) O yi=el @@ eyt ® (@)™ @ ® Entr)+1) ®* .

This vector is in the &, ,-isotypic subspace of JO'_’;’I for the maximal torus T (n) of U(n), where &, is
the character of T (1) corresponding to the highest weight in W,/**".

Let p,, € C[Sk] and p, € C[S;] be the projections defined in Section 2.1. Let p,]f' Sy — End(gk’l)
denote the representation of Sy described above and pn S;— End(“‘k l) that of S;. Clearly these two
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representations commute. Now let

(2-6) 01 = px (PP (pu)6)r, € TR

Now this is in the same isotypic subspace for T (n) as before since S x S; commutes with U(n).
Moreover, it is in the subspace of I k ! corresponding to W" ® V#* ® V¥ under the isomorphism (2-3).

The intersection of the two subspaces of I ]ust discussed corresponds via (2-3) to Cw @ VA Q@ V'V,
where w is a highest weight vector in Wn“ > and hence eﬁ,v takes the form of (2-4), as we desired.

Of course, we also want to know 6, , # 0.

Lemma 2.3 Suppose that k,l € Ng, u -k, vF 1, and Qﬁ,v is as in (2-6) forn > £(u) + £(v). We have

d,d,

9 2 _
A TN CH

Proof Recall the definition of Young subgroups S, and S, from Section 2.1. Letting 6 = éﬁv (as

in (2-5)) and 6 = Qu »» We have

> 21(01) 10 (02) 0} (01) 1, (02)0

" 0=(01,02)€8Kk XS]

ddy o
~n | ( 2 Mf’m))( 2 Xvwzrz))p,’i(al)pi(az)e.

) [Ul]esk/su tlESM ESy
[02]€S;/ S

_dud,

The second equality used that @ is invariant under S w X Sy.

By Lemma 2.1, there is a one-dimensional subspace of invariant vectors for S, in V#. If v, € V#isa
unit vector in this space, then

2-7) Y xulorm) = [Sul(o1v,, vp).

T1ES,

Since the vectors ,0,’5 (01),6,11 (02)5 for [01] € Sk /S, and [02] € §;/S, are orthogonal unit vectors, this
gives

161 = dud Y > Zx(m>2 Y ’
Ul (o171 xv(0272)

[o11€Sk /Sy “T1ESL ES)
[o2]€S8:/Sy
dudy 2 2 2
T |SM| 1Sv > D0 o va) Pl (o2ve, v)] (by (2-7))
[011€Sk/Su
[02]€8:/Sy
deV) 2 d,d,
= 1S.l1Su] Y Horv. va) P l{o2vy, vi) [ =
11
(k.z. = (St SullS1: 8]’
02€8)
The last inequality used the orthogonality relations for matrix coefficients. |
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Recall that we write JTn :U(n) — End(“k l) for the diagonal representation of U(rn) on J G”k . Lemma 2.3
implies that 0} , is a nonzero vector. By the remarks following (2-6), it is of the pure tensor form w ® v
under the Schur-Weyl isomorphism (2-3), with w € W,/"", and hence we obtain the following corollary:

Corollary 2.4 Supposen > £(u) + £(v). The subspace
Wy (08 ) := span{mi! )0 , :u € U(n)} C T

is, under n,’f ’l, a U(n)-subrepresentation of JGLf,’l isomorphic to W,*V .

2.3 The Weingarten calculus

The Weingarten calculus is a method based on Schur—Weyl duality that allows one to calculate integrals of
products of matrix coefficients in the defining representation of U(n) in terms of sums over permutations.
It was discovered initially by Weingarten [1978], and developed further in [Xu 1997; Collins 2003; Collins
and Sniady 2006].

We present two formulations of the Weingarten calculus. Given k € N and n € N, the Weingarten function
with parameters n and k is the element? of C[Sy] [Collins and Sniady 2006, equation (9)]

> xao)o.

geSk

(2-8) We, =
Tk ')2 Z A( )
E(/\)<n
We write Wg,, ; (o) for the coefficient of o in (2-8). The following theorem was proved by Collins and
Sniady [2006, Corollary 2.4]:

Theorem 2.5 For k € N andforil,i{,jk,j,é, .. -,ik,i;/c»jk,jlé € [n],
(2-9) weU() Uiy jy s Wig jic Wi jio Uiy jr dp(u)

—1
Z 8111 o) lklg(k)gjljf(l) : Sjkj;(k)Wgn,k(fo— )’

o,TESK

where Spq is the Kronecker delta function.

It is sometimes more flexible to reformulate Theorem 2. 5 in terms of projections. Here u € U(n) acts on
A € End((C™)®%) by A > 78 (u) Ank (u™"), where 7¥: U(n) — End((C")®¥) is the diagonal action.
Write P, ;. for the orthogonal projection in End(((C”)®k) onto the U(n)-invariant vectors. The following
proposition is due to [Collins and Sniady 2006, Proposition 2.3]:

2 Although not relevant here, classically the Weingarten function arises as the multiplicative inverse of Y ooe Sy nieycles(o)
in C[S;] whenever n > k.
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Proposition 2.6 (Collins and Sniady) Let n,k € N. Suppose A € End((C")®¥). Then

Py i[A] = pf (®[4]- Wg, 1)
where
O[A]:= Y Tr(Apk (a0

geSK

Later we will need the following bound for the Weingarten function due to [Collins and Sniady 2006,
Proposition 2.6]. For a permutation o, let |o| denote the minimum number of transpositions that o can be
written as a product of.

Proposition 2.7 For any fixed o € Sg, Wg, (0) <g nk=lol as n — 0.
2.4 Free groups and surface groups

Let Fog := (ai,b1,...,ag,bg) be the free group on 2g generators ay,by,...,ag,bg and Ry =
[a1,b1]---[ag.bg] € Fag. There is a quotient map F,g — Iy given by reduction modulo Rg. We
say that w € Fag represents the conjugacy class of y € Iy if the projection of w to Iy is in the conjugacy
class of y in Iy.

Given w € Fyg, we view w as a combinatorial word in al,al_l,bl,bl_l, ....dag, a;l,bg, b;l by writing
it in reduced (shortest) form; ie a; does not follow al_1 etc. We say that w is cyclically reduced if the first
letter of its reduced word is not the inverse of the last letter. The length |w| of w € F», is the length of its
reduced form word. We say w € Fg is a shortest element representing the conjugacy class of y € I'y if it
has minimal length among all elements representing the conjugacy class of y. If w is a shortest element
representing some conjugacy class in I'g, then w is cyclically reduced.

For any group H, the commutator subgroup [H, H] < H is the subgroup generated by all elements of
the form [hy, h2) := h1hah ' hy ! with hy, hy € H. If y € [T, Tg] and w represents the conjugacy class
of y, then w € [Fag, Fpg] (see [Magee 2022, Section 2.6]).

2.5 Witten zeta functions

Witten zeta functions appeared first in [Witten 1991] and were named by Zagier [1994]. The Witten zeta
function of SU(n) is defined, for s in a half-plane of convergence, by

1
(2-10) Lsim)i= )

__ (dimW)s’
(0, W) €SU(n)

where S/U\(n) denotes the equivalence classes of irreducible representations of SU(n). Indeed, the series
(2-10) converges for Re(s) > 2/n by [Larsen and Lubotzky 2008, Theorem 5.1] (see also [Hisd and
Stasinski 2019, Section 2]). Also relevant to this work is a result of Guralnick, Larsen and Manack
[Guralnick et al. 2012, Theorem 2 and equation (7)], which states, for fixed s > 0,

(2-11) nli)rréoﬁ(s;n) =1.
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2.6 Results of the prequel paper

By [Magee 2022, Proposition 1.5], if y ¢ [Iy, I¢], then Eg ,[Tr,] = 0 for n > no(y). This proves
Theorem 1.2 in this case. Hence, in the rest of the paper we need only consider y € [I'g, I'y] and hence
W € [Fag, Fag] if w € Faq represents the conjugacy class of y.

For each w € F»g4, we have a word map w: U (n)?8 — U(n) obtained by substituting matrices for the genera-
tors of Fog. Forexample, if uq,v1,...,ug, vg €U(n) then Rg(u1,v1,...,Ug, Vg)=[U1, V1] - [Ug, vg].
We begin with the following result from [Magee 2022, Corollary 1.8]:

Proposition 2.8 Suppose that g > 2, y € Iy, and w € F»g represents the conjugacy class of y. For any
B € N, we have, asn — oo,
-12) Egallry]=5Qg=2m~" 30 DupIn(w, jt,v) + O g (n"n21E5),

v Young diagrams
Lw),L()<B

wu1,v1<B?
where
213) Inwopv) = [ o TS TR (),

Notice that, for n > 2B, the right-hand side of (2-12) makes sense, ie D v, 5y, are well defined. We
also have the following proposition, which follows from [Magee 2022, Proposition 3.1] together with

Spw = Sv,u
Proposition 2.9 Let w € [Fag, Fag]. Then, for any fixed p, v and n > £(n) 4+ £(v),

Fal 0= g0 = [ T )50 Ry () ).
U(n
This is convenient as it will allow us to use the Weingarten calculus directly as it is presented in Section 2.3
for U(n) rather than SU(n). By using Proposition 2.9, taking a representative w € F5, of the conjugacy
class of y and taking B such that |[w|—21log B < —1 in Proposition 2.8, we obtain the following result,
from which we begin the new arguments of this paper:

Corollary 2.10 Let y € [T, Iy] and w € [Fag, F2g] be a representative of the conjugacy classof y € I'.
Then there exists a finite set $ of pairs (i, v) of Young diagrams such that

Egn[Tr,] = ¢(2g —2;n)"! Z Du,v(n)éﬁn(w,v,u)JrOw,g(%)-
(M,v)eﬁ

As we know lim, o ((2g —2,n) = 1 by (2-11), we have now reduced the proof of Theorem 1.2 to
establishing suitable bounds for the integrals $,(w, u, v), where we can view u and v as fixed Young
diagrams since < is finite.
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3 Combinatorial integration

3.1 Setup and motivation

The main result of the rest of the paper is the following:

Theorem 3.1 Let y € I'; withy #1id. Let w € F4 be a shortest element representing the conjugacy
class of y. For each k,! € Ny, there is a constant C(w, k,!) > 0 such that, forany u =k, v 1

| Dy v (m)$n(w, w,v)| < C(w, k,1)
forall n € N.

Accordingly, since we know the large n behavior of D, ,(n) from (2-1), in this section we wish to
estimate

Intw. ) = |

U(n)

pe THW())S10 (Rg (X)) dpi(x)

for fixed w -k, v 1.

What doesn’t work We begin by discussing why the most straightforward approach to this problem
leads to serious complications. It is possible to approach the problem by writing s, (1) as a fixed finite
linear combination of functions

pw () pur (B,

where p,/(h) (resp. py (h™1)) is a power sum symmetric polynomial of the eigenvalues of / (resp. 1~}
or h). See for example [Magee 2022, Section 3.3] for one way to do this. The coefficients of this expansion
are fixed, but not transparent, since they involve Littlewood—Richardson coefficients. In any case, this
approach leads to writing $,(w, i, v) as a finite linear combination of integrals of the form

G-D /u< 2 TR () - TRy (0 Tr(Ry (07 Tr(Rg (7)),

where Y k; = || and ) [; = |v|.

Magee and Puder [2019] give a full asymptotic expansion for (3-1) as n — oco. However, these estimates
are not sufficient for the current paper and, to motivate the rest of this section, we explain briefly the
issues involved. However, this discussion is not needed to understand the arguments that we will make to
prove Theorem 3.1.

The main result of [Magee and Puder 2019] gives a full “genus” expansion of (3-1) in terms of surfaces
and maps on surfaces dictated by w € F»g. Roughly speaking, every term in this expansion comes
from a homotopy class of map f from an orientable surface X ¢ to \/lzi . S 1: to contribute to (3-1)
the surface ¥ has one boundary component that maps to w at the level of the fundamental groups,
p boundary components that map respectively to Rkl, ey ngc” at the level of fundamental groups, and ¢
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boundary components that map respectively to R;ll, ey R;lq at the level of fundamental groups. The
contribution of the pair (f, Xr) to (3-1) is of the form c(f, Z‘f)nX(Ef); the coefficient c(f, Xr) is an
Euler characteristic of a symmetry group of (f, ¥ ) and is not easy to calculate in general. However, one
could still hope to get decay of (3-1) by controlling the possible y(X ) that could appear.

There are two issues with this. The first one is that, if w is not the shortest element representing the
conjugacy class of y, then we get bounds that are not helpful. For a very simple example, let w = Ri,
and y = idr,, and consider the potential contribution from p =0, ¢ = 1 and /; = [. Then, for any v with
|[v| = [, there is contribution to $,(w, &, v) that is a multiple of

/ o THRODTHR O ),

Here, in the theory of [Magee and Puder 2019], there is a (X ¢, /) that is an annulus, one boundary com-
ponent corresponding to w = Ré and one corresponding to R — so we can only bound the corresponding
contribution to Dy, (n)$,(w, &, v) by using [Magee and Puder 2019] on the order of Dy, (n) < n'. On
the other hand, any approach that works to establish Theorem 3.1 (for y # id) should extend to show that,
when y =id, Dy, (n)$n(w, D, v) K n as Eg ,[Triq] = n.

Indeed, this phenomenon extends to words of the form wy Ré, and more generally to words that are not
shortest representatives of some conjugacy class in I';. It means that, even if we use something similar
in spirit to [Magee and Puder 2019], to prove Theorem 3.1 we must incorporate the theory of shortest
representative words. This indeed takes place in Sections 4.3—4.5; the topological result proved there
hinges on this theory.

The second issue is a little more subtle and only appears for “mixed” representations, ie both p, v # &.
In this case, suppose w is a shortest element representing some conjugacy class in I'y and w € [Fag, Fag].
This means that there is a pair ( fo, Xz,) where Xz, has one boundary component that maps to w at the
level of the fundamental groups. Let us take wu, v = (k), (k), ie each Young diagram has one row of k
boxes. This means we get a potential contribution to D, ,,(n)$,(w, w, v) that is a constant multiple of

(3-2) Dy ) (1) /U yae TV CNTr(Rg (X)) Tr(Rg (x) %) dpe ().

Now, for every k € N, there is ( f, X¢) contributing to (3-2) with one component that is ( fo, Xz,) and
the other an annulus with boundary components corresponding to R’g‘ and R;k . Since the annulus has
Euler characteristic 0, and D ), k) < n2k | the order of this contribution to D oy, (k) () In (w, (k), (k)) is
potentially > n2kpX Z5). For large enough k, the exponent here is arbitrarily large, which is clearly
catastrophic. In reality, this contribution must cancel with some other contribution, but we do not know
how to see these cancellations.

This ends the discussion of the difficulties of the most straightforward approach to the problems of this
paper.
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What does work To bypass the previous issues we produce a refined version of the Weingarten calculus
that leads to a restricted set of surfaces, for instance not including the ones causing the problem above as
well as all generalizations of this issue.

The basic approach is the following. Instead of trying to deal with a complicated formula for s,,, (R2(x))
(as above), we instead use the copy W, (6 ) of WY in Jo;l,ﬁ’l that we found in Corollary 2.4. In
Section 3.3, we compute the orthogonal projection gg from gﬁ’l (note: not J“Lﬁ’l) onto W, (9/’,1‘,)
(Proposition 3.2). In the formula we obtain, we give bounds on the coefficients appearing therein
(Lemma 3.3). In addition, we remember that gy € End(JGLf,’l); this fact is not obvious from our formula

but turns out to be vital going forward.

The calculation of qg is extra to, but in the same spirit as, the vanilla Weingarten calculus, which is why
we claim to have refined the Weingarten calculus here.

In the expression for $,(w, i, V), we now write
Suw(Ra(x)) = Trgk. (AdgBagA™ a9 B~ q6Cag DqaC a9 D" qp).

where A, B, C and D are the images of the generators of I3 under x. Then the entire integral of
Tr(w(x))syu,v(R2(x)) is done using the usual Weingarten calculus. The fact that gy € End(Jd'ﬁ’l) intervenes
at a critical point to show that certain contributions from the classical Weingarten calculus cancel and
lead to restrictions on the nonzero contributions. Precisely, the restriction we obtain is summarized in the
forbidden matching property below (Section 3.4) and property (P4) (Section 4.3).

3.2 Proof of Theorem 3.1 whenk =1/ =0

Here we give a proof of Theorem 3.1 when k =/ = 0. This will allow us to bypass the slightly confusing
issue of using the Weingarten function Wg, ,; when k +/ = 0 in Section 3.3.

If k = [ = 0, then the only possible 1 - k and v - are empty Young diagrams j = v = &, and W,”"? is
the trivial representation of U(n), so Dg o(n) = 1foralln > 1 and 54 o(h) = 1 for all h € U(n). We
then have

(3-3) Doro ()9 (0. . 2) = F(w. 5. 2) = /

U(n)

v Tr(w(x)) du(x).

If w € Fy4 is a cyclically shortest word representing the conjugacy class of y € Iy with y # id, then
w # id. It then follows from (1-1) that Dg & (n)$n(w, D, &) = 0y (n) as n — oo, but, in fact, (3-3) is
given by a rational function of n for n > ng(w) by a straightforward application of the Weingarten calculus
[Magee and Puder 2019]. This implies Dy o (n)$n(w, &, @) = Oy (1) as n — 0o, as required.

This proves Theorem 3.1 when k =1 = 0. Hence, in the rest of Section 3, we can assume k + [ > 0.
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3.3 A projection formula

Here we develop an integral calculus that is more powerful than the usual Weingarten calculus and allows
us to directly tackle $,(w, i, v) without writing it in terms of integrals as in (3-1). The key point is that
our method leads to the forbidden matchings property of Section 3.4 and property (P4) of Section 4.3.

We now view k, [, ut-k and v =1 as fixed, assume k +/ > 0 and n > £(u) + £(v), and write 6 = 6 ,
as in (2-6), suppressing the dependence on n. Let W}, (0) be defined as in Corollary 2.4. Thus W (6) is
an irreducible summand of ﬁﬁ’l isomorphic to W,/*"” for the group U(n).

In the remainder of the paper we drop the dependence of our notation on n whenever it adds clarity.

Our first task is to compute the orthogonal projection qg onto W (). Let Py denote the orthogonal
projection in J° ’,j” onto 6. We also view Py as an element of End(@” f,’l) by restriction.

Under the canonical isomorphism End(JaLﬁ’l ~ 9'”5,’1 ® (9"5’1)\’, we have Py = (9 ®0"V)/||0]1?, and also,

from (2-6),

Py = !
161>

(3-4) P (0,08 00) [0 ® 6105 (0,05 (p):

here the inner square bracket is interpreted as an element of End(Jo"ﬁ’l). By Schur’s lemma, we have
(3-5) 0= i) [l Py (™) dpath
heu(n)

since the right-hand side is an element of End(W(60)) C End(@”f,’l) that commutes with 7%/ (U(n)), so it
is a multiple of qg, and it has the correct trace.
On the other hand, we can view J ﬁ’l ® (ﬁﬁ’l)v >~ gﬁﬂ’k“ by the canonical isomorphism

. v v

gﬁ:l ® (gﬁ,l)\/ ~ ((Cn)®k Q ((Cn)@)l) ® ((Cn)®k) ® ((Cn)®l

followed by the fixed isomorphism
(3-6) w:e{@é{; l—>€]|_|J/®é]/uJ.

Finally, there is a canonical isomorphism gﬁﬂ’kﬂ ~ End((C")®k+1). So, combining these, we fix
isomorphisms

37 End(7,") = T3 @ (T)Y o T = Bna (€ B,

We view the outer two isomorphisms as fixed identifications. These isomorphisms are of unitary represen-
tations of U(n) when everything is given its natural inner product. Moreover, for 0 = (01, 02) € Sg X S;
and T = (11, 172) € Sk X 7, we have, for 4 € End(gﬁ’l ,

(3-8) o[k (01)p" (02) Ap* (1) P! (22)] = pF T (01, 15 D[ A1p* T (21, 057,

recalling that p**!: C[S k+1] = End((C")®**1) is the representation by permuting coordinates.
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We now return to the calculation of qg in (3-5). We have

(3-9) 46 = Dy (m)¢ ™ [Py is1[o(Po)]l.

where P, i 4 is the projection onto the U(n)-invariant vectors (by conjugation) in End((C™)®*+!) This
can now be done using the classical Weingarten calculus. By Proposition 2.6, we have

(3-10) Py i+1[0(Pg)] = pF 1 (D[ (Pp)] - We, 1 11)-
where

D[p(Pe)l = Y Tr(p(Pe)p* (@™o
OESk+i

By (3-8) and (3-4), and since eg y,(g) = x.(g~1), we obtain
1

0(Pp) = Ww(pk(mﬁl ()00 ® 0 105 (06" (00))
= QE pk+l(pu®v)(/)(éu,v & é;\;f,u)/ok”(pu@v)»
where dd
Pugy = ﬁ > X1 (01) xv(02)0 € C[Sk 4]

0=(01,02)€Sk XS

Now, using that ® is a C[Sg4;]-bimodule morphism [Collins and Sniady 2006, Proposition 2.3 (1)], we
obtain

1
161>

1_ ) 0 —
= ||9||2ppL®\) ( Z Tr((p(GM’v ® Q;L/’v)pk-f'l (O_ 1))0_)pu/®v'

0E€ESK41

P[p(Pg)] = ——Puev P00 ® 0, ) puey

Now, Tr((p(éu,v ® él\{’v)pk"'l (07 1)) is equal to 1 if and only if o is in S, X S, < Sg x S, and is 0
otherwise. So we obtain

®[¢(Pe)]=ﬁm®v( > o)pmu;

oES, XSy

hence, from (3-10),
Py +1lo(Po)] = p* T (zp),

where
1
(-1 zg:= Y ze()T:= Wpu@w( > U)Pﬂ@ngn,kH € C[Sk+1]-
‘L’ESk_H UESMXSU
Therefore we obtain the following proposition:
Proposition 3.2 a9 = D v [0 (z9)].
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We can use the bound for the coefficients of Wg,, ;. ,; from Proposition 2.7 to infer a bound on the
coefficients zg (7). For o € Sk, let ||o|x; denote the minimum m for which

o =ool1l2- " Im,

where 09 € Si x S7 and 11, ..., t, are transpositions in Sk ;.
Lemma 3.3 Forall v € Sx4; and 6 = 0y, as above, zg(7) = Ok,l(n_k_l_"’”“) asn — oQ.

Proof Referring to (3-11), as n — oo, |82 = Ok,1(1) by Lemma 2.3 and the coefficients of
pM®V(Za€SMXSV o)pwg,v are clearly Oy ;(1), so zg has the form

(X 400 Wenear

gESK XS
where each A(0) is Oy ;(1). This means
z9()= Y AW)Wg,14(0)).
geSKXS;
O‘/ESk_H

oo’'=t

The order of any of the finitely many summands above is n % —I=lo’| by Proposition 2.7, and the minimum

possible value of |0”| is |7 ||k O
Before moving on, it is useful to explain the operator ¢~ [p* ! ()] for 7 € Sk+1- For I = (i1, ... ik41),
let I'(I;7) :=ig@)s- - ig) and J' (11 7) i= (k41 - - - » in(k+1)- As an element of

((Cn)®k+l ® (((Cn)V)(X’k-l-l’
%t () is given by

> er(u;mut (us;m) ®€rug.

I=(i1.emir)
J=Uk+15-rJk+1)

so, from (3-6),

_ wJ'(ITuJ;
(3-12) T I Y gusm ® T,
I1=(y,..., ix)
J =k 415esJk41)

3.4 A combinatorial integration formula

In this rest of Section 3, we assume g = 2. All proofs extend to g > 3. We write {a, b, ¢, d} for the
generators of F4 and R := [a, b][c,d]. Assume both y and w are not the identity and w € [Fg4, F4]
according to the remarks at the beginning of Section 2.6. We write w in the reduced form

(3-13) w=fEL2 S e, e %1}, fy€lab,c,d),

lw| >
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where, if f, = fy+1, then €, = €,41. For f € {a,b,c,d}, let py denote the number of occurrences
of f*1in (3-13). The expression (3-13) implies that, for & := (hq, hp. he hg) € U(n)?,

(3-14) Trw(h) = Y (hDiriy hP)iia =+ (5" Vi

ij€ln]
Working with this expression will be cuambersome so we explain a diagrammatic way to think about (3-14).
This will be the starting point for how we eventually understand $,(w, u, v) in terms of decorated
surfaces. We begin with a collection of intervals as follows:

w-intervals and the w-loop Firstly, for every j € [w] with f; = f asin (3-13) and €; = 1, we take a
copy of [0, 1] and direct it from O to 1.

In our constructions, every interval will have two directions: the intrinsic direction (which is the direction
from O to 1) and the assigned direction. In the case just discussed, these agree, but in general they will
not.

We write [0, 1], ; 4, for such an interval and ’J}Lw for the collection of these intervals.

For every j € [w] with f; = f asin (3-13) and €; = —1, we take a copy of [0, 1] and direct this interval
from 1 to 0. We write [0, 1]-1_; ,,, for such an interval and J]w for the collection of these intervals.

All the intervals described above are called w-intervals. There are |w| of these intervals in total.

w-intermediate-intervals Between each [0, 1] f;j ,j,w and [0, 1] ffﬁrl ,j+1,w we add a new interval
connecting 177/ jy t0 0741 41,0, where the indices j run mod |w|. These intervals added are called
w-intermediate-intervals. Note that these intervals together with the w-intervals now form a closed cycle
that is paved by 2|w| intervals alternating between w-intervals and w-intermediate-intervals. Starting at
[0, 1] £{1,1,w, reading the directions and f-labels of the w-intervals so that every w-interval is traversed
from O to 1 spells out the word w. The resulting circle is called the w-loop and the previously defined
orientation of this loop is now fixed. See Figure 1 for an illustration of the w-loop in a particular example.

We now view the indices i; as an assignment
a: {endpoints of w-intervals} — [n],
a(Of,j’w) = ij, a(lf,j,w) = ij+1, (l(Of—lﬁj’w) = ij, a(lf—l’j,w) = ij+1.

The condition that @ comes from a single collection of i; is precisely that if two endpoints of w-intervals
are connected by a w-intermediate-interval, they are assigned the same value by a. Let sd(w) denote the
collection of such a. If I is any copy of [0, 1], we write Oy for the copy of 0 and 1; for the copy of 1 in 1.
We can now write

Tr(w(h) = ) I1 ( [1 hami)a(li))( I1 ﬁa(loa(oj))-

acs(w) felab.ed) Niesf =
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Figure 1: The w-loop for w = a?ba~2bh'. The solid intervals are w-intervals and the dashed
intervals are w-intermediate-intervals. We also label each interval by the set, eg J/ . to which

they belong.
Now let v, be an orthonormal basis for W, (). We have

Suw(Rg (ha, hp, he, ha)) = Z(havpzs Up1 (b Vps Upa ) (hy Vpa Ups ) (hy Vps, Upy)
é “(hcvpgs Ups) (haVps, Upf))(h;lvps’ vp7>(h;1vp1’ Ups)-

Here we have written eg hqvp, for n,]f ’l(ha)vp2 to make things easier to read. Next we write each

Vp =D 17 ,BI{IeIJ, where ,BI{ = (vp, eIJ). We then have
(3-15)  {(haVpy. vp) ) Ups. pa ) (hg ' 0py. Ups ) (i Ups. Upy) (e Ups. Ups) (havps . pe) (g Upg. Vpr)
) <h;1vm’ Ups)
= Z Iyzasa _Igjla"a p%Sbﬁgbrb'BmRalB;;SaIBZ:R;,'BZ)S;, p6sz psrc '3P7Sdﬂpérd'8pch
D er I R e )y e )

re Ry Vivy 5 v v, U,

OSarssSrByisBpir Bpas, haessseni) heg,)
V U, V. U 1 u 1 uy

(hce ce C)(hdes;’,e “’)(h eR”,eS )(hd €R," esd)

We calculate
led ed) = (hpes,.er;)(hrey,.eu,)(hres,.er,)(hrev, . eu,)

(3'16) (hfeSf ’erf)(hf eR ’eSf
= (hres,uvp.erpuu)hpes, uv, . er,uU, )

We now want a diagrammatic interpretation of (3-15) similarly to before. We make the following

constructions:
R-intervals For each j € [k] and f € {a,b,c,d}, we make a copy of [0, 1], direct it from O to 1, label

it by f, and also number it by j. We write J;[ for the collection of these intervals. These correspond to

occurrences of f in R.
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o g 041 o
r d
0}/ Ry % fa g I NG
Sy rp b b//Ub Vg
ch sbl 0 v, uc\o
c c
k times 0'!S, Sa/o [ times 1(;: vel]
a a
1 Sd R,1 0'Ua Va 0
d\rq Sp L Ud//d
0 0
Sc re Rb/{ \b\\ub U—C/’L/c
17 1 0 ¢ 0

Figure 2: The R-intervals (left) and the R™!-intervals (right). We have indicated their assigned
direction and label (which f they correspond to). We have also, for each endpoint of an interval,
indicated which index function, eg r,, has this endpoint in its domain.

For each j € [k] and f € {a,b,c,d}, we make a copy of [0, 1], direct it from 1 to 0, label it by f, and
also number it by j. We write ’J; g for the collection of these intervals. These correspond to occurrences
of f~lin R.

(These two constructions of k intervals correspond to the presence of f and f ! each exactly once in R.)

These intervals are called R-intervals. There are 8k R-intervals in total (for general g, there are 4gk of
these intervals).

R~ L-intervals Foreach j € [k + 1,k +1] and f €{a,b,c,d}, we make a copy of [0, 1], direct it from

0 to 1, label it by f, and also number it by j. We write J7

R for the collection of these intervals. These

correspond to occurrences of f in R™L.

Foreach j e [k+ 1,k + /] and f €{a,b,c,d}, we make a copy of [0, 1], direct it from 1 to 0, label it
by f, and also number it by j. We write 3}7’ g—1 for the collection of these intervals. These correspond to
occurrences of f~!in R™1.

These intervals are called R~ !-intervals. There are 8/ R~ !-intervals in total (for general g, there are 4g/
of these intervals). See Figure 2 for an illustration of the R- and R~ !-intervals.

We now view (by identifying endpoints of intervals with the given numbers of intervals in [k + /])
"f3{0i3i€j}:R}_>[n]7 Ry:{liti€Tzp}— [nl,
Sf:{li:iej}fR}ﬁ[n], Sr:{0i:ie T, gy —[n],

UpAlizi€d ey = [nl upi{0:ieTfp )= [nl,
Vf:{Oi:iEJ;’R_I}—>[n], vf:{li:iEJ;:Rfl}_)[n]'
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We obtain, from (3-16),
(haeg,epe) (hpeg?, ep? ) (hy e et ) (hy e egh)

Sp
(heeg ep ) (haegd epd ) (h ek eg Wy et e
=[1 [T Il ‘voosaoteoonaoirans oo a0
foitesf jtert

f.R™1
1EJJRJ ey

S.R™1

With this formalism, we obtain

- — Vi aUp u Qv up aVp V.
G-17) }n(w,,u,v) - Z Z Z 'szsa Pla"a P3Sp pzrbﬂp:RaﬂpgsaﬂpsRhlesh péSc
Pi rp,Rr Vi, vy acd(w)

Va c uq Vg
Ur.uy.sr.Sy PSrCﬂP7sdﬁp6rd’BP8Rc p7scﬁp1Rd’3p8Sd
[heu(n) [1 ey 0498 (1)t 0,400, PR, (1-)S - (0-)
fe{a b,c,d} iejj?w’jejzw

hy - —ydh.
itert pimerr, Ur (1;-)Vr (05-)

‘j+€j.;'r.R—1 e g1
For each f, the integral in (3-17) can be done using the Weingarten calculus (Theorem 2.5). To do this,
fix bijections for each f € {a,b,c,d}

35 =0 U e UL, = [k +1 4 prl,

f fiR 7 “f,R™1
J- :=j_,RUJf,R—1UJ;,w ~ [k +1 + py]
such that
Jfp =k +l+1Lk+1+ppl. Tp, =k +1+1Lk+1+py]
and

(3-18)  Tfp=[kl, Jrp=Ikl, vk +Lk+ T =k Lk+]

fR

gt 07

correspond to the original numberings of R LR }'R yand J f R-1'

Hence, if of,7f € Sgy14p, We view o7, 15 J}L — ’JJT by the above fixed bijections. For each f €
{a.b,c,d}, wesay (a,rp,up, Ry, Ur) — oy if, for all i € TJ;[ andi € ’J} with o7 (i) = i’ we have

[rrUusUal(0;) = [Ry LUr La](ly);

here we wrote eg [rs Uuys Ua] for the function that a, ry and uy induce on {0; :i€J +} Similarly, we

say (a,s7,vr,Sp, Vy) = 17 if, forall i e 3;,1/ €3, with 74 (i) = i/, we have

[srUvy Ua)(ly) =[Sy U VrUa](Oy).
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Theorem 2.5 translates to

/h ' I rr )5, )ty 0000, (1) IR, (12)S 01U, 1)V (05-) A
cu(m) iej_/-'w,jefi_/_-.w
iterf pimerr,

-+ + - —
JTEY r10] €T

= Z Wgn’k+l+pf(afff_1)1{(a,rf,uf,Rf,Uf)—>0f,(a,Sf,vf,Sf,Vf)—>rf},
OfsTf ESk+i+py

so putting this into (3-17) gives

}n(w, ,LL, V) = Z ( 1_[ Wgn,k—l—l—l—pf (Offfl))

O T €Sk +i+py felab,e,d}

Z Z Va RpUs Vi pUp ’Buu Bva IB"b Bvb
DP2Sap1raFp3spy Fparp Ppa R, p3Sa ps Ry paSy
Pi acsd(w),rs . Ry, Vivy Uruy.sp.Sy V. aU. aVy ¢ pld V4
(arp.up,Rp.Ur)—oy "PpescPpsrcPpisq P6rd’3 psR. 7Sc'8p1Rd’81785d'

(@,s7,vr,8r,Vy)—>1ys

Here we make our main improvement over the classical Weingarten calculus. We introduce the following

beneficial property that the o and 77 possibly have:

Forbidden matchings property For every f € {a,b,c,d}, the following hold: neither o nor 7y map

or map an element of J7

any element of J7F g to an element of J R~

fR - , to an element of Ik

We have the following key lemma:

Lemma 3.4 If for some f € {a,b,c,d}, oy and 1y do not have the forbidden matchings property,

then, for any choice of py, ..., ps,
- Va RpUq Vi pUp Ug RVa Up Vb
(3-19) Z P2Satpiral p3spy P2rb’3P4RaﬂP’§sa'BPSRh’8P4sh
aEﬂ(W),rf',Rf',Vf',vf,Uf‘,llf ,Sf',Sf
L iif » » ¢ pUd_ Bva
(a’rf’uf’Rf=Uf)_)af ﬂpﬁscprsrCpr7sdprérdprchpr7SCprlRdﬁpgsd 0

(@s7,vr,8r,Vy)—>1s

Proof Indeed, suppose o0, matches an element i € J 4.R withjeJ™ 04 (1) =j. With our given fixed

a,R1
bijections (3-18), i corresponds to an element of [k] and j corresponds to an element of [k + 1,k + [].
Without loss of generality in the argument suppose that 0; corresponds to 1 and 0; corresponds to k + 1.
The condition 0,4 (i) =j and (a,rq,uq, Ry, Us) — o means that, as functions on [k] and [k + 1,k +1],

rq(1) = Uy (k + 1). There are no other constraints on these values.

Then, for all variables in (3-19) fixed apart from r, and U,, and all values of r, and U, fixed other than
rq(1) and U, (k + 1), the ensuing sum over r, and Uy, is

2. By
p2rg-
ra(1)=Ug4(k+1)
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But, recalling the contraction operators from (2-2), this sum is the coordinate of
ry@) ® ery(k) ® €U, (k+2) ® B €U, (k+1)

in c1,1(vp,). But c1,1(vp,) = 0 because vy, € gkl

We henceforth write Y _—
property. Lemma 3.4 now implies

to mean the sum is restricted to oy and ty satisfying the forbidden matchings

(3-20) Fn(w,p,v)

- ) ( [1 Wgn,k+l+pf(0fff1))

Or:Tr €Sk+i+p, SElabe,d}

Z Z gUa g¥s BU» glta  gva gup  Gvo
PZSu p1ra " p3spPparpPps R, Fp3Sa ps Ry paSy
Pi acd(w).ry Ry VyvrUruy,sy,Sy V. ZU. aVy ug g
(@rrur,RrUs)—or DP6Scl psreFp7sq P6"dﬂ SRC'B 7Sc'8 1Rd'8p85d'

(@s;.vr.Sr.Vy)=>ty

Moreover, we can significantly tidy up (3-20). For everything in (3-20) fixed except for eg p», the ensuing
sum over p; is

U V. U, V.
Z ﬁpzsa ﬁpzrb - Z(erbb ’ vPZ) (UPZ’ esaa) = (qeerbb , € a)
p2

p2
Therefore, executing the sums over p; in (3-20), we replace the sum over p; and the product over B-terms
by

(3-21) (ager”. ese)(apes’ es”){dnes) ek Maner. ex Masert e ) (apest e ) (apes? ek )

. (qgera ,eRd).

By Proposition 3.2, we have eg

(e ela) = Dyu(n) Y zg(m){p~ (o5 ()]l ).

ﬂESk_H

Now recall from (3-12) that

v.] IuJ;
[ k+l(7‘[)] Z eI’(Il_lJ n)® (Iu 7'[)

I=(i1,....ix)
J=k+15-sJk+1)

This means that (¢~ ![p Jrl(n)]e,.b .eg?) is equal to either 0 or 1 and ((p_l[pn+l(n)]erb Legd) = 1if
and only if, letting (3-18) induce identifications

{lizied] gy =k, {liied, gy =k +Lk+1],
{0i:i €Ty p} =[k], {Oi:iej;R_l}z[k—i-l,k—i-l]
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via their given indexing of intervals, we have [s, LU Up] o = [rp U V,], where eg s, U Up, is the function
either on endpoints of intervals or on [k + /] induced by the union of s, and Uj. Hence, repeating this

argument,

8
G2D=Du,m® Y HZQ(m))l{[sauUb]om:[rbuVa],[stva]om=[saqu],
R [RaUvp]oms =[SpUual, [RpUUc]oms =[rcUup],
[scUUgloms =[rgUVe], [sqUvc]ome =[S UVy],
[Rcuvd]°n7:[sd|—|uc]v[RdUUa]°n8=[rauud]}-

Putting all these arguments together gives

}n(w’ W, V)

=Du,(m® > > ( I1 Wgn,k+l+p_/-("fff1))(

Gf,'ffESprrkJrl 150, T8ESK+1  f€la,b,c,d}

> > 1{[sqUUplomt =[rpUV,], [spUvg]oms =[SaUV}].
i R
sl R Voo UrrsroSs Ry ugJors =[Sy Uitgl, [Ry LUl oma = [re Uiy,
(@sr,07,87,Vy)>1ys [scUUgloms =[rguVe]. [sqUvc]oms =[ScLV,].

[ReUvgloms=[SqUuc], [RgUUzlomg =[r, Uud]}.

8

I Ze(m))

i=1

This formula says that we can calculate $,(w, i, v) by summing over some combinatorial data of
matchings (the of, 7r and 7;) a quantity that we can understand well times a count of the number of
indices that satisfy the prescribed matchings. To formalize this point of view we make the following
definition:

Definition 3.5 A matching datum of the triple (w, k, 1) is a pair (0, 7¢) € Sg4+1+p, X Sk+1+p, as above,
satisfying the forbidden matchings property for each f €{a, b, ¢, d}, together with (71, . .., mg) € (Sg11)8.

We write
MATCH(w, k, 1)

for the finite collection of all matching data for (w, k, ).

Given a matching datum {or, ¢, ; }, we write N({oy, T¢, 7; }) for the number of choices of a € d(w),
rr, Re, Vi, v, Ur,uy, sy and Sy such that

(@, rf,ur, Re,Ur) — oy, (a,sp.vr, 8¢, Vi) — 17,
[sa UUplomy = [rp U Ve, [sp Uvgloma = [Sa UV,
(3-22) [Ra Uvploms =[Sy Uugl, [Rp UUc]oma = [re Uup),
[sc WU loms =[rg UV, [sqg Uvc]ome = [Se U Vy],
[Re Uvglomy =[Sq Uuc], [RgUUglomg = [rq Uugl.

With this notation, we have proved the following theorem:
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Theorem 3.6 Fork + 1 >0 withut k andv 1 and w € [F4, F4)], we have
(3-23) $n(w,p,v)

8
= Dy(n)8 Z (1_[29(”1'))( 1_[ Wgn,k+l+p_/(afff_1))
i=1

{or.,tr i }EMATCH(w k,1) felab,e,d}
-N(or, 17, mi}).

We conclude this section by bounding the terms zg(7;) and Wg, ¢ 174, ; (of 1]71) using Proposition 2.7
and Lemma 3.3, recalling also (2-1). Note that Y req, p a3 PF = %|w| This yields:
Corollary 3.7 Fork +1[ >0 withutk andv 1 and w € [F4, F4], we have

(3-24) gn(w,p,v)

Lk lw p—dke—al—|w|/2 Z n_Zf IG/‘T_/_-I\—Z?:] (|7 ""‘IN({Gf, 5. Y.
{07,777 }EMATCH(w k1)

We will proceed in the next section to understand all the quantities in (3-24) in topological terms by
constructing a surface from each {or, t¢, m;}.

4 Topology

4.1 Construction of surfaces from matching data

We now show how a datum in MATCH(w, k, /) can be used to construct a surface such that the terms
appearing in (3-23) can be bounded by topological features of the surface. This construction is similar
to the constructions of [Magee and Puder 2019; 2015], but with the presence of additional ; adding a
new aspect. We continue to assume g = 2 for simplicity. We can still assume that y € [I3, [3] and hence
w e [F 4, F. 4].
Construction of the 1-skeleton
m-intervals The identifications of the previous section mean that we view

w1 {0 i€ Ty pUTL iy = (v €T g UT, i),

w2 {011 €T g Uy poa} = {1y ej,ij Udh i)

m3:{0i:1 €Ty o UJ;:R_,}—> {lv: €T, 5 U’JZR_I},

n4:{oi:iejc+,RuJZR_l cR-1b
w5 {0 i€ T QUTS g} = {1y i €T g UT; i)

V> {1y el , Ul
@ i b,R

76 {0 i€ I gUTy poik = {ly i €T pUTT 13,
w7401 € TG gUTT o b= {1y €0, g UTY 1)

ng:{Oi:ieﬁiRUJ;R_l}e{ly:i’EJE’RUJ;R_I}.
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We add an arc between any two interval endpoints that are mapped to one another by some ;. All
the intervals added here are called w-infervals. The purpose of this construction is that the conditions
concerning 77; in (3-22) correspond to the fact that two endpoints of intervals connected by a 7 -interval
are assigned the same value in [n)] by the relevant functions out ofrg, Re, Vi, v, Ur, ur, sy and Sf (at
most one of these functions has any given interval endpoint in its domain).

The m-intervals together with the R-intervals and R™!-intervals form a collection of loops, which we call
R*-7-1oops.

o-arcs and T-arcs Recall from the previous sections that we view
st~
af,rf.Jf —>Jf.

We add an arc between each 0; and 1 with o (i) = i’ and between each 1; and Oy with 77 (i) = i’ These
arcs are called oy-arcs and ty-arcs, respectively. Any o7-arc (resp. T¢-arc) is also called a o-arc (resp.
t-arc). Notice even though an arc is formally the same as an interval, we distinguish these types of objects.
The only arcs that exist are o-arcs and t-arcs. The purpose of this construction is that the conditions
pertaining to o and 7 in (3-22) are equivalent to the fact that two endpoints of intervals connected by a
o-arc or t-arc are assigned the same value in [n] by the relevant functions out of a, vy, Ry, Ve, vr, Uy,

uf,sf and Sf.

After adding these arcs, every endpoint of an interval has exactly one arc emanating from it. We have
therefore now constructed a trivalent graph

G(oy.tr.mi}).

Each vertex of the graph is an endpoint of two intervals and one arc. The number of vertices of this
graph is twice the total number of w-intervals, R-intervals and R~ !-intervals, which is 2(|w| + 8(k +1)).
Therefore we have

(4-2) x(G{oy. 1. mi}) = —(Jw| + 8(k +1)).

(For general g, we have y(G({or, 17, i })) = —(Jw| + 4g(k +1)).) Moreover, the conditions in (3-22)
are now interpreted purely in terms of the combinatorics of this graph.

Gluing in discs There are two types of cycles in G({or, Tf, 7; }) that we wish to consider:

e (Cycles that alternate between following either a w-intermediate-interval or a w-interval and then
either a o-arc or a t-arc. These cycles are disjoint from one another, and every o- or t-arc is
contained in exactly one such cycle. We call these cycles type I cycles. For every type I cycle, we
glue a disc to G({or, t¢, m; }) along its boundary, following the cycle. These discs will be called
type I discs. (These are analogous to the o-discs of [Magee and Puder 2019].)
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d c

Figure 3: An example = ({oy, 77, 7;}) for w = ab™'a~'b. The o, T and some of the 7;-arcs are
labeled along with the numbers (0 or 1) of the points being matched in the w-intervals. Each
w-interval is also labeled with its corresponding letter. Here k = [ = 1; mg is a transposition
and all other 7; are the identity. There is one resulting R*--loop. In this example, for each
f €la,b,c,d}, oy = ty. This means that all type II discs are rectangles.

e Cycles that alternate between following either a w-interval, an R-interval or an R~ !-interval and
then either a o-arc or a t-arc. Again, these cycles are disjoint, and every o- or t-arc is contained
in exactly one such cycle. We call these cycles type II cycles. For every type Il cycle, we glue a
disc to G({oy, 1, m; }) identifying the boundary of the disc with the cycle. These discs will be
called type I discs. (These are similar to the z-discs of [Magee and Puder 2019].)

Because every interior of an interval meets exactly one of the glued-in discs, and every arc has two
boundary segments of discs glued to it, the object resulting from gluing in these discs is a decorated
topological surface, which we denote by

Z({or.tr.mi}).
An example of this construction is depicted in Figure 3.
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The boundary components of X ({or, t7, 7; }) consist of the w-loop and the R*-7-loops. It is not hard
to check that X ({os, 77, 7; }) is orientable with an orientation compatible with the fixed orientations of
the boundary loops corresponding to traversing every w-interval or R¥!-interval from 0 to 1.

We view the given CW—complex structure and the assigned labelings and directions of the intervals that
now pave 0% as part of the data of X ({or, tf, 7; }). The number of discs of X ({0, 7r, 7; }) is connected
to the quantities appearing in Theorem 3.6 as follows:

Lemma 4.1 N({Of, T, T }) — n#{typeIdiscs of Z({oy, 1y, m; })}'

Proof The constraints on the functions @, r¢, Ry, Vy, vg, Ur, uy, sy and Sy in (3-22) now correspond
to the fact that, altogether, they assign the same value in [r] to every interval endpoint in the same type I
cycle, and there are no other constraints between them. O

The quantities |0 r;1| in (3-24) can also be related to ({07, T, m; }) as follows:
Lemma 4.2 1_[ n_|‘7f"7f_l\ — n—4(k+l)—|w|/2n#{typeHdiscs of):({Q/,rf,ni})}.
felab,cd}

Proof Recalling the definition of |0 fjjl| from Proposition 2.7, we can also write

gty =

The cycles of {of T 1. fe{a,b,c,d}} are in one-to-one correspondence with the type II cycles of

k +1+ pr —#{cycles of O'f‘l,'f_l}.

X ({or, 1, m;}) and hence also the type II discs. Therefore,
1_[ n—lffff_/_-1| _ k4D, Y retap.c.ay (—pr Ficycles of oyt '}

felab,c.d}
— n—4(k—|—l)—|w \/Zn#{type Il discs of X({or, Tr, i })}

We are now able to prove the following:
Theorem 4.3 Fork +[ >0 withyutk and v [ and w € [Fy4, F4], we have
Fnw, (1, V) Kop 11 3 = Si=1 Imill.s, x(B(oy tr,mi )

{oy .77 ,mi }EMATCH(w k1)
Proof Combining Lemmas 4.1 and 4.2 with Corollary 3.7 gives
P (W 11 V) Ko g n~ Sk 3 n—Si=1 i .1y #idises of Sty i D}
{07,777 YEMATCH(w k. 1)
Then, from (4-2), we obtain
Fn(w, 11, ) Lo k1 Z n_2§=1 I7illk.1 X (G Tp i })) +#discs of E({os .z .7 )}
{0t m; FEMATCH(w k1)
_ 3 =1 il x(B oy tr i) O

{or,tr,mwi }EMATCH(w ,k,I)
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4.2 Two simplifying surgeries

Theorem 4.3 suggests that we now bound
8
AEGor trmb) =Y il
i=1
for all {o7,7r,m;} € MATCH(w, k, ). To do this, we make some observations that simplify the task. If

C is a simple closed curve in a surface S, then compressing S along C means that we cut S along C and
then glue discs to cap off any new boundary components created by the cut.

Suppose that we are given {07, 7, w; } € MATCH(w, k,[). Then {0, 0y, 7;} is also in MATCH(w, k, 1)
(the forbidden matching property continues to hold). It is not hard to see that

1oy, o7, 7)) = x(Z(Qor, 17, mi })).

Indeed, the t¢-arcs can be replaced by o -parallel arcs inside the type II discs of X ({or, 7, m;}). The
resulting surface’s arcs may not cut the surface into discs, but this can be fixed by (possibly repeatedly)
compressing the surface along simple closed curves disjoint from the arcs, leaving the combinatorial data
of the arcs unchanged but only potentially increasing the Euler characteristic.

It remains to deal with the sum 218:1 7l 1-

Suppose again that an arbitrary {or, 7¢, m; } € MATCH(w, k, /) is given. For each i € [8], write
i = w0,

where 7 € Sg x §;, 07 = (nl.*)_lm € Sk41 and |o;| = |7 ||k 1. Let Xo := X({or, tr, 7 }).

Take X ({of, T, 7;}) and add to it all the 7" -intervals that would have been added if 7; was replaced
by 7" for each i € [8] in its construction. The resulting object X is the decorated surface Xo together
with a collection of 7 *-intervals with endpoints in the boundary of Xo, and interiors disjoint from Xp.
This adds 8(k + ) edges to X and hence

x(X1) = x(E({oy.tr. 7i}) —8(k +1).

Now we consider all cycles that for any fixed i € [8], alternate between m;-intervals and 7-intervals.
The number of these cycles is the total number of cycles of the permutations {(Jrl-*)_1 7; o1 €[8]}. On the
other hand, the number of cycles of (ni*)_lm is

k+1—|(x) 'mil =k +1—l|oil =k +1— |7 |lg-

So in total there are 8(k + 1) — >, |7 ||x.; of these cycles. For every such cycle, we glue a disc along
its boundary to the cycle. The resulting object is denoted X,. Now, X» is a topological surface, and we
added 8(k +1) —)_; |lmi||x,; discs to X to form X», so

A(X2) = x(X0) + 8k + 1) =Y milles = x(Eop, tr, i) = Y Il
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X1 X3

g
0 d
compress
SNAANANANANANASS
1 a

Figure 4: A local illustration of the second type of simplifying surgery, precisely in the context
of Figure 3. The dashed simple closed curve in X3 is disjoint from any arcs, and cutting along
this curve and gluing in two discs yields X4. Going back to Figure 3 again, the net effect of this
surgery is to cut the left half from the right half.

Now “forget” all the original m;-intervals from X5 to form X3. The surface X3 is a decorated surface in
the same sense as X, except the connected components of X3 — {arcs} may not be discs. Similarly to
before, by sequentially compressing X3 along nonnullhomotopic simple closed curves disjoint from arcs,
if they exist, we obtain a new decorated surface X4. See Figure 4 for an illustration of this surgery taking
place. Moreover, and this is the main point, X4 is the same as X ({0, 7¢, 7;"}) in the sense that they are
related by a decoration-respecting cellular homeomorphism. Compression can only increase the Euler
characteristic, so we obtain

Aoy, 177 0) = ((X3) = x(Xa2) = x(Z(oy. 7 7w D) = Y il

Combining these two arguments proves the following proposition:

Proposition 4.4 For any given {0, s, 7; }, there exist " € Si x S; fori € [8] such that

8 8
AE(op.op. D) =D N7t ey = x(EHoy.op. 7 0) = x(EHop. 7.7 ) = Y |7l
i=1 i=1

Geometry & Topology, Volume 29 (2025)

k,l-



1270 Michael Magee

This has the following immediate corollary when combined with Theorem 4.3. Let
MATCH*(w, k, )

denote the subset of MATCH(w, k, I) consisting of {or,0r,7;} (ie 0y = 17 for each f € {a,b,c.d})
with 7r; € Si x §; for each i € [8].

Corollary 4.5 Fork +1 >0 with u -k andv -1 and w € [F4, F4], we have

Fn(W, V) Ko g n"0r 0y miyeusTen e XE 0y 0p D)

The benefit to having 7; € S x §; for i € [8] is the following. Suppose now that {or,07,7;} €
MATCH*(w, k, ). Recall that the boundary loops of X ({of, 0, 7;}) consist of one w-loop and some
number of Ri—n—loops. The condition that each 7; € Si x S; means that no w-interval ever connects
an endpoint of a R-interval with an endpoint of an R~ !-interval. So every boundary component of
> ({O'f, of, T }) that is not the w-loop contains either only R-intervals or only R~ l-intervals, and, in fact,
when following the boundary component and reading the directions and labels of the intervals according
to traversing each from 0 to 1, reads out a positive power of R (in the former case of only R-intervals) or
a negative power of R™! (in the latter case of only R™!-intervals). The sum of the positive powers of R
in boundary loops is k, and the sum of the negative powers of R is —/. Knowing this boundary structure
is extremely important for the arguments in the next sections.

4.3 A topological result that proves Theorem 3.1

Here, in the spirit of [Culler 1981], we explain another way to think about the surfaces X ({o7,0r, 7;})
for {of,0f, i} € MATCH*(w, k,[) that is easier to work with than the construction we gave. At this
point we also show how things work for general g > 2. An arc in a surface X is a properly embedded
interval in ¥ with endpoints in the boundary 9%.

Definition 4.6 For w € F,g, we define surfaces(w, k. [) to be the set of all decorated surfaces X* as
follows. A decorated surface X* € surfaces(w, k, [) is an oriented surface with boundary, with compatibly
oriented boundary components, together with a collection of disjoint embedded arcs that cut ¥* into
topological discs. One boundary component is assigned to be a w-loop, and every other boundary
component is assigned to be either a R-loop or an R~ !-loop. Each arc is assigned a transverse direction
and a label in {a1, b1, ... ,ag, bg}. Every arc-endpoint in 0X* inherits a transverse direction and label
from the assigned direction and label of its arc. We require that X* satisfy the following properties:

(P1) When one follows the w-loop according to its assigned orientation, and reads f when an f-labeled
arc-endpoint is traversed in its given direction, and f~! when an f-labeled arc-endpoint is traversed
counter to its given direction, one reads a cyclic rotation of w in reduced form, depending on where
one begins to read.
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(P2) When one follows any R-loop according to its assigned orientation in the same way as before, one
reads (a cyclic rotation) of some positive power of Rg in reduced form. The sum of these positive
powers over all R-loops is k.

(P3) When one follows any R™!-loop according to its assigned orientation in the same way as before,
one reads (a cyclic rotation) of some negative power of Ry in reduced form. The sum of these
negative powers over all R~!-loops is —/.

(P4) No arc connects an R-loop to an R~ !-loop.

Given a surface X ({07, 07, m; }) with {0y, 07, ; } € MATCH* (w, k, 1), all the type II discs of the surface
are rectangles. Hence, by collapsing each w-interval, R-interval and R~ !-interval to a point, and
collapsing every type II rectangle to an arc, we obtain a CW—complex that is a surface with boundary,
cut into discs by arcs. Every arc inherits a transverse direction and label from the compatible assigned
directions and labels of the intervals in the boundary of its originating type II rectangle. We call this
modified surface X* = X*({oy, m; }). It clearly satisfies (P1)~(P3) and (P4) follows from the forbidden
matchings property. (Of course, when g = 2, we identity {a, b, ¢, d} with {a1, b1, a2, b,}.) We also have
1(Z{or.or.mi})) = x(E*({oy, m;})). With Definition 4.6 and the remarks proceeding it, we can now
state a further consequence of Corollary 4.5 as it extends to general g > 2:

Corollary 4.7 Fork +1 >0 withpu bk and v =1 and w € [Fag, Fag), asn — 0o,

Fn(w, n,v) <Lkl pmax{x(Z*):X* esurfaces(w,k,l)}

In order for Corollary 4.7 to give us strong enough results, it needs to be combined with the following
nontrivial topological bound:

Proposition 4.8 If w € [Fag, Fag] is a shortest element representing the conjugacy class of y € Iy,
w # id and X* € surfaces(w, k, 1), then y(X*) < —(k +1).

Remark 4.9 Proposition 4.8 is by no means a trivial statement and one has to use that w is a shortest
element representing the conjugacy class of some element of I';. For example, if w = Ry, then w
represents the conjugacy class of idr,, but for k = 0 and / = 1 there is an “obvious” annulus in
surfaces(w, 0, 1). This has y =0 > —(k + ) = —1. Proposition 4.8 also requires w 7 id; if w = id then
for k = 0 and [ = 1 one can take a disc with no arcs as a valid element of surfaces(id, 0, 0). This has
x=1>—(k +1)=0. In fact this disc is ultimately responsible for E¢ ,[Trq] = n.

The proof of Proposition 4.8 is self-contained and given in Section 4.5. Before doing this, we prove
Theorem 3.1.
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Proof of Theorem 3.1 given Proposition 4.8 Since Theorem 3.1 was proved when k =/ = 0 in
Section 3.2, we can assume k 4/ > 0. Then combining Corollary 4.7 and Proposition 4.8 gives

Fn(w, @, v) Ly k.1 n~ kD,

On the other hand, D, ,(n) = O (n*t!) from (2-1). Therefore, Dyy(m)Pn(w, ,v) Ly kg 1. |

4.4 Work of Dehn and Birman—Series

As we mentioned in Section 3.1, to prove Proposition 4.8 we have to use the fact that w € [Fag, Fpg] is a
shortest element representing the conjugacy class of y € I';. We use a combinatorial characterization of
such words that stems from Dehn’s algorithm [1912] for solving the problem of whether a given word
represents the identity in I';. The ideas of Dehn’s algorithm were refined in [Birman and Series 1987].
Magee and Puder [2023] used Birman and Series’ results (alongside other methods) to obtain the analog
of Theorem 1.2 when the family of groups SU(n) is replaced by the family of symmetric groups Sj.
Similar consequences of the work of Dehn, Birman and Series that we used in [loc. cit.] will be used here.

We now follow the language of [Magee and Puder 2023] to state the results we need in this paper. These
results are simple and direct consequences of the work of Birman and Series.

We view the universal cover of X as a disc tiled by 4g-gons that we call U. We assume every edge
of this tiling is directed and labeled by some element of {a1,b1,...,ag,bg} such that when we read
counterclockwise along the boundary of any octagon we read the reduced cyclic word [ay, b1] - [ag, bg].
By fixing a basepoint u € U, we obtain a free cellular action of I'; on U that respects the labels and
directions of edges and identifies the quotient I'y \U with X ; this gives a description of X¢ as a 4g-gon
with glued sides, as is typical.

Now suppose that y € I" is not the identity. The quotient A, := (y)\U of U by the cyclic group generated
by y is an open annulus tiled by infinitely many 4g-gons. The edges of A, inherit directions and labels
from those of the edges of U. The point u € U maps to some point, denoted by xo € 4,,.

Now let w € F»4 be an element that represents y, and identify w with a combinatorial word by writing w
in reduced form. Beginning at xo, and following the path spelled out by w beginning at xq, we obtain an
oriented closed loop L, in the one-skeleton of A,. If w is a shortest element representing the conjugacy
class of y, then this loop L, must not have self-intersections. In this case, which we from now assume,
Ly, is therefore a topologically embedded circle in the annulus A,, that is nonnullhomotopic and cuts A4,
into two annuli A)ﬂf.

Every vertex of A, has 4g incident half-edges each of which has an orientation and direction given by
the edge they are in. Going clockwise, the cyclic order of the half-edges incident at any vertex is:

ap-outgoing, bi-incoming, ai-incoming, bj-outgoing, ..., ag-outgoing, bg-incoming, ag-incoming,
bg-outgoing.
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Figure 5: A piece P of Zw in the case when the reduced form of w contains agal_lbz_ lasa
subword. The edges of L, are in bold. The piece is indicated by the dotted lines. This piece P
has ¢e(P) = 2, he(P) = 7 and y(P) = 1. Note that a piece may also run along the other side
of Ly,.

We define L, to be the loop Ly, with all incident half edges in A, attached. We call the new half-edges
added hanging half-edges.

Moreover, we thicken up Lu by viewing each edge of L, as a rectangle, each hanging half-edge as
a half-rectangle, and each vertex replaced by a disc. In other words, we take a small neighborhood
of Ly in Ay. We now think of Ly as the thickened version. This is a topological annulus, where the
hanging half-edges have become stubs hanging off. A piece of Zw is a contiguous collection of hanging
half-rectangles and rectangle sides following edges of L, in the boundary of Ly. Such a piece is in
either A;‘ or A},. Given a piece P of f,w we write ¢(P) for the number of rectangle sides following
edges of Ly, and he(P) for the number of hanging-half edges in P. We say that a piece P has Euler
characteristic y(P) = 0 if it follows an entire boundary component of Ly, and x(P) =1 otherwise, as we
view it as an interval running along the rectangle sides and around the sides of the hanging half-rectangles.
See Figure 5 for an illustration of a piece of Lu.

Birman and Series [1987, Theorem 2.12(a)] prove that, if w is a shortest element representing the
conjugacy class of y € Iy, then there are strong restrictions on the pieces of L, that can appear. This has
the following consequence, which is given by [Magee and Puder 2023, Proof of Lemma 5.18]:

3We stress that Lemma 4.10 is a straightforward consequence of Birman and Series’ work, so, even though we cite [Magee and
Puder 2023], this paper does not depend on that work in any significant way.
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Lemma 4.10 If w is a shortest element representing the conjugacy class of y € I'y, and both y and
hence w are nonidentity, then for any piece P of Ly, we have

e(P) < (2g — )be(P) +2gx(P).

Proof Since w is a shortest element representing some nonidentity conjugacy class in Iy, in the language
of [Magee and Puder 2023], L,, is a boundary reduced tiled surface. Then the proof of [Magee and
Puder 2023, Lemma 5.18] contains the result stated in the lemma. The basic idea of the proof is not
complicated and goes back to [Dehn 1912]: if there are too many edges (ie ¢(P) is large) then one can
find a string of letters in the reduced word of w (eg aba™'h~!¢) that can be shortened using the relator R
(eg aba='b~lc =dcd™1). O

This inequality plays a crucial role in the next section.

4.5 Proof of Proposition 4.8

Suppose that g > 2 and w € [Faq, Fag] is a nonidentity shortest element representing the conjugacy
class of y € I',. In particular, w is cyclically reduced. We let R = R,. Now fix k,/ € Ny and suppose
¥* € surfaces(w, k, [). The arcs of X* are of three different types:

(WR) An arc with one endpoint in the w-loop and one endpoint in an R- or R~!-loop.

(RR) An arc with both endpoints in R- or R~!-loops. By property (P4), the endpoints of such an arc
are both in R-loops or both in R~!-loops.

(WW) An arc with both endpoints in the w-loop.

The boundary of any disc of X* alternates between segments of dX* and arcs. A disc is a pre-piece disc
if its boundary contains exactly one segment of the w-loop. A disc is called a junction disc if it is not a
pre-piece disc. We say that a junction disc is piece-adjacent if it meets a WR-arc-side.

To be precise, we view all discs as open discs, and hence not containing any arcs. A disc meets certain
arc-sides along its boundary; it is possible for a disc to meet both sides of the same arc and we view this
scenario as the disc meeting two separate arc-sides. We say an arc-side has the same type WR/RR/WW
as its corresponding arc.

Note that any pre-piece disc cannot meet any WW-arc-side: if it did, the disc could only meet this one
arc-side together with one segment of the w-loop and this would contradict the fact that w is cyclically
reduced since the arc matches a letter f with a cyclically adjacent letter f~1 of w. It is also clear that
any pre-piece disc meets exactly two WR-arc-sides: the ones that emanate from the sole segment of the
w-loop. So, in light of (P4), a pre-piece disc takes one of the forms shown in Figure 6.

We define a piece of X* to be a connected component of
{pre-piece discs} U {WR-arcs}.
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R-loop R-loop R-loop R-loop
WR RR RR RR RR WR
w-loop
w-loop
h fR\ /RR\ /RR\ fR\ b
R~ '-loop R~ !-loop R~ '-loop R~ !-loop

Figure 6: Possible forms of pre-piece discs. The number of R-loop segments or R~!-loop
segments is at least 1 and bounded given k and /. The arrows denote the orientations of the
boundary loops.

A piece of X* is therefore either a contiguous collection of pre-piece discs that meet only along WR-arcs,
or a single WR-arc. If P is a piece of X*, either y(P) =1, or y(P) = 0, in which case P meets the
entire w-loop and is the unique piece.

We now have fwo definitions of pieces: pieces of Ly and pieces of X*. These are, as the names suggest,
closely related, and this is the key observation in the proof of Proposition 4.8. Indeed, the reader should
carefully consider Figure 7, which leads to the following lemma. In analogy to pieces of Ly, if Pis any
piece of X*, we write ¢(P) for the number of WR-arcs in P, and he(P) for the number of RR-arc-sides
that meet P (this is zero if P is a single WR-arc).

Lemma 4.11 If w is a shortest element representing the conjugacy class of y € I'y, k,l € Ny and
>* € surfaces(w, k, 1), then, for any piece P of ¥*, we have

e(P) < (2g — )be(P) +2gx(P).

Proof Given any piece P of ¥*, it contains a consecutive (possibly cyclic) series of WR-arcs that
correspond to a contiguous collection of edges in the loop Ly,. The discs of P correspond to certain
vertices of L, ; each of these vertices has two emanating half-edges belonging to the edges defined by
WR-arcs of P. The piece P can either meet only R-loops or meet only R™!-loops.

We define a piece P’ of Ly corresponding to P as follows. If P meets R-loops, then P’ consists of
rectangle sides along the edges of L, corresponding to the WR-arcs of P together with all hanging
half-edges at vertices corresponding to discs of P that are on the left of L, as it is traversed in its assigned
orientation (corresponding to reading w along Ly,). If P’ meets R~ !-loops, then P’ is defined similarly
with the modification that we include instead hanging half-edges on the right of L,,. Figure 7 together
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R-loop R-loop R-loop  R-loop
a1 <—— <—by
bg ag b2 az
w-loop
w-loop
ar by ai by
TA N _AAT
R~ -loop R~'-loop R~ -loop R~ !-loop

Figure 7: Given a segment of the w-loop corresponding to a juncture between letters aj'b5 ! in w,
if this segment is part of a pre-piece disc then some possible forms of that disc are shown above.
This juncture between letters of w corresponds to a vertex in L.,. The right-hand illustration shows
the neighborhood of this vertex in the annulus A,, where the bold lines correspond to half-edges
of L,,. The right-hand picture actually almost determines the left-hand pictures. Indeed, given
the a;-arc on the top-left, the next arc has to be a bg-arc with the given direction, since only
bgl cyclically precedes a; in R, or any power of Rg. Then the next arc a, with its direction is
determined since only ag cyclically precedes by in Rg. This continues until an arc labeled by b,
and with an incoming direction is reached, as in the right arc of the top-left picture. At this point,
the boundary of the disc may close up. (This is analogous to what happens in the bottom picture,
where an analogous pattern occurs.) The only indeterminacy is that after reaching a b,-arc with an
incoming direction for the first time, the entire pattern shown in the right-hand picture may repeat
any number of times, as long as k and / allow it. The upshot of this is that any pre-piece disc has
at least as many incident RR-arc-sides as there are hanging half-edges on the corresponding side
of Ly, at the corresponding vertex.

with its captioned discussion now shows that

be(P’) < be(P),
and ¢(P) = ¢(P’) by construction. We also have y(P’) = y(P). Therefore Lemma 4.10 applied to P’
implies
¢e(P) =¢(P') < (2g— Dhe(P') +2gx(P') < (2g — Dhe(P) +2g x(P). O
Let Nrr be the number of RR-arcs, Nwr the number of WR-arcs, and Nww the number of WW-arcs

in X*. In the following, we refer to discs of X* simply as discs. Since there are 4g(k + /) incidences
between arcs and R-loops or R™!-loops, we have

(4-3) 2NgR + Nwr = 4g(k +1).

Let X be the surface formed by cutting X* along all RR-arcs. We have

AED= > (1-31d'(D)).

discs D
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where d’(D) is the number of arc-sides meeting D that are not of type RR. This formula holds because
d’(D) is the degree of the disc D in the dual graph G of X1, the right-hand side is easily seen to
be x(G1) = V(G1) — E(G1), and, since X deformation retracts to an obvious embedded copy of G1,
x(G1) = x(X1). We partition the sum above according to y(X1) = So + S1 + S, where

Soi= Y (1-3d'(D)).

pre-piece discs D

5 = 3 (1-1d'(D)).

piece-adjacent junction discs D

Ss = > (1-1d'(D)).

not piece-adjacent junction discs D

Note first that a pre-piece disc has d’(D) = 2 (see Figure 6). Hence So = 0. We deal with S next. For a
disc D of ¥*, let dwr (D) denote the number of WR-arc-sides meeting D. Note that a piece-adjacent
junction disc D has dwgr(D) > 0 by definition. We rewrite S; as

@4) S = 3 (1- %d/(D))m 3 1

piece-adjacent junction discs D incidences between D and WR-arc-sides

=) > (D),

pieces P incidences between P and some junction disc D along WR-arc
where, for a piece-adjacent junction disc D,

1 1 47
D)= —F——(1—5d"(D)).
Q( ) dWR(D)( 2 ( ))
Suppose that D is a piece-adjacent junction disc. By parity considerations, dwgr (D) is even. We estimate
Q(D) by splitting into two cases. If dwr(D) = 2 then d’(D) > 3, since, otherwise, D would meet only
two WR-arc-sides and other RR-arc-sides, whence be a pre-piece disc and not be a junction disc. In this

case,

Bl

0(D)=3(1-3d'(D)) < 3(1-3) =-
Otherwise, dwr(D) > 4 and, since d’(D) > dwgr(D), we have

1 1
0(D) < m(l - %dWR(D)) = dwr(D) —% <

NI
Nl
Bl

So we have proved that, for all piece-adjacent junction discs D, Q(D) < —%. Putting this into (4-4) gives

1
(4-5) S1=-y Z Z 1

pieces P incidences between P and some junction disc D along WR-arc

== Y aPy=—3 ¥ up).

pieces P pieces P
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We now turn to S,. Here is the key moment where w # id is used.* Since w # id, any disc must meet an
arc. Indeed, the only other possibility is that the boundary of the disc is an entire boundary loop that has
no emanating arcs. This hypothetical boundary loop cannot be an R- or R™!-loop, so it has to be the
w-loop. But this would entail w = id.

Hence any disc contributing to S» meets no WR-arc-side, but meets some arc-side. Therefore it meets only
WW-arcs or only RR-arcs. Every disc D contributing to S, meeting only WW-arcs gives a nonpositive
contribution since w is cyclically reduced, and hence d’(D) > 2. Every disc D contributing to S, meeting
only RR-arcs, which we will call an RR-disc, has d’(D) = 0 and hence contributes 1 to S5.

This shows
(4-6) Sy < #{RR-discs}.
In total, combining So = 0 with (4-5) and (4-6), we get
. 1
x(21) < #{RR-discs} — 3 Z x(P).
pieces P of X*

To obtain X* from X; we have to glue all cut RR-arcs, of which there are Ngrg. Each gluing decreases y
by 1, so

4-7) 2(=*) < #{RR-discs} — Ngg — % S P
pieces P of ©*

Using Lemma 4.11 with the above gives

(4-8) x(=*) < #{RR-discs} — Ngg — % > P
pieces P of X*

< #{RR-discs} — Ngr — % Z e(P)+ % Z he(P)
pieces P of T* pieces P of T*

N _
— #{RR-discs} — Neg — —% - 28=L 5™ pepy,
4g 4g .
pieces P of &

Let he'(Z*) denote the total number of RR-arc-sides meeting RR-discs. Every RR-disc has to meet at
least 4g arc-sides; this observation is similar to the reasoning in Figure 7. Therefore

4-9) he'(Z*) > 4g#{RR-discs}.

Every RR-arc-side either meets a piece P and contributes to he(P) or a disc meeting only RR-arc-sides
and contributes to he’(X*). Hence

(4-10) be'(Z)+ D be(P)=2Ngr.
pieces P of Z*

4Although, technically, w # id was used to define Ly, and pieces etc, if w is the identity, the proof of Proposition 4.8 could, a
priori, circumvent these definitions.
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Combining (4-3), (4-9) and (4-10) with (4-8) gives

he' () N 2¢—1
A=) < ~Nrr— =+ =222 N pe(P) (by (4-9))
4g 4g g
pieces P of X*
he'(2*) Nwr  (2g—1DNrr  2g—1, ,
= — Nrr — — b)) by (4-10
P T G DD by @-10)
__1 _ 28720 s+
= 4g(2NRR+NWR) iz he'(X7)
1 4g(k +1)
<—7-@2Nrr + NWwr) = ————— (by (4-3))
4g 4g
=—(k+1).
This completes the proof of Proposition 4.8. a

5 Proof of the main theorem

Proof of Theorem 1.2 Assume y € [Iy, I'z] is not the identity and that w € [Fag, Fag] is a shortest
element representing the conjugacy class of y, hence also not the identity. By Corollary 2.10, we have

- 1
EgnlTry] =0Qg—2n)"" Y Duy(m)Fn(w.v. 1)+ Ow,g(;),
(,v) €

where €2 is a finite collection of pairs of Young diagrams. We know limy, .o {(2g —2; 1) = 1 from (2-11)
and, for each fixed (u,v), Dy v(n)$n(w, v, ) = Dy (1) $n(w, v, u) = Oy, pu,v(1) by Theorem 3.1.
Hence Eg ,[Tr,] = O, (1) as n — oo, as required. m]
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Partial Okounkov bodies and Duistermaat—-Heckman measures
of non-Archimedean metrics

MINGCHEN XIA

Let X be a smooth complex projective variety. We construct partial Okounkov bodies associated with
Hermitian big line bundles (L, ¢) on X. We show that partial Okounkov bodies are universal invariants of
the singularities of ¢. As an application, we construct Duistermaat—Heckman measures associated with
finite-energy metrics on the Berkovich analytification of an ample line bundle.
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1 Introduction

1.1 Background

Let X be an irreducible smooth projective variety of dimension » and L be a big holomorphic line
bundle on X. Given any admissible flag X = Yy 2 Y7 2 --- 2 Y, on X (see Definition 2.7 for the
precise definition), one can attach a natural convex body A(L) of dimension n to L, generalizing the
classical Newton polytope construction in toric geometry. This construction was first considered by
Okounkov [47; 48] and then extended by Lazarsfeld and Mustata [45] and Kaveh and Khovanskii [43].
The convex body A(L) is known as the Okounkov body or Newton—Okounkov body associated with L
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Open Access made possible by subscribing institutions via Subscribe to Open.


http://msp.org
http://dx.doi.org/10.2140/gt.2025.29.1283
http://www.ams.org/mathscinet/search/mscdoc.html?code=14M25, 32U05
https://creativecommons.org/licenses/by/4.0/
https://msp.org/s2o/

1284 Mingchen Xia

(with respect to the given flag). We briefly recall its definition: given any nonzero s € H (X, LK), let v; (s)
be the vanishing order of s along Y;. Then s can be regarded as a section of HO(X, L¥ ® Ox (—v;(s)Y1)).
It follows that s; := s|y, is a nonzero section of L|]}‘,1 ® Ox(=vi(s)Y1)|y,. We can then repeat the
same procedure with s; and Y, in place of s and Y;. Repeating this construction, we end up with
v(s) = (v1(5),...,vu(s)) € N”. In fact, v extends naturally to a rank » valuation on C(X). Consider
the semigroup

[(L):={((s).k) e Z""" |k e N,s e H (X, LK)*}.

Then A(L) is the intersection of the closed convex cone in R”*! generated by I'(L) with the hyperplane
{(x,1) | x € R"}. A key property of A(L) is that the Lebesgue volume of A(L) is proportional to the
volume of the line bundle L:

1

(1-1) Vol A(L) = —

(L").

Here (*) denotes the movable intersection product in the sense of Boucksom, Demailly, Paun and
Peternell [12] and Boucksom, Favre and Jonsson [15].

In [45], Lazarsfeld and Mustatd showed moreover that A(L) depends only on the numerical class of L.
Conversely, it is shown by Jow [41] that the information of all Okounkov bodies with respect to various
flags actually determines the numerical class of L. In other words, Okounkov bodies can be regarded as
universal numerical invariants of big line bundles.

This paper concerns a similar problem. Assume that L is equipped with a singular plurisubharmonic
(psh) metric ¢. We will construct universal invariants of the singularity type of ¢. We call these universal
invariants the partial Okounkov bodies of (L, ¢).

1.2 Main results

Let us explain more details about the construction of partial Okounkov bodies. Recall that any admissible
flag on X induces a rank # valuation on C(X) with values in Z". We will work more generally with
such valuations, not necessarily coming from admissible flags on X. We define a set

(1-2) T(L,¢):={(v(s). k) € Z""" |k e N,s e HO(X, L¥ @ T(k$))*}

similar to I'(L). Here Z( ) denotes the multiplier ideal sheaf in the sense of Nadel. However, a key
difference here is that I'(L, ¢) is not a semigroup in general. Thus, the constructions in both [45] and [43]
break down. We will show that in this case, there is still a canonical construction of Okounkov bodies.

Before stating our main theorem, let us recall the definition of volume. The volume of (L, ¢) is defined as
1
vol(L,¢) := lim —h°(X, L* @ Z(k¢)).
k—o0 kT
The existence of this limit is proved in Darvas and Xia [33].
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Theorem A Let (L, ¢) be as above. Assume that vol(L, ¢) > 0. Then there is a convex body A(L, ¢) €
A(L) associated with (L, ¢) satisfying
(1-3) vol A(L, ¢) = vol(L, ¢).

Moreover, A(L, ¢) is continuous in ¢ if [, (dd°¢)" > 0. (Here the set of ¢ is endowed with the dg-
pseudometric in the sense of Darvas, Di Nezza and Lu [29] and the set of convex bodies is endowed with
the Hausdorff metric.)

Define
Ty :={k~"v(s) e R” | s e HOX, L¥ @ T(k¢))*}

and let A, denote the convex hull of T'y,. Then

(1-4) A — A(L, ¢)

with respect to the Hausdorff metric if vol(L, ¢) > 0.

Observe that the last assertion actually uniquely determines A(L, ¢), so A(L, ¢) can be regarded as
canonically attached to the given data (X, L, ¢, v).

The convex body A(L, ¢) is called the partial Okounkov body of (L, ¢) with respect to the given valuation.
Here the word partial refers to the fact that the partial Okounkov bodies are contained in A(L). One
should not confuse them with the notion of Okounkov bodies with respect to partial flags.

We will also extend the definition to the case vol(L, ¢) = 0 in Section 5.6, at the expense of losing
continuity in ¢.

Observe that (1-3) bears strong resemblance with (1-1). In fact, when ¢ has minimal singularities,
A(L,¢) = A(L) and (1-3) just reduces to (1-1).

The second main result says that partial Okounkov bodies uniquely determine the Z-singularity type of ¢.

Theorem B Let L be a big line bundle on X. Let ¢ and ¢’ be two singular psh metrics on L with positive
volumes. Then the following are equivalent:

) ¢p~z¢"
(2) A(L,¢) = A(L, ") for all rank n valuations on C(X) taking values in Z".

Recall that ¢ ~7 ¢’ means Z(k¢p) = Z(k¢’) for all real k > 0. This relation is studied in detail in
Darvas and Xia [32; 33]. It captures a lot of important information about the singularity of a psh metric.
Theorem B should be regarded as a metric analogue of Jow’s theorem.

As a byproduct of our proof of Theorem B, we reprove a formula computing the generic Lelong numbers
of currents of minimal singularities in ¢ (L), slightly generalizing Boucksom [9, Theorem 5.4]:

Geometry & Topology, Volume 29 (2025)



1286 Mingchen Xia

Theorem 1.1 (Corollary 5.25) Let L be a big line bundle on X. Consider a current T, of minimal
singularity in ¢ (L). Then for any prime divisor E over X, we have

1
(1-5) V(Tmin, E) = lim — ordg HO(X, L¥).
k—o0 k
Here v(Tyin, E) denotes the generic Lelong number of Ty, along E.

As a consequence, we find a new formula computing the multiplier ideal sheaf Z(7y;,) in Corollary 5.26.

The third main result is an analogue of Witt Nystrém [52]. Given any continuous metric ¥ on L, one can
naturally construct a convex function c[¥/] on Int A(L), known as the Chebyshev transform of /. The
main property of ¢[y/] is that given another continuous metric ¥’ on L, we have

(1-6) / (Y] — ely'D dh = vol (g, ).
A(L)

where vol(v, ¥') is the relative volume as studied in Berman and Boucksom [4] and Berman, Boucksom
and Witt Nystrom [6] and dA is the Lebesgue measure on R”. In our setup, we also associate a convex
function c[gj[/]: Int A(L, ¢) — R. Moreover:

Theorem C Assume that the valuation v is induced by an admissible flag on X. Let y and /' be two
continuous metrics on L. Then

(1-7) [ Colvl- v ak =gy + gy @),
A(L,$)
where S[%] is the partial equilibrium energy functional defined in (6-1).

Theorems A, B and C together give convex-geometric interpretations of the main results of [32; 33].
These results also provide us with a convex-geometric approach to the study of psh singularities.

As an application of our theory, we prove a generalization of Boucksom—Chen theorem (Theorem 7.9).
Recall that the Boucksom—Chen theorem [11] says that given a multiplicative filtration .# on the section
ring R(X, L), one can naturally associate a probability measure on R, known as the Duistermaat—
Heckman measure. Moreover, the Duistermaat—-Heckman measure is the weak limit of a sequence of
discrete measures 15 associated with the filtration .% on H® (X, Lk ). We show that this construction can
be generalized to all Z-model test curves, not necessarily coming from filtrations. Here we only prove the
generalized Boucksom—Chen theorem for filtrations on the full graded linear series, which suffices for
our purpose. It is, however, easy to see that the techniques apply to more general situations.

More generally, we introduce the notion of an Okounkov test curve (Definition 7.2) and generalize
Duistermaat—Heckman measures to this setting.

When L is ample, this construction allows us to associate a Radon measure DH(n) on R with each
element 7 in the non-Archimedean space £'(L*) in the sense of Boucksom and Jonsson [17]; see
Definition 7.13. The space £' (L") can be seen as the completion of the space of test configurations.

Geometry & Topology, Volume 29 (2025)
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Theorem 1.2 The Duistermaat—Heckman measure construction of test configurations as in Witt Nys-
trom [51] admits a unique continuous extension DH: £1(L*) — M(R). Here M(R) is the space of
Radon measures on R.

The Duistermaat-Heckman measure of a non-Archimedean metric is also constructed by Inoue [40] using
a different method. See Remark 7.17 for more details.

In Theorem 7.16, we will furthermore prove that DH(#) contains a lot of interesting information of 7.

In the last section, we interpret the partial Okounkov bodies in the toric setting. We prove the following

results:

Theorem 1.3 Let X be a smooth toric variety of dimension n and (L, ¢) be a toric invariant Hermitian
big line bundle on X with positive volume. Fix a toric invariant admissible flag on X. Recall that upon
choosing a toric invariant rational section of L, ¢ can be identified with a convex function ¢ on R”.
Then the partial Okounkov body A(L, ¢) is naturally identified with the closure of the image of V¢R.

Theorem D Let (L;,¢;) fori =1,...,n be toric invariant Hermitian big line bundles on X of positive
volumes. If the toric invariant flag (Y,) satisfies the additional condition that Yy, is not contained in the
polar locus of any ¢;, then

/ ddSey A+ Addpp = n!vol(A(L1, $1), . ... A(Lp, dn)).
X

It is of interest to generalize Theorem D to the nontoric setting as well. As shown by Example 8.5, the
nontoric generalization has to involve all valuations instead of just one.

Lastly, let us mention that our generalization of the Boucksom—Chen theorem has important consequences
in Archimedean pluripotential theory as well. When applied to generalized deformation to the normal
cone in the sense of Xia [55], it gives a number of interesting equidistribution results of the jumping
numbers of multiplier ideal sheaves. As a detailed investigation would lead us too far away, we do not

include these results in this paper.
1.3 Strategy of the proofs
We will sketch the proof of these theorems.

Proof of Theorem A In general, the graded linear space

o0
W(L.$):= PH (X, LF ® Z(k¢))
k=0
is not an algebra and similarly I'(L, ¢) as defined in (1-2) is not a semigroup. Thus, one cannot directly
apply the theory of graded linear series or the theory of semigroups as in Lazarsfeld and Mustatd [45]
and Kaveh and Khovanskii [43].

A key observation here is that although I"(L, ¢) is not a semigroup, it is not too far away from being one.

Geometry & Topology, Volume 29 (2025)
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To make this precise, we introduce a pseudometric d on the space S of subsets of Z"+! lying in a suitable
strictly convex cone:

d(S,S’) = k@ok_nﬂsk' + |S,’€| =28k N S,’c|).
Let ~ be the equivalence relation defined by d. The classical Okounkov body construction associates with
each semigroup a convex body. As we will prove later, this map factorizes through the ~-equivalence
classes, and it extends continuously to an almost semigroup, namely an object in S which can be
approximated by certain nice semigroups with respect to d.

In order to define the Okounkov body of (L, ¢), we will actually show that I'(L, ¢) is an almost semigroup
and we could simply define
A(L,¢) := A(T(L.9)).

The proof follows the same pattern as the proof in [33]. We proceed by approximations. We first consider
the case where ¢ has analytic singularities. In this case, after taking a suitable resolution, we can easily
see that W(L, ¢) can be approximated by graded linear series both from above and from below. In
the case of a singular ¢ with dd°¢ being a Kéhler current, we make use of analytic approximations
as in Demailly, Peternell and Schneider [36] and Cao [19]. More precisely, take a quasi-equisingular
approximation ¢/ of ¢. Based on the convergence theorems proved in [33], we can show that I'(L, ¢/)
converges to ['(L, ¢) with respect to the pseudometric d, which enables us to conclude in this case.
Finally, in the general case, a trick discovered in [29] and [33] enables us to reduce to the previous case.

Along the lines of the proof, we actually find that I'(L, ¢) satisfies a stronger property (1-4). This property
is essential to the proof of Theorem B; we call it the Hausdorff convergence property.

Proof of Theorem B Recall that in the classical setting, we can read information about the asymptotic
base loci of L from the Okounkov body A(L) directly; see [21]. In our setup, the analogue says that
the Okounkov body A(L, ¢) gives information about the generic Lelong numbers of ¢p. We will prove a
qualitative version of Theorem B:

Theorem 1.4 Let E be a prime divisor over X. Let m: Z — X be a birational model of X such that E is
a divisor on Z. Take an admissible flag (Y,) on Z with Y| = E, then

v(gp, E) = min X1.
(¢ ) XEA(x*L,t*¢) !

Here v(¢, E) is the generic Lelong number of ¢ along E, defined as the minimum of the Lelong numbers
v(r*¢, x) for all x € E. The proof of Theorem 1.4 again follows the same pattern as in the proof of
Theorem A. With some efforts, we can reduce the problem to the case where ¢ has analytic singularities
along some normal crossing Q-divisor on X and dd“¢ is a Kéhler current. In this case, the desired result
follows from a result proved in [55].

Proofs of Theorems C and D The proofs roughly follow the same pattern as above. Namely, we first
handle the case of analytic singularities and then conclude the general case by suitable approximations.
We will not repeat the details here.
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As explained above, our approach to general psh singularities requires a number of approximations; this
motivates the study of the metric geometry of the space of psh singularity types. We prove the continuity
of mixed masses under d g-approximations:

Theorem 1.5 (Theorem 4.2) Let 6; fori = 1,...,n be smooth closed real (1, 1)-forms representing

big classes on a connected compact Kihler manifold X of dimension n. Let gp{‘ ,9; € PSH(X, 6;) for
ds.p;

i=1,...,nand k € N. Assume that(plgC i>(p,’ for alli as k — oo. Then

(1-8) kli)Irolo/A./Ql’wic /\o.-/\gn,(pl//f Z/;/el’(ol /\-../\Qn,(pn‘

Here the Monge—Ampére operators are taken in the nonpluripolar sense.

This theorem and its various consequences are indispensable in all of our proofs. They are of independent
interest as well.

1.4 Structure of the paper

In Section 2, we collect a few preliminaries. In Section 3, we study the Okounkov bodies of almost
semigroups. In Section 4, we further develop the theory of dg-pseudometrics on the space of singularity
types initiated in [29]. In Section 5, we define partial Okounkov bodies associated with Hermitian
pseudoeffective line bundles and prove a number of properties. In Section 6, we define and study
Chebyshev transforms of continuous metrics. In Section 7, we generalize the theory of Boucksom—Chen
and study the non-Archimedean Duistermaat—Heckman measures. In Section 8, we give an explicit
description of partial Okounkov bodies construction in terms of the moment polytope in the toric situation.

1.5 Conventions

In this paper, Monge-Ampere operators ¢ refer to the nonpluripolar product in the sense of Boucksom,
Eyssidieux, Guedj and Zeriahi [13]. The group Z" is always endowed with the lexicographic order. A
line bundle always refers to a holomorphic line bundle. We do not distinguish a line bundle and the
associated invertible sheaf. When talking about a birational modification (resolution) 7: Y — X, we
always assume that Y is smooth and 7 is projective. We follow the convention that dd° = (i/ 271)99.
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2 Preliminaries

2.1 Hausdorff metric of convex bodies

In this section, we recall the theory of Hausdorff metrics on the set of convex bodies following
[50, Section 1.8]. Fix n € N. Recall that a convex body in R” is a nonempty compact convex subset
of R”, which may have empty interior. Let K, denote the set of convex bodies in R”. We will fix the
Lebesgue measure dA on R”, normalized so that the unit cube has volume 1.

Recall the definition of the Hausdorff metric between K1, K, € K;:

dn(Kl,Kz):=max{ sup inf |x;—x3|, sup inf |x1—x2|}.

x1€K, X2€K> x2€K, X1€K1

We extend dj, to an extended metric on K, U {&} by setting

dy(K, @) =00 forall K € IC,.
Theorem 2.1 The metric space (K,, dy) is complete.
Theorem 2.2 (Blaschke selection) Every bounded sequence in K, has a convergent subsequence.
Theorem 2.3 The Lebesgue volume vol: K, — R is continuous.

Theorem 2.4 Let K;, K € K, fori € N. Then K; An, K if and only if the following conditions hold:

(1) Each point x € K is the limit of a sequence x; € K;.

(2) The limit of any convergent sequence (X;;)jeN With x;; € K;; lies in K, where ij is a subsequence
of 1,2,....

The proofs of all these results can be found in [50, Section 1.8].

Lemma 2.5 Let Ky, K| € K,,. Assume that Ko € K; and
vol Ky = vol K1 > 0.
Then KO = K1~

Proof In fact, if K| # Ky, then K \ K is a nonempty open subset of K. As vol K1 >0, (K; \ Kg)N
Int Ky # &. Thus, vol K; > vol K, which is a contradiction. m]

Let K € K, be a convex body with positive volume. For § > 0 small enough, let
K% :={xe K |d(x,IK) >}
Then K € K, for 6 small enough.
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Lemma 2.6 Let K € K, be a convex body with positive volume and K’ € ICy. Assume that for some
large enough k € Z., K’ contains K N (k~'Z)", then K' 2 K" "

Proof Letx e K"/*k!

in K. Observe that x can be written as a convex combination of points in B N (k~1Z)", which are

. By assumption, the closed ball B with center x and radius n'/2k~! is contained
contained in K’ by assumption. It follows that x € K. |

Given a sequence of convex bodies K; (i € N), we set

o0
lim K; = J () X;
t—>00 i=0j=>i

Suppose K is the limit of a subsequence of K;, we have
2-1) lim K; € K.
i—>00

This is a simple consequence of Theorem 2.4.

2.2 Admissible flags and valuations

Let X be an irreducible normal projective variety of dimension 7.

Definition 2.7 An admissible flag (Y,) on X is a flag of subvarieties
X=Y2Y12--2Y,

such that Y; is irreducible of codimension i and smooth at the point Y.

Given any admissible flag (¥,), we can define a rank n valuation v(y,): C(X)* — Z" as in [45].
Here we consider Z" as a totally ordered abelian group with the lexicographic order. We recall the
definition: let s € C(X)*. Let vi(s) = ordy, s. After localization around Y, we can take a local
defining equation ¢! of Y7; set s; = (s (tl)_"l(s))lyl. Then s; € C(Y7). We can repeat this construction
with Y3 in place of Y; to get v2(s) and s,. Repeating this construction n times, we get v(y,)(s) = v(s) =
(w1(8), v2(8),...,vu(s)) € Z". It is easy to verify that v is indeed a rank n valuation.

Remark 2.8 Conversely, by a theorem of Abhyankar, any valuation of C(X') with Noetherian valuation
ring of rank # is equivalent to a valuation taking value in Z"; see [38, Chapter 0, Theorem 6.5.2]. As
shown in [23, Theorem 2.9], any such valuation is equivalent to (but not necessarily equal to) a valuation
induced by an admissible flag on a birational modification of X. Here two valuations v and v’ with value
in Z" are equivalent if one can find a matrix G of the form I + N, where N is strictly upper triangular
with integral entries, such that v/ = Gv.
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2.3 Model potentials and Z-model potentials

Let X be a connected compact Kihler manifold of dimension # and € be a smooth closed real (1, 1)-form
representing a (1, 1)-cohomology class [0]. Define Vy := sup{¢ € PSH(X, 0) | ¢ < 0}. For any two
¢, ¥ € PSH(X, 0), we say ¢ is more singular than ¥ and write [p] < [y] if there is a constant C such
that ¢ < ¥ + C. When ¢ < ¢ and ¥ =< ¢, we say that they have the same singularity type. We write
0y = 0 +dde.

Definition 2.9 Let ¢ € PSH(X, 0). Define
2-2) C%lp]:= sup*{lﬁ € PSH(X.0) | [p] = [y]. ¥ =0, / 0k nop = / 0k A6} for all k}.
X X
If Cp] = @, we say ¢ is a model potential. We omit 6 from the notation if there is no risk of confusion.

Here and in the sequel the Monge—Ampere type operators are taken in the nonpluripolar sense [13].

Proposition 2.10 [29, Proposition 2.6] Forany ¢ € PSH(X, 0), C?[¢] is a model potential in PSH(X, 6).
When [y 0 > 0 we have

C?ly] = Plg).
where
(2-3) PPl] = supx { € PSH(X.0) | [¥] X [g]. ¥ < 0}.
In general, we only have
(2-4) COlgl= lim PY[(1=e)p +€Vpl

We omit 6 from the notation P?[¢] if there is no risk of confusion.

Definition 2.11 A birational model of X is a projective birational morphism 7 : ¥ — X from a smooth
projective variety Y to X.

Recall that Z(¢) denotes the multiplier ideal sheaf of a gqpsh function ¢ on X in the sense of Nadel, namely
the coherent subsheaf of Oy consisting of functions f such that | f|? exp(—¢) is locally integrable.

Definition 2.12 Let ¢, ¥ be two quasi-psh functions, we say ¢ <7 ¥ if the following equivalent conditions
are satisfied:

(1) Z(ky) S Z(ky) for all real k > 0.
(2) Z(kg) S Z(ky) for all integer k > 0.
(3) For any birational model 7: Y — X and any y € Y, we have v(7*¢, y) > v(z*y, y).

The equivalence between (1) and (3) is just [32, Corollary 2.16]. The equivalence between (2) and (3)
follows from [32, Proposition 2.14].
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We say ¢ ~7 ¥ if ¢ 27 and ¢ <7 ¢.
Given any ¢ € PSH(X, 6), we define

PPlgly :=sup{y € PSH(X.6) | ¥ =z ¢. ¥ <0}.
We omit 8 when there is no risk of confusion. We say ¢ is Z-model if ¢ = P[¢]z.
It is shown in [32, Proposition 2.18] that P[¢]r € PSH(X, 0) and ¢ ~7 P[¢]z. Moreover, P[]z is always
Z-model. We can also talk about the ~7 relation of two psh metric on L in the obvious manner.

Typical model potentials are not Z-model; however, the converse is true:
Proposition 2.13 If 1 € PSH(X, 6) is an Z-model potential then it is model.

Proof We need to show that ¥ ~7 C[y]. Let 7: Z — X be a birational modification. Let z € Z. As
Y < C[y]+ C for some constant C, it suffices to show that

v(CY].z) Zv(¥, 2).
Here v(y, z) denotes the Lelong number of 7* at z. By (2-4) and the upper semicontinuity of Lelong
numbers (see [39, page 73, Exercise 2.7]), we find
V(C[¥],z) = lim v(P[(1—e)¥ +€Vyl,z) = lim v((1—e)yY +€Vy,z) =v (¥, 2).
e—>0+ €—~>0+

We conclude our assertion. O

2.4 Potentials with analytic singularities

Definition 2.14 A quasi-plurisubharmonic function (quasi-psh) ¢ on X is said to have analytic singular-
ities if for each x € X, there is a neighborhood U, € X of x with respect to the Euclidean topology, such
that on Uy,

Nx
(2-5) <p=clog(Z|fj|2)+w,

j=1

where ¢ € >, the f; are analytic functions on Uy, Ny € Z is an integer depending on x, ¢ € L°°(Uy).

Definition 2.15 Let D be an effective normal crossing R-divisor on X. Let D = ), a; D; with D; being
prime divisors and a; € R~ . We say that a quasi-psh function ¢ has analytic singularities along D if
locally, in the Euclidean topology,

o= ailoglsi|” +,
i
where s; is a local holomorphic function defining D;, ¥ is a bounded function.
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In the sequel, when we talk about a normal crossing divisor, we always assume that it is effective.

Note that a potential with analytic singularities along a normal crossing (Q-divisor has analytic singularities
in the sense of Definition 2.14.

For any quasi-psh function ¢ on X with analytic singularities, there is always a birational model 7: Y — X
such that 77 *¢ has analytic singularities along a normal crossing Q-divisor on Y. See [46, Lemma 2.3.19]
for example. We remind the readers that in [46], the definition of analytic singularities differs slightly
from ours: they require the remainder ¥ to be smooth instead of just bounded. However, the proof of
[46, Lemma 2.3.19] works verbatim with our definition.

2.5 Quasi-equisingular approximations

We recall the concept of quasi-equisingular approximations in the sense of [19; 36].

Let X be a connected compact Kihler manifold of dimension n and 6 (resp. 6; fori = 1,...,n) be a
smooth real (1, 1)-form representing a pseudoeffective (1, 1)-cohomology class [6] (resp. [6;]). Take a
Kéhler form @ on X.

Definition 2.16 Let ¢ € PSH(X, 0). Define a quasi-equisingular approximation to be a sequence
@’/ € PSH(X, 6 + €jw) with €; — 0 such that
(1) ¢/ - ¢in L',
(2) @/ has analytic singularities,
3) ¢/t =g/,
(4) Forany § > 0, k > 0, there is jo > 0 such that for j > jj,
T(k(1+8)p”) S T(kg) S T(ke?).

The existence of a quasi-equisingular approximation follows from the arguments in [19; 35; 36].

2.6 Volumes of Hermitian pseudoeffective line bundles

Let X be a smooth irreducible projective variety of dimension 7.

Definition 2.17 A Hermitian pseudoeffective (psef) line bundle on X is a pair (L, ¢), where L is a
pseudoeffective line bundle on X and ¢ is a psh metric on L.
When L is big, we say (L, ¢) is a Hermitian big line bundle.
Let (L, ¢) be a Hermitian psef line bundle on X. In this section, we recall the main results in [32; 33]

concerning the volume of (L, ¢).
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Definition 2.18 The volume of (L, ¢) is defined as

vol(L, ¢) == lim_ kinho(x, LK ® T(ke)).

The existence of the limit follows from [33, Theorem 1.1].
We take a smooth Hermitian metric 7 on L. Set 8§ = c¢;(L, h). Then we can identify ¢ with a 6-psh
function ¢, namely ¢ = h exp(—¢).

Theorem 2.19 [33, Theorem 1.1] Under the above assumptions,
1 n
vol(L.¢) = oy /X Oplol:-

We argue that vol deserves the name volume by proving that it satisfies the Brunn—Minkowski inequality.

Corollary 2.20 Let (L, ¢) and (L, ¢’) be two Hermitian psef line bundles on X. Then
(2-6) vol(L + L', ¢ +¢)!/" = vol(L,$)"/" + vol(L', ¢/)!/".

Proof Fix a smooth Hermitian metric 2" on L’ with 8’ = ¢{(L’, h’"). We identify ¢’ with ¢’ € PSH(X, 6’).
By Theorem 2.19, (2-6) is equivalent to

/ bro / 1/n 1/n / 1/n
c n n "
(/X(9+9 +dd* P o + ¢'lr) ) = (/X@PWJI) + (/Xe P(’/[(P’]I) '

Observe that
POy 1+ ¢'lr > POlolr + PY[¢']1.

Thus, by the monotonicity theorem of [53], it suffices to show that

: 0 1/n 1/n 1/n
’ c cpb'1, 11\ n n
(forovacropracrir) = ([ b)) +( [ )

This follows from [28, Theorem 6.1]. O

2.7 Non-Archimedean pluripotential theory
In this section, we briefly recall the notion of Berkovich analytification of a smooth complex projective
variety and the pluripotential theory in the sense of Boucksom and Jonsson [17] on it.

For simplicity, we assume that X is a connected smooth projective variety of dimension 7 and L is an
ample line bundle on X.

The set of real valuations on C (X)) trivial on C is denoted by X2, This set can be defined in the same
way for nonsmooth varieties as well.

The center of a valuation v is the scheme-theoretic point ¢ = ¢(v) of X such that v > 0 on Oy . and
v > 0 on the maximal ideal my . of Oy .. The center exists and is unique.
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Let X" denote the Berkovich analytification X" of X" with respect to the trivial valuation on C. As a set,
X is the set of semivaluations on X, in other words, real-valued valuations v on irreducible reduced
subvarieties Y in X that is trivial on C. We call Y the support of the semivaluation v. In other words,

Xan — Yval )
%‘

The Berkovich space X'*" admits a natural topology, called the Berkovich topology and a sheaf of analytic
functions. The natural morphism of ringed spaces X*" — X allows us to pullback L to an invertible
sheaf L2 on X?". See [2] for more details.

In [17], Boucksom and Jonsson developed a pluripotential theory with respect to (X", L?"), similar to
its complex counterpart. In particular, there is a natural notion of plurisubharmonic metrics on L?". In
[17, Section 7.1], Boucksom and Jonsson defined the notion of energy pairings (¢o, - . ., ¢») between
n+ 1 plurisubharmonic metrics ¢, . . . , @, on L. One can then define the space £! (L") of finite-energy
metrics as the space of plurisubharmonic functions ¢ on L*" such that

1
E(@):=——(o,..., —00.
(¥) n+l(<p @) > —00

Note that our definition of E differs from the definition of [17] by a multiple 1/ V. We will explain the
relation between the non-Archimedean pluripotential theory and the complex pluripotential theory in
Section 7.4.

3 The Okounkov bodies of almost semigroups

Fix an integer n > 0. Fix a closed convex cone C € R” x Rx¢ such that C N {x,4; = 0} = {0}. Here
Xpn+1 18 the last coordinate of R+

3.1 Generality on semigroups

Write §(C) for the set of subsets of C N Z"*! and S(C) for the set of subsemigroups S € C N Z"*1,
For each k € N and S € 8(C), we write

Sk:={xeZ"|(x,k)eS}.
Note that S is a finite set by our assumption on C.
We introduce a pseudometric on S(C) as follows:
d(s,s") = k@;ok_”(lSkl + 185 =21(S N Sk D).

Here | ¢ | denotes the cardinality of a finite set.

Lemma 3.1 The above-defined d is a pseudometric on S(C ).
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Proof Only the triangle inequality needs to be argued. Take S, S’, S” € §(C). We claim that for any
k eN,

ISkl 4+ 1S5 1 =218k NS+ ISE 1+ 1S5 =218, N SEl = 1Skl + 1SE =218k N Sy
From this the triangle inequality follows. To argue the claim, we rearrange it to the form
ISl = 1Sk NSl = 1S, NSEI— 1Sk N SE.
which is obvious. d

Given S, S’ € S(C), we say S is equivalent to S’ and write S ~ S’ if d(S, S”) = 0. This is an equivalence
relation by Lemma 3.1.

Lemma 3.2 Given S,S’,S" € §(C), we have

disns”,s'ns"<des,Ss.
In particular, if S*,S" e §(C) (ieN)and S' — S, S" — S/, then

S'ns"—sns’.
Proof Observe that for any k € N,
1Sk N SET— 1Sk NS, N SY < Sk — 1Sk N Syl
The same holds if we interchange S with S’. It follows that
ISk N SEI+ 1S, NS =2[Sk NS, NS = |Sk| + 1S5 — 218k N S
The first assertion follows.
Next we compute
d(S'NS",SNS)<d(S'NS",S'NS)+d(S' NS, SNS")<d(S".S")+d(S",S)
and the second assertion follows. |
The volume of S € S(C) is defined as
vol § := kli)rr;o(ka)_”lSkal = k@ok_”lSkl,

where a is a sufficiently divisible positive integer. The existence of the limit and its independence from a
both follow from the more precise result [43, Theorem 2].

Lemma 3.3 Let S,S’ € S(C), then
[vol S —vol S| <d(S,S).
Proof By definition, we have
d(S,S") >volS +vol S" —2vol(SNS’).
It follows that vol S —vol S” < d(S,S’) and vol " —vol S <d(S,S’). O
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We define S(C) as the closure of S(C) in §(C) with respect to the topology defined by the pseudometric d.
By Lemma 3.3, vol: S(C) — R admits a unique 1-Lipschitz extension to

(3-1) vol: S(C) — R.

Lemma 3.4 Suppose that S, S’ € S(C) and S € S’. Then

vol S <vol S’.

Proof Take sequences S/ and S’/ in S(C) such that S/ — S and S’/ — S’. By Lemma 3.2, after
replacing S/ by S/ NS’/ we may assume that S/ C S’/ for each j. Then our assertion follows easily. O

3.2 Okounkov bodies of semigroups

Given S € 8(C), we will write C(S) € C for the closed convex cone generated by S U {0}. Moreover,
for each k € Z~ ¢, we define

Ap(S) :=Conv{k 'x e R" | x € S§} C R".

Here Conv denotes the convex hull.

Definition 3.5 Let S’(C) be the subset of S(C) consisting of semigroups S such that S generates Z"*!
(as an abelian group).

Note that for any S € §’(C), the cone C(S) has full dimension (ie the topological interior is nonempty).
Given a full-dimensional subcone C’ € C, it is clear that C' N Z"T! € §'(C).

This class behaves well under intersections:
Lemma 3.6 LetS,S’ € S'(C). Assume that vol(S N'S’) > 0. Then S NS’ € §'(C).
The lemma obviously fails if vol(S N S”") = 0.

Proof We first observe that the cone C(S) N C(S”) has full dimension since otherwise vol(S N S’) = 0.
Take a full-dimensional subcone C” in C(S)NC(S’) such that C’ intersects the boundary of C(S)NC(S")
only at 0. It follows from [43, Theorem 1] that there is an integer N > 0 such that for any x € Z*T1 N C’
with Euclidean norm no less than N lies in S N S’. Therefore, S NS’ € S’(C). O

We recall the following definition from [43].

Definition 3.7 Given S € S§'(C), its Okounkov body is defined as
A(S) ={x eR" | (x,1) e C(S)}.
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Theorem 3.8 For each S € S'(C), we have

(3-2) vol S = lim k"|Sk| = vol A(S) > 0.
k—o0

Moreover, as k — oo,

(3-3) Ar(S) s A(S).

This is essentially proved in [52, Lemma 4.8], which itself follows from a theorem of Khovanskii [44].
We remind the readers that (3-2) fails for a general W € S(C); see [43, Theorem 2].

Proof The equalities (3-2) follow from the general theorem [43, Theorem 2].

It remains to prove (3-3). By the argument of [52, Lemma 4.8], for any compact set K < Int A(S), there
is ko > 0 such that for any k > ko, @ € K N (k~!Z)" implies that a € Ax(S).

In particular, taking K = A(S)5 for any § > 0 and applying Lemma 2.6, we find
dn(A(S), Ar(S)) <n'/2 k7' 48

when k is large enough. This implies (3-3). a

Corollary 3.9 Let S, S’ € §'(C). Assume that vol(S N'S’) > 0. Then we have
d(S,S’)=volS +vol S’ —2vol(S NS’).

Proof This is a direct consequence of Lemma 3.6 and (3-2). |
Lemma 3.10 Given S € §'(C), we have S ~ Reg(S).
Recall that the regularization Reg(S) of S is defined as C(S) N Z"+1.

Proof Since S and Reg(S) have the same Okounkov body, we have vol S = vol Reg(.S') by Theorem 3.8.

By Corollary 3.9 again,
d(Reg(S), S) = volReg(S) —vol S = 0. |

Lemma 3.11 Let S, S’ € S'(C). Assume that d(S, S’) = 0, then A(S) = A(S’).

Proof Observe that vol(S N S’) > 0, as otherwise

d(S,S")>vol S +vol S’ >0,

which is a contradiction.

It follows from Lemma 3.6 that S NS’ € §’(C). It suffices to show that A(S) = A(SNS’). In fact, suppose
that this holds, since vol A(S’) = vol S” = vol § = vol A(S), the inclusion A(S") 2 A(SNS") = A(S)
is an equality.
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By Lemma 3.2, we can therefore replace S’ by SN S’ and assume that S 2 S’. Then clearly A(S) 2 A(S”).
By (3-2),
vol A(S) = vol A(S").

Thus, A(S) = A(S’) by Lemma 2.5. O

Lemma 3.12 Suppose that S* € S'(C) is a decreasing sequence such that
lim vol S > 0.
1—>00

Then there is S € S'(C) such that S* — S.
In general, one cannot simply take S ={"); S ! For example, consider the sequence S’ = SN {x, >i}.

Proof By Lemma 3.10, we may replace S’ by its regularization and assume that S' = C(S) N z"+1,

We define o
S = (ﬂ C(S")) Nz,
i=1
Since (N2, C(S 7} is a full-dimensional cone by assumption, we have S € S’'(C). By Corollary 3.9 and
Theorem 3.8, we can compute the distance

d(S, S =vol S* —vol S = vol A(S) —vol A(S),

which tends to 0 by construction. |

3.3 Okounkov bodies of almost semigroups

Definition 3.13 We define S'(C)~¢ as elements in the closure of S’(C) in S (C) with positive volume.
An element in 8’(C)~¢ is called an almost semigroup in C.

Recall that the volume here is defined in (3-1).

Our goal is to prove the following theorem:

Theorem 3.14 The Okounkov body map A:S'(C) — Ky, as defined in Definition 3.7, admits a unique
continuous extension

(3-4) A:S8(C)so — Kn.

Moreover, for any S € STC)>0, we have

(3-5) vol § = vol A(S).

Proof The uniqueness of the extension is clear as long as it exists. Moreover, (3-5) follows easily from

Theorem 3.8 and Theorem 2.3 by continuity. It remains to argue the existence of the continuous extension.

We first construct an extension and prove its continuity.
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Step 1 We construct the desired map (3-4). Let S € §'(C)~o. We wish to construct a convex body
A(S) € K.

Let S’ € §’(C) be a sequence that converges to S such that
d(s’, 8"t <27
For each i, j > 0, we introduce
SH =8nstl...nsit
Then, by Lemma 3.2,
d(SH, sty <p=i=7,
Take i > 0 large enough that, for i > iy, vol S’ > 27! vol § and 2277 < vol S and hence
vol S* —vol S/ < d(S§%°, SHN) + d(SP!, 852 + -+ d(SP/ T, 8Ty < 217,
It follows that vol S%/ > 271 vol § —21~% > 0 whenever i > i¢. In particular, by Lemma 3.6, S’/ € §'(C)
fori > ij.
By Lemma 3.12, for i > i, there exists 7 € S’(C) such that S*/ — T? as j — co. Moreover,

d(T*,S) = lim d(S"/,8) < lim d(S™,S") +d(S*,8) <27 +d(S",S).
j—>00 Jj—>00

Therefore, T — S. We then define

oo

A(S) = ) aT).
i=ig
In other words, we have defined
A(S) := lim A(S?).

i—>00
This is an honest limit: if A is the limit of a subsequence of A(S?), then A(S) C A by (2-1). Comparing
the volumes, we find that equality holds. So by Theorem 2.2,
(3-6) A(S) = lim A(SY).

1I—>00

Next we claim that A(S) as defined above does not depend on the choice of the sequence S*. In fact,
suppose that S” € S'(C) is another sequence satisfying the same conditions as S?. The same holds for
R!:= S+t 0§+ Tt follows that

lim A(R") C lim A(S).

1—>00 1—>00
Comparing the volumes, we find that equality holds. The same is true with S’ in place of S*. So we
conclude that A(S) as in (3-6) does not depend on the choices we made.

Step 2 It remains to prove the continuity of A defined in Step 1. Suppose that S? € §'(C)sg is a
sequence with limit S € §’'(C)~¢. We want to show that

(3-7) A(ST) 15 A(S).
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We first reduce to the case where S’ € S'(C). By (3-6), for each i, we can choose T € S'(C) such that
d(ST, TP <27 and dp(A(S?), A(T?)) < 271, If we have shown A(T?) 25 A(S), then (3-7) follows
immediately.

Next we reduce to the case where d(S i S ‘H) < 27 In fact, thanks to Theorem 2.2, in order to
prove (3-7), it suffices to show that each subsequence of A(S’) admits a subsequence that converges
to A(S). Hence, we easily reduce to the required case.

After these reductions, (3-7) is nothing but (3-6). O

Corollary 3.15 Suppose that S, S’ € S'(C)~o with S € S’, then
(3-8) A(S) € A(S).

Proof Let S/,S"7 e S8'(C) be elements such that S/ — S and S/ — S’. Then it follows from
Lemma 3.2 that S/ N S’/ — S. Since vol is continuous, for large j, S/ N S’/ has positive volume and
hence lies in S’(C) by Lemma 3.6. We may therefore replace S/ by S/ NS’/ and assume that S/ C S/
Hence (3-8) follows from the continuity of A proved in Theorem 3.14. a

Remark 3.16 As the readers can easily verify, the construction of A is independent of the choice of C in
the following sense: Suppose that C’ is another cone satisfying the same assumptions as C and C' 2 C,

then the Okounkov body map A: 8’'(C’)~¢ — K is an extension of the corresponding map (3-4). We
will constantly use this fact without further explanations.

4 The metric on the space of singularity types

Let X be a connected compact Kihler manifold of dimension # and 6 (resp. 8; fori =1,...,n) be a
smooth real (1, 1)-form representing a big (1, 1)-cohomology class [8] (resp. [6;]). Let @ be a Kéhler
form on X.

In this section, we develop further the metric geometry on the space of singularity types of quasi-psh
functions, initiated in [29] and studied further in [32].

As explained in [29, Section 3], one can introduce a pseudometric dg on the set of singularity types of
functions in PSH(X, 6). In particular, dg lifts to a pseudometric on PSH(X, 6) as well. We do not recall
the precise definition, as the following double inequality from [29, Proposition 3.5] will be enough for us.
For any ¢, ¢ € PSH(X, 0) we have

n
@1 ds(p.¥) < 2(2/ Omaxio s N7, —/ B0 107, —/ Oy A 05;’) < Cods (9. ¥),
o\ Jx X X
where Cy > 1 is a constant depending only on #. In addition, dg (¢, ¥) = 0 if and only if
Cle] = Clyl.

When there is a risk of confusion, we write dg g instead of d.
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Lemma 4.1 Let ¢; € PSH(X, 0;) fori =1,...,n. Then

/91,«11 On,0n = /91 Clor ] A A On,Clg,]-

Proof From the definition (2-2), we have [u] < [C[u]], the < direction is obvious. For the reverse
direction, recall that C[g;] = lim¢ o4 P[(1 —€)¢; + €Vy,]. Thus, for € € (0, 1),

/91,C[¢1]/\"'A9n,c[wn]2(1_6)’1/91’¢1/\"'/\9n,wn-
X X

Letting € — 0+, we conclude. O

ds.e;
Theorem 4.2 Let gall‘, ;i €PSH(X, 0;) fori =1,...,n and k € N. Assume that (,011C RLEUIN @; ask — o0.
Then

4-2) lim / el’wf/\"'/\en,(pllf=/{;/91,¢1/\"*/\8n,(pn.

k—oo Jx

Proof By Lemma 4.1 and [29, Theorem 3.3], we may assume that ‘sz and <pk are model potentials.

Step 1 We assume that there is a constant § > 0 such that for all i and k,

" . >
o

In order to show (4-2), it suffices to prove that any subsequence of |; v 01 R LRASERTA On,pk has a converging
subsequence with limit f Y 01,0, A" A Opg,. Thus, by [29, Theorem 5.6], we may assume that for each
fixed i, <,0;c is either increasing or decreasing. We may assume that for i < iy, the sequence is decreasing
and for i > iy, the sequence is increasing.

Recall that in (4-2) the > inequality always holds [26, Theorem 2.3], it suffices to prove

(4-3) lim/G k/\ AG’% /91¢1 On0n -

k—o0

By Witt Nystrdm’s monotonicity theorem [53; 26], in order to prove (4-3), we may assume that for j > iy,
the sequences gojl.‘ are constant. Thus, we are reduced to the case where for all 7, the golk are decreasing.

In this case, for each i we may take an increasing sequence bk > 1, tending to oo, such that

Wb [ 6, > @b =1 [ o1
Let 1//1." be the maximal 6;-psh function such that
GO+ A=) Def < er,
whose existence is guaranteed by [29, Lemma 4.3].
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Then by Witt Nystrdom’s monotonicity theorem [53; 26] again,

l—[(l (bk) )/ 91 (pk A /\9 ,(p / 91 ﬁal ’ s‘/’n

i=1

Letting kK — o0, we conclude (4-3).
Step 2 Now we deal with the general case.

We claim that if ¢ € (0, 1], then (1 — l)golk +1Vy, ds, (1 —1)gp; +tVp, as k — oo for each i. From this
and Step 1, we find that for ¢; € (0, 1],

lim /X 91,(1—t1)rpf+t1 Vo, ANEEA en,(l—tn)tp/fﬂann = /X 91,(1—t1)¢1+11 Vo, ANREA Qn:(l_tn)‘ﬂn+th6n'

k—o0

Thus, (4-2) follows, after letting #; ~\ 0.

It remains to prove the claim. For simplicity, we suppress the 7 indices momentarily. We need to argue that

J n—j n—j
2/X@max{(l —) ek +tVy,(1— t)(p—i—th} /9(1 t)¢k+zV9/\9 [9(1 t)<p+tVe/\9V9 — 0.

Note that the above expression is a linear combination of terms of the following type:

—r r n—r
[ emax{rp" or / Qw" Vo _/Xew" A

Thanks to (4-1), all these expressions tend to 0 as k — oo since (pk ds, @, which proves our claim. O

Corollary 4.3 Let ¢, ¢ e PSH(X, 0) for k € N. Let w be a Kiihler form on X. Assume that gk £5:%> ds.0 =5 .

Then ¢* ds.6+w, .

Proof It suffices to show that for each j =0, ..., n, we have
[ @ +w )mdx{(ak o € Jra))V(ng /X(@ —i—a));k NC Jrcu)',’,;’r / C +w)1 A (6 +w)Ve+
as k — oo. Note that this quantity is a linear combination of terms of the form

/Gmax{(ok(p} N r/\(9-i-60)V9+ /9’ Aw!™ ’/\(G-I—a))V@+ /Gr Awl™ ’/\(9-|-a))V9+

where r = 0,..., j. By Theorem 4.2, it suffices to show that max{¢, (pk} ds, @. But this follows from
[29, Proposition 3.5]. O

Corollary 4.4 Let ¢ € PSH(X, 0) be an Z-model potential of positive mass. Let w be a Kahler form
on X. Then P?*®[y] is T-model.

Proof By [33, Theorem 3.8], we may take a sequence ¢/ with analytic singularities such that ¢/ ds.0, 0.
Then ¢/ ds.otw, ¢ by Corollary 4.3. Thus, P?*+®[¢] is Z-model. ]
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Corollary 4.5 Let ¢/, ¢ e PSH(X,0;) and ¥/, € PSH(X, 6,) for j € N. Assume that ¢’ —> ©,
vl 252,y Then

ds.0,+6,
Mt LAY

o/ +y/ @+

Proof Let 6 = 0 + 0. It suffices to show that for each r = 0, .
r n—r r
2/)( 0max{¢f+1/f",¢+1/f} Ay, = /X 9¢f+1/ff / 9¢+W T—0.
Observe that
max{p’ + ¥/, ¢ + ¢} < max{gp’, ¢} +max{y’, y}.
Thus, it suffices to show that
2/X O axto’ ormaxtys w3 N — 9«2/ i MO / Opry N, = 0.

The left-hand side is a linear combination of
2 /X U (o DIOA [ N o N /X 00, N A Bl

witha =0, ..., r. Observe that max{p/, ¢} s, ¢ and max{y/, } S5 4 by [29, Proposition 3.5], each
term tends to 0 by Theorem 4.2. a

Finally, we prove the continuity of P[e];.

Theorem 4.6 The map PSH(X, 6)-o — PSH(X, 0)~¢ given by ¢ — P|¢]z is continuous with respect
to the d g-pseudometric.

Here PSH(X, )~ denotes the subset of PSH(X, #) consisting of ¢ with [ by > 0.

Proof Let ¢;, ¢ € PSH(X, 0)=0, with ¢; 95> ¢. We want to show that
d
(4-4) Plgilz = Plelz.

We may assume that the ¢; and ¢ are all model potentials by [29, Theorem 3.3]. By [29, Theorem 5.6],
we may assume that ¢; is either increasing or decreasing. These cases follow from [32, Lemma 2.21] and
[29, Proposition 4.8, Lemma 4.1]. O

5 Partial Okounkov bodies

Let X be an irreducible smooth complex projective variety of dimension n and L be a big line bundle
on X. Take a singular psh metric ¢ on L. We assume that vol(L, ¢) > 0. Let / be a smooth Hermitian
metric on L. Let 6 = ¢;(L, h). Then we can identify ¢ with a function ¢ € PSH(X, 0). We will use
interchangeably the notations (6, ¢) and (L, ¢).
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For each k > 0,
o0
Wi(6.¢) :=H(X.L* ®Z(kg)) and W(b.¢) := D Wi(6.9).
k=0
We omit (8, ¢) from our notations when there is no risk of confusion. Observe that Wy (8, ¢) % 0 when
k is large enough, as follows from Theorem 2.19.
Fix a rank n valuation v: C(X)* — Z". We will write
Ty k(0. 9) = {k™ v(s) | s € Wi(8,9)"} for k=1,
Ty (0.9) ={(v(s). k) | k € N,s € Wi (6, 9)"}.

In [45], Lazarsfeld and Mustatd only considered the case where v is induced by an admissible flag, but
thanks to Remark 2.8, their results can be easily extended to the current setup. We will use these results
without further comments.

5.1 Construction of partial Okounkov bodies

Our goal in this section is to show that ', (8, ¢) € S’(A, (L)) ¢, namely it is an almost semigroup. Then
we shall define

(5-1) Av(0.9) := AT (0. ¢))
using the theory of Okounkov bodies of almost semigroups developed in Section 3.3. Moreover, we have
1

5.1.1 The case of analytic singularities Assume that ¢ has analytic singularities and 0, is a Kéhler
current.

For any rational € > 0, we define

(5-3) WiE = WEB. @) :={s e H(X, L*) | |s]2,e7*179% i5 bounded}.
Then W€ := P2, W has the property that

(5-4) O,(W€) :={(v(s),k) |k eN,s € WkE’X} e S'(Ay(L)).

To see this, we may assume that ¢ has analytic singularities along a Q-divisor E£. Then (5-4) follows
from the fact that L — (1 — €) E is big, proved in [55, Lemma 2.4]; cf [45, Lemma 2.2].

For any € € Q- ¢, we have that
(5-5) W0 € Wi € W

for k large enough depending on €. The first inclusion is of course trivial. The second inclusion is widely
known among experts. A detailed proof can be found in [33, Remark 2.9].

Geometry & Topology, Volume 29 (2025)



Partial Okounkov bodies and Duistermaat—Heckman measures of non-Archimedean metrics 1307
Let 7 : Y — X be aresolution such that 77 *¢ has analytic singularities along a normal crossing Q-divisor E.

Then we have a natural identification for sufficiently divisible £,

WE =HY(Y, n* L% ® Oy (—(1 — ©)kE)).
On the other hand,
W2 = H(Y, n*L* ® Oy (—k E)) CH(Y, n* LF).

We compute the volumes
1 0 1
(5-6) vol T, (W€) = E/XQ?I—G)V) and volT,(W") = E/X%’.

It follows that T',(W€) — T',(W?) and T', (6, ¢) is equivalent to I',(W?). In particular, we get that
I8, 9) € S'(Ay(L))>g, (5-1) makes sense and (5-2) holds.
Remark 5.1 Tt follows from the proof that if W°(6, ¢) is defined as in (5-3) and (5-4):
W20, ¢) = {s e H'(X, L¥) | |s|2.e7*¢ is bounded},
then
(5-7) AT (WO(0.9)) = Ay(0. ).
If we assume furthermore that 7 *¢ has analytic singularity along some normal crossing Q-divisor E

on Y, then A, (60, @) is just the translation of A, (7*L — E) by v(E).

5.1.2 The case of Kiihler currents Now assume that 0, is Kéhler current. Let ¢/ e PSH(X, 6) be a
quasi-equisingular approximation of ¢. Then ¢/ s, Plg]z by [33, Proposition 3.3].

In this case, we claim that
(5-8) Ty(8.97) = Ty (6. 9).
In fact, by Theorem 2.19, we have
d(Ty(0,¢7),Ty(0,9)) = kﬁo (WX, LF @ (ko)) — h° (X, L @ T(k¢)))
= lim k"X, LK @ Z(k¢’)) = Jlim k~"h0 (X, LF @ T(ky))

k—o0

_ 1 n 1 n
Letting j — oo, we conclude (5-8) by Theorem 4.2.
Thus, ', (0, ¢) € S'(Ay(L))>o and (5-1) makes sense. By Theorem 3.14, we find that

Av(®.0) = () Av(6.¢).
j=0

In particular, (5-2) holds.
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5.1.3 General case Now we consider general ¢ with the assumption that | Y 9;’,[w]z > 0. We may replace
¢ with P[¢]7 and then assume that the nonpluripolar mass of ¢ is positive. Take a potential ¥ € PSH(X, 6)
such that ¥ < ¢ and 6y, is a Kihler current. The existence of v is proved in [33, Proposition 3.6]. For
each e e QN (0, 1], let e = (1 — €)@ + €. Then we have W(0, pe) € W(0, ¢). By (5-2),

1 n
vol Ay (0, ¢e) = ; /X 9P[<pe]z'
We claim that

[y (8. 9e) > T (0, 9).
In fact, this follows from the simple computation

d(Ty(0,9), Tu(0, 9)) = Tim k™" (h°(X, L* ® T(kg)) — h°(X, L* @ Z(k¢e)))

= lim k"h%(X, L* ®(kg)) - lim k7RO (X, L* @ T(ke))
—>00

k—o0

1 n 1 n
= ;/X@w—a/X@P[we]z-

By [33, Proposition 2.7], as € decreases to 0, P[¢c]r increases to P[p|z = ¢ a.e., which implies the
dg-convergence by [29, Lemma 4.1]. Therefore, the right-hand side of the above equation converges to 0
by Theorem 4.2. Our claim is proved. It follows that I', (8, ¢) € S'(A,(L))~¢ and (5-1) makes sense.
By Theorem 3.14,

Av(B.0) = Av(B.00).

>0
It remains to verify (5-2):

1

1 . n n
vol A, (8, ¢) = ol egf(f)gr . 91»[@6]1 - /X QP[(P]I'

Definition 5.2 Assume that ¢ € PSH(X, 6), where [} 9;’,[(/)]1 > 0. We call A, (8, ) the partial Okounkov
body of (L, ¢) or of (0, ¢) with respect to v. When v is induced by an admissible flag (¥,) on X (see
Definition 2.7), we also say that A, (0, ¢) the partial Okounkov body of (L, ¢) or of (8, ¢) with respect
to (Y.). In this case, we also write Ay, instead of A,.

We use interchangeably the notations A, (6, ¢) and A, (L, ¢). When there is no risk of confusion, we
write A instead of A, or Ay,.

Remark 5.3 We have assumed X to be smooth only for simplicity. All of our constructions work equally
well when X is normal or merely unibranch, based on the pluripotential theory in these settings developed
in [54].

Remark 5.4 In the transcendental setting, a theory of Okounkov bodies was recently established in [31]
based on the work of [37]. The proof of the volume identity of transcendental Okounkov bodies relies on
the technique of partial Okounkov bodies developed in this paper. The transcendental analogue of the
partial Okounkov bodies is constructed in a forthcoming joint paper with T Darvas.
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5.2 Basic properties of partial Okounkov bodies
We first show that A(6, ¢) does not depend on the explicit choices of L, / and ¢, it just depends on dd¢.

Lemma 5.5 Let L' be another big line bundle on X. Let h' be a smooth Hermitian metric on L" with
c1(L,h)=c(L',h'). Then A(6, ¢) defined with respect to (L, ) is the same as the one defined with
respect to (L', h').

Proof From our construction, we may assume that 6, is a Kéhler current and ¢ has analytic singularities.
After taking a birational resolution, it suffices to deal with the case where ¢ has analytic singularities along
normal crossing Q-divisors E. By rescaling, we may also assume that E is a divisor. By Remark 5.1, we
further reduce to the case without the singular potential ¢.

In this case, the assertion is proved in [45, Proposition 4.1]. |

Lemma 5.6 Let /' be another smooth Hermitian metric on L. Set 0’ = ¢{(L,h"). Writedd* f =6 —0’.
Let¢' = ¢+ f € PSH(X, 0'). Then

(5-9) A(O, ¢) = A0, ¢").
Proof This is obvious as W(6, ¢) = W(6', ¢’). O

Corollary 5.7 The partial Okounkov body A(L, ¢) depends only on dd¢, not on the explicit choices
of L, ¢ and h.

Thanks to this result, given a closed positive (1, 1)-current ' € ¢y (L) on X with | y T" > 0, we can
define A(T) as A(6, @) if T = 6 + dd°¢ for some ¢ € PSH(X, 6).

Proof This is a direct consequence of Lemmas 5.5 and 5.6. O
Let PSH(X, 0)~¢ denote the subset of PSH(X, 6) consisting of potentials ¢ such that f 5% 9(”} > 0.
Proposition 5.8 Let ¢, € PSH(X, 0)~o. Assume that ¢ =<7 . Then
(5-10) A0, 9) S A0, V).
In particular, as by definition, A(6, Vy) = A(L), we have

A(f,9) € A(L).
Proof This follows from Corollary 3.15. |

Theorem 5.9 The Okounkov body map
A(B,¢): (PSH(X, 0)>0,ds) = (Kyn,dy)

1S continuous.
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Remark 5.10 On the other hand, it is of interest to understand the dependence of A(8, ) on v as well.
For some preliminary results and anticipations in the usual Okounkov body setting, see [1]. In particular,
see [1, Conjecture 10.1] for a concrete continuity conjecture.

Proof Let ¢; — ¢ be a dg-convergent sequence in PSH(X, 6)~. We want to show that
dn
(5-11) A8, ;) = A0, ¢).

By Proposition 5.8 and [29, Theorem 3.3], we may assume that all the ¢; and ¢ are model potentials.
By Theorem 2.2 and [29, Theorem 5.6], we may assume that ¢; is either decreasing or increasing. By
Theorem 4.6, we may further assume that the ¢; are Z-model. In both cases, we claim that I',, (60, ¢;) —

/X%—/X@S

where we applied Theorem 2.19 at the last step. Then Theorem 4.2 implies our claim. Hence, (5-11)

'y (0, ¢). In fact, we can compute their distance as

9’

- 1
d(Tu(0. ). To(0,9)) = Tim k71" (X, LK @T(kg;) —h"(X, LY @ (ko) = -

follows from Theorem 3.14. O

Although W (6, ¢) and T', (0, ¢) are not birationally invariant, we could still show that the Okounkov
body is.

Proposition 5.11 Let 7:Y — X be a birational resolution. Let (L, ¢) be a Hermitian big line bundle
on X with positive volume. Then
A(@*L,n*¢) = A(L, ).

Here we are using the same valuation v on the function field C(Y) = C(X) of Y.

Proof By Definition 2.12(3), Pg[*]r commutes with birational pullbacks, we may assume that ¢ is
Z-model. By [33, Theorem 3.8], we can find a sequence ¢/ € PSH(X, #) with analytic singularities such
that ¢/ s, @. It follows from (4-1) that 7 * ¢/ ds, 7*@. By Theorem 5.9, we may then reduce to the
case where ¢ has analytic singularities. In this case, up to replacing Y by a further sequences of blowups,
we may assume that 77 *¢ has analytic singularities along a normal crossing Q-divisor D. It suffices to
apply Remark 5.1. |

Next we prove the Brunn—Minkowski inequality.

Proposition 5.12 Let (L, ¢), (L', ¢’) be Hermitian big line bundles on X of positive volumes. Then
(VOLA(L + L', ¢+ ¢")'/" > (vol A(L, ¢))!/™ + (vol A(L', $")) /™.

Proof This follows from Corollary 2.20. |
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Proposition 5.13 Let (L', ¢’) be another Hermitian big line bundle on X with positive volume. Then

AL, p)+ AL, ¢)SALRL ¢ ®9¢).

Proof Take a smooth metric /' on L’, and let 6’ = ¢; (L', h'). We identify ¢’ with ¢’ € PSH(X, 0’).
Then we need to show

(5-12) AB,9) + A0, ¢") CAO+ 8,0 +¢).

By [33, Theorem 3.8], we can find ¢/ € PSH(X, #) and ¢’/ € PSH(X, #’) such that

(1) ¢/ and ¢’/ both have analytic singularities and have positive masses,

) ¢/ ds, ¢ and @'/ ds, ¢
Then ¢/ + ¢’/ € PSH(X, 0 + 6’) and ¢/ + ¢"/ ds, ¢ + ¢’ by Corollary 4.5. Thus, by Theorem 5.9,
we may assume that ¢ and ¥ both have analytic singularities. Taking a birational resolution, we may
further assume that they have analytic singularities along some normal crossing divisors. By Remark 5.1,

we reduce to the case without singularities, in which case the result is well-known; see for example
[45, Proof of Corollary 4.12]. O

Theorem 5.14 Let ¢,V € PSH(X, 0)~¢. Then for any t € (0, 1),
(5-13) Al 1o+ (1=0)Y) 21A(0,9) + (1 —1) A0, ¥).

Proof We may assume that ¢ is rational as a consequence of Theorem 5.9. Similarly, by [33, Theorem 3.8],
we could reduce to the case where both ¢ and ¥ have analytic singularities. Taking a resolution, we may
assume that ¢ (resp. ¥) has analytic singularities along a normal crossing Q-divisor E (resp. E’). In this
case, let N > 0 be an integer such that N¢ is an integer. Then for any s € Wk0 (8,9) and r € Wko 6, v),
we have

TN e WY, (0,10 + (1 —0)Y).

By Theorem 3.8, (5-13) follows. O

Proposition 5.15 For any integer a > 0,
A(ab,ap) = aA (8, p).
Proof By Theorem 5.9, it suffices to treat the case where ¢ has analytic singularities. Taking a birational

resolution, we may assume that ¢ has analytic singularities along a normal crossing Q-divisor £. By
Remark 5.1, we reduce to the case without the singularity ¢, which is already proved in [45]. |

In particular, if 7 is a closed positive (1, 1)-current on X with | 'y T" > 0 and such that the cohomology
class of T lies in the Néron—Severi group with rational coefficients, then we can define A(T') asa~ ' A(aT)
for a sufficiently divisible positive integer a.
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We also need the following perturbation. Let 4 be an ample line bundle on X. Fix a smooth Hermitian
metric 14 on A such that  := ¢;(4, hy) is a Kdhler form on X. Then for any § € Q~¢, we can define

A + 8w, 9) = A0 + 8w +dd°p) = CTTA(CH + Céw, Cy),

where C € N is any integer so that C§ € N.

Proposition 5.16 Under the above assumptions, as § € Q. decreases to 0, A(0 + dw, ¢) is decreasing
under inclusion with Hausdorff limit A(8, ¢).

Proof Let 0 <§ < &’ be two rational numbers. Take C € N divisible enough, so that C§ and C§’ are
both integers. Then by Proposition 5.13,

A(CO+ Céw,Co) S A(CO+ C8w,Coy).

It follows that
A +8w,9) C A0+ 68w, ).
On the other hand,

1 n 1 n
vol A(B 4 dw, ) = o /X(G + (Sw)PGHw[q)]I = /X(9 + Sw)Pe[(p]I,
where we applied Corollary 4.4. As § — 04, the right-hand side converges to

1
vol A0, @) = ;/};9}’,9[«)]1.

AB.9)= [ A +60.9). O
3€Q~o

It follows that

5.3 The Hausdorff convergence property of partial Okounkov bodies

For each k € Z-.¢, we introduce
Ak (0,90) := Convik ' v(f) | f e HO(X, L* ® T(k¢))*} € R".

Here Conv denotes the convex hull. The convex hull is a polytope if it is nonempty by [45, Lemma 1.4].
For large enough A (8, ¢) is nonempty thanks to Theorem 2.19.

For later use, we introduce a twisted version as well. If 7" is a holomorphic line bundle on X, we introduce
Ar.7(0,9) :=Convik~'v(f) | f e H'(X,T ® L¥ @ T(k¢))*} S R".

We also write
Ap.r(L) := Conv{k™'w(f) | f e HY(X,T ® L¥)*} CR”,

A (L) := Convik"w(f) | f e HO(X, L*)*} C R".
We write Zoo (¢) = Zoo(¢p) for the ideal sheaf on X locally consisting of holomorphic functions f* such
that | /|4 is locally bounded.

Geometry & Topology, Volume 29 (2025)



Partial Okounkov bodies and Duistermaat—Heckman measures of non-Archimedean metrics 1313
The main result is the following:

Theorem 5.17 (Hausdorff convergence property) Let T be a holomorphic line bundle on X. As k — oo,
dn

we have Ay (6, 9) — A(0, ).

Although we are only interested in the untwisted case, the proof given below requires twisted case.

We first extend Theorem 3.8 to the twisted case.

Proposition 5.18 For any holomorphic line bundle T on X,
Apr(L) 2 ALY as k — oo.

Proof As L is big, we can take kg € Z~¢ so that

(1) T—'® L0 admits a nonzero global holomorphic section s,

(2) T ® L*0 admits a nonzero global holomorphic section s;.
Then for k € Z -, we have injective linear maps
HO(X, LF~%oy) 20 BO(X, T ® L*) =20 HO(x, LK tho),
It follows that
(k — ko) Ag—ko (L) +v(s1) S kAg,7 (L) S (k + ko) Agty (L) — v(s0).
By Theorem 3.8, we conclude. |

Lemma 5.19 Let T be a holomorphic line bundle on X. Assume that ¢ has analytic singularities and
0 is a Kihler current. Then as k — oo,

d
Ak,r(0,9) = A0, ¢).

Proof Up to replacing X by a birational model and twisting 7" accordingly, we may assume that ¢ has
analytic singularities along a normal crossing Q-divisor D; cf Proposition 5.11. Take € € (0,1) N Q. In
this case, as in (5-5), for large enough k € Z -y we have

HO(X, T ® L* ® Too (k@) CHY(X, T @ L* @ T(k¢)) CHY(X, T ® L* ® Too(k(1 — €)p)).
Take an integer N € Z~ so that ND is a divisor and Ne¢ is an integer.

Let A’ be the limit of a subsequence of (Ag 7(6, ¢))k. say the sequence defined by the indices kq, ks, . ...
We want to show that A’ = A(6, ).

There exists £ € {0, 1, ..., N — 1} such that k; = ¢t modulo N for infinitely many i, up to replacing k; by
a subsequence, we may assume that k; = ¢t modulo N for all i. Write k; = Ng; +¢. Then

HX, T® LN @ LNETD @ 7 (N(gi + 1)p)) SHY (X, T ® L% ® Z(kip))
CHYX,T® L' ® LV @ Too(gi N(1—€)9)).
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So
(@i + DAy 170N+ (NL—ND) + N(gi + Du(D)
C(Ngi+0)Ak1(0,90) Cgilg, Tert (NL—N(1—€)D)+ Ngi(1—e€)v(D).
Letting i — oo, by Proposition 5.18,
A(L—D)+v(D)C AN CAL—(1—¢€)D)+ (1—e)v(D).

Letting € — 0+, we find that
A(L—D)+v(D)=A.
It follows from Theorem 2.2 that

Ax1(0.0) 2 A(L—D)+v(D)=A(0.¢) as k — oo. O

Lemma 5.20 Assume that 0, is a Kihler current. Then as p — 04 with B € Q, we have
A((1=p)0.¢) > A0, 9).
Proof By Proposition 5.13, we have
A((1—=p)0.¢) + BA(L) S A0, ¢).
In particular, if A’ is a limit of a subsequence of (A((1 —B)6,¢))g, then
A C A9, 9).
But
volA’ = lim A((1-B)6,¢)= lim / (1= B0 + dd* PPy = / (0 + dd® P?[g]7)",
B—0+ B—0+ Jx X

where the last step follows easily from [56, Theorem 0.6]. It follows that A’ = A(6, ¢). We conclude by
Theorem 2.2. |
Proof of Theorem 5.17 Fix a Kéhler form w > 6 on X.

Step 1 We first handle the case where 0, is a Kihler current, say 6, > Bow for some Bg € (0, 1).

Take a decreasing quasi-equisingular approximation ¢; of ¢. Up to replacing B¢ by Bo/2, we may assume
that 6,, > Bow forall j > 1.

Let A’ be a limit of a subsequence of (Ag (0, ¢))r. Let us say the indices of the subsequence are
ki <k, <---. By Theorem 2.2, it suffices to show that A’ = A(6, ).

As [¢] X [pj] for each j > 1, we have A’ € A(6, ;) by Lemma 5.19. Letting j — oo, we find
A" S A9, ).

In particular, it suffices to prove that

vol A" > vol A0, ).
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Take B € (0, Bo) N Q. Write B = p/q with p,q € Z~(. Observe that for any j > 1,

p; = B = BO.
Namely, ¢; € PSH(X, (1—p)0). Similarly, ¢ e PSH(X, (1—8)6). By Lemma 5.20, it suffices to argue that
(5-14) vol A’ > vol A((1— B)6, ¢).

For this purpose, we are free to replace the k; by a subsequence, so we may assume that k; = a modulo ¢
foralli > 1, where a € {0, 1,...,q — 1}. We write k; = g;q + a. Observe that for each i > 1,

H(X, T ® L% ® Z(kip)) 2H(X, T ® L™9T9 ® L& @ I((giq + q)¢)).
Up to replacing 7 by T ® L™9%¢  we may therefore assume that a = 0.

By [33, Lemma 4.2], we can find k” € Z~ ¢ such that for all k > k’, there is a vg.x € PSH(X, 0) such that

(1) Plelz = (1 =Bk + Bvgi,

(2) wvg,k has positive mass.
Fix k > k’. Tt suffices to show that
(5-15) A((1=PB)0,¢r) +V C A
for some v’ € R”. In fact, if this is true, we have
vol A" > vol A((1— B)6, ¢r).
Letting k — oo and applying Theorem 5.9, we conclude (5-14).

It remains to prove (5-15). We will fix k > k’. Let 7: Y — X be a log resolution of the singularities
of . By the proof of [33, Proposition 4.3], there is jo = jio(8, k) € Z~¢ such that for any j > jo, we
can find a nonzero section s; € H(Y, T*LP QI(j pm*vg i) such that we get an injective linear map

HO(Y. 7T ® Ky/x @ w* L7 @ I(jgn*er)) — H(X, T ® L4 @ 1(jqp)).
In particular, when j = k; for some i large enough, we then find
Ak moToky x (1= B0, g gp) + (k)™ v(sk,) S gDk, 7 (6, 9).

We observe that (k;)~! v(sk;) is bounded as both convex bodies appearing in this equation are bounded
when i varies. Then by Lemma 5.19, there is a vector v’ € R” such that

A1 —=B)a*0, 7% ) +v S A,
By Proposition 5.11, we find (5-15).
Step 2 Next we handle the general case.

Let A’ be the limit of a subsequence of (A, 7(6,¢))x, say the subsequence with indices k1 <k <---.
By Theorem 2.2, it suffices to prove that A’ = A(6, ¢).
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Take ¢ € PSH(X, ) such that

(1) 6y is a Kihler current,

2 v=o
The existence of i is proved in [33, Proposition 3.6].
Then for any € € Q N (0, 1),

Apr(0,0) 2 Ag,7(0,(1 =) + €¥)
for all k. It follows from Step 1 that
A'2AWB,(1-€)p+ey).

Letting € — 0 and applying Theorem 5.9, we have A’ 2 A(6, ¢). It remains to establish that
(5-16) vol A" < vol A0, ¢).

For this purpose, we are free to replace k; < k, < --- by a subsequence. Fix ¢ > 0, we may then assume
that k; = a modulo ¢ for all i > 1 for some a € {0, 1,...,q —1}. We write k; = g;q + a. Observe that

H(X, T ® LY ® Z(kip)) SHO(X. T ® L* ® L¥Y ® I(giq¢)).
Up to replacing T by T'® L%, we may assume that a = 0.

Take a very ample line bundle H on X and fix a Kéhler form w € ¢;(H), and take a nonzero section
s e HO(X, H).

We have an injective linear map
HOX, T ® L/ ®7(jq9) 5 HOX, T ® H @ L1 ®T(jq9))
for each j > 1. In particular, for each i > 1,

kiAg, 7(q0.q9) +kiv(s) S kiAg, 7(0 +4q0,q@).

Letting i — oo, by Step 1, we have

gA +v(s) € A(w + 40, q9).

So
vol A’ <vol A(g 'w + 0, ¢) = /X(q_la) +6 + ddCPq_l“’JrG[gp]I)”.
By Corollary 4.4,
vol A’ < / (¢ '+ 6 +dd° P?[p]r)".
X
Letting ¢ — oo, we conclude (5-16). |
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Theorem 5.21 The Okounkov body A(L, ¢) is independent of the choice of a very general flag in a
family of admissible flags.

Proof By Theorem 5.17, it suffices to show that A, (W(6, ¢)) is independent of the choice of a very
general flag. For this purpose, we may assume that k = 1.

Let T be an irreducible component of the moduli space of admissible flags. Let
XXT=)Yy2--2W

be the universal flag. The Hermitian line bundle (L, ¢) pulls back to (£, ®) on X x T'. We denote
quantities at the fiber at € 7' by a subindex .
We claim that for each o € N, there is a proper Zariski closed set ¥ € T, so that

dimH (X, L, @ Z($1))>°
are constants for ¢ € 7'\ X, where H®(X;, L; ® Z(¢,))=C is the space of sections in H*(X;, L; ® Z(¢;))
with valuations no less than o.

Let £=7 be the coherent subsheaf of £ introduced in [45, Remark 1.6]. After possibly shrinking 7', we
may guarantee that £= ® Z(®) is flat over T'. By further shrinking 7', we may guarantee that

t = dimHO(X;, (£7° @ Z(®))x, )
is constant. Observe that
(L7 @ T(P))|x, = L7° @ Z(¢).
Thus, our claim follows.
From this claim, it follows that the images of I'y (W(L, ¢)) are independent of the choice of a very

general flag (Y,) as [45, Proof of Theorem 5.1]. Thus, A(W(L, ¢)) is independent of the choice of a
very general flag. O

5.4 Recover Lelong numbers from partial Okounkov bodies

Lemma 5.22 Let ¢ € PSH(X, 0) be such that 0, is a Kdhler current. Let ¢’ be a quasi-equisingular
approximation of ¢. Then v(¢’, E) — v(¢, E) for any prime divisor E over X.

This result is essentially [55, Lemma 2.2], proved under slightly different assumptions. We reproduce the
argument for the convenience of the readers.

Proof Fix k € Z~, § € Q~, take jo > 0, so that when j > jo, Z((1 +8)k¢’) € Z(kg). When j > j,
we get
Lo (2(kg)) = - ord (T(1 + k).
By Fekete’s lemma,
Vgl E)= sup ordp(Tlkg))).

k€Z>0
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So
Loz (T(kg) = (1 +8)(e”. E)

Take sup with respect to k € Z~, we get
vip, E) = (1+8)v(¢/, E).
Letting j — oo and then § — 0+, we get

V(p, E) < lim v(<pj, E).
j—o0

The reverse inequality is trivial. |

Theorem 5.23 Let E be a prime divisor on X. Let (Y,) be an admissible flag with E = Y. Then

5-17 vip, E)= min Xx.

(5-17) (¢, E) o X1

Here x; denotes the first component of x. The generic Lelong number v(¢, E) means the minimum of
v(¢, x) for various x € E.

Proof We first reduce to the case where 6, is a Kéhler current. Let ¢ < ¢, 0y, is a Kéhler current. Then
by (5-17) applied to ¢¢ := (1 — €)@ + €y, we have

V(pe, E) = min Xxjq.
e E) = o™

Letting € — 04 using Theorem 5.9, we conclude (5-17).

Similarly, taking a quasi-equisingular approximation of ¢ and applying Lemma 5.22, we easily reduce
to the case where @ also has analytic singularities. Replacing X by a birational model, we may assume
that ¢ has analytic singularities along a simple normal crossing Q-divisor F. Perturbing L by an ample
Q-line bundle by Proposition 5.16, we may assume that ¢, is a Kihler current. Finally, by rescaling, we
may assume that F is a divisor and L is a line bundle and L — F is ample by [55, Lemma 2.4]. In fact,
since 6, is a Kihler current, the same holds for 6, — ew, where w is a Hodge form lying in ¢;(A4) for
some ample line bundle 4 on X and € > 0 is a small enough rational number. By [55, Lemma 2.4], we
deduce that L — F — €A is nef and big and hence L — F is ample.

By Theorem 5.17, we know that

min x; = lim min  Xxjy.
x€A(0,p) k—o00 xeA (6,p)

By definition,
min  x; =k 'ordg HO(X, Lk R Z(ke)).

xX€A,(0,0)
It remains to show that
(5-18) lim k' ordg HO(X, L ® T(k¢)) = lim k™' ordg Z(k¢).
k—o00 k—o00
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The > direction is trivial, we prove the converse. Observe that
HO(X, L* ® Z(kg)) = H'(X. L¥ ® Ox (—kF)).  Z(kg) = O(=kF).
As L — F is ample, for large enough k, we have
ordg H'(X, L¥ ® Ox (—k F)) = ord g (k F).
Thus, (5-18) is clear. O
Corollary 524 Let ¢,y € PSH(X, 0)s¢. If
A@*0,n%p) C A(*0, m*Y)
for all birational models w: Y — X and all admissible flags on Y, then ¢ <1 .
Proof In view of Theorem 5.23, the assumption implies the following: for any prime divisor £ over X,
we have v(p, E) > v(y, E). This implies ¢ <7 ¥ : take a birational model 7: Y — X and y € Y, we
need to show that v(7*¢, y) > v(* ¥, y). Let E be the exceptional divisor of the blowup of Y at {y}.

As explained in [8, Corollaire 1.1.8], we have v(r*¢, y) = v(p, E) and v(7z*y, y) = v(¥, E). Our
assertion follows. |

In particular, Theorem B is proved. This corollary is similar to [41]. It suggests that A(6, ¢) is a universal
invariant of the singularities of ¢.

Corollary 5.24 has a reminiscence of [14]: in order to understand plurisubharmonic singularities, we need
to consider all birational models of our variety at the same time.

Theorem 5.23 can be regarded as a generalization of the following (slightly generalized form of the)
classical result proved by Boucksom; see [9, Theorem 5.4].

Corollary 5.25 Let E be a prime divisor over X. Then

1
(5-19) v(Vg, E) = lim — ordg HO(X, L¥).
k—oo k
Proof This follows from Theorem 5.23 and the fact that A(6, Vg) = A(L). O
We write

1
ordg || L] := klijgo A ordg HO(X, L%).

Corollary 5.26 We have

Z(Vy) ={f € Ox |de > 0suchthat ordg(f) > (14+¢€)ordg |L|| — Ax (E) ¥ primes E over X},
where Ay (E) is the log discrepancy of E over X.
Proof This follows from [10, Corollary 10.17] and Corollary 5.25. |
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5.5 Okounkov bodies induced by filtrations
Assume that L is ample.

Definition 5.27 A multiplicative filtration on R(X, L) is a decreasing, left continuous, multiplicative
R-filtration .#* on the ring R(X, L), which is linearly bounded in the sense that there is C > 0 such that
F7RHO (X, L) =H(X,L%) and F*HO(X,L¥)=0 when A > C.

A multiplicative filtration .7 is called a multiplicative Z-filtration if F* = #* for any A € R.
A multiplicative Z-filtration .# is called finitely generated if the bigraded algebra
P s HwLh

AEZ,keZl=g
is finitely generated over C.

Let .#° be a multiplicative filtration on R(X, L). Then we can associate a test curve V¥, as in [49; 55]:

(5-20) Ve = supk k! sup*{log |s|flk
kEZ>0

s € ZFHO (X, LF), sup |s|je < 1}.
X

Here sup™ denotes the upper-semicontinuous regularized supremum. By [32, Theorem 3.11], ¥/ is
Z-model or —oo for each 7 € R.

Theorem 5.28 Let.Z7* be a finitely generated multiplicative Z-filtration on R(X, L). Let v, be the test

curve associated with .#. Forany t <t ™,
o0
A ( P 7 r(x. Lk)) = A0, ¥r).
k=0
Proof Observe that #¥THO(X, LX) C HO(X, L*¥ ® Z(k)) for any k € N. Thus, by Corollary 3.15,
o0
A( P 71, Lk)) C A0, V).
k=0

On the other hand, the two sides have the same volume by [55, Lemma 4.5]. Thus, equality holds. O
5.6 Limit partial Okounkov bodies

Let ¢ € PSH(X, ), not necessarily of positive volume. Take an ample effective divisor H on X and a
Kihler form w € ¢q(H). Then we just set

AM.g)i= ] AW +ew.g).
€€Q=o
Clearly, this definition does not depend on the choice of H and w. As in [22], we cannot expect

A(6, @) to be continuous along decreasing sequences of ¢. Note that Theorem 5.23, Corollary 5.24 and
Proposition 5.8 extend to this setup without changes.
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Conjecture 5.29 Under the above assumptions,

dim A6, ¢) = nd(0, ).

For the definition of the analytic numerical dimension nd(6, ¢), we refer to [19, Definition 4].

We expect this conjecture to follow from the arguments in [22] together with the numerical criterion of [19].

6 Chebyshev transform

Let X be an irreducible smooth complex projective variety of dimension n and L be a big line bundle
on X. Let / be a fixed smooth Hermitian metric on L and 6 = ¢;(L, /). Consider a singular positive
Hermitian metric ¢ on L corresponding to ¢ € PSH(X, 0). Assume that [, 9;’,[(/)]1 > 0.

Let v € C°(X) corresponding to a continuous metric e~%/2 on L. We do not distinguish v and he /2,
Fix a valuation v = (vq,...,v,): C(X)* — Z" of rank n. Assume that v is defined by an admissible
flag (¥,) on X.

The whole section is devoted to the proof of Theorem C. Our results are direct extensions of the results of
Witt Nystrom [52]. The latter is motivated by [57].
6.1 Equilibrium energy

Let £°°(X, 6; P[p]z) denote the set of ¥ € PSH(X, 8) such that ¥ and P[p]z have the same singularity
types.

Let E [e(p i€ (X, 0; Plp]zr) — R be the relative Monge—Ampere energy:

1 . i n—i
B i= i | =Pl 0}, 0355,

Define the equilibrium energy S[fp] :Co%X) = R:

(6-1) Eipy(v) = Efy (Pllz(v)).
Here
Plo]z(v) = sup*{n € PSH(X, 0) | n <v,n =7 ¢}.

Note that this definition is different from the energy defined in [33], so we choose a different notation.
Theorem 6.1 The Gateaux differential of 530 jatve C°(X) is given by 9}1,[(/)]1 )’ In other words, for
any f € C°(X),

d 9 _
&g T @ 1) = /X  Oplolzv)-

Proof This is not exactly [33, Proposition 5.10] because we are using P[]z projections instead of P[e]

(6-2)

projections, but the proofs are identical. |
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The metric he~¥/2 induces an L°°-type norm | * | oo (kv) ON HO(X, L* ® Z(ky)):

. —kv/2
ISl Loo (kv 1= sup |s| e */2,
X

In particular, det || ® || oo (k) is @ Hermitian metric on det HO(X, L* ® Z(ky)).

Theorem 6.2 Let v,v' € C°(X). Then

! det|| oo
6-3) T ( I llZoo (kv)

oo Tt %\ det o ||Loo(k,,,)) 1)~ &)

Remark 6.3 When ¢ = Vjy, the left-hand side of (6-3) is known as the relative volume between the two
metrics he /2 and he V'/2, They are studied in detail in [6].

This theorem partially generalizes [4, Theorem A]. We remind the readers that our conventions of
multiplier ideal sheaves are different from those in [4] and [6], which explains the difference between our
coefficients and theirs.

For the definition of the Bernstein—-Markov property, see [4, Definition 2.3].

Proof We may assume that v’ = 0. Let v be a smooth volume form on X. Then recall that v satisfies the
Bernstein—-Markov property with respect to zv for all ¢ € [0, 1]; see [4, Theorem 2.4]. We may replace the
L°°-norm on the left-hand side with the L?(v)-norm by [33, Lemma 6.5]. We recall the definition of the
partial Bergman kernel:

By ()i sup{ s )| [ sl < s eOOr L 0Tk |

!
k ok
Brv.pw = In Bry,pdv,

where k € Z~y.
By [33, Theorem 1.2],
k N
Broow = Opy g1ty

as k — oo for all ¢ € [0, 1]. By the dominated convergence theorem,

1 1
li ko dr= o dr,
ki)n;o /0 x/zY v ﬂ“’a%v /(; L v PX [(P]I(“))

and (6-3) follows. O

Proposition 6.4 Let ¢ e PSH(X, ) such that 0, is a Kihler current. Let (o) jeN be a quasi-equisingular
approximation of ¢. Then

(6-4) Jim &) = oy (v).
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Proof By Theorem 6.1, for j € N,

o (V) = / / VOpiprn 4 and S (1) = / / Y Oplgtz(rny I

It follows from [33, Proposition 3.3] and [26, Theorem 1.2] that as j — oo,

n n
Ol 1r) — OPlol (o)
By the dominated convergence theorem, (6-4) follows. O

Proposition 6.5 Let ¢,y € PSH(X, ). Assume that ¥ < ¢. Set pc = (1 —€)p + €y forany € € [0, 1].
Then
(6-5) lim &7 ,(v) =&, v).

e—>0+

Proof The proof is similar to that of Proposition 6.4. We just replace [33, Proposition 3.3] by
[33, Proposition 2.7]. O

We finally recall a technical lemma.

Lemma 6.6 [52, Corollary 3.4] Let C CR"*! be an open convex cone. Let F be a subadditive function
on C N Z"*! defined outside a compact set. Then for any sequence oy, € C N Z" ! tending to infinity
such that oy /|oy | converges to some point p € C. Then the limit

Fog)
oo o]
exists and depends only on p and F. Moreover, c[F] is a convex function on C N {x,4; = 1}.

c[F](p) = 1

Here |ay | denotes the absolute value of the last component of oy.
Recall that a real-valued function F defined on a semigroup I is said to be subadditive if for any x, y € ',
F(x+y) < F(x)+ F(y).

6.2 The case of analytic singularities

Assume that ¢ has analytic singularities.

Let 7: Y — X be aresolution such that 77 *¢ has analytic singularity along a normal crossing Q-divisor E.
We define as before
W2 =H(Y, n*L* @ Oy (—k E)) CH’(X, LF).

Fix a € Ty (W?). Let p be the center of v on X. Let z = (2, ..., z,) be a regular sequence in Oyx,p such
that (Y;)y is the zero locus of zq, ..., z;. Fix a local trivialization of L near p. Define

AL :={s e W2 | v(s) = ka,s = 2k 4 higher-order terms near p}.
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Define
F[U](ka,k)= inf 10g|s|Loo(kv).

S€Aq, i

Recall the following two lemmas proved in [52, Lemmas 5.3 and 5.4].
Lemma 6.7 F[v] is subadditive on T'(W?©).

Lemma 6.8 There is a C > 0 such that for any (ka, k) € T(W?),
Flvl(ka, k) > Cl(ka,k)]|.

Proof It suffices to apply [52, Lemma 5.4]. a
Let cpg)[v]: Int A(6, @) — R be the convex function c[F[v]] defined by Lemma 6.6.

Theorem 6.9 We have
(¢io1[v] = ¢1o1[0]) dA = —EZ 1 (v).
AW O [e] [e] []

Proof The proof follows verbatim from that of [52, Theorem 6.2], taking into account Theorem 6.2. O
Observe that
(6-6) sup  eglv] = cig[0]] < S lvllcocx)-

Int AW (6,0))

The following result is obvious:

Lemma 6.10 Let ¢, ¢’ € PSH(X, 6) be potentials with analytic singularities. If [¢] < [¢'], then

lpilv] = crpnlv]
when restricted to Int A(8, ¢).

6.3 The case of Kiihler currents

Assume that 6, is a Kahler current. Let ¢’ be a quasi-equisingular approximation of ¢. Then Cpilv]
restricted to Int A(W(6, ¢)) is an increasing sequence. Thus, we can define c,j[v]: Int A(0, ¢) — RU{oo}
by
= lim cp,i7[v]-

C[p1lV] jim Cpilv]

Lemma 6.11 Lets € Wy (6, ¢), locally written as zka plus higher-order terms near p. Then
cpilvl(@) < k™" log |Isl| Loo kv)-

Proof This follows from the corresponding result for the ¢/ . |

Geometry & Topology, Volume 29 (2025)



Partial Okounkov bodies and Duistermaat—Heckman measures of non-Archimedean metrics 1325

By convexity, ¢[,][v] takes finite values.

It follows that (6-6) still holds in this case. By the dominated convergence theorem, Proposition 6.4 and
the previous case we find

/A oo (cigylv] — cg[0]) dh = =&, (v).

It follows from Lemma 6.10 that our definition of c[,(v) is independent of the choice of @l

Lemma 6.12 Let ¢, ¢’ € PSH(X, 0) be potentials such that 6, and 6, are both Kéhler currents. If
[¢] =z [¢]. then

Clp][v] = ¢lpr[v]

when restricted to Int A(6, ¢).
Proof This follows from Lemma 6.10. O

6.4 General case

Let ¢ € PSH(X, 0) such that [, 9;’,[¢]z > (. We may replace ¢ with P[¢]z and therefore assume that the
nonpluripolar mass of ¢ is positive.

Let n € PSH(X, ) be a potential so that 8, is a Kahler current and n < ¢. The existence of such 7 is
guaranteed by [33, Proposition 3.6]. Define ¢¢ := (1 — €)@ + €n. Then we define
:Int A(G, ) > R U {—0o0}, = lim .
C[p1lV] (0. 9) {—ook qlv]:= i n Clpellv]

This is a decreasing limit by Lemma 6.12. On the other hand, c[yj[v] = ¢[p;,)[v], the latter is finite by [52].
Thus, c[y[v] is real-valued. Inequality (6-6) extends to this situation. By the dominated convergence
theorem and Proposition 6.5 again,

/A oo (clo1lv] = cgp[0]) dA = —8[(2)](1)).

We do not know if c[,)[v] is independent of the choice of 7.

7 A generalization of Boucksom—Chen theorem

In this section, let X be an irreducible smooth projective variety of dimension n. Let L be a big line
bundle on X. Take a smooth Hermitian metric /2 on L with 0 = ¢{(L, h).

Fix a rank n valuation v: C(X)* — Z".
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7.1 The theory of test curves
Let V = (L").

Definition 7.1 We define a fest curve (of finite energy) with respect to (X, ) tobe amap ¢ = ¢,: R —
PSH(X, 6) U {—o0} such that

(1) 1, is concave in e,

(2) Y, is a model potential or —oo for any 7,

(3) 1 is usc as a function in the R-variable,

(4) lim;—_oo ¥z = Vpin L1,

(5) Y = —oo for t large enough,

(6) 1 satisfies

o+
(7-1) E(.) =tV +/ (/ G"T — V) dt > —o0.
—00 X

Here t+ := inf{t € R | ¥y = —o0}. The set of test curves of finite energy with respect to (X, 6) is
denoted by 7C' (X, 0). We say y is normalized if t™ = 0. The test curve is called bounded if Y. = Vy
for v small enough. Let t~ :=sup{t € R | Yy = Vj} in this case. The set of bounded test curves is
denoted by TC*(X, 6).

We say a test curve is Z-model if v, is Z-model for each T < t™. The set of Z-model test curves is denoted
by TCL(X, 0).

7.2 Okounkov test curves

Let A € K". Assume that V =n!vol A > 0.

Definition 7.2 An Okounkov test curve relative to A is an assignment (A;), <.+ for T € R such that:

(1) A. is a decreasing assignment of convex bodies in R” for t < ¢ .

(2) A converges to A as T — —oo with respect to the Hausdorff metric (cf Section 2.1).
(3) A is concave in the 7 variable.

(4) The energy is finite:
o+

E(A,) =17V + V/

—00

n!
(? vol A; — 1) dt > —o0.

(5) Continuity holds at t7:

A+ = () A

t<tt

Proposition 7.3 Any Okounkov test curve (Ar), <.+ relative to A is continuous fort < t .
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Proof We first claim that vol A» > 0 for all 7/ < t+. By condition (2) and Theorem 2.3, we know

+

that vol A;» > 0 when t” is small enough. Fix one such t”. Any t/ < t™ can be written as a convex

combination of t+ and ", thus A has positive volume by condition (3).

Next we claim that vol A is continuous for T < ™. In fact, by condition (3) and the Minkowski inequality,
we know that log vol A is concave for 7 < 7. The continuity follows.

A, = ﬂ Ap.

T'<t

Next we show that

The D direction is obvious. By the continuity of the volume, both sides have the same volume and the
volume is positive, hence, equality holds by Lemma 2.5.

A, = U Ap.

T>1

Similarly, we have

The continuity of A; at T < T is proved. O

Definition 7.4 A test function on A is a function F: A — [—00, 00) such that:
(1) F is concave.
(2) F is finite on Int A.
(3) F is usc.
(4) The energy is finite:

(7-2) E(F) = n!/ FdA > —c0.
A
Let T+ =supp F. Then
‘C+ }’l'
(7-3) E(F)=1t"V + V/ (7 vol{ F > r}—l) dr.
—0oQ

Let A, be an Okounkov test curve relative to A. We define the Legendre transform of A, as
G[A.: A = [—00,00), ar>sup{t <17 |ae A}
Conversely, a test function F on A, set 7+ = sup, F. We define the inverse Legendre transform of F as
A[F]: (=00, 1] > Ky,  A[F). ={F >1}.
Theorem 7.5 The Legendre transform and inverse Legendre transform are inverse to each other, defining

a bijection between the set of Okounkov test curves relative to A and test functions on A. Moreover, if
A, is an Okounkov test curve relative to A, then

(7-4) E(A,) =E(G[A,)]) .
Proof Let A, be an Okounkov test curve relative to A. We prove that G[A,] is a test function on A.
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Firstly G[A.] is concave by condition (1) and condition (3) in Definition 7.2. More precisely, take a, b € A.
We want to prove that for any ¢z € (0, 1),
(7-5) G[A(ta + (1 —1)b) = tG[AJ(a) + (1 — 1) G[AL(D).

There is nothing to prove if G[A,](a) or G[A.](b) is —oo. So we assume that both are finite. Take € > 0,
then a € AG[A.](a)—e and b € AG[A.](b)—e- Thus,

ta+ (1 =1)b € tAG[ag@)— T (1 —DAGIAJB)—€ S AtG[Ad](@)+(1—1)G[As](B)—e-

We deduce that
G[A.(ta+ (1 —=1)b) = tG[A.J(a) + (1 —t)G[A.](b) —€.

Since € > 0 is arbitrary, (7-5) follows.
Next G[A,] is finite on Int A by condition (2). In fact, as A is increasing and converges to A as T — —00,

A:UAt.

T

we have

Hence, by [50, Theorem 1.1.15] and the assumption that vol A > 0, | J, A, contains Int A.

Thirdly, we show that G[A,] is usc. Let a; € A with a; — a € A. Define t; = G[A.](a;). Let © = lim; 7;.
We need to show that

(7-6) G[A.)(a) = t.

There is nothing to prove if T = —oo0. We assume that it is not this case. Up to subtracting a subsequence
we may assume that t; — t. In particular, we can assume that t; # —oo for all i. Fix € > 0, then
a;j € Ag;—. Observe that A, ¢ d—”> A;_¢. By Theorem 2.4 it follows that @ € A;_¢. Thus, (7-6) follows
since € > 0 is arbitrary.

Finally, (7-4) follows from (7-3), and it follows that E(G[A,]) > —oc.

Conversely, if F: A — [—00,00) is a test function on A. Let A[F] be the inverse Legendre transform
of F. Then one can similarly show that A[F] is an Okounkov test curve.

Firstly, for each T < v :=sup, F, A[F](t) is a convex body as F is concave and usc. Moreover, A[F],
is clearly decreasing in t. Hence, A[F], + is also a convex body.

Secondly, for each a € A, we can write a = lim; @; with a; € Int A. By assumption, F is finite at a;.
Thus, _
a € {F > —oo} =|_JA[F]..

T
By Theorem 2.4, A[F], An, A as T — —o0.
Thirdly, A[F] is concave. To see, take 7, 7’ < ™, we need to prove that for any ¢ € (0, 1),
(7-7) A[F]tr—i-(l—t)t’ 2 IA[F]I +(1- I)A[F]t“
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Leta € A[F]; and b € A[F],,. We have F(a) > t and F(b) > /. F is concave, so F(ta + (1 —1t)b) >
tt+ (1 —1t)7’. Thus,

ta+ (1—10)b € A[Flirq(1-n)v
and (7-7) follows.

Fourthly, (7-2) follows immediately from (7-3).

Finally, we show that A[F], is continuous at *. This amounts to
(Fzh = ({F=1.
which is obvious. <t

To see that these two operations are inverse to each other, observe that by definition for any Okounkov
test curve A,, any a € A and any T < T, one has G[A,](a) > 7 if and only if @ € A,—, for any € > 0.
By Proposition 7.3, this happens if and only if @ € A, that is,

{G[A] =1} = AL
Conversely, for any test function F: A — [—00, 00), any 7 < t™, by definition,
{F 21} = A[F].. m
Definition 7.6 Let A, be an Okounkov test curve relative to A. We define the Duistermaat—Heckman
measure DH(A,) as
DH(A,) := G[A,]x(d)).
It is a Radon measure on R.

Observe that

(7-8) / DH(A.) = vol A,
R

7.3 Boucksom-Chen theorem
Let ¢, € TC%(X, 0). Let 7 =inf{r € R | ¥y = —00}.

Lemma 7.7 The curve
INCA'S) ift<tt,
Nyeet AWl ift =1,

is an Okounkov test curve relative to A(L). Moreover,

(7-9) E(.) =E(A[Ysl.).

Ale]r = {

Proof We verify the conditions in Definition 7.2. condition (1) follows from Proposition 5.8. Condition (2)
follows from the fact that

lim volA; =volA.
T—>—00
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Condition (3) follows from Theorem 5.14 and Proposition 5.8. Condition (4) is a translation of (7-1).
Condition (5) is obvious.

Finally, (7-9) follows from (7-1) and (1-3). O

Definition 7.8 Let v, € TC%(X , 0). Define the Duistermaat—Heckman measure of ¥, as

DH(¥,) := DH(A[y.].).

We write
G[Ya] = G[A[Y.]].
Then
DH(v.) = G[v.]«(dA).

Now consider the (not necessarily multiplicative) filtration

HO(X, Lk @ Z(kyp)) ifr <tt,
FEHOX L) = { 0 ' ifr >t

Let e; (H(X, L¥), 7k) be the jumping numbers of .Z* listed in decreasing order. In other words,

e;(H°(X, L¥), #%) := sup{r e R | diim ZXH’(X, L) > j}.

Let
hO(X,LF)

M= Z 5ej(H0(X,Lk),f")'
j=1

Theorem 7.9 Let ¥, € TCL(X, 0). Then as k — oo, the measure j1;, converges weakly to DH(/,).

As explained in [49; 32; 55], TC%(X , 0) is the completion of the space of filtrations, so this theorem
indeed generalizes [11, Theorem A], in the case of full-graded linear series.

Proof It suffices to show the convergence holds as distributions. By our definition, 1t is the distributional
derivative of the function
k"hO(X, Lk @ T(kvy,)) ift <™,
hi(x) = o+
0 fr>t".

On the other hand, DH(4,) is the distributional derivative of /(t) := vol{G[A[¥.].] > T} = vol A; by
the Fubini—Tonelli theorem.

By Theorem 2.19, hj (t) — h(t) for all T # . By the dominated convergence theorem Ay — h
in LIIOC(R). Hence, u; — DH(,). m|

Corollary 7.10 For any ¥, € TC%(X , 0). The Duistermaat—-Heckman measure DH(,) is independent
of the choice of the valuation v.
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7.4 Applications to non-Archimedean geometry

Assume that L is ample and 6 is a Kdhler form. We write @ = 6 instead.

Finite-energy geodesic rays Let £! (X, w) denote the space of w-psh functions with finite energy:

(X, w) = {goePSH(X,w)‘/ w$=/ a)”,/ |go|w$<oo}.
X X X

See [24] for a detailed introduction. Recall that £! (X, w) admits a natural metric d;: for ¢, ¥ € E1(X, 0),
given by

di(¢.¥) :=E(p) + E(¥) - 2E(p A ¥).
Here

Ay :=sup{n € PSHX,w) [n <@, n=y}.

In [27, Theorem 2.10], Darvas, Di Nezza and Lu proved that ¢ A ¥ € £'(X,w). They proved in
[25, Section 3] that d; is indeed a metric. The Monge—Ampere energy functional E: £1 (X, w) — R is

defined as
1

n
i n—i
w,, N .
ntl - 0/X¢> 4
1=

In this case, let R! (X, ) denote the set of geodesic rays in £! (X, w) emanating from 0. For a detailed

E(p) =

study of R!(X, w), we refer to [30]. Here we only recall the definition of the metric on R! (X, ). Given
0,0 e RY (X, w), we define

1
di(€.0) = lim —dy (€. ;).

By [20, Corollary 5.5], t — d; (£;,£}) is convex, guaranteeing the existence of the limit. It is shown
in [30] that (R!(X, w), d;) is a complete metric space.

The following notion is introduced in [54]:
Definition 7.11 A rooftop metric space is atriple (E,d, A): (E, d) is a metric space and A: EX E — E
is an associative, commutative binary operator on E satisfying
dlanc,brc)<d(a,b) forany a,b,ceE.
For £, € R1(X, w), define £ A £’ as the greatest geodesic in R! (X, w) that lies below both £ and ¢’. Tt

is shown in [54, Theorem 7.6] that A is well-defined and (R!(X, ®), d;, A) is a complete rooftop metric
space.

The energy functional E: R!(X, w) — R is defined as
E(() := E({y).
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Recall that we have the following two maps: Given any £ € R (X, ), its inverse Legendre transform is
defined as

0= inf({; —t7).
t=0

Conversely, given any ¥, € TC! (X, ), we define its Legendre transform by

Uy = sup (e +17).
TeR

They are inverse to each other, as proved in [32, Theorem 3.7].

Non-Archimedean pluripotential theory Let X" be the Berkovich analytification of X" with respect
to the trivial valuation on X and L*" be the analytification of L. See Section 2.7 for a brief introduction.
In the same section, we also recalled the definition of the space £ (L") of non-Archimedean psh metrics
on L with finite energy and the energy functional E: £1(L*) — R.

Next we briefly explain the relation between the non-Archimedean pluripotential theory and the complex
pluripotential theory. Firstly, given a geodesic ray £ € R!(X, w), one can associate a non-Archimedean
potential {2 € £1(L2) as in [5, Definition 4.2, Theorem 6.2]. The construction of £2" requires the notion
of Gauss extension of valuations, as explained in [5, Section 3.1]. The map

RUX, w) — EV(L™)
is surjective but not injective. It admits a canonical section
ENL™) > RY(X, w)
sending ¢ € £1(L™) to the maximal element £ € £ (L) with £2" = ¢. See [5, Theorem 6.6].

The geodesics lying in the image of ¢ are known as maximal geodesic rays or approximable geodesic rays.
Moreover,

(7-10) E(i(a)) = E(2)
for any a € £1(L™); see [5, Corollary 6.7].
Maximal geodesic rays are closely related to test curves:

Theorem 7.12 The Legendre transform is a bijection from TCY-(X, w) (resp. TC1 (X, w)) to «(E1(L™))
(resp. R1 (X, w)); the inverse is given by the inverse Legendre transform. Further, for any ¥, € TC' (X, ),

(7-11) E(V.) = E(W).

This is one of the main theorems of [32, Theorems 3.7 and 3.17]. It is based on the previous work [49; 25].
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Duistermaat-Heckman measures The space £' (L") is closely related to the theory of test configura-
tions. For the latter, we refer to [16, Section 2] for a brief introduction. Recall that two test configurations
(X, L) and (X', L") of (X, L) are said to be equivalent if they can be dominated by a common test
configuration; see [16, Definition 6.1]. There is a natural injection from the set of equivalence classes of
test configurations to £! (L2"). Moreover, this injection has dense image and £ (L") is the d -completion
of the space of test configurations (modulo the equivalence relation). These results are explained in detail
in [32, Section 3.2].

Given a test configuration (X, £), Witt Nystrom [51] constructed a naturally defined Radon measure
DH(X, £) on R, called the Duistermaat—Heckman measure. See [16, Section 3.2] for more details. It is
not hard to see from the definition that DH(X, £) depends only on the equivalence class of (X, £).

In the sequel, we will define the Duistermaat—Heckman measure of an element in £! (L®"). As the space
EV(L*™) is the completion of the space of test configurations (modulo the equivalence relation), our
definition can be seen as an extension of Witt Nystrom’s results [51].

Definition 7.13 For any o € £!(L™), define the Duistermaat—Heckman measure of o as

DH(«) := DH(i()).

We get a map DH: £ (L*) — M(R). Here M(R) denotes the space of Radon measures on R.
For the proof of the next theorem, we need to recall several basic constructions of test curves.

The space TC' (X, w) is a rooftop metric space. Its rooftop structures (d;, A) are induced from the
corresponding structures on R (X, w).

Corollary 7.14 Let V., ¢a, s € TC (X, 0).
(1) The rooftop operator on TC' (X, w) is given by
(7-12) (Y AQ)e =V Apr.
It is the maximal element in TC' (X, w) that lies below both v, and ¢,. In particular,
(7-13) di (Y AN, (@ AN) = di (Ve @)
(2) The metric on TC' (X, w) is given by

(7-14) di (V. @) := E(Ya) + E(@s) = 2E((Y A )s).

Proof (1) Note that (7-13) is part of our definition of a rooftop structure.

Observe that the bijection 7C' (X, w) — R (X, w) is order-preserving. In order to prove our claim, it
suffices to show that (¢ A V), defined by (7-12) is indeed in 7C' (X, w), which is obvious.

(2) This follows simply from (1) and (7-11). O
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If @,, Yo € TC%(X, ), then (Y A @), € TC%(X, w) as well. This follows from the simple observation
that the rooftop of two Z-model potentials is still Z-model. Now the d; metric on 7C! (X, w) restricts to
a metric dy on T C%(X ,w). The rooftop structure also restricts to a rooftop structure on 7 C%(X ,W).

We need the following constructions on test curves:

+

v is bounded from

(1) Increasing limit Let & € 7C!'(X, ) be an increasing net. Assume that ¢
above. Define

Ve = C[supx yZ].
o
Let t+ = inf{t | ¥ = —oo}. We define
. 1;, ift#1T,
CT Uimy Ve ifT# T
It is easy to verify that ¥, € TC1 (X, w).
(2) Decreasing limit Let % € TC!(X, ®) be an increasing net and 1, € 7C' (X, w). Assume that
Y& > n, for all a. Define
(inf ), :=inf 2.
o
Then if (infy, ), is not identically —oco, then (infyr), € T cl(X,w).
(3) Max Let ¢,, ¥, € TC'(X,w). There is the smallest test curve (¢ vV V). € TC! (X, ®) such that
(@ VY¥)e = @, and (¢ V V¥)e = V,. In fact, we could simply define
((p Vv lp‘)'l,' = lnf{nf | 77- € TCI(Xv Cl)), no 2 §0., no 2 wo}—

In terms of the Legendre transform, (¢ v )~ is the minimal geodesic ray lying above both ¢ and J We
observe that

(7-15) d1(@e: ¥s) = di(@e, (@ V ¥)e) +d1 (Ve (9 V Y)e) = Codi(@s. ¥a)

for some Cy(n) > 0. See [29, Proposition 2.15] for the proof of the latter inequality. Moreover, if
n. € TCY (X, w) and if ¢, < V., then

(7-16) di((p Ve (U V1)e) =di(@e. Vo).

This follows from the corresponding inequality of geodesic rays, which in turn follows from Proposition
4.12 of [54] (Proposition 6.8 in the arXiv version).

We observe that the operator V is associative and commutative; hence, we could also define ¥} v ---v ¥
in the obvious way.

Lemma 7.15 Let ¥/, ¥, € TC!(X, ). Assume that one of the following conditions holds:
(1) v/ is increasing and v, is the increasing limit of yr] .
(2) ¥/ is decreasing and yr, = (inf ¥),.

Then w.j LI V.
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Proof We assume that condition (2) holds; the other case is similar. First observe that ri — rJ. It
suffices to observe that
j + _ .+ Oo
il == [one [T ([ on, < [ o Yo
v Jx —oo\Jx ¥ Jx Vr
The assertion is a simple consequence of dominated convergence theorem. a

Theorem 7.16 The map DH: £!(L*™) — M(R) is continuous.
For any a € E1(L™),

(7-17) / x dDH(x)(x) = E(x),
R

(7-18) /R DH(«a) = %(L”).

Proof We first prove the continuity of DH.

By the dominated convergence theorem, it suffices to show that G[v,](x) depends continuously on v,
for almost all x € Int A(L). To be more precise, let ¥/ € TC%(X ,w) be a sequence converging to V,.
We want to show that

Glyd1(x) — Gly](x)
for almost all x € Int A(L). We will reduce to the case where v/ is either increasing or decreasing. In
these cases, it suffices to show that G[//] — G[v.] in L'. By (7-4) and (7-9), this amounts to showing
that E(y/) — E(¥.). The latter follows from Lemma 7.15.
In order to make the reduction, we will prove that after passing to a subsequence, there exists an increasing
sequence ¢/ € TCL(X,w) and a decreasing sequence nl e TC%(X , ) such that ¢/ < ¥/ <nJ and
o) LI Ve, ) LIN V.. In fact, we can relax the requirement to ¢/, n/ € TC'(X, w), not necessarily
Z-model. Then it suffices to replace both test curves by their pointwise Z-projections, which satisfy the
same conditions by [32, Theorem 3.18].

Up to subtracting a subsequence, we may assume that for all j,
dy(p] v =27

For k > j =0, we set
=yl vk e TC (X

Let n/ € TC' (X, w) be the increasing limit of /% as k — co. We then have
di(* v <dy (Yo, (W VYD) +di (W VY (U Vg v T 4
+di (VYT Vv DL v v v )
<di(Yu. (P VY0 + - di (e (0 VY6

k
<Co ) di(Yu, ¥l) = C2' 7.
i=j
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Here the second inequality follows from (7-16), the third inequality follows from (7-15). Then by
Lemma 7.15, we find that d, (n/, ¥,) < C2'=/. Thus, n/ LN V.

Similarly, for k > j > 0, let
ol =yl rykeTc (X 0).

The same argument as above shows that for k > j > 0, d; (¢/ ko) <2177 Let

J .= inf @Ik,
‘S/f‘c ij (pr

By the monotone convergence theorem, // € TC! (X, w). Thus, by Lemma 7.15, dy (¢/, ¥,) <2'7/.

Next we prove (7-17). Let e € 1 (L®). Let v/, be the test curve corresponding to . We need to compute
/ x DH(x)(x) = / Gy, dA.
R A(L)

By (7-3), (7-4) and (7-9), the right-hand side is just E(v/,), which is equal to E(«) by (7-10) and (7-11).
Finally, (7-18) follows from (7-8). O
Remark 7.17 On the subspace HNA, the Duistermaat-Heckman measure is the same as the one defined
in [16, Section 3.2]. This follows from Theorem 5.28 and [11, Theorem A]. On the other hand, in

[40, Definition 3.56], Inoue defined the Duistermaat—Heckman measure for a general non-Archimedean
metric on L. As explained in [40, Remark 1.4], his definition agrees with ours for metrics in £!(L2").

8 Toric setting

This section is devoted to a toric interpretation of the partial Okounkov body construction.

8.1 Technical lemmata
Lemma 8.1 Leta, By,...,Bm € Z". Let A be the convex polytope generated by B, ..., Bm. Then the
following are equivalent:

(1) The function

m —1
(8-1) |z“|2(2 |zﬂf|2)

i=1
is bounded on C*".

2) acA.

Proof (2) = (1) Writew =), #;8;, where t; € [0, 1] and ) ; ; = 1. Then

ESROMER IR § (EIRIO SR Iy SOETRI O S
i i
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(1) = (2) Assume that @ ¢ A. Let H be a hyperplane that separates @ and A. Say H is defined by
aixy+---+apx, = C. Set
z(t) = (%, ..., t%).

Then clearly (8-1) evaluated at z(¢) is not bounded. |

Lemma 8.2 LetfB,...,B8m € N" and § € R". Then the following are equivalent:

(1) logd i, e*Bi — (x, B) is bounded from below.
(2) B is in the convex hull of the B;.

Proof The proof follows the same pattern as Lemma 8.1. |

8.2 Toric Okounkov bodies

Let X be an n-dimensional smooth projective toric variety, corresponding to a smooth complete fan ¥ in
Ngr = R”. Let N be the lattice in Ng, whose dual is the character lattice M. Let T := N ®7 C* be the
corresponding torus. Define Mg = Ng. Given any T -invariant divisor D on X, let Pp C My be the
polyhedron associated with D.

Let Dq,..., Ds be the class of prime T -invariant divisors on X, each corresponding to a ray p; in X.
Let v; be the primitive generator of p;. Any 7T -invariant admissible flag Y, has the following form after
renumbering the D;:

Yi=D;Nn---NnD;.

Now the v; induce an isomorphism ®: M — Z", u + ((u, v;));. Let ®r: Mr — R” be the extension
of ¢ to MR and o be the cone generated by the v;. Let U, be the corresponding orbit of 7. Given any
T -invariant line bundle, there is a unique 7 -invariant divisor D with D|y = 0 such that Ox (D) = L.

It is shown in [45, Proposition 6.1] that
(8-2) [ (L) = P ((kPp) N M)
for sufficiently divisible k. We will omit &g from out notations from now on.

Let 7, be the compact torus in 7. Next consider a T,-invariant metric ¢ on L. An unpublished result of
Yi Yao says that in the toric setting, two invariant potentials ¢’ and ¢” are Z-equivalent if and only if

Vr (R™) = Vg (R™). In other words, in the toric setting, for the invariant potentials, the P[e]-envelope
is the same as the P[e]z-envelope. In particular,

1
vol(L, ¢) = o /X(ddcqﬁ)”

always holds, without having to take the P[e]z-envelope. For the proof of a more general result, we refer
to [7, Theorem 3.13, Proposition 3.11].
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Let Uy be the maximal orbit of 7. The basis (v;) allows us to identify Uy = C*". We denote the
coordinates on C*" by (z1,..., zx), zi = xj +1y;. Fix a T-invariant section sq of L on Uy corresponding
to D. Then we can identify ¢ with a T,-invariant function on Uy. Given the identification Uy = C*",
¢ can be identified with a convex function ¢g : R” — R such that V¢g € Pp. We let Pp 4 be the closure
of the image of V¢. By [3, Lemma 2.5], Pp 4 corresponds to the closure of

Op,¢ =1y € MR | ¢(x) — (x, ) is bounded from below} .

We will be more explicit at this point. Assume that

¢ =log Y |si|* +0O(1),

i=1
where s; € HO(X, L). Let B; be the lattice points in Pp corresponding to s;. In this case, Q D, 1S just
the convex polytope generated by the §; by Lemma 8.2.

Consider « € M N Pp. It corresponds to a Laurent polynomial z* on C*”. Observe that o € Qp 4 if
and only if |z%|2¢~? is bounded from above. This is just a reformulation of Lemma 8.1.

Thus, we find

(8-3) T (WO(L.¢)) = (kQpgy) N M

when k is sufficiently divisible. Hence, A(L,¢) 2 Pp 4. Comparing the volumes, we find that equality
holds.

Next we deal with T,-invariant ¢ such that dd°¢ is a Kihler current. Let ¢/ be an equivariant quasi-
equisingular approximation of ¢ constructed as in [34, Corollary 13.23]. Then by definition,

A(L,¢) = ()AL, ¢).
J

On the other hand,
Pps <) Pp.si-
J
Hence, Pp 4 € A(L,¢). On the other hand, the volume of both sides agree, so they are indeed equal
thanks to the assumption that ¢ has analytic singularities.

In general, if ¢ is T,-invariant and has positive volume. Let ¥ < ¢ be a potential with dd°y being a
Kahler current. We may guarantee that ¥ is T,-invariant. Then by definition, if we set ¢ = (1 —€)p + €,
then
AL.¢)= | AL.go).
€€(0,1)
while

Py 2( ) Po,Piscls
€
Thus, A(L, ¢) 2 Pp 4. Comparing the volumes, we find that these convex bodies are equal.
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Theorem 8.3 Let ¢ be a T, -invariant psh metric on L with positive volume. Then

A(L,¢) = Ppy

under the identification ®gr as above.
8.3 Mixed volumes of line bundles
Let X and T be as in Section 8.2.
Lemma 8.4 Let Ly,..., L, be big and nef T -invariant line bundles on X. Assume that the flag is
T -invariant. Then

1
(8-4) E(Ll»---»Ln):VOI(A(LI),---,A(LH))-

Here vol denotes the mixed volume functional. We refer to [50, Section 5.1] for the precise definition.

As pointed out by Rémi Reboulet, this result is already proved in [18, Proposition 3.4.3].

Proof Step1 We first assume that all the L; are ample.
In this case, we know that forany #; e N fori =1,...,n,

A(ZtiLi) = Z Z,'A(Li)

i=1 i=1

by [42, Theorem 3.1]. Hence,

VolA(iz,L,): 3 (Z)zavol(A(Ll)al,,,.,A(Ln)a,,).

i=1 aeN” |a|=n

On the other hand, by (1-3),

n
1 n o n
VolA(ZtiLi) == 3 (a)t“(Lll,...,L‘,’,‘ ).
i=1 aeN” |a|=n

Comparing the coefficients, we find (8-4).

Step 2 General case.

The results of Step 1 generalize immediately to ample Q-divisors. Hence, the nef case follows from a
simple perturbation argument. a

The following example is due to Chen Jiang.

Example 8.5 If the flag is not toric invariant, Lemma 8.4 fails. For example, consider X = P! x P!,
Li=0(,2)and L, = O(2,1). Take a flag X = Yy 2 Y7 2 Y, with Y; being the diagonal. In this case,
(8-4) fails.
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321 01 2 3 ©

Figure 1: Okounkov body.

In this case, (L, L) = 5. By a simple computation using [45, Theorem 6.4], we find A(L{) = A(L>)
is the trapezoid shown in Figure 1. In particular,

Vol(A(L1), A(Ly)) =2 < %

For simplicity, we call (L, ¢) a T-invariant Hermitian big line bundle on X if (T, ¢) is a Hermitian big
line bundle on X, L is T -invariant and ¢ is 7,-invariant.

Corollary 8.6 Let(L;,¢;) fori =1,...,n be T -invariant Hermitian big line bundles on X with positive
volumes. If the T -invariant flag satisfies that Yy, is not contained in any of the polar loci of the ¢;, then

1
(8-5) ;/decmw-wddcqbn =vol(A(L1,$1)..... A(Ln, ¢n)).

Proof According to Proposition 5.16, by perturbing L;, we may assume that each dd“¢; is a Kihler
current.

Observe that both sides of (8-5) are continuous under d g-approximations of ¢;: the left-hand side follows
from Theorem 4.2 and the right-hand side follows from Theorem 5.9.

Hence, by [33, Lemma 3.7], we may assume that each ¢; has analytic singularities. Taking a birational
resolution, we may assume that ¢; has analytic singularities along normal crossing Q-divisor E;. By
Remark 5.1, we reduce to the situation of Lemma 8.4. O

We have finished the proof of Theorem D.

Corollary 8.7 Let Ly,..., L, be big T-invariant line bundles on X. Assume that the flag (Y.) is
T -invariant and Yy, is not contained in the non-Kahler locus of any cy(L;). Then

1
(8-6) ;(Ll,...,L,,) =vol(A(L1),...,A(Lp)).

Here (*) denotes the movable intersection in the sense of [12; 15].

Proof It suffices to apply Corollary 8.6 to the case where ¢; has minimal singularities. |
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Finally, we propose the following conjecture concerning the mixed volume of partial Okounkov bodies in
the nontoric setting:

Conjecture 8.8 Let (L;,¢;) fori =1,...,n be Hermitian big line bundles on X (not necessarily a toric
variety) with positive volumes. Then

1
(8-7) o Iy dd®¢y A--- Add°¢, = sup vol(Ay (L1, $1).. ... Ay(Ln, ¢n)).
. v

where v runs over all rank n valuations C(X)* — Z".

To the best of the author’s knowledge, this conjecture is open even when the ¢; have minimal singularities.
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We provide new oo-categorical models for unstable and stable global homotopy theory. We use the notion
of partially lax limits to formalize the idea that a global object is a collection of G-objects, one for each
compact Lie group G, which are compatible with the restriction—inflation functors. More precisely, we
show that the oco-category of global spaces is equivalent to a partially lax limit of the functor sending
a compact Lie group G to the oo-category of G-spaces. We also prove the stable version of this result,
showing that the co-category of global spectra is equivalent to the partially lax limit of a diagram of
G-spectra. Finally, the techniques employed in the previous cases allow us to describe the co-category of
proper G-spectra for a Lie group G, as a limit of a diagram of H -spectra for H running over all compact
subgroups of G.
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1 Introduction

It has been noted since the beginning of equivariant homotopy theory that there are equivariant objects
which exist uniformly and compatibly for all compact Lie groups in a certain family, and which exhibit
extra functoriality. For example, given compact Lie groups IT and G, there exists a construction for the
classifying space of G-equivariant [1-principal bundles which is uniform on the group G and which is
functorial on all continuous group homomorphisms [Schwede 2018, Remark 1.1.29]. Similarly, there are
uniform constructions for many equivariant cohomology theories, such as K-theory, cobordism and stable
cohomotopy, just to mention a few. The objects exhibiting such a “global” behavior are the subject of
study of global homotopy theory.

In this paper we provide a new oo-categorical model for global homotopy theory by formalizing the idea
that a global stable/unstable object is a collection of G-objects, one for each compact Lie group G, which
are compatible with the restriction—inflation functors. The key categorical construction that we will use
to make this slogan precise is that of a partially lax limit, which we recall below. The main result of
our paper is that this construction agrees with the models of global homotopy theory considered in the
literature. Specifically we will compare it to the models of [Gepner and Henriques 2007] and [Schwede
2018] in the unstable and stable case, respectively. We first present our result in the simpler context of
unstable global homotopy theory, and then consider the stable analogue of our main result. Finally we
discuss an application of the techniques developed in this paper to proper equivariant homotopy theory.

Unstable global homotopy theory

Global spaces were first proposed in [Gepner and Henriques 2007] as a powerful framework for studying
the homotopy theory of topological stacks and topological groupoids, which in turn generalize orbifolds
and complexes of groups. This homotopy theory records the isotropy data of such objects as a particular
diagram of fixed-point spaces. To make this precise, [Gepner and Henriques 2007] defined the co-category
of global spaces as the presheaf co-category

$a1 = Fun(Glo®, ).

Here Glo is the co-category whose objects are all compact Lie groups G, and whose morphism spaces
are given by hom(H, G)j¢; the homotopy orbits of the conjugation G-action on the space of continuous
group homomorphisms. In particular, a global space X consists of the data of a fixed-point space X ¢ for
every compact Lie group G, which are functorial in all continuous group homomorphisms. Furthermore,
the conjugation actions have been trivialized, reflecting the fact that spaces of isotropy are insensitive to
inner automorphisms.

This definition is motivated by Elmendorf’s theorem in equivariant homotopy theory, which states that the
oo-category of G-spaces ¥ is equivalent to the presheaf co-category on the G-orbit category Og. Here
Y is defined as the co-categorical localization of G-CW-complexes at the homotopy equivalences, and
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O¢ is the full subcategory of G-spaces spanned by the transitive G-spaces G/H for a closed subgroup
HCG.

There is in fact a strong connection between equivariant and global homotopy theory. Let Orb denote the
wide subcategory of Glo spanned by the injective group homomorphisms. Gepner and Henriques [2007]
observed that the slice co-category Orb, g is equivalent to the G-orbit category Og. In particular, this
allows us to define a restriction functor

resGg: Fg — Fun(ng, F)~Fg

by precomposing with forgetful functor Og ~ Orb,G — Glo. Thus a global space has an associated
underlying G-space for all compact Lie groups G. Furthermore, that all these G-spaces come from the
same global object imposes strong compatibility conditions among them.

We would like to understand how to recover a global space X from its restrictions resg X to all compact
Lie groups G, together with the previously mentioned compatibility conditions. The precise sense in
which this is possible requires the notion of a (partially) lax limit, which we now recall, following [Gepner
et al. 2017] and [Berman 2024].

Partially lax limits

Let $ be an oo-category and consider a functor F': $ — Catso. Intuitively, the lax limit of F is the
oo-category laxlim F' whose objects consist of the following data:

e an object X; € F(i) foreachi € $, and
 compatible morphisms fy: F(a)(X;) — X; for every arrow :i — j in J.

A morphism {X;, fo} — {X], f,} is a suitably natural collection of maps {g; : X; — X/}. More precisely,
laxlim F is the co-category of sections of the cocartesian fibration associated to F'. For our description
we will require that for certain arrows « in $, the map fy is an equivalence. We therefore fix a collection
of edges W C $ which contains all equivalences and which is stable under homotopy and composition,
and denote by $' the resulting marked co-category. The partially lax limit of F is then the subcategory
of laxlim F spanned by those objects ({X;}, { fo}) for which the canonical map fy is an equivalence for
all edges o € W. Note that if W' contains only equivalences, then we recover the lax limit of F'. On the
other hand, if W contains all edges, we recover the usual notion of the limit of F. In particular we obtain
canonical functors
lim F — laxlim® F — laxlim F,

which indicates that a partially lax limit interpolates between the limit and the lax limit of a diagram.
For exposition’s sake, we have only defined the partially lax limit of a functor with values in Catoo,
but there are similar definitions if we replace Catso With Catg, the oo-category of symmetric monoidal
oo-categories. We refer the reader to Section 4 for more details on this construction.
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As mentioned, in this paper we show that a global space can be thought of as a compatible collection of
G-spaces. We can formalize what “compatible” means using the language of partially lax limits. To this
end, let (Glo®®)T denote the co-category Glo® where we marked all the edges in Orb®® C Glo®®, ie all

the injective edges. We prove the following theorem, which summarizes the main result of Section 6.

Theorem 6.17 There exists a functor &, : Glo®® — Cat(‘?;> which sends a compact Lie group G to the
oo-category of G-spaces ¥ ¢ endowed with the cartesian symmetric monoidal structure, and a continuous
group homomorphism o«.: H — G to the restriction—inflation functors. Furthermore, there is a symmetric
monoidal equivalence

S~ laxlim' Fg
Ge(Glo®)T

between the co-category of global spaces with the cartesian monoidal structure and the partially lax limit
over (Glo®®)T of the diagram ¥,.

By the above theorem a global space X consists of the following data and conditions:

e A G-space resg X for each compact Lie group G.

e An H-equivariant map fy: a*resgX — resg X for each continuous group homomorphism
a:H—G.

e The maps fy are functorial, so that fgo, > fg o B*(fy) for all composable maps « and 8, and
fia =1id.
e The map f, is an equivalence for every continuous injective homomorphism c.

* A homotopy between the map f., induced by the conjugation isomorphism and the map given by
left multiplication by g, denoted by /g : c;resGX —resgX.

e Higher coherences for the homotopies.

This is a precise formulation of the compatibility conditions encoded in a global space.

Global stable homotopy theory

Our discussion so far has been limited to the homotopy theory of global spaces, but there are also numerous
examples of equivariant cohomology theories exhibiting a global behavior. These cohomology theories
are represented by global spectra, and their study is called global stable homotopy theory.

The consideration of “global spectra” grew out of the literature on equivariant stable homotopy theory,
and was considered in works such as [Greenlees and May 1997]. Morally, a global spectrum models a
compatible family of equivariant spectra for all compact Lie groups at once. Our main result makes this
moral precise, and provides the same description as in the unstable case.
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There are multiple models for the homotopy theory of global spectra. In this paper we will use the
framework developed by Schwede [2018]. His approach has the advantage of being very concrete; the
category of global spectra is modeled by the usual category of orthogonal spectra but with a finer notion
of equivalence, the global equivalences. The category of orthogonal spectra with the global stable model
structure of [Schwede 2018, Theorem 4.3.17] underlies a symmetric monoidal co-category Spy. As
any orthogonal spectrum is a global spectrum, this approach comes with a good range of examples.
For instance, there are global analogues of the sphere spectrum, cobordism, topological and algebraic
K -theory spectra, Borel cohomology, symmetric product spectra and many others. Global spectra have
also been shown to give cohomology theories on orbifolds and topological stacks in [Juran 2020], thereby
establishing them as a natural home for (genuine) cohomology theories on topological stacks. As part of
the framework developed by Schwede, the co-category of global spectra comes with symmetric monoidal
restriction functors

1esG : Spy — Spg

into the oco-category of G-spectra, for all compact Lie groups G. As a first indication that a global
spectrum should consist of just this data, together with various comparison maps, note that the functors
resg are jointly conservative by the very definition of global equivalences.

However, not all equivariant spectra admit global refinements. In fact being a “global” object forces
strong compatibility conditions between the underlying G-spectra for different G. For example, resg X
is always a split G-spectrum by [Schwede 2018, Remark 4.1.2] and its G-homotopy groups for all G
together admit the structure of a global functor, see [Schwede 2018, Example 4.2.3]. We can again
formalize how a global spectrum is determined by its restrictions for all compact Lie groups using the
language of partially lax limits. Recall that (Glo®) denotes the co-category Glo°®, marked by all the
edges in Orb®P, ie the injective group homomorphisms.

Theorem 11.10 There exists a functor Sp, : Glo? — Cat?g which sends a compact Lie group G to the
symmetric monoidal co-category of G -spectra Sp%’, and a continuous group homomorphisme: H — G
to the restriction—inflation functor. Furthermore, there is a symmetric monoidal equivalence

Sp.; ~ laxlim™ S
Pt = Getgiomyr 1O

between Schwede’s co-category of global spectra, and the partially lax limit over (Glo®)T of the dia-
gram Sp,.

Proper equivariant stable homotopy theory

The techniques employed in the proof of Theorem 11.10 can also be used in other settings. Given a (not
necessarily compact) Lie group G, we can consider the co-category of proper G-spectra Spg .. This is
the oo-category underlying the category of orthogonal G-spectra with the proper stable model structure
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of [Degrijse et al. 2023], in which amap f: X — Y is a weak equivalence if and only if for all compact
subgroups H < G, the map induced on homotopy groups 7 (f): nH (X) — nH (V) is an isomorphism.
Write Og,p, for the proper G-orbit category, which is defined to be the subcategory of O¢ spanned by
the cosets G/H, where H is a compact subgroup of G. Our techniques allow us to prove:

Theorem 12.11 Let G be a Lie group. There is a symmetric monoidal equivalence
spG,pr = Hn%p SpH
He Gopr

between the co-category of proper G -spectra and the limit of the functor Sp, restricted along the canonical
functor (g : ngpr — Glo® sending G/H to H.

Having introduced the main theorems of this article. We continue the introduction by discussing the proof
strategy for each in some detail.

The proof strategy for Theorem 6.17

We begin with a discussion of the proof of the unstable result. Implicit in [Rezk 2014] is the following
crucial observation (see also Proposition 6.13): the space of factorizations of any map «: H — G in
Glo into a surjective followed by an injective group homomorphism is contractible. In fewer words, the
surjective and injective maps form an orthogonal factorization system on Glo. This is the main ingredient
in the proof of Theorem 6.17, and moreover, we would like to argue that it is at the core of the relationship
between global and G-equivariant homotopy theory.

This claim is justified by the following two facts. The first is that the functoriality under the restriction—
inflation functors of the different co-categories of equivariant spaces is equivalent to the previous obser-
vation. The second is that the observation formally implies that one can recover a global space X from
the Glo°P-indexed diagram of G-spaces resg X .

Let us first explain how the oco-categories of equivariant spaces are functorial in the category Glo°P. Due
to the existence of a nontrivial topology on the morphism spaces, this is not immediate. For example, note
that exhibiting this functoriality also entails giving a homotopy coherent trivialization of the conjugation
action on ¥g. The key is that the existence of the orthogonal factorization system allows one to define
functors

a):Orb)p — Orb;g, (K — H) (a(K) — G).

On objects, o factorizes the composite K < H — G into a surjection followed by an injection, and then
only remembers the injective part. The fact that such factorizations are unique is equivalent to the fact that
this functor is well-defined. Precomposing with a?p gives the standard restriction functor «*: ¥ — $p.
Furthermore, given this description of the individual restriction functors, it is clear that they are functorial
in Glo®®.
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Next we explain how the observation implies that one can recover a global space from its restrictions.
When one takes an object ({resg X}, { fo}) of the partially lax limit over Glo" of the diagram ¥,, the
functoriality of the associated global space in injections is recorded by restricting to each resg X, and the
functoriality in surjections is given by the morphisms fy. One recovers the functoriality in all morphisms
in Glo by factorizing an arbitrary morphism into an injection followed by a surjection. The ability to split
the functoriality in this way again reduces to the observation that the surjective and injective maps form
an orthogonal factorization system. We make precise all of the ideas sketched here in Section 6.

The proof strategy for Theorem 11.10

The proof of Theorem 11.10 is considerably more involved than its unstable analogue, and takes up the
majority of the second half of the paper. Therefore we now give an overview of the proof as a roadmap
for the reader.

Firstly, we discuss the existence of the functor Sp,. Recall that a G-spectrum can be thought of as a pointed
G-space together with a compatible collection of deloopings for all representation spheres. With modern
tools we can give this construction a universal property: as a symmetric monoidal oo-category, Sp; is
obtained from the oo-category of pointed G-spaces by freely inverting the representation spheres SV for
every G-representation V'; see [Gepner and Meier 2023, Appendix C]. This universal property, combined
with the unstable functor ¥, of Theorem 6.17, immediately gives the functoriality of G-spectra in Glo°®
as in our theorem.

Unfortunately, constructing the functor Sp, via the universal property of equivariant spectra is unhelpful
for our purposes, as it is too inexplicit for calculating the partially lax limit. For example, note that for a
surjective group homomorphism «: H — G and G-spectrum E, to obtain the H -spectrum o* E one has to
freely add deloopings with respect to representation spheres not in the image of @*: Rep(G) — Rep(H).
This is a process which one cannot easily control.

Therefore, pivotal to our proof is an explicit construction of the functor Sp,. The calculation of the
partially lax limit of Sp, will then follow from this by a long series of nontrivial formal arguments. The
crucial idea is to construct and calculate with a functoriality on prespectrum objects rather than at the
level of spectrum objects. In this setting, we are able to build the functoriality of equivariant prespectra
explicitly using the functoriality of the co-categories O and Rep(G), the category of representations
and linear isometries.

To make this precise, let us first specify our model of G-prespectra. We define an oco-category ORg,
naturally fibered over O, whose objects are pairs (H, V'), where H is a closed subgroup of G and
V is an H-representation; see Definition 8.5. This is canonically symmetric promonoidal and so the
oo-category of functors Fun(ORg, &) is symmetric monoidal via Day convolution. There is a functor
SG: ORg — Y% which sends the object (H, V) to the pointed space (SY)H. This is a commutative
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algebra object in Fun(ORg, ¥«) via the universal property of Day convolution. The first ingredient of
the proof is the following:

Step 1 The co-category Spg is equivalent to an explicit Bousfield localization of the oco-category

PSpg; :=Mods; Fun(ORg, ¥«).

We obtain this description by reinterpreting the construction of G-spectra as a Bousfield localization
of the level model structure on orthogonal G-spectra internally to co-categories. This identification is
the culmination of Sections 7 and 8, and the reader can find a precise statement as Proposition 7.30 and
Corollary 8.14.

Having obtained this identification, we can build the functoriality of equivariant prespectra by exhibiting
the pairs (ORg, Sg) as functorial in Glo°?. In fact the categories ORg will only be (pro)functorial
in Glo®, but this is a subtlety which we choose to gloss over in this introduction. To exhibit this
functoriality, we build a global version of the category OR¢g and the algebra object Sg, which we denote
by ORg and S,i; see Definition 9.2. The oo-category ORyg) is naturally fibered over Glo°® and has objects
(G, V), where G is a compact Lie group and V' is a G-representation, and Sy1: ORg — ¥« sends (G, V)
to the pointed space (SV)°.

There is a precise sense in which the pair (ORg, Sg1) contain all of the functoriality of the pairs (ORg, Sg)
in Glo. For the group direction this stems from the fact that the surjections and injections form an
orthogonal factorization system on Glo, while for the representation direction this follows from the
observation that ORy is a cocartesian fibration over Glo? classifying the functor Rep(—): Glo°” — Categ
which sends a compact Lie group G to its category of G-representations, with functoriality given by
restriction. These observations allow us to prove the following result; see Proposition 9.16.

Step 2 There exists a functor
PSp, : Glo® — Cat2, G > PSpg.
Furthermore the partially lax limit of PSp, over (Glo®®)T is given by Modg, Fun(ORg, #x).

We have shown in Step 1 that Sp; is a Bousfield localization of PSp;. We call a map in PSpg; a stable
equivalence if it is inverted by the functor PSp; — Spg.

Step 3 The diagram PSp, preserves stable equivalences, and therefore induces a diagram Sp,. Further-
more, as indicated by the notation, this diagram is equivalent to the functoriality of equivariant spectra
built at the beginning of this section using the universal property of Spg.

In particular, on morphisms this diagram gives the standard restriction—inflation functors on equivariant
spectra; see Corollary 10.6. The following result follows formally from this.
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Step 4 The partially lax limit of Sp, is given by an explicit Bousfield localization of the co-category

Mods, Fun(ORg, Fx).

Finally, we compare this co-category to Schwede’s model of global spectra, Sp,. Once again we do
this by first translating his construction into one internal to co-categories. We define an co-category
ORyg as the subcategory of ORg spanned by the objects (G, V'), where V' is a faithful G-representations.
Restricting S we obtain a commutative algebra object Sty in Fun(ORyg, ). We then show:

Step 5 Sp,, is an explicit Bousfield localization of the category Mods,, (Fun(ORyg, F+)).

The precise statement is obtained by combining Proposition 7.27 and Corollary 8.23. Finally we show in
Section 11 that the canonical inclusion j : ORg — ORg induces an adjunction

ji: Mods,, (Fun(ORgg1, #4)) < Mods, (Fun(ORg1, %)) :j*

on prespectrum objects. Then we show that this adjunction descends to an adjunction on the corresponding
Bousfield localizations of Steps 4 and 5. Finally we prove that the fibrancy conditions imposed by these
localizations cancel out the difference between all and faithful representations, so that we obtain an
equivalence

Spy = laxlim® Sp..
concluding the proof of Theorem 11.10.

Finally let us note that to fill in all of the details of this argument requires a long list of technical results
about the relationship between various constructions applied to model categories and co-categories, Day
convolution monoidal structures induced by promonoidal categories, and partially lax limits of symmetric
monoidal categories. We have included these in Part I to make the paper self-contained, and because we
failed to find a convenient reference for many of these facts.

Related work

There are many models of global unstable homotopy theory. The first was given in [Gepner and Henriques
2007], and since then others have been obtained in [Schwede 2018; 2020]. The second of these papers,
together with [Korschgen 2018], proves that all these models induce the same oco-category. Finally, we
would like to mention the unpublished manuscript [Rezk 2014], which contains many of the ideas we
exploit in Section 6.

There has been a lot of work towards finding a good framework for the study of global stable homotopy
theory; see [Bohmann 2014; Greenlees and May 1997] and [Lewis et al. 1986, Chapter II]. Schwede’s
model [2018] has so far being the most successful one, in part because of its numerous applications
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to equivariant stable homotopy theory; see for example [Schwede 2017] and [Hausmann 2022]. Haus-
mann [2019] gave a model for global homotopy theory for the family of finite groups by endowing
the category of symmetric spectra with a global model structure. There is also a model for G-global
homotopy theory [Lenz 2025] which is a synthesis between classical equivariant homotopy theory and
Schwede’s global homotopy theory. This specializes to global homotopy theory by setting G to be the
trivial group. Recently, Lenz [2022] gave an oo-categorical model for global stable homotopy theory for
the family of finite groups using spectral Mackey functors. However to the best of our knowledge, our
model is the first co-categorical model for global stable homotopy theory for the family of all compact
Lie groups and not just the finite ones.

Future directions

In this paper we focused only on global and proper equivariant homotopy theory, but it is quite natural to
wonder if we can recover our two results as a special case of a more general one. For any Lie group G,
we can in fact consider G-global homotopy theory which is a generalization of global and G-equivariant
homotopy theory. We conjecture that G-global stable homotopy theory is equivalent to the partially lax
limit of the functor Sp, restricted along the canonical functor Glo?pG — GloP,

Organization of the paper

The paper is divided into three main parts.

In the first part we first discuss the relationship between model and oco-categories. Then we recall the
concept of a promonoidal co-category and use this to define the Day convolution product on functor
categories. We then introduce the notions of partially lax (co)limits and collect various useful results that
we will need throughout the paper. We finish Part I by describing the lax limits of symmetric monoidal
oo-categories in terms of the operadic norm functor.

The second part of the paper contains the proofs of our main results. In Section 6 we introduce the
oo-category of global spaces and prove Theorem 6.17. This is an unstable version of Theorem 11.10, and
serves as a warm-up for the considerably more involved proof of the stable case. We therefore recommend
that the reader read this section before moving forward. In Section 7 we recall various model structures on
the categories of orthogonal G-spectra for a Lie group G, and hence define the underlying co-categories
of proper G-spectra and of global spectra. In Section 8 we apply a variant of Elmendorf’s theorem and
use this to provide specific models for the co-categories of proper G-prespectra and global prespectra. In
Section 9 we construct the functor Sp, from the introduction, and in Section 11 we identify the partially
lax limits with the co-category of global spectra. Finally in Section 12, we apply the same techniques to
describe the co-category of proper G-spectra as a limit, proving Theorem 12.11.

The third part of the paper contains an appendix on the tensor product of modules in an co-category.
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Part I Partially lax limits, promonoidal co-categories and Day convolution

In this part of the paper we introduce the necessary machinery to state and prove our main results. In the
first section we give references for the passage from topological/model categories to co-categories. We
then discuss the Day convolution product for functor co-categories, where the source is only assumed to
be a promonoidal co-category. Finally we recall the notion of partially lax limits of co-categories and
symmetric monoidal co-categories, and proof some useful properties about them.

2 From topological/model categories to co-categories

In this paper we will often need to pass from topological categories (or operads) and (symmetric monoidal)
model categories to co-categories. In this section we recall how this is done, and provide relevant references.
After this section we will largely leave these identifications implicit for the rest of the paper.

2.1 Topological categories and operads

We can promote a topological category ‘€ to an co-category by first applying the singular functor to the
mapping spaces (see [Lurie 2009, Section 1.1.4]) and then applying the coherent (also called simplicial)
nerve functor [Lurie 2009, Corollary 1.1.5.12]. This defines a functor

TopCat — Cats

from topological categories to co-categories. Importantly, applying this functor to a topologically enriched
category € preserves the set of objects and the weak homotopy type of the mapping space between any
two objects; see [Lurie 2009, Theorem 1.1.5.13]. Throughout this paper we will not distinguish between
the topological category and its co-categorical counterpart.
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There is a similar functorial construction between topological operads and co-operads, which we now
recall. Given a topological colored operad 0, we let 0® denote the topological category whose objects are
pairs (/+, (Ci)ier), where I+ € Fin, and C; are colors in 0. Given a pair of objects C = (I+,{C;}icr)
and D = (J4,{D,};es) in O®, the morphism space 0®(C, D) is given by

[T T[loGCam=;- D).
a:ly—>Jyjed
Composition is defined in the obvious way. This is the topological analogue of [Lurie 2017, Notation
2.1.1.22]. Note that O® admits a functor to Fin.. By the process before, this induces a functor of
oo-categories 0® — Finy.

Lemma 2.1 Let O be a topological colored operad. Then the forgetful functor p: 0® — Fin, defines an
oo-operad. Moreover, this construction is functorial in the sense that it sends maps of topological colored
operads to maps of co-operads.

Proof Recall that a topological category is seen as an co-category by applying the singular functor on
mapping spaces and then by applying the coherent nerve functor to the resulting simplicial category. Since
the singular functor preserves products and sends every object to a fibrant one, it sends the topological
colored operad O to a fibrant! simplicial operad 0. Moreover by direct inspection, the singular functor
sends the topological category 0® defined above to 02 as defined in [Lurie 2017, Notation 2.1.1.22].
Applying the coherent nerve to 0® — Fin, we obtain an co-operad by [Lurie 2017, Proposition 2.1.1.27],
proving the first claim. A simple check shows that the formation of the topological category 0% is
functorial in maps of topological operads. Applying the singular functor and the coherent nerve then gives
a functor of oco-categories over Fin,. Furthermore the cocartesian edges over inert edges are explicitly
constructed in the proof of [Lurie 2017, Proposition 2.1.1.27], and the functor constructed clearly preserves
these edges. |

2.2 Model categories and oo-categories

We will very often pass from model categories to co-categories. Therefore we explain and give references
for this passage.

Let Jit be a model category with class of weak equivalences denoted by W. We always assume that Jl has
functorial factorizations. The model category .l presents an co-category which we denote by M[W ~1].
We may define M[W ~!] as the Dwyer—Kan localization of N(.l) at the weak equivalences of .IL, ie as
the initial co-category with a functor from Jl which inverts the morphisms in W. Write M, ME and MO
for the full subcategories of Jl spanned by the fibrant, cofibrant and bifibrant objects, respectively. The
composite

NSy — Nt — w1

Recall that a simplicial operad is fibrant if each multispace is a fibrant simplicial set; see [Lurie 2017, Definition 2.1.1.26].
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is a Dwyer—Kan localization at the restriction of W to L7, and similarly for the case of cofibrant and
bifibrant objects. See for example the discussion in [Lurie 2017, Remark 1.3.4.16].

If . is a topological model category, then the enriched structure gives another construction of AM[W ~1]. In
this case, [W 1] is equivalent to the co-category associated to the topologically enriched category .°
as in the previous section; see [Lurie 2017, Theorem 1.3.4.20]. Throughout our paper it will be necessary
to use all these different constructions of JL[W ~1].

We note that if the model category M is cofibrantly generated and the underlying category is locally
presentable, then L[W ~!] is a presentable co-category; see [Lurie 2017, Proposition 1.3.4.22]. Also
we note that any Quillen adjunction of model categories F: Jlyg & M :G induces an adjunction of
underlying co-categories F : Mo[W; '] 2 Ay [W; '] :G by [Hinich 2016, Proposition 1.5.1].

Next we may consider symmetric monoidal model categories. By [Lurie 2017, Proposition 4.1.7.6], if
M is a symmetric monoidal model category then the co-category JU[W ~1] admits a symmetric monoidal
structure such that the localization functor ¢ — M[W ~1] is strong monoidal, and if F is a symmetric
monoidal left Quillen functor then F' is again symmetric monoidal.

Once again we obtain a different construction of the symmetric monoidal co-category J[W ~!] when .t
is topological. Namely, one can first restrict to bifibrant objects and then form the topological colored
operad N ®(t) with colors X € J(° and multimorphism spaces

MUIN®(M0)({X1,...,XH}, Y) =MapMo(X1 ®®Xn,Y)

This then gives an co-operad by Lemma 2.1. By [Lurie 2017, Proposition 4.1.7.10] this is in fact a
symmetric monoidal co-category whose underlying oo-category is equivalent to .L[W ~!]. Furthermore,
by [Lurie 2017, Corollary 4.1.7.16], these two methods of obtaining a symmetric monoidal structure on
M[W~1] are equivalent.

2.3 Pointed categories

Many of the typical constructions one applies to model categories admit an analogue internally to oco-
categories. Furthermore, in many cases these constructions are not only analogous but in fact equivalent.

For example we may consider the formation of pointed objects. Given a model category Jl with
final object *, we can equip the slice category Jlx = Jl,, with a model structure in which fibrations,
cofibrations and weak equivalences are detected by the forgetful functor M4 — Jl; see [Hovey 1999,
Proposition 1.1.8]. If Jl is cofibrantly generated with set of generating cofibrations I and set of generating
acyclic cofibrations J, then Jlx is also cofibrantly generated by the sets /4 and J4; see [Hovey 1999,
Lemma 2.1.21]. If M is symmetric monoidal with cofibrant unit given by *, then the slice category Jl4
with the smash product is again a symmetric monoidal model category with cofibrant unit; see [Hovey
1999, Proposition 4.2.9].
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Let us now discuss the same construction for co-categories. Given a presentable symmetric monoidal
oo-category (6, ®), we can endow the slice ‘6« = 6, with a symmetric monoidal structure Ag given as
follows: for all (x — C), (* = D) € €4, we define C Ag D by the following pushout in €6:

CR*xUx®D —— CQ®D

| -

«@*k —— CAgD

The existence of such symmetric monoidal structure on 6, is a formal consequence of [Lurie 2017,
Proposition 4.8.2.11] as we now explain. Indeed the cited reference shows that the functor (—), : Pr' — Prt
from presentable co-categories to pointed presentable co-categories is a smashing localization, so it
induces a functor on commutative algebras CAlg(Pr") — CAlg(Prk) showing that a symmetric monoidal
structure on €4 exists. Furthermore, [Lurie 2017, Proposition 4.8.2.11] implies that this symmetric
monoidal structure is uniquely determined by the condition that the tensor product on 6, commutes with
colimits on each variable and makes the functor (—)4 : € — % into a symmetric monoidal functor. From
this one obtains the concrete description of Ag as given above.

Example 2.2 Applying this construction to & with the cartesian product returns &, the category of
pointed spaces with the smash product. We write ¥ for the co-operad giving the former, and ¥4 for the
latter.

We now give a result that connects these two constructions.

Proposition 2.3 Let M be a symmetric monoidal model category with cofibrant final object, which is
also the monoidal unit. Suppose that the underlying oo-category M[W ~1] is presentable. Then the functor
(—)+: M — My induces a symmetric monoidal equivalence

MW~ e = Al [T,

Proof First note that the underlying co-category .U« [W ~1] models the co-categorical slice (M[W ~1])4;
see for example [Cisinski 2019, Corollary 7.6.13]. Note also that (=) : M — M is left Quillen and
strong monoidal, and therefore we obtain a strong monoidal colimit-preserving functor

(=) MW = M W1,

which is equivalent to the standard left adjoint (—)4 under the equivalence M«[W 1] ~ M[W 1], by
inspection. Also, .l«[W 1] is automatically presentable and closed monoidal. Now we can conclude the
result, because there is a unique closed symmetric monoidal structure on J[W ~!], such that (=) 4 is
strong monoidal. a

Next we consider the formation of module categories. Recall that given a presentable symmetric monoidal
oo-category ¢ and a commutative algebra object S € CAlg(‘€), the category of S-modules in ¢, Mods (6)
is a symmetric monoidal co-category via the relative tensor product, constructed in Section 4.5.2 of [Lurie
2017]. We will always consider Modg (¢) as symmetric monoidal in this way.
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Proposition 2.4 Let /M be a symmetric monoidal and cofibrantly generated model category with weak
equivalences W, generating cofibrations I and generating acyclic cofibrations J, and let A be a com-
mutative algebra object in /M whose underlying object is cofibrant. Suppose that Mody4 (M) admits a
symmetric monoidal and cofibrantly generated model structure where fibrations and weak equivalences
are tested on underlying objects, and the sets A ® I and A ® J form a set of generating cofibrations and
generating acyclic cofibrations, respectively. Write Wy, for the class of weak equivalences in Mod 4 ().
Then applying Mody to the functor M€ — M[W ~!] induces a symmetric monoidal equivalence

Mod4 (M) [W,; '] ~ Mod4 (M[W ~1]).

Proof This is essentially [Lurie 2017, 4.3.3.17]. However since the statement there does not literally
apply, let us spell out the argument. We need to show that there exists a symmetric monoidal equivalence

0: N(Mod (M)°)[W, 1] => Mod (N (ME)[W1]).

We start by noting that the forgetful functor U : Modg (M) — J is left Quillen. One can verify this
by observing that U sends the generating (acyclic) cofibrations to (acyclic) cofibrations, using that A4
is cofibrant and that J satisfies the pushout-product axiom. Since a cofibrant A-module is then also
cofibrant in JL, there exists a symmetric monoidal functor

N(Mod (M)€) — N(Mod4 (ME)) =~ Mody (N ().

Postcomposing with the symmetric monoidal functor N (M¢) — N(M)[W ~!] and using the universal
property of symmetric monoidal localization we obtain a symmetric monoidal functor 6 as claimed. To
show that 6 is an equivalence, we apply [Lurie 2017, 4.7.3.16] to the diagram

N(Mod4 (W))W, 1] 6 > Mody (N (M) [W 1)

x %
NE)[w=1
We need to check:

(a) The oo-categories N(Mod4 (M)¢)[W,, 1] and Mod (N (M€)[W ~1]) admit geometric realization of
simplicial objects. In fact, both categories admit all colimits. For N(Mod (M)€)[W,, 1] this is [Barnea et al.
2017, Theorem 2.5.9]. For Mod4 (N (M€)[W ~1]), we note that N (M€)[W ~!] admits all colimits by the
previous reference and that these can be calculated as homotopy colimits in the model category by [Barnea
et al. 2017, Remark 2.5.7]. Since A is cofibrant, the functor A ® —: M — Jl is left Quillen and so it
induces a colimit-preserving functor N (MS)[W ~1] — N(M€)[W~1] by [Hinich 2016, Proposition 1.5.1].
Finally, we can invoke [Lurie 2017, Proposition 4.3.3.9] to deduce the existence of all colimits in
Mody (N (M) [W1]).

(b) The functors U and U’ admits left adjoints F and F’. The existence of a left adjoint to U follows
from the fact that U is determined by a right Quillen functor. The existence of a left adjoint to U’ follows
from [Lurie 2017, Corollary 4.3.3.14].
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(c) The functor U’ is conservative and preserves geometric realizations of simplicial objects. This follows
from [Lurie 2017, Corollary 4.3.3.2, Proposition 4.3.3.9].

(d) The functor U is conservative and preserves geometric realizations of simplicial objects. The first
assertion is immediate from the definition of the weak equivalences in Mody4 (), and the second follows
from the fact that U is also a left Quillen functor.

(e) The natural map U’ o F/ — U o F is an equivalence. Unwinding the definitions, we are reduced to
proving that if N is a cofibrant object of Jl, then the natural map N — A ® N induces an equivalence
F'(N) ~ A® N. This follows from the explicit description of F’ given in [Lurie 2017, Corollary
4.3.3.13]. m|

Remark 2.5 Suppose Jl is a symmetric monoidal cofibrantly generated model category. If .l is locally
presentable, then the existence of the model structure on Mod4 (/L) as in Proposition 2.4 holds by [Schwede
and Shipley 2000, Remark 4.2].

3 Promonoidal oco-categories and Day convolution

We start this section by recalling the notion of a promonoidal co-category. We recall the definition of the
operadic norm functor and use this to define the Day convolution product on a functor category. We then
collect various important results about the Day convolution product which will be important later. We
finish the section by giving a symmetric monoidal recognition criteria for presheaf categories, inspired by
Elmendorf’s theorem.

We start off by recalling the following useful notion from [Ayala and Francis 2020, Definition 0.7].

Definition 3.1 A functor p: € — % between oco-categories is an exponentiable fibration if the pullback
functor p*: Cateo /g — Cateo /¢ admits a right adjoint p«, which we call the pushforward.

Example 3.2 Both cocartesian and cartesian fibrations are exponentiable; see [Ayala and Francis 2020,
Lemma 2.15].

Example 3.3 Exponentiable fibrations are stable under pullbacks; see [Ayala and Francis 2020, Corollary
1.17]

For any oo-operad 0%, we let @ﬁt := 0% Xgj,, Fin € 0%® denote the subcategory of active arrows. We

recall the following definition from [Shah 2021, Definition 10.2].

Definition 3.4 Let O® be an co-operad. A map of co-operads p: €® — 0% defines a 0®-promonoidal
oo-category if the restricted functor pag: %,ﬁt — @;‘g is exponentiable. A functor of 0®-promonoidal
oo-categories is simply a map of 0®-operads.

Example 3.5 Any 0®-symmetric monoidal co-category is 0®-promonoidal by Example 3.2.
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Example 3.6 Let € be an co-category. Then the oco-operad € — Fin, of [Lurie 2017, Construc-
tion 2.4.3.1] is a symmetric promonoidal co-category. In fact

@l XFin, Fin — Fin
is the cartesian fibration which classifies the functor sending / to Fun(/, ).

Example 3.7 Consider a cartesian fibration p: ‘€ — $. Similarly to Example 3.6, one can show that the
induced map p": @Y — g exhibits €I as a $M-promonoidal co-category.

The key property of promonoidal co-categories is that they induce operadic norm functors.

Definition 3.8 Let p: €® — 0%® be a 0®-promonoidal co-category. Then the functor

p*: (Opoo)/@® - (Opoo)/(@®

has a right adjoint by [Shah 2021, Theorem/Construction 10.6], which we denote by N, and call the
norm along p. Note that p* also has a left adjoint p, which is given by postcomposition with p.

The norm interacts well with pullbacks along maps of co-operads.

Lemma 3.9 Let p: €® — 0%® be a 0®-promonoidal co-category and let f: P® — 0% be a map of
oo-operads. Write p': €% xo@ P® — P® and f': €® x,e P® — 0% for the functors obtained via
basechange. Then there is a natural equivalence of functors

S*Np = Ny (f')*: (Opog) j¢® —> (OPoo) 9@ -
In other words, for every 4% € (Op,,) /@ there is an equivalence of co-operads over Pe,

Np(@®) xg0 P® ~ Ny (3® xo0 P®).

Proof To check that two right adjoint functors are equivalent it is enough to check that the left adjoints
are equivalent. But the left adjoint of ™ is just postcomposition with f, so the thesis is equivalent to the
fact that for every ¢® € (Opy,) /»®, there is a natural equivalence

and this is clear. O

Remark 3.10 In a similar vein we observe that because ¢* p* >~ (pq)*, also Npg ~ N, Ny.

Remark 3.11 Recall that passing to underlying oo-categories gives a functor U : Op,, — Catso which
admits a left adjoint F with essential image precisely those co-operads ¢: ?® — Fin, such that the
functor g factors through Triv € Fin,; see [Lurie 2017, Proposition 2.1.4.11]. In particular for any
oo-operad 0®, we obtain an adjunction on overcategories

F: (Cateo) /0 = (Opoo) jo® = U.
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See [Lurie 2009, Proposition 5.2.5.1]. Let p: €® — 0% be a 0®-promonoidal co-category; we will
now describe the effect of N, on underlying co-categories. Observe that the underlying map U(p) on
oo-categories is exponentiable, as it can be described as the pullback of p along O C 0%, compare with
Example 3.3. One can compute that the diagram of left adjoints

(OPoo) j¢® 2 (Opoo) joe

FT TF
U(p)*
(Catoo)/% R (Catoo)/O

commutes. Therefore the associated diagram of right adjoints

N
(Opoo)/%é@’ — (Opoo)/@®

Ul lu
U(p)«
(Catoo)/% —_— (Catoo)/(@

also commutes, and we conclude that on underlying categories N, is given by the pushforward U(p)«.
We can now define the Day convolution functor.

Definition 3.12 Let p: €® — 0® be a 0®-promonoidal co-category. The Day convolution functor
Fung(6. =) : (Opyy) 69 = (Opso) /0@
is the right adjoint of the functor
P1p* = = %8 €% (Opsg) jo& = (OPog) joe-
This is a composite of right adjoints, and so we conclude that Fung(6, —)P% ~ N, p*(—). This also

shows the existence of Fung (%€, —)P%. When 0 = Fin,, we will omit it from the notation.

Remark 3.13 Recall that Alg,e (9®) is defined to be the full subcategory of Fun /Fin (€¢®,9®) spanned
by the maps of operads, and that taking the maximal co-subgroupoid of this category gives the mapping
spaces Opy, (€®,%®). Therefore we may view Alg_y(—) as constituting an enrichment of Op,, in
Catso. A standard argument shows that the adjunction equivalence

Opoo (P, Fun($%®,€%)PY) =~ Opoo (P® Xin, §°,6%)
improves to an equivalence
Algge (Fun($®,€®)PY) ~ Algge,, 5o (€%).
Example 3.14 Recall from Example 3.6 that for any co-category 6, the co-operad €™ — Finy is
promonoidal. For every co-operad @®, the Day convolution co-operad Fun(@, %®)P% is equivalent to

the pointwise operad structure on Fun(6, ). Indeed they corepresent the same functor by [Lurie 2017,
Theorem 2.4.3.18].
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The description of Day convolution combined with Remark 3.11 implies that on underlying categories
Fung(€®, —)P¥ is given by U(p)«U(p)*. We can describe the fibers of this category explicitly.

Construction 3.15 Let p: € — % be an exponentiable fibration of co-categories and g: 9 — R any
functor. Fix an arrow f: bg — b1 in B and let us write 65, and %y, for the fibers of p and g over b;.
The unit of the adjunction (p*, p«) gives a canonical functor ps« p*% — %B whose fiber over b; can be
identified with

(3.15.1) (P p™D)p, >~ Fung({b; }, px p™ D) =~ Fung (€ xg {b; }, 6 X5 D) =~ Fun(%;, D;).

Remark 3.16 One should be careful to note that, if the underlying co-category O of 0% is not contractible,
then the underlying oo-category of Fung(€®,%®)P% is not the same as the co-category of functors
over O. Rather, it is a fibration over O whose global sections are Funq(‘6,%). Compare also with the
previous construction.

We would like to have a formula for the multimapping spaces for the Day convolution. We will achieve
this in Lemma 3.25 below. In preparation for this result, we compute the mapping spaces in a pushforward.
To state the result we recall the definition of twisted arrow co-categories, and the notion of coends.

Definition 3.17 Let e€: A — A be the functor [n] > [n] * [n]°P >~ [2n + 1]. Let $ be an co-category. The
twisted arrow oo-category Tw(.$) is the associated co-category of the simplicial set €* N .$. By definition,

we have
Tw($)n = Map(A" x (A")P, 9).

The natural transformations A® and (A®)°? — A*® x (A*)°P induce a functor (s,1): Tw($) — $ x P,

Remark 3.18 There are two possible conventions for defining Tw(—). In this paper we follow that of
Lurie [2017, Section 5.2.1]. This is the opposite of the convention used in [Barwick 2017].

Example 3.19 The objects of Tw($) are given by edges of $. An edge from f:x — yto f':x' — )’
in Tw(9$) is represented by a diagram
x — x’

fl lf /

y«— )

Remark 3.20 The twisted arrow category is insensitive to taking opposites, meaning that Tw($°P) =~
Tw($). However under this equivalence (s, t) is sent to (¢, 5).

Definition 3.21 Given a functor F: 6 x €°? — &, we define the coend | xet (x, x) to equal the colimit

of the functor
Tw(©€) &1 @ x g £ o,

Dually for a functor F: €°P x € — 6, we define the end [ ., F(x, x) to be the limit of the functor

Tw(@)P &0 o g Ly g,
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We are now ready to state the formula for multimapping spaces in the Day convolution.

Lemma 3.22 Suppose we are in the setting of Construction 3.15. Let F;: 6€; — %, be two objects of
(P*P*@)bi, viewed as such via the equivalence (3.15.1). Then there is an equivalence

(322.1)  Map) . (Fo. Fi) = / Map(Mapy, (xo. x1). Map (Foxo, Fix1)),

(x0,x1) €6 x61

where the left-hand side denotes the fiber over f of the canonical map
Mapp*p*@(Fo, F1) — Mapy, (bo, b1).
Proof Let us write f as a map A! — 9. Then, by the definition of p., there is an equivalence
Mapg, (A, ps p* @) ~ Mapy (Al xg €, 6 x5 D) ~ Map 1 (Al xz €, Al x5 D).
Therefore we have an equivalence
Map? g (Fo. F1) = {(Fo. F1)} Xytap, 91, p. ) Map (A1 pap*)

~ {(Fo. F1)} XMap(o.a0) xMap(e;,91) Mapa1 (A xg €, Al xg,D).
Now from the proof of [Ayala and Francis 2020, Lemma 4.2] it follows that the map

Catoo /a1 — Caloo X Calog [€ — Al (€ x A1 {0}, x o1 {1}),

is a right fibration classified by the functor Cato, X Catoo — & sending (69, 61) to Map(6y” x €1, ¥).
Therefore

{(Fo. F1)} XMap(¢o,30)xMap(¢1,31) Mapa1 (A" xg 6, Al xg D)

~ (Fo,F1) 1 1

=~ 1\/[31[3(:&?00/1Al (A Xqy B, A Xap QD)

- 1\’I’dp(Catoo/A1)(%0’%1)(Al xg 6. (Fo, F1)*(A! xg %))

> Mapg, ¢ x¢; ,9) (Mapé (= =) Mapé(Fo—, Fi-)).
But this is exactly the thesis, thanks to [Gepner et al. 2017, Proposition 5.1]. a
Remark 3.23 In the setting of Lemma 3.22, suppose that ¢ is equal to the projection & x B — B and

that @ is cocomplete. Then we can interpret formula (3.22.1) as saying that p p*% is a cocartesian
fibration and that given f:i — j, the induced functor

Sr:Fun(6;,%) — Fun(6,, %)
evaluated on a functor F': 6; — 9 gives the functor
X; €6;
€ =D, x; |—>/ Map%l_j(xi,xj-)xF(xi),

where €6;; := € xg ¢ [1]. Thatis, fF is computed by left Kan extending F* along the inclusion 6; C 6;;
and then restricting to €; C 6;;. In particular, if ¢;; — [1] is a cartesian fibration we have fiF >~ Fo f*,
where f*:%6; — € is the pullback.
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Recall the following notion of multimapping spaces.

Definition 3.24 Let €® — 0% be a map of co-operads and let ¢: {x;} — y be an active morphism of 0%
with target in 0 := (@®)1+. For every {c;} € ((6®){x,-} ~ [1; éx; and d € 6, objects of 62 over the
source and target of ¢, we define the ¢-multimapping space in €% as the space of morphisms {c¢;} — d
above ¢:

Mul?g ({ei}, d) 1= Mapqe ({¢i}. d) Xatap g (1.9 13-
We say that €% is representable if for every active morphism ¢ and objects {c;}, the functor

Mul?g (fei}. —): 6 — &

is corepresentable. In this case we write ®¢{c,~} for the corepresenting object and we call it the ¢-tensor
product of {c;}. This is equivalent to the functor €® — 0® being a locally cocartesian fibration.

We are ready to prove the formula for the multimapping spaces in the Day convolution.

Lemma 3.25 Let 0%® be an oo-operad, €® be an 0%® -promonoidal co-category and %® be an co-operad
over 0%, Then the multimapping spaces in Fung(6®, 2®)P¥ are given by the natural equivalence

¢ : ~ D g .. / o} e /
Mul? o oopn (i} G) = / » /{ e oy MUt} ) MU (P, Ge')
for all active morphisms ¢: {x;} — y, and objects { F;} € [ [, Fun(6y,;,9y;), G € Fun(€,,%,).

Proof We will use [Lurie 2017, Proposition 2.2.6.6]. However the cited result has the hypothesis that
©® is a 0®-monoidal co-category. We note that this is only used to ensure the existence of the norm
(after replacing the appeal to [Lurie 2009, Proposition 3.3.1.3] with [Lurie 2017, Proposition B.3.14]).
Therefore, in view of [Shah 2021, Theorem/Construction 10.6], we can safely apply this result when €%
is only 0®-promonoidal.

Then, arguing as in the proof of [Lurie 2017, Proposition 2.2.6.11], we obtain an equivalence
Mulﬁunc(rgéb,@@)my ({Fl}7 G) ~ {(F7 G)} XFun/C@(aAlx@@‘@@,@@) Fun/@‘® (Al Xe® (6®’ @@))’

where Al — 0% picks out the active arrow ¢ and F : %?)’Ci} — QD?;CZ_} is the functor sending {c;} to {Fic;}.
Let €% := €® x g 0%t and 9 := GB® x g 0°' be the subcategories of active arrows. Since A! — 0%

factors through 0°“!, we have an equivalence
MulFun(r@Q@,gb@)Day ({Fl }iel , G) ~ {(F, G)} XFun/@ac:(aAl Xﬁacl(@acl’@act) Fun/@am (Al XFin CgaCt, QDaCt)
~ Map(pact)* (pact)*gbacl (F, G),

where the last equality makes sense since p® is an exponentiable fibration. Therefore the thesis follows
from Lemma 3.22. |
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Definition 3.26 We say that an 0®-monoidal co-category 3% — 0% is compatible with colimits if for
every object x € O, the fiber &, has all small colimits, and if for every active arrow ¢, the ¢-tensor
product commutes with all small colimits separately in each variable; see [Lurie 2017, Definition 3.1.1.18]
for a more precise formulation. If moreover each fiber is presentable, then we say @® is a presentably
0®-monoidal co-category.

Example 3.27 The underlying co-category of a symmetric monoidal model category is compatible with
colimits as the tensor product is a left Quillen bifunctor by the pushout-product axiom.

Remark 3.28 Recall that every cocomplete co-category 6 is canonically tensored over . Namely, for
every X € ¥ and C € €, we define X x C to equal colim(constc: X — €6), the colimit over X of the
constant functor at C.

Corollary 3.29 Fix an oo-operad 0%, Let 6® be a small O® -promonoidal co-category and let 9% be a
0®-monoidal co-category which is compatible with colimits. Then:

(a) Fung(€®,9®)PY js an 0®-monoidal co-category which is again compatible with colimits.
Suppose furthermore that 0® ~ Fin, is the commutative co-operad.

(b) The unit of Fun(¢®,3®)P¥ js given by lp,y := Mulg (@, —) X 1g, and the tensor product is

given by
(c1,c2)€6?
(F P¥ G)(—) ~ / Mulg ({c1, 2}, =) x (F(c1) ® G(c2)).

In particular, when 9 is the co-category of spaces with the cartesian symmetric monoidal structure,
we have
Mapy (x, —) @ Mapq(y, —) = Mul¢({x, y}, —)

forevery x,y € 6.

Proof If 9® is 0®-monoidal, it follows from the formula of Lemma 3.25 that Fun(¢®,3®)P¥ is
representable and that the ¢-tensor product is given by

{citellicr €o; P
Q) Fitier ~ / Mul? ({eitier. =) x Q) Fic)bier-
¢ ¢

This shows the existence of locally cartesian edges in Fun(¢®, %®)P%  Because the tensor product
functors in @® commutes with colimits in each variable, one can calculate that the composite of locally
cartesian edges is locally cartesian, and therefore Fung(€®,%%®)P% is a 0®-monoidal co-category. The
fibers are clearly cocomplete, and from the formula for the tensor product it follows that the tensor in
Fun(%¢,%)® commutes with colimits in each variable.

Finally the statement for the tensor product of corepresentable functors follows from the formula above
and the Yoneda lemma. |
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Notation 3.30 Suppose we are in the situation of the previous corollary, and suppose that 0® ~ Fin,.
In the case that both €® and %® are canonically (pro)monoidal, then we write €—% for the symmetric
monoidal category given by the co-operad Fun(¢®, 9®)P® The two examples which will arise constantly
are 6-¥ and 6-¥ 4, where & is symmetric monoidal via the cartesian product, and & via the smash product.
Nevertheless, when we refer to the co-operad inducing the symmetric monoidal structure on 6—%, we
will continue to write Fun(€®,%®)P%_ While this distinction is mathematically meaningless, we find it

notationally convenient.
We next turn to the functoriality of Day convolution.

Construction 3.31 Let O® be an co-operad and suppose f: $® — $® is a map of 0®-promonoidal
oo-categories. Then for every two oo-operads €® and ?® over 0% we have a natural transformation

Algye oo (Funge ($%,6%)PY) = Algye, g 4o (6%) — Algge, g4 (€%)
~ Algge /g (Funge ($€, 6%)PY)
given by precomposition along ?® x ¢ I — P® x e $®. Since this is natural in ?®, it induces a map
in (Opoo)/@®
f*:Funge ($%,€®)PY — Funge (9%, €®)PY,

Definition 3.32 Consider 6%, %® € (Op,,) /o®- An operadic adjunction between ©® and 9° is a
relative adjunction over 0® in the sense of [Lurie 2017, Definition 7.3.2.2] such that both functors are
maps of oo-operads. This notion is equivalent to an adjunction in the (oo, 2)-category of co-operads; see
[Riehl and Verity 2016, Observation 4.3.2].

Remark 3.33 If €© and &® are both 0®-monoidal then an operadic left adjoint f: €® — %® is
automatically 0®-monoidal by [Lurie 2017, Proposition 7.3.2.6].

Proposition 3.34 Let O® be an co-operad and let f: 9% — $® a map of 0% -promonoidal co-categories.
Suppose €® is a presentably 0% -monoidal co-category. Let us consider the lax 0%® -monoidal functor

f*:Funge ($%,€®)PY — Funge (9%, €®)PY,
(a) Suppose that for every active arrow ¢: {t;}; — t in O® the natural map
(f)rMul? ({x; 3, =) — Mulf ({ fi, x;}i. )

adjoint to
Mulf (i i, =) — Muld ({ fi, xi i fi ()

is an equivalence for every family of objects {x; };. Then f* has a left operadic adjoint f, that is
0®-monoidal.

(b) Suppose f has an operadic right adjoint g: $® — $®. Then there is a natural equivalence of maps
of oo-operads f; ~ g*, and moreover this functor is O® -monoidal.
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Proof We will use [Lurie 2017, Proposition 7.3.2.11] applied to the functor f* over 0%®. Since on the
fiber over ¢; € O this is just given by precomposition by f;;, the functor on the fiber over {; };

l_[ Fun(}ti s (Gl,') - l_[ Fun(*g)l,‘ s (61[)
i i

has a left adjoint, given by the left Kan extension ( f;, )1 on every component. In particular, this collection
of left adjoints commutes with the pushforwards along inert maps. So it suffices to show that this collection
of left adjoints commute with the pushforwards along active maps. Let ¢: (¢;); — ¢ be an active map.
Then we need to show that the map

¢

[
(o) (® F) — QUi F:

1

is an equivalence. But then this follows from our hypothesis together with the description of Corollary 3.29.

Suppose now that f has an operadic right adjoint g. Since g* is an operadic left adjoint to f*, it follows
immediately that fj = g*. So it remains only to check the two final conditions. But we have

(fo) Mulf (£}, =) ~ Mulf (i i g0 =) ~ Mulf (¢ £, x4, ).

since g is an operadic right adjoint of f. |

Remark 3.35 If 0® = Fin, and $® and $® are both symmetric monoidal, then the conditions ensuring
the symmetric monoidality of f; are equivalent to f being a symmetric monoidal functor (since f
restricts to f on representables). Thus the above proposition gives an alternative proof of [Ben-Moshe
and Schlank 2024, Proposition 3.6].

3.1 Symmetric monoidal structures on copresheaf categories

We finish this section by classifying all possible closed symmetric monoidal structures on the copresheaf
oo-category Fun($, &) in terms of symmetric promonoidal structures on $; see Theorem 3.37.

Lemma 3.36 Let $ be a small oo-category and let us suppose that the presheaf category Fun($, ¥) is
equipped with a symmetric monoidal structure Fun($, 9)® which is compatible with colimits. Equip $
with the full suboperad structure $® induced by the Yoneda embedding $ C Fun($, ¥)°P. Then $® is
symmetric promonoidal.

Proof For brevity let us write 9% = Fun(¢, ¥)®. Recall from Definition 3.4 that $® is promonoidal if
the functor $® — Fin, is exponentiable over Fin ~ (Fin, ). By the characterization of exponentiability
in [Ayala and Francis 2020, Lemma 1.10(c)], we need to show that for every map f: I — J in Fin, every
x € $1 and every z € $ the map

ye&f
/ Muls({y;}jes. z) % l_[ Muls ({xi }ie p—1;, ¥j) = Muls({xi }ier, 2)
JjeJ
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is an equivalence. Using that $ € @°P is a full suboperad, this is equivalent to asking that the map
yeg’
/ nMap@(yj, ® xi) xMap@(z,®yj) —>Map@(z,®xi)
J€J ief-1j jeJ iel

is an equivalence of spaces. But since Mapg, (z, —) commutes with all colimits (as z € $ is tiny) it is
enough to show that the map

ye@J
[ (T @ )o@~ @x
JjedJ ief-1j jedJ iel

is an equivalence. Since the tensor product in % commutes with colimits in each variable, we can bring
all the colimits inside (using that Tw($”) =~ Tw($)”). We are reduced to proving that the map

®/ Map@(yj, ® xi)®yj —>®xi
jeJ ief-1j iel

is an equivalence. But this follows from the fact that for any j € J and w € &, the map

yj €6

yj €6
/ Map(y;, w) X y; >~ col%m Vi = w

Yj€6 w

is an equivalence, which is just another form of the Yoneda lemma. |
We are ready to prove our classification result.

Theorem 3.37 Let $ be a small co-category and suppose Fun($,¥) is equipped with a symmetric
monoidal structure Fun($, #)® which is compatible with colimits. Equip $® with the co-operad structure
induced by the Yoneda embedding $ € Fun($,¥)°P. Then $® is symmetric promonoidal and the
symmetric monoidal structure on Fun($, &) is equivalent to the one induced by Day convolution with the
symmetric promonoidal structure on $®.

Proof It follows from Lemma 3.36 that $® is symmetric promonoidal. Consider the composite

9® Xgin, Fun($, 9)® — (Fun($, 9)°?)® xgin, Fun($, $)® — &~

of lax symmetric monoidal functors, where the first functor is induced by the Yoneda embedding and the
second is the lax symmetric monoidal enhancement of the mapping space functor constructed in [Glasman
2016, Section 3]. By the universal property of the Day convolution, we obtain a map of co-operads

Fun(¥, 9)® — Fun($®, 9™)P¥

which is the identity on underlying co-categories. Therefore to prove our thesis it will suffice to show that
this functor is symmetric monoidal. Since Fun(¢$, &) is generated under colimits by the corepresentable
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functors and both tensor products commute with colimits in each variable, it is enough to check that the

maps
Muly (@, =) =~ 1 — 1%,
Muly ({x, y}, =) = Mapy (x, —) ® Map(y, =) — Mapg (x, —) @ Mapy (y, —)
are equivalences for all x, y € $. But this follows from Corollary 3.29. |

Recall that the oo-category of pointed objects in a presentably symmetric monoidal oco-category is
canonically symmetric monoidal. For later use we also record how taking pointed objects in a category of
diagram spaces interacts with the Day convolution symmetric monoidal structure.

Proposition 3.38 Consider a small promonoidal co-category $, and a presentably symmetric monoidal
oo-category 6. There exists a symmetric monoidal equivalence
($—€)x ~ F—6.

Proof Consider the lax monoidal functor $—€ — $—%. induced by the universal property of Day
convolution by the composite

Fun($%,6%®) xgin, $& — €® O, (€5)"2®.

Because (—)+ is strong monoidal and colimit-preserving, one calculates that this functor is in fact strong
monoidal. Therefore by [Lurie 2017, Proposition 4.8.2.11] we obtain an induced strong monoidal functor
($—€)« — $—%4, which is easily seen to be the identity on underlying categories. O

3.2 A symmetric monoidal Elmendorf’s theorem

In this subsection we give a general co-categorical version of Elmendorf’s theorem. We then enhance
this to a symmetric monoidal equivalence.

Theorem 3.39 (Elmendorf) Let ‘€ be a cocomplete oo-category and let i : €9 — € be the inclusion of a
small full subcategory satisfying the following conditions:

(a) The objects of € are tiny: for all ¢ € 6¢, the functor Map(c, —) preserves small colimits.

(b) The collection of objects {co € %} is jointly conservative: an arrow f in 6 is an equivalence if
and only if Map/(co, f) is so for all co € 6.

Then the restricted Yoneda functor induces an equivalence of co-categories j : € >~ P(6p).
Proof By the universal property of the category of presheaves [Lurie 2009, Theorem 5.1.5.6], there
exists a colimit-preserving functor L: P (%g) — % such that Ljo >~ i, where jo: €9 — P(%o) denotes

the Yoneda embedding. By the adjoint functor theorem [Nguyen et al. 2020, Corollary 4.1.4], the functor
L admits a right adjoint R: 6 — P(6), which is defined via the formula

R (co) = Map(Ljo(co), c) = Map(i(co), c)
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for all ¢ € 6 and cg € 6¢. Therefore R can be identified with the restricted Yoneda functor j : € — P (€y).
We note that the functor j preserves all small colimits since for all ¢g € €, the functor

Mape (co, —): 6 AN P(6o) RALUNET R

does so by condition (a). As equivalences in P(€g) are detected pointwise, the same argument as above
using condition (b) then shows that j is conservative. Note that the unit map n: 1 — jL is an equivalence
on all objects in the image of jo as by construction jLjo >~ ji = jo. It follows that the unit map is an
equivalence on all objects as P (€g) is generated under colimits by the representable functors and all the
functors involved preserve colimits. Using the triangle identities of the adjunction we then find that j(¢)
is an equivalence and so the counit map €: Lj — 1 is an equivalence by conservativity of j. Thus j and
L are inverse equivalences. a

Example 3.40 Let G be a topological group and let GJ be a convenient category of G-spaces. There is
a model structure on GIJ where amap f: X — Y of G-spaces is a weak equivalence (resp. fibration) if
fH:xH _ yH is a weak homotopy equivalence (resp. Serre fibration) for all closed subgroups H < G;
see [Schwede 2018, Proposition B.7]. Let ¥ denote the underlying oco-category of this model category,
which is cocomplete by [Barnea et al. 2017, Theorem 2.5.9]. Moreover, colimits in ¥ of projective
cofibrant diagrams can be calculated as homotopy colimits in GJ by [Barnea et al. 2017, Remark 2.5.7].
Let Og <% be the full subcategory of G-spaces spanned by the cosets G/H where H runs over all closed
subgroups of G. Note that G/H € ¥ corepresents the H -fixed-point functors so the collection of cosets
{G/H | H < G} is jointly conservative by definition of weak equivalences in GJ. The fact that G/H € ¥
is tiny then follows from the fact that the H -fixed-point functor commutes with all small homotopy colim-
its [Schwede 2018, Proposition B.1(i) and (ii)]. Then the theorem above gives an equivalence OE’;P-HJ ~%q.
Therefore the previous theorem is a generalization of the classical theorem of Elmendorf [1983].

Under suitable assumptions we now enhance this to a symmetric monoidal equivalence, where we endow
the presheaf category with Day convolution for a promonoidal structure on subcategory of tiny objects.
Corollary 3.41 Suppose we are in the setting of Theorem 3.39 and that, furthermore, the following hold:
(a) € admits a symmetric monoidal structure €® which is compatible with colimits.
(b) 6o admits an co-operad structure (683’ .

(c) The inclusion i : 6o — 6 lifts to a fully faithful functor of co-operads i®: €2 — €®,

Then %89 is a symmetric promonoidal oo-category and the restricted Yoneda embedding induces a
symmetric monoidal equivalence P (6)P¥ ~ €%

Proof By Theorem 3.39 there is a commutative diagram

Go —— 6

ol 2

P(€o)
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We can equip P(€g) with a symmetric monoidal structure (%€¢)® induced by €® via j, and hence
obtain a symmetric monoidal equivalence j®: €® — %P (€()®. Combining this with condition (c) we
obtain another commutative diagram

i

® ®
¢@ = ¢®

#l
P(60)®

of oo-operads. It is only left to note that by Theorem 3.37, the co-category ‘683’ is symmetric promonoidal
and that the symmetric monoidal structure on P(¢¢)® coincides with the Day convolution product. O

4 Partially lax limits

In this section we recall the necessary background on (partially) lax (co)limits and collect some important
properties that we will use throughout the paper. The main references for this material are [Gepner et al.
2017; Berman 2024].

The notion of a partially lax limit over an co-category $ is defined with reference to a collection of edges
of $. To make this precise we make the following definition.

Definition 4.1 A marked oco-category is an oco-category 6 along with a collection of edges W C
Map(A'!, €) which contains all equivalences and which is stable under homotopy and composition. Given
two marked oco-categories 6 and &9, we write Fun' (@, %) for the subcategory spanned by marked functors;
those functors that preserve marked edges. We write Catio for the co-category of marked co-categories.
For the existence see [Lurie 2017, Construction 4.1.7.1].

Example 4.2 Let € be an co-category.
(a) There is a maximal marking ¥ where all morphisms are marked.
(b) There is a minimal marking > where only the equivalences are marked.

(c) Given a (co)cartesian fibration p: € — $ over a marked oo-category, there is a marking €2 in
which the (co)cartesian morphisms living over marked edges are marked.

Partially lax limits in an co-category ¢ are also defined with reference to a cotensoring of 6 by Cat,. For
the purposes of this paper, this is nothing but a functor [—, —]: Catgs x € — €. The following examples
are all naturally cotensored over Catyg.

Example 4.3 In the following $ is an co-category.

(a) Clearly Caty, is cotensored over itself with cotensor given by [$, €] = Fun($, €).

(b) The oo-category Catio is cotensored over Cats, by considering [$,¢T] = Fun($, €"), where we
mark all those natural transformations whose components are all marked in €.

Geometry & Topology, Volume 29 (2025)



Global homotopy theory via partially lax limits 1373

(c) The oco-category of symmetric monoidal categories Cat?; is cotensored over Cats, by endowing the
oo-category Fun($, €) with the pointwise symmetric monoidal structure g : Fun($, €)® — Fin,
which is defined as follows. If p: 6® — Finy is the cocartesian fibration witnessing the symmetric
monoidal structure of €, then we construct the pullback

Fun($,6¢)® —2 _ Fin,

| [

Fun($,6®) —2* Fun($, Finy)

Note that by construction we have Fun(¥, (6)%’1) ~ Fun(¢$, %g)) for all (n) € Finy. From this we
immediately see that g satisfies the Segal conditions. The map p is a cocartesian fibration by the
dual of [Lurie 2009, Proposition 3.1.2.1], and so by base-change [Lurie 2009, Proposition 2.4.2.3],
g is too. Therefore g gives a symmetric monoidal structure on Fun($, 6).

(d) We can generalize the previous example as follows. Let 0® — Fin, be an co-operad. The oo-
category of oo-operads Op,, is cotensored over Cats, by endowing the oo-category Fun(¢, 0)
with the pointwise operadic structure induced by the map Fun(¢, 0%) x Fun(9,Finy) FiNx — Finy.

Similarly, partially lax colimits in € are defined with reference to a tensoring of € by Cats,. Once again,
while more structured tensorings are typically useful, for our purposes it suffices for this to be a functor
(—) ® (—): Catoo X € — 6. The most important example will be Catyo, for which the cartesian product

gives a tensoring.

We now move on to the definition of partially lax (co)limits. For this we need to recall some categorical
constructions. Recall the following result.

Lemma 4.4 [Lurie 2017, Proposition 4.1.7.2] The minimal functor (—)": Catyo — Catio admits a left
adjoint denoted by | —|.

The oo-category | 67| is obtained from 6 by adjoining formal inverses to all the marked morphisms, and
so we call | — | the localization functor.

Example 4.5 Given a model category ., we may view it as a marked co-category by marking the weak
equivalences in (. Then || ~ M[W ~1].

Next we define marked slice categories.

Construction 4.6 Let 6 be an oo-category. There is a functor ¢,_: ¢ — Caty sending x € 6 to the
slice category 6,,. This is obtained by straightening the cocartesian fibration given by the target map
t: Ar(€) := Fun(A',€) — €. One checks that a diagram

Jo —— &o

f| lg

fi— &1
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is a z-cocartesian edge if the top horizontal arrow is an equivalence. If €T is marked, then (G;x has an

induced marking where a morphism is marked if its image under the forgetful functor %jx —@Tisa
marked morphism. It is easy to see that this construction is functorial on x, and so we obtain a functor

<€/_:<6—>Catlo.

We are finally ready to introduce the notion of partially lax (co)limit. Recall the definition of the twisted

arrow oo-category from Definition 3.17.

Definition 4.7 Consider a functor F: $ — % and choose a marking $7.

(a) If € is cotensored over Catoo, then the partially lax limit of F is the limit of the composite

197_| -]

o 9 F
Tw($)P T gop o g /=% Catep X €6 ——> €.

We abbreviate this by laxlim F.
(b) If € is tensored over Cato, then the partially lax colimit of F is the colimit of the composite

Fx|(s%)]_|
_—

Tw(9) &1, g x gop € x Catgo —25 €.

We abbreviate this by laxcolim’ F.

Remark 4.8 If we choose the minimal marking 9", then we recover the notion of lax (co)limit of [Gepner
et al. 2017]. If we choose the maximal marking ﬂ, then we recover the usual notion of (co)limit;
see [Berman 2024, Proposition 3.6].

In some cases we have a concrete description of the partially lax (co)limit.

Theorem 4.9 [Berman 2024, Theorem 4.4] Let 9T be a small marked oo-category and let F': $ — Catso
be a functor. Consider the source of the (co)cartesian fibrations Un®(F) — $° and Un®°(F) — ¢ as
marked via Example 4.2(c).

(a) The partially lax limit of F is the co-category of marked sections of p: Un*®(F) — $%. In other

words, we have
laxlim F ~ Funj (8T Un(F)).

(b) The partially lax colimit of F is given by the localization of Un(F) at the marked edges. In other

words, we have
laxcolim® F = [Un®'(F)|.

Remark 4.10 The previous result gives a more explicit description of the partially lax limit of F'. Recall
that informally the Grothendieck construction Un“®(F) is the co-category whose objects are pairs (X, i)
where i € $ and X € F(i). A morphism from (X,i) to (Y, j) is a pair (¢, f) where f:i — j isa
morphism in $ and ¢: F(f)(X) — Y is a morphism in F(j). Then the previous result informally
implies that laxlim® F is equivalent to the co-category whose objects are coherent collections of objects
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(X; € F(i))iey together with maps ¢r: F(f)(X;) — X; for every arrow f:i — j in $, such that the
map ¢y is an equivalence whenever f is marked.

We record some useful properties of partially lax (co)limits.

Proposition 4.11 Let $' be a marked co-category and let F : $ — Caty, be a functor. Given any other
oo-category 6, we have an equivalence

Fun(laxcglimJr F,€¢) ~ laxéblimdr Fun(F(—), %).
op

Proof The partially lax colimit of F: $ — Caty is by definition calculated via the formula

laxcolim® F = colim F x |(§°p)j_|.
Tw(9)

Postcomposing by the limit-preserving functor Fun(—, %) : Catgs — Cateo, we deduce that the co-category
Fun(laxcolimT F,€) is the limit of the diagram

(F,|(5%))_ )P op Fun(—,%6)
—_—

4.11.1) Tw(g)P EDT gop 5 g Cat® x Cat® = cat® PO, car .
By adjunction, we find that the composite of the final three functors is equivalent to
Fun(— =) o (|(9°7)]_I. Fun(F(=).€)) 0 0': §°° x § — Catoe,

where o is the symmetry isomorphism of the product. As indicated in Remark 3.20, the following triangle

commutes:
Tw($)°P ~ » Tw($OP)°P
JOP x

These two observations allow us to rewrite equation (4.11.1) and conclude that Fun(laxcolimT F,6) is
the limit of the functor

(1(5°) ] _|.Fun(F (=), 6)) Fun(—,—)

Cat® x Catog ——25 Catoo,

Tw($P)0 50T, g gop
which is exactly the definition of the partially lax limit of Fun(F(—),¢): $°P — Catn. a

We finish this section by discussing how (partially) lax limits interact with localizations. Later on we will
use these results to pass from (partially) lax limits of prespectra to that of spectra.

Lemma 4.12 Let $ be an oo-category and let F: $ — Caty, be a functor. Suppose that for every
i € $ we are given a reflexive subcategory Gi C Fi with left adjoint L;: Fi — Gi. If for every arrow
f:i— j of $, the pushforward functor fx: Fi — Fj sends L;-equivalences to L j-equivalences, then
there is a functor G : $ — Cateo and a natural transformation L: F = G whose i

L;: Fi — Gi. Furthermore, the functor

component is given by

laxlim L: laxlim F — laxlim G
9 9 9

has a fully faithful right adjoint.
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Proof Let us consider the Grothendieck construction Un®®(F) — $ of F. This is the cocartesian fibration
classified by F under the straightening-unstraightening equivalence, so in particular the fiber over i € $
can be canonically identified with Fi. Let € C Un“°(F) be the full subcategory spanned by the objects
of Gi CUn®(F) foralli € $.

We claim that € — $ is a cocartesian fibration whose cocartesian edges are those that can be factored
in Un®°(F) as a cocartesian edge of Un®°(F') followed by a L;-equivalence in the fiber over i. More
precisely, if f:i — j is an arrow of $ and x € Gi, then the cocartesian lift of f starting from x is the
composition x — f«x — L;(fxx) where the first arrow is the cocartesian lift of f in Un®°(F).

Indeed, for every z € Gj, we have
Map{ (x,2) = Mapg; (fax.2) = Mapg; (L; fxx. 2).

and so those edges are locally cocartesian. Furthermore, it is easy to see they are stable under composition
(using the fact that L-equivalences are stable under pushforward), therefore they are cocartesian arrows
by [Lurie 2009, Lemma 2.4.2.7].

The inclusion ¢: € € Un®°(F) has a relative left adjoint, which is a map of cocartesian fibrations by
[Lurie 2017, Proposition 7.3.2.11]. Therefore there is a functor G: $ — Cats and a natural transfor-
mation L: F = G such that € can be identified with Un®(G) in such a way that the induced map
L:Un*(F) — Un®°(G) agrees with L;: Fi — Gi on each fiber.

Finally, by Theorem 4.9 the lax limit of F and G are computed by the oco-categories of sections of
the respective cocartesian fibrations, and laxlimgy L is given by postcomposition with L. Therefore
postcomposition with ¢ gives a fully faithful right adjoint to laxlimg L. a

Lemma 4.13 Suppose we are in the situation of Lemma 4.12, and suppose $ is equipped with a
marking $1 such that for every marked edge f:i — j the pushforward functor fi: Fi — Fj sends Gi
into Gj. Then the functor

laxlim L : laxlim F — laxlim G
gt gt gt

has a fully faithful right adjoint. In particular, laxlim+ L is a localization functor.

Proof It suffices to show that the right adjoint of Lemma 4.12 sends laxlimy+ G into laxlimg+ F'. Recall
that the partially lax limit can be calculated as the subcategory of sections spanned by those sending
marked edges to cocartesian arrows. Thus, we ought to show that the right adjoint preserves cocartesian
arrows lying over marked edges. But the right adjoint is given by postcomposing a section with the
inclusion Un®°(G) — Un®°(F), and so by the description of cocartesian edges given in Lemma 4.12 and
by our hypothesis, it sends cocartesian arrows over marked edges to cocartesian arrows (here we are
implicitly using that an L;-equivalence between objects of Gi is automatically an equivalence in Fi and
so in particular a cocartesian arrow). |
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For later reference we record the following immediate corollary of Lemma 4.12.

Corollary 4.14 Let $ be an co-category and let F : $ — Catg% be a functor. Suppose that for everyi € $,
we are given a reflexive subcategory Gi C Fi with left adjoint L; : Fi — Gi which is compatible with
the symmetric monoidal structure in the sense of [Lurie 2017, Definition 2.2.1.6]. Suppose furthermore
that for every arrow f:i — j in I, the pushforward functor f: Fi — Fj sends L;-equivalences to L -
equivalences. Then there exists a functor G: $ — Cat?; and a symmetric monoidal natural transformation
L: F = G whose i component is given by L;: Fi — Gi.

Proof Cat?;> embeds as a subcategory of Fun(Fin, Caty), so consider the functor F: Finy x $ — Catyo
induced by F, so that F (A, i)~ (Fi)4 (the fiber over A of Fi — Finy). If welet G(Ay,i) = (Gi)A C
F (A4,i), we can apply Lemma 4.12 to F. To see that the pushforwards respect local equivalences, it
suffices to prove this separately for maps of the form (o, id) and (id, f) in Fins x $. However, both of
these cases are ensured by our assumptions. Therefore there exists a functor

G: Fin, x $ — Catyo

and a natural transformation L: F = G as desired. By construction G satisfies the Segal conditions, and
so it induces a functor G: $ — Cat?;> with a symmetric monoidal natural transformation L: F = G as
desired. |

5 Partially lax limits of symmetric monoidal co-categories

Recall that Op, is canonically cotensored over Cato, by Example 4.3. Therefore we immediately obtain
a definition of partially lax limits of diagrams in Op,. In this section we will collect some important
properties of partially lax limits of symmetric monoidal co-categories and co-operads. In particular the
calculations of Proposition 5.8 and Theorem 5.10 are used repeatedly in part two. The first is analogous
to the calculation of the (partially) lax limit of a diagram of oco-categories, and as such it is stated in terms
of an unstraightening equivalence for symmetric monoidal categories, which we recall in Proposition 5.5.

Remark 5.1 If %9 is another oo-operad, it follows from the definition and [Lurie 2017, Remark 2.1.3.4]
that there is a natural equivalence
Algye (laxlim 0®) = laxlim Alg,e (0%).
iel iel
Such a natural equivalence then also uniquely determines the lax limit. Since Catg C Opy 1s a
subcategory closed under limits and cotensoring, it is also closed under partially lax limits. In particular

we conclude that for every family of symmetric monoidal co-categories €, and every symmetric monoidal
oo-category 9, there is a natural equivalence

Fun® (%, laxlim ;) ~ laxlim Fun® (%, 6;).
iel iel
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We note that the underlying oo-category functor U : Op,, — Catso preserves limits and commutes with
cotensoring, and therefore preserves partially lax limits. Therefore the previous construction equips the
partially lax limit of a family of symmetric monoidal co-categories with a canonical symmetric monoidal
structure, which satisfies the expected universal property.

Remark 5.2 There is always a canonical map laxlim" @;.X’ — laxlim @?. This functor is induced on limits
by a natural transformation which is pointwise given by the inclusion of a fully faithful suboperad. Thus
we conclude that the partially lax limit is always a fully faithful suboperad of the lax limit. In practice this

means that we can determine which suboperad by considering the induced map on underlying categories.

In the second part of the paper we will build diagrams of symmetric monoidal co-categories indexed on
GloP. Central to our constructions of these diagrams is an operadic variant of straightening/unstraightening,
which we will recall now.

Notation 5.3 Recall from [Lurie 2017, 2.4.3.5] that for every co-category $ there is a functor of
oo-operads ¢ : $ x Fine — $ sending (x, A1) to the constant family {x}sec4 € 91;1.

Construction 5.4 Let $ be an co-category and let €® be an $"-monoidal co-category. Then the
commutative diagram of cocartesian fibrations

6® x yu ($ x Finy) ——2—5 9 x Finy

$

is classified by a functor 6,: .$ — (Cateo) /Fin, » Which lands in Cat?;. We refer to €, as the family of

symmetric monoidal co-categories classifying €%.

Proposition 5.5 The previous construction furnishes an equivalence between the co-category of $1 -
monoidal categories and Fun($, Cat?g).

Proof This is [Drew and Gallauer 2022, Corollary A.12]. O
Definition 5.6 Consider a map of co-operads p: 0® — S Any object i € $ induces a functor
{i} x Finy <> $ x Fin, <> $:

see Notation 5.3. Equivalently, the map above can be obtained by applying (—)! to the map A® — ¢
defined by i € $. Inspired by the equivalence of Proposition 5.5 we will refer to the pullback 0% x 411 Fin,
as the operadic fiber of p ati € $. If p is an $M-monoidal co-category, then its operadic fiber at i is a
symmetric monoidal co-category, and corresponds to the value of the functor €, ati.

The following example will be crucial for later applications.

Example 5.7 Let p: €® — $U be a $U-promonoidal co-category and let ¥® — $I be a map
of oo-operads which is compatible with colimits. Then the operadic fiber of the Day convolution
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Funy (‘6‘3’, 92)®)Day over i €  is given by the symmetric monoidal co-category €; —%;, where 6; and %;
are the operadic fibers over i of €® and %%, respectively. To see this, first recall that ¢; —%; is defined
to be Fun(6;, %;) with the Day convolution symmetric monoidal structure. Then the claim follows from
the following computation using Lemma 3.9:

(Npp*B®) x g1 Finy = Np, (p*D® x 0 62) = Np, pFa® = €;~%;.

Recall that the lax limit of a diagram of co-categories was calculated by taking sections of the associated
cocartesian fibration. Similarly, we can describe the lax limit of €, in terms of (suitable) sections of the
oo-operad €% .

Proposition 5.8 Let 4® — $U be a $¥-monoidal oo-category, and write €,: $ — Cat® for the
associated diagram of symmetric monoidal co-categories. Then there is a natural equivalence of symmetric
monoidal co-categories

laxlim €, ~ N,u%®,

where the right-hand side is the norm along $ — Fin,, which is well-defined by Example 3.6.
Proof We will show that the right-hand side has the universal property of the lax limit. By the universal
property of the norm, for any co-operad ?® we have an equivalence
Algye (Ngu€®) ~ Alggey,,  gu gu(€®).
By [Lurie 2017, Theorem 2.4.3.18], we can write
Algge Xping S /g1 (<@®) ~ Algge XFing ST ((6®) X Alg,® s, o1 ) {pr,}
~ Fun(¥, Algze (6%®)) XFun(9,Alg, @ (s11)) P2},

where pry: P® xgi, SH — g is the projection. In other words, we have shown that Algge (Nyu6®)
is the oo-category of sections of the functor

Algg)® ((@@) XAlg?),@)(ﬁu) $— 9,

which is exactly the cocartesian fibration classified by i = Algge (%?). Our thesis then follows from
Theorem 4.9. o

Remark 5.9 Let p: 4® — $U be an $H-monoidal co-category, and write €,: $ — Catg% for the
associated diagram of symmetric monoidal co-categories. Then by the discussion in Remark 3.11, the
underlying category of Nyu%® is given by Fun /9($,6). Therefore the proposition above is an operadic
analogue of Theorem 4.9(b). Since we know that the partially lax limit of a diagram of co-operads is a
fully faithful suboperad of the lax limit, the previous result also allows us to calculate the partially lax
limit of ¢,. Namely it is the fully faithful symmetric monoidal subcategory of Nyu%€® determined by
the fully faithful subcategory laxlim' €, C laxlim,.
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We finish this section by proving that the formation of (partially) lax limits of symmetric monoidal
categories commutes with taking modules, in a precise sense. This will be a key observation for the
second part of the paper, and crucially uses the equivalence Nyu%® ~ laxlim%,.

Theorem 5.10 Let €® — $U be a $M-monoidal co-category which is compatible with colimits,
and write €,: $ — Catg for the associated diagram of symmetric monoidal co-categories. Let S €
CAlg(laxlim ¢,) be a commutative algebra in the lax limit, which corresponds to a (partially lax) family
of commutative algebras S; € CAlg(6;). Then there is a functor

Mods, (€.): $ — Cat®, i > Mods; (6;),
and an equivalence of symmetric monoidal co-categories

laxlim Modg, (6.) >~ Modg (laxlim €,).

Moreover, there is a natural transformation €, — Modg, (€.) sending x € €¢; to the free S;-module
S; ® x, which induces the functor S ® — on the lax limit.

The proof of the previous result will require some preparation and some results from the appendix. For
this reason we recommend the reader to skip this part on a first reading.

We start our journey by studying how the lax limit interacts with the tensor product of algebras.

Construction 5.11 By [Lurie 2017, Proposition 3.2.4.6] there is an equivalence of co-operads
$" @py Finy, ~ 91,
where ® gy is the Boardman—Vogt tensor product, and so there exists a unique bifunctor of co-operads
S % Fin, — $U. For any co-operad 0% we obtain a bifunctor of oo-operads mg, which is given by the
composition
U o® 5 gl X Finy — gH.
Thus, for every map of co-operad 4® — $U [Lurie 2017, Construction 3.2.4.1] produces a map of
oo-operads
Algge /51 (6)® — g1,
whose operadic fiber over i € I is given by Algoe (46;)®. Suppose that 6% is a $T_monoidal category.
Then by [Lurie 2017, Proposition 3.2.4.3.(3)] Algye (4;)® is also a S _monoidal co-category. In this
case, Proposition 5.5 gives a functor $ — Catg sending i € $ to Algge (€;)®. We will now compute the
lax limit of this functor.

Lemma 5.12 Let § be an oco-category, 6® — $1 a map of co-operads and 0% an oco-operad. Then

there is a natural equivalence of oco-operads
Algee (Nyu©®)® ~ Nyu Algee /yu (€)%
In particular if €® is $-symmetric monoidal we have a natural equivalence of co-operads
Alggs (1al_xeli§m<@,-)® ~ laxlim Algo (6:)°.
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Proof We will prove that both sides represent the same functor in the co-category of co-operads. Let
%@ be an oo-operad. Then
Algge Nyu Algee /yu 6% ~ Algge gy 911 /710 (Algge (©)® X Alg @ (9)® st

~ Algg@p,, 51/ Alg g (5)® (Alge® (©)®)

>~ Alggex,,, 511 (Algee (6) ) XAy, 11 (Alge (9)®) {pr,}

~ Alg3® 5y 09)xpn, $1 (€®) XAlg @@ 5y 0®)xpy, 511 () {pra}

~ Alg @08 5y 09)xa, 911 /51 (€)°

~ Algge (Algee (Nyu€)®).
Here ® gy is the Boardman—Vogt tensor product of co-operads of [Lurie 2017, Section 2.2.5]. |

We are ready to prove the main result of this section.

Proof of Theorem 5.10 By the definition of the norm we have an equivalence
CAIg(Nyu®) ~ Algu /yu (6%) > Alg,u (Algg,, 5u(€)®),
therefore we can also consider § as a section of Algg;,, /4u (©)® — 9 in Op,,.
By Theorem 12.21 and Lemma 5.12 there is an equivalence
Mods (Nyu6®)® = Alge (Nyu€)® Xcag(v,yp@ Fins
~ Nyu (Alge/5u (€)% XAlg, 1 (©)® g1,
where S — Alggiy, /g1 ()@ is the section corresponding to . Moreover, by Lemma 12.20,
Alg /5 (€)® XAlgg, 1 (©® gt — gt

is an $-monoidal co-category. Then Theorem 12.21 shows that the corresponding family of symmetric

monoidal co-categories is exactly
i — Modg, (6;),

and so our thesis follows from Proposition 5.8.

Finally, let us construct the symmetric monoidal functor %;.8’ — Modg; (€;)®. There is a map of $-

monoidal co-categories
Algg o /1 (€)% — Algg,, /51 (€)® xgu €%

induced by the map of co-operads Fin, B Triv® — €.U® picking the algebra and the underlying object of
the module. By [Lurie 2017, Corollary 4.2.4.4] this has a left adjoint on every fiber, which is compatible
with the pushforwards by [Lurie 2017, Corollary 4.2.4.8], and so by [Lurie 2017, Corollary 7.3.2.12] it
has a relative left adjoint F which is an $-monoidal functor. Then the functor we want is the composite

©® D, Al o1 (0)® xgu €® Lo Alg a0 (€).
This induces the desired functor on the lax limit, since applying Nyu preserve operadic adjunctions. O
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Part II oo-categories of global objects as partially lax limits

In this second part of the paper we prove that various oco-categories of global objects admit a description
using (partially lax) limits. In Theorem 6.17, we show that the co-category of global spaces is equivalent
to the partially lax limit of the functor sending a compact Lie group G to the co-category of G-spaces.
Our main result is Theorem 11.10, which describes the co-category of global spectra as a partially lax
limit of G-spectra where G runs over all compact Lie groups G. Finally, the techniques employed in the
previous cases allow us to prove that for any Lie group G, the co-category of proper G-spectra is a limit
of H-spectra for H running over all compact subgroups of G. The precise statement can be found in
Theorem 12.11.

Remark To not burden the notation even more, we have decided to state Theorems 6.17 and 11.10 for
the family of all compact Lie groups. However, the proofs hold verbatim for any family of compact
Lie groups which is closed under isomorphisms, finite products, passage to subgroups and passage to
quotients (ie any multiplicative global family in the language of [Schwede 2018]). If the family is not
closed under finite products, then the equivalences of the two theorems still hold without symmetric
monoidal structures. This is due to the fact that the model structure constructed in [Schwede 2018] is
only shown to be symmetric monoidal for a multiplicative global family. We note that our result in fact
allows us to define a symmetric monoidal structure on global spectra with respect to any global family, as
a partially lax limit of symmetric monoidal categories is automatically symmetric monoidal.

6 Global spaces as a partially lax limit

In this section we show that the co-category of global spaces is equivalent to a certain partially lax limit
of the functor which sends a group G to the co-category of G-spaces ¥g. This is an unstable version of
our main result, and serves as a warm up for the considerable more details involved in that proof. We
start off by recalling a few relevant definitions.

Definition 6.1 The global category Glo is the co-category associated to the topological category whose
objects are compact Lie groups and whose mapping spaces are given by

Mapg,(H, G) := [Hom(H, G) // G|,

the geometric realization of the action groupoid of G acting on the space of continuous group homomor-
phisms Hom(H, G) by conjugation. Composition is induced by the composition of group homomorphisms.

We define Orb and Glo*"" to be the wide subcategory of Glo whose hom-spaces are given by those path-
components of Mapg,,(H, G) spanned by the injective and surjective group homomorphisms respectively.
For later applications it will be convenient to mark all the edges in the full subcategory Orb C Glo; we
denote this marking by Glo. Finally, we let Rep denote the homotopy category of Glo, that is, the
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category whose objects are compact Lie groups and whose morphisms are given by conjugacy classes of
continuous group homomorphisms.

Remark 6.2 The definition of Glo agrees with the definition given in [Gepner and Henriques 2007,
Section 4] restricted to compact Lie groups, up to one difference. We apply thin geometric realization to
the action groupoids to obtain a topologically enriched category, while the original definition uses fat
geometric realization. Up to a technical condition, the two conventions define Dwyer—Kan equivalent
topological categories. See [Korschgen 2018, Remark 3.10] for a more detailed discussion. Note as well
that [Gepner and Henriques 2007] uses the name Orb for both Glo and what we call Orb.

Key to the main properties of Glo is the following description of the mapping spaces.

Proposition 6.3 Let G and H be two compact Lie groups. Then

Hom(H.G)~ || @G and Glo(H.G)~ [] BC).
[¢]€Rep(H,G) [a]€Rep(H,G)
where «G denotes the orbit of o under the G -conjugation action, and C(«) denotes the centralizer of the

image of «.

Proof See [Korschgen 2018, Propositions 2.4 and 2.5] for a proof of the first and second statement,

respectively. O

Proposition 6.4 Let f: H — G be a map in Glo. The induced map fx: Glo(K, H) — Glo(K, G) on
mapping spaces corresponds under the equivalences of Proposition 6.3 to the composite of the map

[T B ] Bcw- ][] BC(U»
[e]€Rep(H,G) [@]eRep(K,H) [@]€Rep(K,H)
with the map
I BCcfoy— [ BC®

[e]eRep(K,H) [B]eRep(K,G)

which is the identity on individual path-components and acts on g by f«:Rep(K, H) — Rep(K, G).

Proof The statement on 7o follows from the fact that Rep is the homotopy category of Glo. Therefore, it
suffices to restrict to one path component, and analyze the effect of /. The relationship f«(cpo) =crp) fa
implies that fi acts as f when restricted to a map « H — faG. This implies that the induced map
BC(a) > BC(fa) equals Bf. |

Definition 6.5 The oco-category of global spaces ¥ is the category of functors from Glo°® to ¥. This
admits a symmetric monoidal structure by pointwise product. This is equivalent to the symmetric monoidal
category (Glo°P)H-.
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Remark 6.6 Schwede [2020] proves that the underlying co-category of orthogonal spaces equipped
with the positive global model structure of [Schwede 2018, Proposition 1.2.23] is equivalent to presheafs
on a topologically enriched category Og. Furthermore, in [K6rschgen 2018] it is shown that Oy is
Dwyer—Kan equivalent to Glo. Therefore the two models of global spaces define the same oco-category.
In fact, the two oo-categories are symmetric monoidal equivalent since they are both endowed with the
cartesian monoidal structure; see [Schwede 2018, Theorem 1.3.2].

Before stating and proving the main result of this section, we need some preparation. In the following we
fix an oo-category € with an orthogonal factorization system (€, ¢®). For a detailed discussion and
a definition of orthogonal factorization systems on oco-categories, the reader may consult [Lurie 2009,
Section 5.2.8]. We write €L for the left class of maps and €® for the right class. We will denote edges in
%L by — and edges in €K by .

Proposition 6.7 Let ¢ be an co-category equipped with an orthogonal factorization (€L, €R). Write
Arg (@) for the full subcategory of the arrow category of € spanned by the edges in €R. Then the target
projection t : Arg(€) — € is a cocartesian fibration. Furthermore an edge in Arg (%) is t-cocartesian if

and only if it is of the form

(6.7.1) I I

Proof Consider an edge in Arg(6):
X — 7Y

[

X — Y
This is cocartesian if and only if, given a 2-simplex in 6 and a (2,0)-horn in Arg (), there is a contractible
choice of extensions. This corresponds to showing that given a diagram in 6

/\

X — Y Z
X’ >Y’\>Z/

its extensions to a 2-simplex in Arg(€) form a contractible space. However, completing this diagram is
equivalent to supplying an edge ¥ — Z which makes the diagram below commute:

X —Z

Y —— 7/
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There is a contractible choice of such factorizations if and only if X — Y is in L. This shows that an
edge is ¢-cocartesian if and only if it is of the form of equation (6.7.1). Next, fix an edge in € and a lift of
its source in Arg(%6). This corresponds to a diagram

X
X — Y

Factorizing the composite X — Y’ extends this to an edge

X —»Y

I[N

X/ _) Y/
in Arg (%), which is z-cocartesian. O

We record the following fact for later reference.

Lemma 6.8 The constant functor so: 6 — Arg () is a fully faithful left adjoint to the source functor
s Arg(€) — 6.

Construction 6.9 Suppose we are in the setting of Proposition 6.7. Straightening the cocartesian fibration
t: Arg () — € gives a functor

%f_:% — Cateo.

To justify our notation let us unravel the effect of this functor. By definition, the evaluation of %f_ at an
object X € € is given by Arg()y; the fiber of ¢ at X. By construction this is the full subcategory of
%,x on the objects C >> X in @R. A priori an edge in this full subcategory is given by a diagram

X — X’

N

Y

However the edge X — X' is necessarily also in €& by [Lurie 2009, Proposition 5.2.8.6(3)], and therefore
Arg(©)x is in fact equivalent to (Gfx. Next consider an edge f:Y — Y’. Then the induced map
S %fy — ‘(ﬁfy, sends an object X >> Y to an object X’ > Y’ such that the following diagram

commutes:
X — X

[ ]

Y%Y/

In particular, if f € @R this is nothing but the standard functoriality of the slices %f_. Therefore the

functor %%f_: % — Catoo extends the functoriality of the slices of €& to all of €.
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Proposition 6.10 Let ¢ be an co-category equipped with a factorization system (€L, €R). The partially
lax colimit of (—)°P o %f_: % — Catyo with respect to the marking €® C € is equivalent to €°P.

Proof Recall that the partially lax colimit of a functor F: 6 — Cat is the localization of Un®(F) at
the cartesian edges which live above marked edges; see Theorem 4.9(b). In the case F = (—)? o €R |
we observe that Un®'(F) ~ Un®® (Céf_)of’ and so we conclude that the partially lax colimit of F is equal
to the opposite of Arg(46) localized at the edges of the form

X — X’

[ ]

Y —— Y’

However, note that because edges in €& are left cancellable, X — X’ is not only in € but also in €&,
Therefore X — X is in fact an equivalence. We will write M for this collection of edges. We claim that
localizing at the edges of M is equivalent to localizing at the larger class of edges M’ of the form

1

Yy — Y/

where we do not impose any conditions on the edge ¥ — Y. To see this note that such an edge in M’
fits into the following diagram:

X —= s X ——— X'
X' s Y > Y’

~_

Both the first edge and the composite are in M, and so therefore M is contained in the two-out-of-three
closure of M. So it is enough to calculate the localization of Arg (%) at M’. Note that the source functor
s: Arg(‘6) — € sends an edge to an equivalence if and only if it is in M’. Then Lemma 6.8 implies that
% is a Bousfield colocalization of Arg(‘€¢) at M’. So we conclude that the partially lax colimit of °P 06 /-
is equivalent to €°P, finishing the proof. a
Example 6.11 There are two extreme cases of the previous result. If €® = € and 6L = (%€, then
colim((€,-)°": 6 — Caty,) = 6°P.
If 6% = 16 and 6% =6, then

laxcolim(1€,_: 6 — Catoo) = 6°P.
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Now that we have introduced the main tools we need, we can build our functor and compute its partially
lax limit. This relies on two important observations. The first key insight is the following, which was first
stated in [Gepner and Henriques 2007] and originally proven as [Rezk 2014, Example 3.5.1].

Lemma 6.12 For all compact Lie groups G, the assignment G/ K + (K — G) defines an equivalence
Og >~ Orb/g.

Proof Observe that the spaces O (G/H, G/ K) are homeomorphic to the space {g€ G |cg(H) S K} /K.
The latter space is equivalent to the homotopy orbits {g € G | cg(H) € K}k as the K-space is free; see
for example [Korschgen 2018, Theorem A.7]. Therefore we can define a functor F’: Og — Glo, which
sends G/H to H, and on mapping spaces acts as homotopy orbits of the K-equivariant inclusion

{g€G|cg(H) S K} —>hom(H,K), gr>[cg: H— K]

Note that the co-category Og has a final object G/ G, and therefore F’ induces a functor Og — Glo, g,
which in fact factors through Orb, . We claim that the induced functor F': Og — Orb,  is an equivalence
of oco-categories. First note that F' is clearly essentially surjective. To deduce that the functor is fully
faithful pick two objects G/H and G/ K, which we identify with inclusions i: H <— G and j: K — G.
Recall that the mapping space between G/H and G/K is empty if and only if H is not subconjugate
to K. In this case the mapping space in Orb/G between i and j is also empty. Now suppose that this is
not the case. Consider the square

{g€G|cg(H) S King — Hom(H, K)nx

| |

* > Hom(H, G)ng

To prove F is fully faithful it suffices to prove that this square is homotopy cartesian. For every K-space X,

(G xg X)ng =~ Xk, so that the above square is equivalent to

(G xx{g€G|cg(H) S K}),; — (GxgHom(H, K))g

| |

Guwg > Hom(H, G)ng

Because taking homotopy orbits preserves homotopy pullback diagrams, it suffices to show that the square

Gxgl{geG|cg(H) S K} —— G xg Hom(H, K)

| |

G > Hom(H, G)

is homotopy cartesian. In fact it is easily shown to be a pullback square of topological spaces, and the
bottom horizontal arrow is a Serre fibration. To see this we note that the map G — Hom(H, G) factors
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through one component of the decomposition of Proposition 6.3, and therefore is equivalent to the quotient
map G — G/C(H), which is a fibration by [Korschgen 2018, Theorem A.9]. m|

The second insight is the following, which was also observed in [Rezk 2014].

sur

Proposition 6.13 The subcategories Glo™ and Orb are the left and right classes, respectively, of an

orthogonal factorization system on Glo.

Proof We will apply [Lurie 2009, Proposition 5.2.8.17] to the subcategories Glo™" and Orb. Clearly
these subcategories contain all the equivalences and are closed under equivalences in Ar(Glo). Therefore
it suffices to prove that given a diagram

H——J
fl \( lg
G —> K
the space of dotted diagonal fillers is contractible. As noted in [Lurie 2009, Remark 5.2.8.3], this is
equivalent to the map

MapGlOH/(H L) Gs H - J) i) MapG]oH/(H L> G, H — K)

being a weak homotopy equivalence for every lift of g to a map in Glog, from H — J to H — K.
Proposition 6.4 shows that when f is surjective the map

Mapg,(G, J) L5 Mapgo(H., J)
is an inclusion of path-components for every J.

Therefore the space Mapg, ,, y (H PN G, H — J), being the homotopy fiber of this map, is either empty
or contractible. Translating back this reduces our task to simply proving the existence of a lift in the
square above. This is a simple exercise in group theory. O

Remark 6.14 When we restrict to finite groups, Glo is equivalent to the full subcategory of & given by
the connected 1-truncated spaces. In this case the orthogonal factorization system constructed above is a
restriction of the standard mono/epi factorization system of any oco-topos. However, in the generality of
compact Lie groups, no such description applies.

We are finally ready to construct the functor.

Construction 6.15 Applying Construction 6.9 to the orthogonal factorization system (Glo®", Orb) yields
a functor Orb,_: Glo — Catso. Postcomposing the opposite of this functor with Fun((—)?, ¥): Catd —
Catoo gives the desired functor

Y.: Glo? — Cateo.
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Also note that &, clearly factors through product-preserving functors, and so enhances to a functor
. ®
Fe: Glo? — Catg),

where each category (Orb,g)°P-¥ is given the cartesian monoidal structure.

Lemma 6.12 and Elmendorf’s theorem for G-spaces, see Example 3.40, imply that the value of &, at the
object G is equivalent to the co-category of G-spaces . However, we owe the reader the following
consistency check, which implies that the functor &, also has the expected functoriality.

Proposition 6.16 Let «: H — G be a continuous group homomorphism. Then the diagram

Fun((Orb,6)®?, ) —— ¢

s’al loe*

Fun((Orb,g)°, ¥) —— Sy

commutes. Here the horizontal equivalences are obtained by applying Lemma 6.12 and Example 3.40.

Proof It is enough to check that the analogous diagram, where the vertical maps are replaced with left
adjoints, commutes. For this, let us denote by Ly and oy the left adjoints of ¥, and o™, respectively.
Note that the inclusion (g : Orb, g < Glo, g has a left adjoint L g, which on objects sends K Ny}
to f(K) — H. By the universal property of the presheaf categories there exists a unique cocontinuous
functor (the left Kan extension along (g )

(tg)1: Fun((Orb, g )P, ¥) — Fun((Glo, g )", &),

which agrees with (g on representables. In a similar fashion, we define functors (Lg), and (o« )1, where
ax: Glo;g — Glo, is postcomposition by «. We claim that the following diagram commutes:

Fun((Orb, )%, &) — 5 Fun((Glo, 7). )

Lozl l/(a*)!

Fun((Orb; )%, #) + = Fun((Glo;g). &)
This is easily seen by comparing the result on generators, and using that all the functors in the diagram
commute with all colimits. Using this diagram we can reduce to a statement on the level of model
categories. Namely, all three functors which make up the long way around in the diagram above can be
modeled by left Quillen functors between enriched functor categories with the projective model structure.
Indeed, the right adjoint of (tg); is given by restriction along tz, which is clearly a right Quillen functor.
A similar argument also works for (L) and (x)1. After precomposing and postcomposing with the
equivalences
T ~ Fun'®((Orb/f)?,J) and Fun'((Orb,6)®.J) ~Tg
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constructed in [Rezk 2014, Proposition 3.5.1], which agree with the equivalences constructed by [Gepner
and Meier 2023] by inspection, we can apply the explicit description for (Lg): and (tz) given in
[Rezk 2014, Section 5.3], where (Lg) is denoted by I1g and (t7)1 by Ay, to deduce that the functor
Ly: I g — T is equivalent to induction of H -spaces. |

We have now constructed our functor. Therefore we are left to prove that the partially lax limit is given
by the co-category of global spaces.

Theorem 6.17 Let Glo' denote the marked oo-category from Definition 6.1. Then the partially lax limit
over (Glo")°P of the diagram from Construction 6.15

Glo® — Cat®, G+ ¥g,

is equivalent to the oco-category of global spaces, equipped with the cartesian monoidal structure.

Proof Recall that g = Fun(OE;p, &) and that Og =~ Orb, . First we prove the result on underlying
categories. Proposition 4.11 implies that it suffices to prove an equivalence between the partially lax
colimit of (Orb,_)°? and Glo®. However, this follows from Proposition 6.10 applied to the factorization

sur

system (Glo®, Orb) on Glo. Now we deduce the symmetric monoidal statement. First observe that the
equivalence constructed before trivially lifts to a symmetric monoidal equivalence, where both sides are
given the cartesian symmetric monoidal structure. Then note that the subcategory of Op,, spanned by the
cartesian operads is closed under partially lax limits. This implies that ¥ is equivalent to the partially

lax limit of the diagram ¥*: Glo°P — Cat?g, but now taken in symmetric monoidal co-categories. O

7 oo-categories of equivariant prespectra

In this section we define the co-categories of G-(pre)spectra for a Lie group G, and we introduce the
oo-category of global (pre)spectra. We will do this by first defining the relevant level model structures,
which present the oo-categories of prespectra objects, and then defining the stable model category as a
Bousfield localization. This will then present the co-categories of spectra objects. The material in this
section is classical, and largely well-known. Nevertheless we include the details of the model structures,
mainly to emphasize that the level model structure on Spg is induced formally from the level model
structure on $-GJ. While not a deep statement, it is crucial to our proof strategy. In particular, this
observation will allow us to interpret the construction of the level model structure co-categorically, as
will be explained in this section.

Definition 7.1 Let $ denote the topological category whose objects are finite-dimensional inner product
spaces V, and morphism space $(V, W) is given by the space of linear isometric isomorphisms from V
to W.
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Definition 7.2 Let G be a Lie group (not necessarily compact). We write $-G 7 for the enriched category
of continuous functors from $ into G-spaces, and call this the category of $-G-spaces. When G is the
trivial group, we simply write $-J and refer to it as the category of $-spaces.

Remark 7.3 As discussed in [Bohmann 2014, Section 5], the category of $-G-spaces (as defined above)
is equivalent as a topological category to the category of $g-spaces as defined by Mandell and May
in [2002, Chapter II, Definition 2.3].

Remark 7.4 The category $-G J has a symmetric monoidal structures given by enriched Day convolution;
see [Mandell and May 2002, Chapter II, Proposition 3.7]. Given X,Y € $-GJ we have the formula

W,W)esx9y
XRY)V) :=/ 9(WEBW/, V)XX(W)XY(W’).

Remark 7.5 Given any $-G-space X and an inner product space V, the value X (V') admits a GxO(V)-
action. If V is given the structure of an H -representation p: H — O(V), then we can equip X (V') with
an H -action by restricting along

HL2s HxH 2 6 x o).
We will always consider the value X (V') with this H -action in the following.

Construction 7.6 (free $-G-space) For every H -representation V, there is an evaluation functor
evy: $-GT - HT, X+ X(V).

This functor admits a left adjoint G xg $y, given by the formula
GxgIyA=Gxyg ($(V,—)xA).

When A = %, we simply write G Xz $y and when G = H, we write $y(—). By construction, the
$-G-space G x g $y corepresents the functor X — X(V)H.

For all compact subgroups H and K of G, all H-representations V' and all K-representations W, there is
an isomorphism of $-G-spaces

(7.6.1) (G xg Iv)® (G xg Iw) = A*(G xG xgxk Ivew).

where A: G — G x G is the diagonal embedding. This can be checked directly by applying the formula
of the Day convolution product from Remark 7.4 and using that induction commutes with colimits.

We will now proceed to equip the category of $-G-spaces with the level model structure. The following

will be the weak equivalences, fibrations and cofibrations of this model structure.
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Definition 7.7 Let G be a Lie group and let f: X — Y be a morphism in $-G 7.

(a) Wesay f is a level equivalence if for any compact subgroup H < G and any H -representation V,
the map f(V)H: X(V)H — Y(V)H is a weak homotopy equivalence of spaces.

(b) We say f is a level fibration if for any compact subgroup H < G and any H -representation V, the
map f(V)H: X(V)? — Y(V)H is a Serre fibration.

(¢) We say f is a level cofibration if for every m > 0, the map f(R™): X(R"™) — Y(R™) is a
Com-cofibration of G x O(m)-spaces, see [Degrijse et al. 2023, Definition 1.1.2], and moreover
the O(m)-action is free away from the image of f(R™).

For all m > 0, we let €g(m) denote the family of compact subgroups I' of G x O(m) such that
I' N (1 x O(m)) consists only of the neutral element. These are precisely the graph subgroups of a
continuous homomorphism to O(m) defined on some compact subgroup of G. The category of G x O (m)-
spaces admits a € (m)-projective model structure by [Schwede 2018, Proposition B.7]. We have the
following useful characterization of the level equivalences, cofibrations and fibrations.

Lemma 7.8 Let G be a Lie group and let f: X — Y be a morphism in $-GJ. The following are
equivalent:
(a) Themap f: X — Y is a level equivalence (resp. level fibration).
(b) The map f(R™): X(R™) — Y(R™) is a weak equivalence (resp. fibration) in the g (m)-projective
model structure for all m > 0.

Furthermore, the following are equivalent:

(¢) Themap f: X — Y is a level cofibration.

(d) The map f(R™): X(R™) — Y(R™) is a cofibration in the ‘6 (m)-projective model structure for
all m > 0.

Proof Let H < G be a compact subgroup and let V' be an H -representation. Choose a linear isometric
isomorphism ¢: V' = R" and define a group homomorphism

p:G— O(m), gr>go(g-—)op L.

The homeomorphism X (¢): X(V) >~ X(R™) restricts to a homeomorphism
XONHH ~ xR™T®,

where T'(p) = {(h, p(h)) € H x O(m)} by the definition of the H-action given in Remark 7.5. From
this description, it is clear that (b) implies (a). Conversely, given I' € €5 (m), we can always find a
continuous group homomorphism «: H — O(m) for H < G compact such that I' = I'(«). By definition
of the H -action, we have X(R”)H = X(R™)T', showing that (a) implies (b). Finally, that (c) and (d) are
equivalent follows from (the topological version of) [Stephan 2016, Proposition 2.16]. |

Geometry & Topology, Volume 29 (2025)



Global homotopy theory via partially lax limits 1393

Theorem 7.9 Let G be a Lie group. The category $-GJ admits a cofibrantly generated and topological
model structure in which the weak equivalences are the level equivalences, the fibrations are the level
fibrations and the cofibrations are the level cofibrations. The set of generating cofibrations I and acyclic
cofibrations Jg are given by

Ig ={G xg $yoD" - G xyg $y D" | H<G,n>0},
J6 =1{G xg $y (D" x{0}) - G xg Iy (D" x[0,1]) | H < G,n > 0},

where H runs over all compact subgroups of G and V runs over all H -representations. We call this the
(proper) level model structure.

Proof We observe that the category $-GJ is equivalent to [ [, o(G x O(m))J. We can endow this latter
category with the product of the € (m)-projective model structures on G x O(m)-spaces. By Lemma 7.8,
the induced model structure on $-GJ has weak equivalences, fibrations and cofibrations as in the theorem.
Also we note that the right lifting property against the sets /g and Jg detect the level fibrations and level
acyclic fibrations respectively, by the adjunction isomorphism

Homy.g(G xg Sy A, X) ~ Homg (A, X(V)H)
for A a nonequivariant space. Finally, we observe that resulting model structure is again topological by

[Schwede 2018, Proposition B.5]. O

As discussed in [Degrijse et al. 2023, Proposition 1.1.6], a continuous homomorphism « : K — G between
Lie groups gives rise to adjoint functors between the associated category of equivariant spaces

Mapa(G’_)
which by levelwise application gives rise to an adjoint triple

GXg—

Map®(G,—)

Proposition 7.10 Let o: K — G be a continuous group homomorphism between Lie groups.

(a) Then o™ preserves level fibrations and level equivalences. Thus the adjoint pair (G x4 —, a™) is
Quillen.

(b) If o has closed image and compact kernel, then the adjoint pair (a*, Map* (G, —)) is also Quillen
with respect to the level model structure.
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Proof Part (a) follows from [Degrijse et al. 2023, Proposition 1.1.6(ii)]. Suppose that o has closed
image and compact kernel and note that by (a), it suffices to check that «* preserves level cofibrations.
We start by noting that the image of & x O(m) is closed in G x O(m) since the image of « is closed
in G. Moreover, the kernel of o x O(m) is ker(a) x 1, which is compact by hypothesis. So restriction
along a x O(m) takes Com-cofibrations of G x O(m)-spaces to Com-cofibrations of Kx O (m)-spaces
by [Degrijse et al. 2023, Proposition 1.1.6(iii)]. Now let i : A — B be a level cofibration of $-G-spaces
so that i (R™) is a Com-cofibration of G x O(m)-spaces. By the previous discussion, o* (i (R™)) is a
Com-cofibration of Kx O (m)-spaces. Moreover, the O(m)-action is unchanged, so it still acts freely off
the image of «*i. This shows that «* preserves cofibrations as required. |

Proposition 7.11 The level model structures on $-G 7 is symmetric monoidal with cofibrant unit object.

Proof Let us show that the pushout-product axiom holds. By a standard reduction [Hovey 1999, 4.2.5],
it suffices to check that the pushout product f O g is

(i) a cofibration if f and g belong to the set of generating cofibrations,

(ii) an acyclic cofibration if furthermore f or g is a generating acyclic cofibration.

In this case we may assume f = G xg $y f' and g = G xg $wg’ and so
fOg=A"GxGxuxk Ivew f'0g)

by equation (7.6.1). Since J is a symmetric monoidal model category, the pushout product f'0g’ satisfies
conditions (i) and (ii) above. By Proposition 7.10 we see that the functors

A*: 9-(GxG)T — 9-GT

are left Quillen. Moreover, it is clear from the definition of the model structures that the functor
evyew : 9-(G x G)T — (H x K)T is right Quillen, and therefore (G X G) xgxx $ygw is left Quillen.
From these observations it follows that the pushout-product axiom holds for $-G J too. Finally, the unit
axiom holds since the unit object x = G xg $y is cofibrant. |

In Section 2.3 we discussed how to induce a model structure on pointed objects. We will apply these
results to the category $-G J with the level model structure. Note first that the category of pointed objects
in $-GJ is equivalent to $-G T «, the category of continuous functors from $ to GJ «, the category of
based G-spaces.

Proposition 7.12 Let G be a Lie group. The category $-GJ « admits a proper level model structure in
which the weak equivalences, fibrations and cofibrations are detected by the forgetful functor $-GJ s —
$-G I . This model structure is topological, cofibrantly generated by the sets (Ig)+ and (Jg)+, symmetric
monoidal, and the unit object is cofibrant. Moreover, there exists a symmetric monoidal equivalence of
oo-categories

I-GT Wiyl = (9-GTWig' D
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Proof The first part follows from the discussion in Section 2.3 and [Schwede 2018, Proposition B.5].
For the final claim apply Proposition 2.3 together with the fact that $-G g[Wlal] is presentable by
Theorem 8.9. o

We now change gears and consider the global analogue of the previous discussion. Recall that for any
G-representation V' and $-space X, the value X (V') admits a natural G-action by restricting along the
canonical morphism G — O(V'); see Remark 7.5.

Definition 7.13 Let f: X — Y be a morphism in $-J.

(a) We say f is a faithful level equivalence if for every compact Lie group G and every faithful G-
representation V, the map f(V): X(V) — Y(V) is a G-weak equivalence: for all closed subgroups
H < G, the induced map f (V) : X(V)? — Y(V)H is a weak homotopy equivalence of spaces.

(b) We say f is a faithful level fibration if for every compact Lie group G and every faithful G-
representation V, the map f(V): X(V) — Y (V) is a fibration in the projective model structure of
G -spaces.

The following result is a reformulation of [Schwede 2018, Lemmas 1.2.7, 1.2.8] in our context.

Lemma 7.14 Let f: X — Y be a morphism in $-J. Then the following are equivalent:

(a) Themap f(V): X(V)G — Y (V) is a weak homotopy equivalence (resp. Serre fibration) for every
compact Lie group G and every G -representation V.

(b) The map f: X — Y is a faithful level equivalence (resp. faithful level fibration).

(¢) The map f(R™): X(R™) — Y (R™) is an O(m)-weak equivalence (resp. O(m)-fibration) for every
m > 0.

Proof It is clear that (a) implies (b), which implies (c). Suppose that (c) holds and let V' be a G-
representation. As in the proof of Lemma 7.8 we can choose a linear isometric isomorphism ¢: V' ~ R™
and define a group homomorphism p: G — O(m) such that

X(V)% ~ X(R™)P(D,
showing that (c) implies (a). O
Construction 7.15 (semifree $-space) For every G-representation V, there is an evaluation functor
evg,v:9-9 > GT, X XV),

which admits a left adjoint $G, given by the formula $G 1 (4) = $(V,—) xg A. When A = *, we
simply write $¢,y. For all H -representations V' and K-representations W, there is an isomorphism of
$-G-spaces

(7.15.1) ISay @Ik w = IHXK VOW-
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One can check this using the formula in Remark 7.4 or by mimicking the proof of [Schwede 2018,
Example 1.3.3].

The next result is an analogue of [Schwede 2018, Proposition 1.2.10], adapted to our context.

Theorem 7.16 The category $-J admits a topological, cofibrantly generated model structure in which
the weak equivalences are the faithful level equivalences Wty and the fibrations are the faithful level
fibrations. The set of generating cofibrations I and acyclic cofibrations J are given by

I ={96,y(dD") = 9,y (D")} and J={9G,y(D" x{0}) =I5,y (D" x[0,1])},

where G runs over all compact Lie groups, V over all faithful G -representations, and n > 0. This is a
symmetric monoidal model category with cofibrant unit object. We call this the faithful level model
structure.

Proof We can identify $-J with the category l_[sz O(m)J and endow the latter category with the
product of the standard model structures on O(m)-spaces. The induced model structure on $-J has weak
equivalences and fibrations as in the theorem by Lemma 7.14. We note that the right lifting property against
the sets / and J detect the level fibrations and level acyclic fibrations respectively, by the adjunction
isomorphism

Homy._g (95, A, X) ~ Homg (A4, X(V)H)

for A a nonequivariant space. Let us next show that the pushout-product axiom holds. As explained in the
proof of Proposition 7.11, it suffices to check that the pushout product f O g is an (acyclic) cofibration if
f and g belong to the set of generating (acyclic) cofibrations. In any case we have f = $g,y f and
g=9%uwg Butthen fOg = $gxuvewf Og by equation (7.15.1). Since GTJ is a symmetric
monoidal model category, it suffices to check that the functor $Gx g,y ew is left Quillen. This is clear
since evG x H,v@w is right Quillen by definition of the faithful level model structure. The pushout-product
axiom then follows. Finally, the unit axiom holds since the unit object * = $, ¢ is cofibrant and the
model structure is topological by [Schwede 2018, Proposition B.5]. |

As before we obtain an induced model structured on pointed objects.

Proposition 7.17 The category $-J « admits a faithful level model structure in which the weak equiva-
lences, fibrations and cofibrations are detected by the forgetful functor $-J s« — $-J. This model structure
is topological, cofibrantly generated by the set I and J., symmetric monoidal and the unit object is
cofibrant. Finally, there exists a symmetric monoidal equivalence of co-categories

$-T « [Wf_lvll] -~ (9'97[Wf3vll])*-

Proof The first two claims follows from the discussion in Section 2.3 and [Schwede 2018, Proposition
B.5]. For the final claim apply Proposition 2.3, using the fact that &—ﬁ[WfIvll] is presentable. We will
show this in Theorem 8.19. m
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We now pass from pointed objects to prespectrum objects. Observe that the category of pointed $-G-spaces
has a commutative algebra object Sg given by the functor sending V to its one-point compactification SV
equipped with the trivial G-action. If we are thinking of the category of $-spaces with the faithful level
model structure, we will write St for Se, to emphasize that the sphere should be thought of as evaluated
on all faithful representations of all groups (fgl stands for faithful global).

Definition 7.18 Let G be a Lie group. Following [Mandell and May 2002, Chapter II Proposition 3.8],
we define the topological category Spg of orthogonal G-spectra to be the category of Sg-modules in
$-G T «. These categories inherit induced model structures:

(a) The category of orthogonal G-spectra admits a (proper) level model structure, whose weak equiv-
alences and fibrations are created by the forgetful functor Spg — $-G T 4, where the target is
endowed with the level model structure. This is a cofibrantly generated, proper, topological model
category; see the proof of [Degrijse et al. 2023, Theorem 1.2.22]. We also obtain that a set of
generating cofibrations and acyclic cofibrations are given by the maps Sg ® Ig and Sg ® Jg,
where Sg ® — denotes the left adjoint to the forgetful functor Spg — $-GT 4.

(b) The category of orthogonal spectra admits a faithful level model structure, whose weak equivalences
and fibrations are created by the forgetful functor Spo — $-T 4, where the target is endowed with
the faithful level model structure; see [Schwede 2018, Propositions 4.3.5]. From this result we
obtain that the faithful level model structure is cofibrantly generated and topological, with a set of
generating cofibrations and acyclic cofibrations given by Sgy ® I and Sgy ® J, where Sgy @ —
denotes the left adjoint to the forgetful functor Spo — P-T .

Remark 7.19 By combining straightforward generalizations of [Mandell and May 2002, Theorem 4.3]
and [Schwede 2018, Remark 3.1.8] to Lie groups, we conclude that Spg is equivalent to the category of
orthogonal spectra defined in [Degrijse et al. 2023, Definition 1.1.9].

As discussed in [Mandell and May 2002, Chapter II Section 3], the category of orthogonal G-spectra
admits a closed symmetric monoidal structure.

Proposition 7.20 Let G be a Lie group.

(a) The Ievel model structure on Spg is symmetric monoidal.

(b) The faithful level model structure on SpO is symmetric monoidal.

Proof The proof that the pushout product axiom holds for Spg is similar to that given in Proposition 7.11
for $-G-spaces. The explicit argument for cofibrations can be found in [Degrijse et al. 2023, Proposition
1.2.28(1)] and we note that a slight modification of that argument then also gives the statement for acyclic
cofibrations. The argument that the faithful level model structure satisfies the pushout-product axiom
is similar to that given in Theorem 7.16. The argument for cofibrations can also be found in [Schwede
2018, Proposition 4.3.23] and a slight modification of that argument also gives the statement for acyclic
cofibrations. m

Geometry & Topology, Volume 29 (2025)



1398 Sil Linskens, Denis Nardin and Luca Pol

Definition 7.21 We define the oo-category PSp; of G-prespectra to be the symmetric monoidal oo-
category associated to the symmetric monoidal model category Spg with the level model structure.
Similarly, we define the co-category PSpg, of faithful global prespectra to be the symmetric monoidal
oo-category associated to the symmetric monoidal model category Spo with the faithful level model
structure.

We have emphasized how the level model structures on Spg and Spo are induced by the level model
structure on $-G T« and $-T , respectively, by taking modules. This allows us to reinterpret the passage
to modules internally to co-categories.

Proposition 7.22 There are symmetric monoidal equivalences

PSpg = Mods, ($-GT[Wy'l«) and  PSpgy = Mods,, (9-T [Wiils)-
Proof Apply Proposition 2.4. |

Finally, we pass from the level model structure to the stable model structure, which will present the
categories of global and genuine G-spectra. Fix a complete G-universe Ug and write s(Ug) for the
poset, under inclusion, of finite-dimensional G-subrepresentations of AUg. The G-equivariant homotopy
groups of an orthogonal G-spectrum X are given by
26 (x) = colimy es@ug)[SKTY, X(V)]$ for k > 0,

colimy esue)[SY, XR* @ V)]G  fork <0,
where the connecting maps in the colimit system are induced by the structure maps, and [—, —]¢ means
G-equivariant homotopy classes of based G-maps. Note that the same definition works even if X is
an orthogonal spectrum, since the value X(V') admits a G-action as discussed before Definition 7.13.
Moreover, everything is functorial with respect to morphisms of orthogonal (G-)spectra. We finally note
that the definition above a priori depends on a choice of complete G-universe. However, the functors
associated to different complete G-universes are naturally isomorphic, and so the choice is immaterial.

Definition 7.23 Let G be a Lie group.

e Amorphism f: X — Y of orthogonal G-spectra is a 1z x-isomorphism if w1 (f):nH (X) - nH(Y)
is an isomorphism for all compact subgroups H < G. The 7 «-isomorphisms are part of a cofibrantly
generated, topological, stable and symmetric monoidal model structure on the category of orthogonal
G-spectra [Degrijse et al. 2023, Theorem 1.2.22], called the G-stable model structure.

e A morphism f: X — Y of orthogonal spectra is a global equivalence if w1 (f):n (X)— nH(Y)
is an isomorphism for all compact Lie groups H. The global equivalences are part of a cofibrantly
generated, topological, proper, stable and symmetric monoidal model structure on the category of
orthogonal spectra [Schwede 2018, Theorem 4.3.17, Proposition 4.3.24], called the global model

structure.
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Definition 7.24 We define the symmetric monoidal oo-category Sps; of G-spectra to be the underlying
oo-category of orthogonal G -spectra with the G -stable model structure. Similarly, we define the symmetric
monoidal co-category Spy, of global spectra to be the underlying co-category of orthogonal spectra with
the global model structure.

We now make precise the observation that Spg and Spy, are Bousfield localizations of PSpg and PSpy,,
respectively, at an explicit collection of weak equivalences. We begin with global spectra.

Construction 7.25 Given a compact Lie group G and a G-representation V, consider the adjoint pairs

Following [Schwede 2018, Construction 4.1.23], we denote the composite Sg ® $G,y by Fg,y. Note that
the adjoint pairs above are Quillen with respect to the global level structure and so they yield corresponding
adjoint pairs of underlying oco-categories. As discussed before [Schwede 2018, Theorem 4.1.29], there
are maps in Spo

) v 0
Agvw:FevewS™ — FewS

for all compact Lie groups G and G-representations V' and W. We can view these maps in PSp,; since
the domain and codomain of Ag,y,w are bifibrant. Consider the diagram

oG.v.w

GT«(S°, X(W)) ——" GT.(SV.X(VaWw))

Sp° (Fg,wS°, X) ——— Sp°(Fo,vew SV, X)

where the vertical maps are the adjunction isomorphisms and the top map is the adjoint structure map
of X. The bottom map is equal to precomposition by Ag,y,w. In particular, taking X = Fg w S°, we
may define Ag,y,w as the image of the identity of Fg w S 0 under the bottom map. Note also that Ag,y,w
is equivalent to Fg,w S° ® Ag.v,0, and that A,y is adjoint to the identity.

Remark 7.26 Both characterizations of A y,w given above also uniquely specify the map on the level
of co-categories.

Proposition 7.27 Sp,, is a Bousfield localization of PSpy,. Furthermore, an object in PSpy, lies in
Spg; if and only if it is local with respect to the morphisms {Ag,v,w } for all compact Lie groups G and
G -representations V and W with W faithful.

Proof Let A denote the set of maps Ag,y,w for G, V and W as in the proposition. We write Spgl and
Spgo1 for the category of orthogonal spectra endowed with the faithful level model structure and the global
stable model structure, respectively. We will show that Spgol is a left Bousfield localization (in the model
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categorical sense) of Spfv)1 at the set A, thatis, L ASpS1 = Spg . Because both can be checked on underlying
homotopy categories, Bousfield localizations of model categories present Bousfield localizations of co-
categories. Therefore the claim in the proposition will follow by passing to underlying co-categories.
By definition X € Spg1 is A-local (and so fibrant in the Bousfield localization) if and only if X is fibrant
in Spgl (which always holds in this case), and the canonical map of homotopy function complexes

AG.y.w: Map(FgwS°. X) — Map(Fg,yewS" . X)

is an equivalence for all Ag,y,w € A. By adjunction this is equivalent to asking that X W)G —
QY (X(V @ W))C be an equivalence for all G, V and W as in the proposition. In other words, X is a
global Q2-spectrum; see [Schwede 2018, Definition 4.3.8]. By [Schwede 2018, Theorem 4.3.17] these are
precisely the fibrant objects Spgo1 . Since L ASpSl and Spgo1 have the same cofibrations and fibrant objects,
the two model structures coincide by [Joyal 2008, Proposition E.1.10]. |

We repeat this analysis for Spg; and PSpg.

Construction 7.28 Let H be a compact subgroup of a Lie group G, and let V' be an H -representation.
We have a sequence of adjoint pairs

0 forget evy
Sc®— GiAg Iy

which are Quillen with respect to the proper level model structure, and so they define adjoint pairs at the
level of underlying oco-categories. The composite Sg ® (G Ag $y) will also be denoted by G x g Fy
following [Degrijse et al. 2023, Example 1.1.15]. This notation is justified by the fact that G xg Fy
is also equivalent to the induction of the H -prespectrum Fy as one can easily verify. For all pairs of
H -representations V' and W, there are maps in Spg

G X H /\V,W3 GD(H FV@WSV — GD(H Fw,

see [Degrijse et al. 2023, equation 1.2.19]. We can view these maps in PSp; as the domains and codomains
are bifibrant. Similarly to before, G x g Ay, is determined by the property that the map

Spg(G Xg Fy, X) — Spg(G X FVEBWSV, X),
defined so that the diagram

resg @v.w)

HT (SO, X(W)) —2—"5 HT(SV.X(V&W))
Sp2(G g Fw,X) —— Sp2(G xg FyewSY, X)

commutes, is equal to precomposition by G X g Ag vy, w. Also, G x Ay, w is equal to G X g FwS°® Av,o
and Ay, is adjoint to the identity on SV.
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Remark 7.29 Once again, the characterizations of G x g Ay, given above also uniquely specify the
map on the level of co-categories.

Proposition 7.30 Let G be a Lie group. Then Spg; is a Bousfield localization of PSp¢. Furthermore, an
object in PSpg lies in Spg if and only if it is local with respect to the morphisms {G x g Ay, } for all
compact subgroups H < G and H -representations V and W. Equivalently, X € PSpg lies in Sp if and
only if for all compact subgroups H < G, the object reng € PSpy is local with respect to morphisms
{Av,w} for all H -representations V and W.

Proof The proof is similar to that of Proposition 7.27 but now we use the characterization of fibrant
objects in the proper stable model structure given in [Degrijse et al. 2023, Theorem 1.2.22(v)]. The
second claim follows from the first one by adjunction. |

8 Models for oo-categories of equivariant prespectra

In the previous section we introduced the oco-categories of equivariant and global (pre)spectra, and
exhibited the spectrum objects as local objects in the relevant category of prespectra with respect to an
explicit class of weak equivalences. Furthermore, we observed that the construction of PSp; admitted
a reinterpretation internal to co-categories, by first passing to pointed objects in Sb—Gg[Wlal] and then
taking modules over S¢. Similarly, we observed that

-1
PSpgy > Mods,, ($-T [Wijal«).
Furthermore, these equivalences were symmetric monoidal.

However this is only part of the story, because the co-categories $-G T [W,; 11 and &—Q[Wf__\}l] are still
too inexplicit for our arguments. Luckily we can give explicit models of these co-categories. Consider
the case of $-GI[W,;']. By construction this co-category records the fixed-point spaces X (V)H for
every (compact) subgroup H of G and every H -representation V' of an $-G-space X. By functoriality,
these different fixed-point spaces are related by subconjugacy relationships in H and equivariant linear
isometries in V. We will prove that the co-category $-G J is in fact freely generated under these properties.
More precisely, we will exhibit an equivalence

9-GT[W;;'] ~ ORG-¥,

where the oo-category ORg indexes pairs (H, V'), each one of which records one of the fixed-point
spaces X (V) of an $-G-space X. Similarly, we will prove that

9-T Wizl = ORgy-9,

where the co-category ORy, indexes pairs (G, V), where G is a compact Lie group and V' is a faithful
G -representation.
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In total we will obtain equivalences
PSpg ~ Mods; (ORG-¥+) and PSpyy >~ Mods,, (ORg-F ).

It will be in this guise that we will think of the co-category of G-prespectra and global prespectra for the
remainder of the paper.

Finally, to make future constructions symmetric monoidal it will be important to understand how the
symmetric monoidal structures transfer under the equivalences

9-GT[W;'| ~ ORG-S and $-T[W ] =~ ORy-S.

We may immediately apply Theorem 3.37 to conclude that the monoidal structure on $-GJ[W,; 1 and
9-T [Wf_lvll] are induced by Day convolution from the restricted promonoidal structure on ORg. We will
make these promonoidal structures explicit.

To show that $-G T [W;;;!] and ‘Eﬁ—ﬂ"[Wl;l] are equivalent to categories of copresheafs on an explicit set
of generators, we will apply a version of Elmendorf’s theorem; see Corollary 3.41. The application of
this theorem to $-G 9‘[Wl;1] and 9—9‘[ij\}l] has a similar flavor, but are logically distinct. Therefore we
treat each case separately.

8.1 9$-G-spaces and ORg-spaces
We begin with $-GT[W,;;'].

Remark 8.1 Let G be a Lie group and consider a map ¢: G/ K — G/H in the orbit category O¢g. Giving
¢ is equivalent to giving gH € (G/H)X, that is an element gH € G/H such that ce(K)=g 1KgC H.
When we need to emphasize this correspondence between gH and ¢ we will use subscripts ¢z and g,.
Since gyop H = gy gy H, composition of maps corresponds to multiplication with reverse order.

Definition 8.2 For a Lie group G, the proper G-orbit category Og .y is the full subcategory of Og
spanned by those cosets G/H with H < G compact.

Let G be a Lie group and H, K < G be compact subgroups. Given an H -representation V' and a
K-representation W, we can consider the space G xg $(V, W), where H acts on G by right translation,
and on $(V, W) via h.¢ = ¢h~1. Note that K acts diagonally on G xg $(V, W) via G and W. We have
the following helpful criterion.

Lemma 8.3 An element [g, ¢] € G xg $(V, W) is K-fixed if and only if cg(K) C H and k.¢(v) =
@(cg(k)v) forall k € K andv e V.

Proof Anelement [g,¢] € G xg $(V, W) is K-fixed if and only if [kg, k.¢] = [g, ¢] for all k € K. This
means that there exists 4 € H such that kg = gh and k.p = @h for all k € K. In other words g is such
that cg (K) € H and ¢ is K-equivariant in the sense that k.9 = ¢cg (k) for all k € K. O
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Lemma 8.4 Let G beaLie group and H, K, L <G be compact subgroups. Let V be an H -representation,
W a K-representation and U an L-representation. Then the map

01 (G xg $(W.UN" x (G xg (V. W)X — (G xpg (V. UD"
given by ([g’, ¥]. g, ¢]) — [¢'g, V@] is well-defined and continuous. Furthermore, upon varying the

objects, the collection of maps so obtained is associative and unital.

Proof Let us first show that the map does not depend on the chosen representatives. For s € H and k € K
we have [g, ¢] = [gh, ¢h] and [g’, ] = [g’k, k] so we ought to check that [g'g, Vo] = [g'kgh, vkoh].
Using that cg (K) € H and ¢ is K-equivariant with respect to the ¢, -twisted action, we can write

[g'kgh. vkoh] = [g'g cg(k)h, vkoh] = [g'g. Wkoh(cg(k)h) ™' = [g'g. vkocg (k)] =[g'g. Vo).
——
eH

as required. We verify that [g’g, ¥ ¢] is K-fixed using the criterion from Lemma 8.3. Using that
cg’(L) € K and cg (K) € H we immediately see that cg/g (L) € H. Using the twisted equivariance of

and ¢ we see that cK

—~——
LYo =vceg(l)p=vYpcg(cg/ (1)) =Ypcgg(l) forall [ €L.

Therefore ¢ is twisted equivariant and [g’g, ¥ ¢] is indeed K-fixed. Finally, the map is associative,
unital and continuous, since multiplication and composition maps are so. |

We now formally define the co-category ORg.

Definition 8.5 Let G be a Lie group. We define a topological category ORg whose objects are pairs
(H, V) of a compact subgroup H < G and an H -representation V. The morphism spaces are given by

ORG((H.V).(K.W)) = (G xp $(V. W)~
Composition is given by the maps
0: ORG ((K, W), (L,U)) xORG((H. V). (K, W)) = ORG((H. V). (L.U))
defined in Lemma 8.4. Note that there is a projection map
ORG ((H,V), (K, W)) = (G/H)X = 06,x(G/K,G/H), [g.¢]+ [¢H],

which extends to a functor g : ORg — ngr.
Example 8.6 Let G = e be the trivial group. Then the topological category ORg is equivalent to $.

Example 8.7 By definition, ORg ((H, V), (e, W)) = G xg $(V, W), which is a space with an action of
ORg((e, W), (e, W)) =G x O(W).
One can identify the functor ORg ((H, V), (e, —)): $ — GI with the free $-G-space G xg $y.
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Definition 8.8 We let ORg-Y denote the co-category of ORg-spaces, given by the co-category of
functors ORg — &.

We are finally ready to prove the main result of this subsection.

Theorem 8.9 Let G be a Lie group. Then there is an equivalence of co-categories

9-GT[Wi;'] ~ ORG-9.

Proof The discussion in Example 8.7 shows that there exists a functor of topological categories (and so
of co-categories)

ORY — 9-GT, (H.V)+r> ORG((H.V).(e.-)) =G xpg Iy.
This is fully faithful by definition of ORg. Since the $-G-spaces G x gy $y are bifibrant in the level
model structure, the composite
L:OR} — 9-GT — $-GT[W;'l, (H,V)+ G xpg Iy,
is also fully faithful. We apply Theorem 3.39 to the functor L. We note that the $-G-space G xg $y
corepresents the functor X — X (V). This functor commutes with small homotopy colimits since:
e The H -fixed-point functor preserves small homotopy colimits as discussed in Example 3.40.

e The evaluation functor X — X (V') preserves small homotopy colimits. Indeed, this functor
preserves all colimits (as they are calculated pointwise), level equivalences by definition, and
(acyclic) cofibrations (as one can verify by checking on the generating (acyclic) cofibrations).

Finally, the collection of objects {G xg $y | (H, V) € ORg} is jointly conservative by definition of the
level equivalences. Thus the required equivalence follows from Theorem 3.39. a

Next we explain how to upgrade the equivalence above to an equivalence of symmetric monoidal co-
categories.

Construction 8.10 We enhance the topological category ORg to a topological colored operad as follows.
The colors are simply the objects of ORg, and the space of multimorphisms from {(H;, V;)}ies to
(K, W) is given by
K
ORG ({(H;., Vi)lier, (K. W)) = (( I G) Xy ) 9(@ v, W)) |
iel iel
By Lemma 8.3, a point of this space is equivalent to the following data:
e Foralli €/, an element g; H; € G/H; such that cg, (K) C H;.
A linear isometry ¢ = Y, ¢; : @; Vi — W such that k.¢; (v) = ¢; (cg, (k)v) forallv e V;, k € K

andi e [.
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For every map I — J of finite sets with fibers {I; } ;¢ s, every finite collections of objects {(H;, Vi)})ier
and {(K;,W;)}jes, and every (L,U) € ORg we have a composition map

[ [ ORG ({((Hi. Vi)bicr; . (Kj. W))) x ORG ({(Kj. W)} jes. (L. U)) —> ORG({(H;. Vi)}ier. (L. U)),
jeJ

which is defined by the formulas

(@yi-m@wi~v)- (Dr=-ODvi~Ow-v)
i€l jeJ iel jeJi€l; jeJ
and
((giHier;. (i K)j)jer) > (g g Hi)jesicl, -

Note that for any color (H, V') € ORg, there is an identity element [eH, 1y] € ORg((H, V), (H,V)).

Using Lemma 8.3 one can check that this composition is continuous, associative and unital and so that
ORg is indeed a topological colored operad. We leave the details to the interested reader.

Remark 8.11 We can endow the topological category ngpr with a topological colored operad structure
whose colors are the objects of Og p;, and whose multimorphism spaces are given by

K
06.((G/Hilicr. G/ K) = oa,pr(G/K, I G/H,-) - (1‘[ G/Hl-)
iel iel
with composition defined in the obvious way. The associated oo-operad models the cocartesian monoidal
structure. There is a canonical projection functor of topological colored operads

ng:ORg — Oéppr.

By Lemma 2.1, we can lift g to a map of co-operads ORS — (O pr)H, which by abuse of notation

we still denote by 7g.

Recall that because $-GJ is a symmetric monoidal topological model category, we can construct a
topological colored operad whose colors are given by the bifibrant objects of $-G I and the multimorphism
spaces are given by

Muly e ((s.ggoyr) {Xi}. Y) = 9-GW(Y, () Xi)-
iel
Furthermore the associated co-operad models the symmetric monoidal structure on ($-GJ [Wlal])op_

Lemma 8.12 The functor L of Theorem 8.9 lifts to a fully faithful functor of topological colored operads.

Proof We define a functor between colored operads by
ORG — (9-GT°)™,  {(H;. Vi)} > ORg (R)(Hi. Vi), (e, -)).
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Using equation (7.6.1), we can rewrite this functor in more familiar terms as

ORG ({(Hi. Vi)}. (e.-)) = (H G) (I i) 9(69 Vi, —) ~ QG xn; Iv,).

1

By construction, this functor defines a colored operad map which lifts L. Using this description of the
functor and the fact that G xg $w corepresents the functor X — X (W)X, we also see that the map
induced on multimorphism spaces

ORG ({(H;.Vi)}ier. (K. W)) — y-Gﬁ(G <k Iw. Q) G xn; 91,,.)
iel

is a homeomorphism. Therefore the functor of colored operads is fully faithful. |

The map L of topological operads constructed above induces a map L : OR% — ($-GT[W,,; 11®)op of
oo-operads. Furthermore this functor is again fully faithful.

Corollary 8.13 The functor L: OR%’ — ($-GT « [Wl;l]®)°p induces a symmetric monoidal equivalence
$-GT[W; ;'] ~ ORG-Y,

where the right-hand side is equipped with the Day convolution product.
Proof This follows from Corollary 3.41, where we argue as in Theorem 8.9 and use Lemma 8.12. O

As a convenient reference, let us summarize the final description of G-prespectrum objects, which
combines all of the identifications obtained.

Corollary 8.14 Let G be a Lie group. Then there is a symmetric monoidal equivalence

PSpg >~ Mods, (ORG-%x).
Proof Combine Corollary 8.13 and Propositions 7.22 and 3.38. |

Remark 8.15 We will often implicitly identify PSps; with Mods; (ORg-%x) for the remainder of the
paper.

8.2 9-spaces and ORy,-spaces.

We now undertake a similar analysis for the oco-category of $-spaces localized at the faithful level
equivalences. Many of the details are similar, so we will be briefer in this section than in the previous one.
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Definition 8.16 We define a topological category ORyy whose objects are pairs (G, V'), where G is a
compact Lie group and V is a faithful G-representation. The morphism spaces are given by
OR((G. V). (H. W) = ($(V. W)/ &)
There is a composition map
o: ORgg((H, W), (L, U)) x ORgi((G, V), (H, W)) = OR((G. V). (L. U))

given by ([V], [¢]) = [¥ o@]. Similarly to Lemma 8.4, one may verify that this composition is well-defined,
associative, unital and continuous.

Example 8.17 By definition ORg((G, V), (e, W)) = $(V, W)/G. Thus we can identify the functor
ORf((G,V),(e,—)): 9 =T
with the semifree $-space $¢,y from Construction 7.15. Recall this $-space corepresents the functor

X — X(V)C.

Definition 8.18 We let OR¢y - denote the co-category of ORggy-spaces which is the co-category of
functors OR¢g — <. We also write ORgy-S« for the oo-category of functors ORgg — .

We now prove the main result of this subsection.

Theorem 8.19 There is an equivalences of co-categories

9-T Wil = ORgg-S.

Proof The discussion in Example 8.17 shows that there exists a functor of topological categories (and so
of co-categories)

(Ongl)Op - ‘g)_gs (Ga V) = Ongl((Gv V)5 (e’ _)) = yG,V

This is fully faithful by definition of ORg. Since the $-spaces $,y are bifibrant in the faithful level
model structure, the composite

(ORgo)®P — $-T — $-FT[W ]

is also fully faithful. We note that the semifree $-space $¢,y corepresents the functor X — X (V)C,
which commutes with small homotopy colimits. Indeed the G -fixed-point functor commutes with small
homotopy colimits by the discussion in Example 3.40, and so does the evaluation functor X — X (V) since
it preserves all colimits (as they are calculated pointwise), faithful level equivalences by definitions and
cofibrations (as one can verify by checking on the set of generating cofibrations). Finally, the collection
of objects {Jg,v | (G, V) € OR¢g} is jointly conservative by definition of the faithful level equivalences.
Thus the claimed equivalence follows by applying Theorem 3.39. |

We now discuss how the symmetric monoidal structure on $-J C[I/ijvll] translates to ORgg1-Fx.
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Lemma 8.20 The topological category ORyg is symmetric monoidal with unit object (e, 0) and tensor
product given by (G, V) ® (H,W) = (G x H,V @& W). In particular, the oo-category of ORg,-spaces
admits a symmetric monoidal structure given by Day convolution.

Proof The first claim is a straightforward verification. The second claim follows from Corollary 3.29. O
Write ORligg’l for the oo-operad associated to symmetric monoidal topological category ORg.

Lemma 8.21 The functor Lgi: ORgy) — (9-T [ijvll])Op given by (G, V) = 9¢.,y lifts to a fully faithful
symmetric monoidal functor of co-categories,

Lgi: ORgg — ($-T[WihD.
Proof It suffices to observe that (7.15.1) implies that Ly : ORgg — $-T is a strong monoidal functor. O

Corollary 8.22 There is a symmetric monoidal equivalence
9-T[Wig'] ~ ORgy -,

where the right-hand side is symmetric monoidal via Day convolution.
Proof This follows from Corollary 3.41, where we argue as in Theorem 8.19 and use Lemma 8.21. O

Summarizing all of the identifications made, we have the following description of the symmetric monoidal
oo-category of faithful global prespectra.

Corollary 8.23 There is a symmetric monoidal equivalence

PSpfgl ~ MOdegl (Ong]'y*)
Proof Combine Proposition 7.22, Corollary 8.22 and Proposition 3.38. |

Remark 8.24 We will often implicitly identify PSpg, with Mods,,, (OR-S ).

9 Functoriality of equivariant prespectra

The goal of this section is to construct a functor PSp, : Glo? — Cat?; sending a compact Lie group G to
the symmetric monoidal co-category of G-prespectra of Definition 7.18, and to compute its (partially) lax
limit. By Corollary 8.14, the co-category of G-prespectra can be identified with the category of modules
over a certain object Sg in ORg-¥«. Therefore our first step is to construct a functor sending a compact
Lie group G to the co-category ORG-S .
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In the unstable case we observed that the relevant functoriality was induced by the functoriality of
the partial slices Orb, g in Glo. Formally, the functoriality of the categories ORg-¥« is induced by a
(pro)functoriality of the categories ORg, and we will see that this is once again given by “passing to the
slices” of a global analogue ORy; of the individual equivariant categories OR¢. The category ORgy will
be fibered over Glo and its objects will consist of pairs (G, V'), where G is a compact Lie group and V
is an arbitrary G-representation. Furthermore we will see that restricting to faithful representations, we

recover ORgg).

Construction 9.1 Let G, H be compact Lie groups and let V, W be orthogonal G and H -representations
respectively. We equip the topological space

Hom(H, G) x $(V, W)
with the right G-action and the left H -action given by

(a.9)-g=(cga.0g™ ") and h-(a,)= (a,hpa(h)™").

There is a residual G-action on the fixed points (Hom(H, G) x $(V, W))H since the G and H -actions
commute. By definition, the fixed-point space can be characterized as the space of pairs (¢, ¢), where
o: H — G is a Lie group homomorphism and ¢: V — W is an H -equivariant isometry (where H acts
on V via a). If K is another compact Lie group and U is an orthogonal K-representation, we define a

composition map
(Hom(H, G) x $(V, W) x (Hom(K, H) x $(W, U)X - (Hom(K, G) x $(V, U)X,
(Ol, 90) : (:8’ W) = (Olﬁ, QDW)’

that is compatible with the various actions, so that it induces an associative and unital composition map

on the respective action groupoids:

(Hom(H, G) x $(V, W) H )G x (Hom(K, H) x $(W, U)X JH — (Hom(K, G) x $(V, U)K/ G.
Definition 9.2 Let ORy be the topological category whose objects are pairs (G, V'), where G is a
compact Lie group and V is an orthogonal G-representation. Its morphism spaces are defined to be

OR((G, V), (H,W)) = |(Hom(H,G) x $(V, W) /G|,

where | — // G| is the geometric realization of the action groupoid of G on $(V, W) (as in Definition 6.1).
As in Lemma 8.20, one sees that ORj admits a symmetric monoidal structure given by (G, V) (H, W) ~
(GxH,V ®W). We write ORS for the associated co-operad.

The next result tells us that the oo-category OR¢g from Definition 8.16 is equivalent to the subcategory
of ORg; spanned by the faithful representations.
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Lemma 9.3 Let 6 be the symmetric monoidal subcategory of ORg spanned by (G, V'), where V
is a faithtful G -representation. Then there is a symmetric monoidal functor of topological categories
% — ORgy sending (G, V) to (G, V'), which induces a homotopy equivalence on mapping spaces (and so
it is an equivalence of the underlying co-categories).

Proof The functor is the identity on objects, so it suffices to define it on mapping spaces. For any
(G,V),(H,W) €%, let us consider the map

p: (Hom(H,G)x $(V,WHH = (9(V. W)/ G)H

sending (o, @) to [¢]. We claim that this map exhibits the target as the quotient of the source by G.
Firstly, note that the map is G-equivariant. Let us show that its fibers are exactly the G-orbits. Suppose
we have a point [¢] in the target and let us choose a representative ¢: V' — W. Then we know that
h-[¢] = [hg] = [¢] for every h € H. Then necessarily there exists a(h) € G such that hgp = ga(h)™!.
Note that the element (/) is unique since V is a faithful G-representation. Then the map & — «(h)
is a Lie group homomorphism and its graph is closed in H x G (since it is a fiber of the continuous
map H x G — $(V, W) sending (h, g) to hpg™1), so it is continuous. Then it is clear that (o, ¢) is a
preimage of [¢], and so p is surjective.

On the other hand, if (a, ¢) and (¢, ¢’) have the same image under p, then there is some g € G such
that ¢’ = pg. A simple computation as before shows that this forces o’ = cg (since the G-action on
$(V, W) is faithful, o’ is determined by ¢’). Moreover, the action of G on (Hom(H, G) x $(V, W))H
is free and proper, and so p is a principal G-bundle. In particular it induces a natural equivalence of
topological groupoids

(Hom(H,G)x $(V,W)NH )G ~ ($(v,w)/G)H,
and so a homotopy equivalence
|(Hom(H, G)x $(V,WN)H)) G| ~ ($(V,W)/G)H .

Finally, it is easy to check that p is compatible with composition and sends the identity to the identity.
Therefore it induces an equivalence of oo-categories ‘¢ — OR¢g . We leave to the reader to check that the
above can be given the structure of a symmetric monoidal equivalence. O

Remark 9.4 There is a pair of functors of topological categories
50: Glo®® — ORy, 7g: ORg — Glo™

given by 59(G) = (G, 0) and 74 (G, V') = G on objects. Note that 59 and 7, are both symmetric monoidal,
where Glo is symmetric monoidal under the cartesian product (and therefore Glo is equipped with
the cocartesian symmetric monoidal structure). This implies that the functors g and s¢ lift to maps of

oco-operads 71 ORG — (Glo™)M and 50 (Glo*")!! — ORE

ol respectively.

Geometry & Topology, Volume 29 (2025)



Global homotopy theory via partially lax limits 1411

Lemma 9.5 Let{(G;,V;)}, (H, W) be objects of ORS, and consider the map

g Mulor, ({(Gi, Vi)}, (H, W)) — Mulgio» ({Gi }, H).
op)H

The homotopy fiber of this map over a group homomorphisma: H — [[; G; € (Glo is equivalent to

the space of H -equivariant isometries @, V; — W, where H acts on @@; V; via «.

Proof PutV =@; V; and G =[]; G; so that: H — G, and we can rewrite the map induced by 7y as
Mapog, ((G. V). (H, W)) — Mapg,,»(G. H) = Mapg,,(H., G).
We recall from Proposition 6.3 that the G-space Hom(H, G) decomposes as a disjoint union of orbits
Hom(H.G) ~ [ [ G/C(a).
(@

where « is a conjugacy class of homomorphisms and C(«) is the centralizer of the image of «. Therefore
we have a decomposition

Mapo, (G. V). (H.W)) = ((Hom(H.G) x $(V.W)), o = [ [$(V. W)i o).
(@)
depending on the choice of an « in each conjugacy class. This lies above the decomposition
Mapg,,(H, G) ~ ]_[ BC(x)
(@)

from Proposition 6.3 via the canonical maps $(V, W)H — x. Therefore the homotopy fiber over « is
precisely $(V, W)H. |

Lemma 9.6 The functor my: ORS’ — (Glo°®)W js a cocartesian fibration, and therefore exhibits ORS’

as a (Glo°®) ! -monoidal co-category.

Proof Consider {(G;, Vi)}ier € ORS, andletus set V =P, V; and G =[]; G; sothat  is naturally a G-
representation. Since 7 is a map of oo-operads, it is enough to find cocartesian lifts over active morphisms
whose target is in Glo°P. A multimorphism from {G;} to H in (Glo°®)! is the datum of a continuous
group homomorphism «: H — G. Consider the multimorphism f € ORS’ ((Gi, Vi)}, (H,a*V)) lying
over the map o which is represented by the element

[, 1y] € |(Hom(H, G) x $(V,a* V) H ) G|.

We claim that this is a cocartesian edge. This follows from the fact that for all (L, W) € OR?, the square

Mulor, (H,@*V), (L, W)) —— Mulor, ({(Gi, V)b, (L, W)

lngl lng.

Mulgiger (H. L) o > Mulgio({Gi}. L)
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is a homotopy pullback of spaces. We can verify this by checking that the vertical fibers are equivalent.
This is now a consequence of Lemma 9.5. |

Definition 9.7 We define Rep: Glo®? — Catg% to be the functor corresponding to ORS under the
equivalence of Proposition 5.5.

Remark 9.8 Rep(G) is the co-category corresponding to the topologically enriched category with
objects V' a G-representation, and morphism spaces Rep(V, W) = $(V, W)Y, the space of G-equivariant
linear isometries from V' to W. This is a symmetric monoidal category via direct sum. The functoriality
in Glo is given by restriction of representations along group homomorphisms.

Recall from Remark 8.11 that there is a map of co-operads 7 : OR% — (ng pr)H. Also note that there
is a canonical functor Og, - — Glo which sends an object G/H to H and acts as

06,:(G/H.G/K) ~{g € G |cg(H) € Kjng —hom(H, K)ng, g+>[cg: H— K].

This is an immediate generalization of the functor used in Lemma 6.12 to (not necessarily compact) Lie
groups. We denote the opposite of this functor by (. It induces a map of cocartesian co-operads, which
we denote by Lg. We are now ready to state the next result.

Lemma 9.9 Let G be a Lie group. Then there is a canonical map of co-operads vg : OR% — ORS and
a cartesian square of co-operads

ORY —<— ORY

ncl I

jnt
L
(0g )M — (Glo)H
Proof It will suffice to construct the map v at the level of topological colored operads and then apply
Lemma 2.1. Recall from Definition 8.5 that
ORG((H. V). (K. W) = (G x (V. W)X,

where G xg $(V, W) is the quotient of G x $(V, W) by the right H -action (g, ¢)-h = (gh, ¢h). Since
the H-action is free, we can identify the quotient with the homotopy quotient (see [K&rschgen 2018,
Theorem A.7] for example) and so there is a canonical identification

ORG((H.V),(K, W)= (G x $(V.W)X//H|

that respects composition. Moreover, under this identification, the multilinear spaces of the colored operad
structure are given by

K
ORG ({(H;. Vi)}i. (K. W) = ‘(HG <s(@v.w)) 1
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Therefore we may define a functor of topological colored operad ORg — ORg by sending (H, V) to
(H, V) and on the multimorphism spaces we take the map which is induced by the map of topological
groupoids

(UG xy(ElB Vi, W))K//UH,- = (Hom(K,UHi) xg(eiB " W)Y//]?[m

({gi}. ¢) = ((cq; [K)i- @)
A tedious but simple calculation shows that these maps respect composition. This defines a map
VG ! OR% — ORS as required.

Another tedious calculation shows that the square in the lemma commutes (already as a square of
topological operads) and that it is a pullback on 0O-vertices. Therefore it is enough to show that every
induced square

Mulorg ({(H;. i)} (K. W)) —<= Mulor, ({(H;. Vi)}. (K, W))

lm lngl

Mulgx ({G/Hi}.G/K) ——%—— Mulgier({H;}. K)

of multimorphism spaces is a homotopy pullback. It suffices to check that the vertical homotopy fibers
are equivalent. A morphism ¢: G/K — [[G/H; in Og p; amounts to giving elements g; € G such
that cg; (K) € H;. The homotopy fiber of 7 over ¢ is given by the space of K-equivariant isometries
D; Vi — W, where K acts on each V; via cg,. The map (g sends ¢ to (cg, : K — H;) and the homotopy
fiber over this is again the space of K-equivariant isometries as above by Lemma 9.5. As the vertical
homotopy fibers are equivalent, the square is a pullback of co-operads. a

We write Ar;yj(Glo) for the full subcategory of Ar(Glo) spanned by the injective group homomorphisms.
Definition 9.10 We define OR® via the pullback of co-operads
OR® ——— ORY
| I
(Aripi(Glo)°P) I =25 (Gloo)!

Thus an object of OR, the underlying oo-category of OR®, is a pair («: H — G, V), where « is injective
and V is a H -representation.

Lemma 9.11 The composition
7: OR® 5 (Ariy (Glo)*P) ! L2 (GlooP) !
gives OR® the structure of a (Glo°?)H! -promonoidal oo-category, whose operadic fiber over G is exactly
OR?.
G
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Proof We will show that each of the two maps in the defining composite is promonoidal in turn. Note
that both are maps of oo-operads. The map 7y is a pullback of a cocartesian fibration, and therefore
again cocartesian. The second map is then promonoidal by Example 3.7.

Finally we note that the operadic fiber of #°P over G is (O

gp)]_l by Lemma 6.12 and the observation that

(—)" preserves pullbacks. Therefore, the calculation of the operadic fiber follows from Lemma 9.9 and

the observation that the composite

1o

(O — (Arini(Glo)®)! L5 (Glo°P) 1L

is equivalent to tg. a

Because 7 is a promonoidal category over (Glo®)! with operadic fiber OR?, morally it represents a
profunctor of promonoidal co-categories. Therefore we can extract an honest symmetric monoidal functor
by taking copresheafs. This will be the functor Glo°? — Cat?g sending G to ORg-Y .

Definition 9.12 The Day convolution Fungo» (OR®, ¥2 x (Glo®®)1)P s a (Glo°?)X-monoidal co-
category, whose operadic fiber over G € Glo equals

Fungir (OR®, #3 x (Glo)™)P¥ x 100my 11 Finy ~ Fun(OR® x (g qomyu Finy, #5)P%
~ ORG-S

by Example 5.7 and Lemma 9.11. We define OR,-%: Glo®? — Catg?D to be the functor associated to it
under the equivalence of Proposition 5.5.

Lemma 9.13 Let OR be the underlying category of the co-operad OR®. Then the projection map
7 : OR — Glo®

is cartesian over Orb®?, and an edge (o, ¢) € OR is 7 -cartesian if and only if s°P(0') and ¢ are equivalences.

Proof Suppose we have an injection «: H — G, and an object (: K — H, V) € OR. As noted before,
the map 7°P: Ar;;i(Glo)P — Glo is a cartesian fibration. Furthermore, over an injection «: H — G,
cartesian lifts with target 8: K — H are given by squares o:

K «<—— K

b | It

G+*—H
In particular, we note that cartesian lifts of injections are sent to equivalences by the source functor
s Aripj(Glo)°P — Glo®P. Lifting s°P(0) to an equivalence ¢ € ORg with target (K, V'), we obtain an
edge (o, ¢) which lies over « and ends at (B, V'). Because both components of the edge (o, ¢) in OR are
m-cartesian, the edge (o, @) is itself w-cartesian. This shows that there are enough cartesian edges in OR
over injections, and that they are exactly of the form claimed. |
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Lemma 9.14 The projection map
OR® — ORY
induces a fully faithful symmetric monoidal functor
ORy-F« — OR-F 4

via restriction, with essential image those functors F : OR — ¥ that send cartesian arrows over Orb®®? to

equivalences.

Proof Recall from Lemma 6.8 that the source projection Ar;,j(Glo) — Glo has a fully faithful left adjoint
Glo — Ar;yj(Glo) given by the diagonal embedding. Therefore, by the functoriality of the cocartesian
operad [Lurie 2017, Proposition 2.4.3.16], it follows that the source projection

(Arip(Glo)*)T — (GlooP)I

has a fully faithful operadic right adjoint. Since Bousfield localizations are stable under basechange, it

follows that the projection
OR® — ORY

again has a fully faithful operadic right adjoint. Therefore OR — ORy is a Bousfield localization on
underlying co-categories and moreover the fully faithful functor

ORy-¥ — OR-¥

is symmetric monoidal by Proposition 3.34(b). Finally, because OR — ORy is a Bousfield localization,
the essential image of the functor Fun(ORg, ¥4) — Fun(OR, ¥4) is given by those functors which send
the edges inverted by the map OR — ORy to equivalences. But these are exactly the cartesian arrows

over the injections by Lemma 9.13. O

Lemma 9.15 There are symmetric monoidal equivalences

laxlim ORgG-Y« >~ OR-Y and laxlim® ORG-S« >~ ORy -S4,
G €Glo® G €Glo®

where the lax limit is marked over the subcategory Orb € Glo of all objects and injective maps.

Proof By Proposition 5.8 there is a symmetric monoidal equivalence

laxlim ORG-%x ~ N, Fungjer (OR®, #4 x (Glo®)T)Pay,
G €Glo®?

where p: (Glo®)! — Fin, is the structure morphism of (Glo°®®)!. Applying the formula of Day
convolution twice (see Definition 3.12), and the transitivity of norms of operads, we obtain

laxlim OR,-Fx ~ Np Ny * (95 x (Glo®®)N) ~ N (n* p*¥)) ~ Fun(OR®, 94)PY = OR-¥..

To compute the partially lax limit we appeal to Remark 5.2 to reduce to a statement on underlying cate-
gories. Combining Remarks 3.11 and 5.9, we conclude that the underlying co-category of the co-operad
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N, Fungjeer (OR®, 92 x (Glo°)I)Pay i5 given by sections of the cocartesian fibration 7,7 * (¥ x Glo°P),

where by slight abuse of notation we write 7 = U(r). Therefore we may calculate
Fun o (Glo®, 70 * (5 x Glo)) =~ Fun gjer (OR, F4 x Glo?) >~ Fun(OR, &),

using the definition of the left adjoints 7* and my. Now by Theorem 4.9 the partially lax limit of the
diagram in question is given by the full subcategory of the left-most category spanned by those sections
which map edges in Orb®® to cocartesian arrows. We now apply [Lurie 2009, Corollary 3.2.2.13] (with
P: OR XG0 Orb? — Orb®P, g: ¥, x Orb®® — Orb°P and T = 747 * (P« X Glo°P) X g1oo0 Orb°P) together
with Lemma 9.13, to see that these sections corresponds to those functors in Fun g (OR, ¥« x Glo?)
which send cartesian edges over Orb®® to cocartesian edges of ¥« x Orb®® — Orb°P. These are exactly
those maps which are equivalences in the first component, and therefore such sections correspond to
functors F: OR — ¥, which map cartesian edges over Orb to equivalences. Therefore we conclude by
applying Lemma 9.14. |

Proposition 9.16 There exists a functor PSp, : Glo°? — Catg sending G to PSp¢;. Moreover, there is a
symmetric monoidal equivalence

1 T ~ _
l(z;ne(lélr(r)})p PSpg =~ Modg, (ORg-Fx).

Proof There is a lax symmetric monoidal topologically enriched functor Sg;: ORg — ¥« sending
(G, V) to (SV)C. This induces a lax symmetric monoidal functor of co-operads, which uniquely specifies
a commutative algebra in OR-¥ by [Lurie 2017, Example 2.2.6.9], where we view ORg-Fx as a
symmetric monoidal subcategory of OR-¥, using Lemma 9.14. Applying Theorem 5.10 to the lax limit
of Lemma 9.15 shows that there is a functor sending G to Mods; (ORgG-¥«) ~PSpg (see Corollary 8.14),
whose lax limit is Mods, (OR-¥).

Finally, we have to calculate the subcategory corresponding to the partially lax limit. Because the natural
transformation PSp; — ORg-Y« is pointwise conservative, we can check that an object lies in the
partially lax limit of PSps by checking that its image lies in the partially lax limit of ORg-Y«. In other
words, we have a pullback square of symmetric monoidal co-categories

laxlim; PSpg ——— laxlimg PSpg

I |

laxlim; ORG-$5 —— laxlimg ORG-F
Therefore, by Lemma 9.15 and the previous paragraph we have a symmetric monoidal equivalence

lélxlim:: PSpg = Mods, (Fun(OR, %)) Xgun(0R,#,) Fun(ORgl, &)
€Glo°
Finally, since Sy € Fun(ORg, ¥«), this implies that
1 T ~ -
lcfc})élclﬂrgp PSpg >~ Modg, (ORg-Fx). O
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Notation 9.17 We write Psz1 for the co-category Mods, (ORy-F«), and identify it with laxlim® PSp,.

Recall the definition of the diagram ¥, : Glo°? — Cat?g from Construction 6.15, which sends a group G
to the oo-category of G-spaces. We would like to construct a natural transformation X°*°: ¥, — PSp,,
whose component at G is given by an analogue of the suspension prespectrum functor. Morally, this sends
a G-space X to the Sg-module (H, V) (X A SV)H. We make this precise in the next construction.
Let us first fix some notation: we write ¥, x for the composite (—)« o ¥, of ¥, with the functor which
sends a presentably symmetric monoidal category to the co-category of pointed objects.

Construction 9.18 We will construct natural transformations of functors Glo® — Cat®,

Fe = Fo,x = PSp,.

The first natural transformation is simply given by postcomposing ¥, with the natural transformation
(—)+:id = (=)« of functors (Pr")® — (Pr1)®.

For the second natural transformation, we will construct it as a composite
Fe,x — OR,-F5 — PSp,.
For the latter transformation OR,-%+x — PSp,, we simply note that the free module functors
S6 ® —: ORG-« — Mods; (ORG-F+) =~ PSpg
are symmetric monoidal and fit into a natural transformation by the second half of Theorem 5.10.

For the first, it will be technically convenient to construct the natural transformation S’f\,* — OR,-F« as
a map of (Glo®®)"-monoidal co-categories and then to use Proposition 5.5.

For this, we need to pin down the (Glo°®)H-monoidal co-category which corresponds to Fo.+ under
Proposition 5.5. Note that the map 7°P: (Arjy; (Glo)°P) — (Gl1o°P)H exhibits Ariyi(Glo)P as a (Glo°P)H-
monoidal category; see Example 3.7. We claim that ¥, x corresponds to the Day convolution

Fungjoor ((Arig (Glo)*®)X, 2 x (GlooP)T)Pay
To see this, we first note that
Fungjeor ((Afin; (Glo)*P)H, 9 x (GloP) )Py

classifies ¥, because it does so on underlying categories (combine Remark 3.11 and [Gepner et al. 2017,
Proposition 7.3]) and the forgetful functor Cat?g — Caty is faithful when restricted to cartesian monoidal
oo-categories. Now we observe that the (G10°?)!-monoidal functor

((—)+)% : Fungioer (Arinj ((Glo®) ™, % x (G10) )P — Fungeer (Arin ((Glo®?)!, 7 x (Glo°P) )P

agrees pointwise with (—), and therefore by the universal property of taking pointed objects (see [Lurie
2017, Proposition 4.8.2.11]), Fungjger (Arinj((Gloof’)H, P2 x (Glo®P) )Py must classify So .
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Now we can construct the (Glo°?)X-monoidal functor which will induce Fo,x = OR,-F. Pulling back

the functor so of Remark 9.4 along #°P we obtain a commutative diagram

50, inj

Aty (Glo)P)I > OR®

fop /

(Glo°P) I

where 1°P and 7 exhibit the sources as (G1o°?) X -promonoidal co-categories by Lemma 9.11, so that 50,inj

is a map of (Glo°?)X-promonoidal co-categories. One can then verify that 50,inj satisfies the hypotheses

of Proposition 3.34(a), and there exists a (Glo°")!-monoidal functor

(50,in)1 : Fungioer ((Arin(Glo)®)H, &2 x (G1o®®)™)P? — Fungyr (OR®, ¥4 x (Glo®P) )P,

which then induces the required natural transformation. This description shows as well that the component
at G coincides with $¢, and so the composite functor ¥G » — PSpg is analogous to the usual suspension
prespectrum functor Fo(—). We will formulate a precise statement to this effect as Proposition 10.5.

10 Functoriality of equivariant spectra

In the previous section we have constructed the functor
PSp, : Glo® — Cat®,

and calculated its partially lax limit. In this section we will show that this functor descends to a diagram Sp,,
where on every level we restrict to the subcategory of spectrum objects. Furthermore, we will prove that
the functoriality obtained in this way agrees with the standard functoriality of equivariant spectra under

the restriction—inflation functors. Finally, we will compute the partially lax limit of Sp, as a Bousfield

T

o = laxlim" PSp,.

localization of PSp
Given a continuous group homomorphism «: H — G between compact Lie groups, we write
a*: ORGg-%+« — ORy-F«

for the symmetric monoidal functor induced by «. Our goals require a better understanding of a*. We
start by studying the interaction between «* and the Quillen adjunction of Construction 7.6

Sv:GT & $-GT :evy

for a given G-representation V. However, before we do this, we first need to understand how these
adjunctions manifest themselves under the equivalences

¥6 ~ 0g-¥ and ORgG-¥ ~ 9-GT
of Example 3.40 and Theorem 8.9.
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Remark 10.1 Consider X € $-GJ and a G-representation V. Then the G-space X(V') corresponds to

the presheaf
G/H v+ X(V) ~Map,_5(G xg $v|,,, X).

Note that G x g $y|,, is the image of (H, V'|g ) under the embedding L of Theorem 8.9. Therefore, if we let
Sy OEP — ORg be the cocartesian section of g sending G/ G to (G, V), we have s(G/H) >~ (H,V |g),
so we can identify evy with

sy ORg-¥ - Fg, X+ Xosy,

and similarly for the pointed version. It follows that the derived functor associated to $y is given by the
left Kan extension functor (sy);. Finally, we can compute that this is given by

Gy X)H, W)~ 3V, W) x x1

by the following lemma.

Lemma 10.2 Let w: € — B be a cocartesian fibration of oco-categories and s: B — € be a cocartesian
section. For every functor F : B — € where € is a cocomplete co-category, we can compute the left Kan
extension along s by

(51F)(e) = Map,—1(z0)(s7(e),e) x F(r(e)) forall e€E.

Proof By the usual formula for left Kan extensions we have that
(s1F)(e) ~ colim F(b).
beBXgE /e
We claim that the projection B X¢ €/, — B/, is a left fibration with fiber over f: b — me given by
Mapcér (s(D),e). In particular, since F' is constant along the fibers of this fibration and %/, has a final
object, we have
colim F(b) ~ colim Mafsb,ebu:Ma - st(e),e) x F(m(e)).
jcolim )= colim  Map] (5(5).€) X F(5) = Map-1 ey (57(e). €) X (@)
It only remains to prove that the functor B x¢ €/, — B/, is a left fibration. That is, we need to show

that for every diagram
Alr-l — Bxg$ /e

| 7]

-

A" — Bre

with 0 < i < n, there exists a dotted arrow completing the diagram. Using the definition of slice
oo-categories, this is equivalent to finding a dotted arrow completing the dotted diagram

A% A —F g

P
L)

A" % AO~ Antl G o g

Geometry & Topology, Volume 29 (2025)



1420 Sil Linskens, Denis Nardin and Luca Pol

where F restricted to A7 € A7 *1 is given by the restriction of sG. This diagram is a diagram of marked
simplicial sets when we give R the total marking, € the cocartesian marking and on the left column the
marking (A7)% » A% — (A™)¥ « AC. Since the left vertical arrow is left marked anodyne by [Shah 2023,
Lemma 4.10], the lift exists. O

Having understood the adjunction $y — evy, we now discuss how this interacts with the functor ™.

Proposition 10.3 Let us fix an arrow «: H — G in Glo.
(1) Given a pointed G -space X, there is a natural equivalence
a*Py X >~ oy (@*X).
(2) Given a pointed ORg-space Y, there is a natural equivalence
a*evy Y ~evgry a*Y.
(3) Under the two previous identifications, the counit natural transformation
Spevp X - X

is sent by a* to
Saxv ever V(' X) - a* X,

the counit natural transformation for «*V applied to «* X .

Proof Write Oy >~ Ariy;(Glo) Xgio [1] (using the target map 7 : Arjyj(Glo) — Glo) and let io: O — Oy
and i1: Og — Oy be the inclusions of the fibers over 0 and 1, respectively. Similarly, write ORy, :=
ORg XGio» Oy and jo, j1: ORg,ORG — OR,, for the inclusion of the fiber of OR, — [1]° over 0
and 1, respectively. Therefore by Remark 3.23 we can identify

at ~ i;(il)gt $6,« —~> S+« and at ~ j(;k(jl)!ZORG—ff* — ORy-%«.

Let sy : ng — ORg be the cocartesian section of 7g: ORg — Og’ which sends G/G to (G, V).
Similarly let s: Og° — OR, be the cocartesian section sending the initial object i1 (G/G) of Og' to
j1(G, V). Then s restricts to sy on 023 and to Sg*p on O;;p, since a cocartesian section is determined
by where it sends the initial object. Therefore by Remark 10.1 we obtain

a* Iy X > a*(sy X >~ jo(jisy X > josi(in X

for every pointed G-space X. Using the formula for sy described in Lemma 10.2 we see that the above
can be identified with (sq+y)1ig (i1)1X, thus proving the first statement.

Now let Y be an ORg-space. Then we claim that s*(j1)1Y is left Kan extended from ng. In fact this
happens if and only if s*(j1)Y sends the arrows (G,aL) — (H, L) in O’ to equivalences. But the

arrow
[s(G,al) = s(H,L)] ~[(G,aL,V)— (H,L,a*V)]
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is a terminal object of ORg XoRr, (ORgy)/(H,L,+V) and so it is sent to an equivalence by (i)Y . This
implies that
evory @Y = sy (Y = jos* (Y = jo Gi(sy)™Y ~a*evy Y,
proving the second statement.
Finally we consider for every ORg-space Y, the natural transformation
s1s*(jrY — (jiY,
and note that this is a natural transformation of functors left Kan extended from ORg, which restricts to
(sy)ispY — Y and (sgxy )15pxpa™Y — ™Y
on the fibers over 0 and 1, respectively. Thus a* sends the former to the latter, showing the third
statement. d

With this result we can show that PSp, restricts to a functor on spectrum objects.

Proposition 10.4 There exists a functor Sp, : Glo®® — Catg and a natural transformation of functors
L,:PSp, — Sp,,

whose component for a fixed G is the spectrification functor LG : PSpg — Spg.

Proof Consider a group homomorphism «: H — G. We claim that the functor PSp,, : PSp; — PSpy
preserves stable equivalences. It suffices to show that it preserves the generating equivalences G xXg Ay, w
of Proposition 7.30. Moreover, since G is compact, we can restrict to the cofinal set W of K -representations
that are extended from G.

First note that Ay ~ (G xg Fy(S°)) ® Aow. Since PSp, is symmetric monoidal by construction
and stable equivalences are stable under tensor product, it suffices to show that PSp, (19, ) is a stable
equivalence. We claim it is equivalent to Ag o+w. In fact, Ao w is exactly the counit of the adjunction
Fy - evy of Construction 7.28 applied to Sg. Therefore we can factor it as

(Fwevw)Sg ~ (Sg ® —)¢wevw USg — (Sg ® -)USg — Sg.

where (Sg ® —) 1 U is the free-forgetful adjunction between PSp; and ORG-¥«, and the arrows are the
counits of the respective adjunctions. Then our claim follows from Theorem 5.10 and Proposition 10.3.

Knowing that PSp,, preserves stable equivalences, we can combine Construction 9.18 and Corollary 4.14
to obtain Sp, and the natural transformation L,: PSp, — Sp,. a

Recall that we constructed a natural transformation X°: &, » — PSp, in Construction 9.18, which
pointwise was our analogue of the suspension prespectrum functor. We may compose this with the natural
transformation L, to obtain a new natural transformation, which we again denote by X2°.
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Proposition 10.5 The component of ¥2°: ¥, « — Sp, at the group G is equivalent to the standard

suspension spectrum functor.

Proof Considering the component at G, we observe that the functor X¢ is defined as the composition
F6,5» = ORG-S« — Mods; (ORG-F«) =~ PSpg — Spg,

where the first functor is $¢ (ie precomposition along ORg — ng ), the second functor is the free
Sc-module functor (Sg ® —) and the third functor is the localization functor. These functors are all
modeled by left Quillen functors

GTy —> 9-GT 4 — Spg — Spg

given by the constant $-G-space, the free Sg-module and the identity, respectively. Therefore 3¢ is
modeled by their composition, which is exactly the suspension spectrum functor constructed in [Mandell
and May 2002]. |

This suffices for us to conclude that the functoriality of Sp, agrees morphismwise with the functoriality
of equivariant spectra in restriction, by the universal property of G-spectra.

Corollary 10.6 The functor Sp, : Glo°® — Catg% sends a compact Lie group G to Spg, and a continuous
group homomorphism «: H — G to the restriction functor «*: Sp; — Spg .

Proof Consider the commutative diagram

Spw
Spg —— Spy

=)+ )+

SJGL)SPH

of symmetric monoidal functors. By the universal property of G-spectra [Gepner and Meier 2023,
Corollary C.7], the functor Sp,, is uniquely determined by ¥ «, and this is completely determined by ¥
by [Lurie 2017, Proposition 4.8.2.11]. Finally, Proposition 6.16 identifies the functor ¥* with «*. O

Remark 10.7 The argument of Corollary 10.6 in fact shows that the natural transformation X, «: ¥4 x —
Sp, admits a universal property. This forces Sp, to coincide with the construction of [Bachmann and
Hoyois 2021, Section 9] on the subcategory of Glo spanned by finite groups. This suggests a possible
comparison between ultracommutative Fin-global ring spectra in the sense of [Schwede 2018] and normed
spectra in the sense of [Bachmann and Hoyois 2021].
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We have now constructed Sp, and shown that it agrees with the standard functoriality of equivariant
spectra. We will write SpT1 for the partially lax limit laxlim" Sp,. We would like to describe SpJf1 asa
Bousfield localization of PSpgl by applying Lemma 4.13. To do this requires the following two lemmas.

Proposition 10.8 Leta: H — G be an injective group homomorphism. Then the functor «™* : ORG-S —
ORy -¥ has a left adjoint ;. Moreover, under the identification of Theorem 8.9, the adjunction aty - o™
corresponds to the Quillen adjunction G x g — - a™ of Proposition 7.10.

In particular, for X € ORy-¥ and Y € ORg-¥, the comparison map
a(X®a*Y)>uXQY
adjointto X @ a*Y — a*an X ® a*Y is an equivalence.
Proof By the description of Remark 3.23 and Lemma 9.13 it follows that «*: ORy-¥ — ORg-¥ is

given by precomposition along the functor p,: ORyg — ORg obtained by basechange from O;’; — 02;p
In particular, it has a left adjoint oy given by left Kan extension along py.

In the proof of Theorem 8.9 we have constructed a functor Lz : ORO; — $-HIT[W,,; 11 sending (K, W)
to H xg $w. We claim that there is a commutative diagram

/L_H\

OR)) %, ORy-¥ —— 9-HI[W;']

] |- o

Lg

where the horizontal equivalences are given by Theorem 8.9. The diagram on the left commutes by the
universal property of presheaf categories and the outer square commutes by direct verification using the
formulas of Lg and Lg. Therefore a generation argument, using that all the functors preserve colimits,
shows that the rightmost diagram commutes too. The rightmost vertical functor can be modeled by a left
Quillen functor by Proposition 7.10, so the first claim follows.

Finally, since the map
Gxg(XRY)—>(GxgX)RY

is an isomorphism in $-G 9, it follows that the derived formula holds as well. a

Lemma 10.9 Let o: H — G be an injective homomorphism of compact Lie groups. Then PSp,, : PSps —
PSpy sends Spg into Spgy .
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Proof PSp, sends X to Sg Qq+s,; ¢* X >~ a* X, since « is injective. Therefore PSp, preserves all
small limits and colimits, since «* does, and so it has a left adjoint Ly. Moreover, by Proposition 10.8

there is an equivalence
Ly(X ®PSp,Y)~Ly(X)®Y.

To prove that @*(Spg) € Spy it suffices to show that L, preserves stable equivalences. By cofinality the
stable equivalences in Spy are generated by those of the form H xs Ay, w),,, where M < H is a closed
subgroup, V is an M -representation and W is a G-representation. But then

Lo(H Xp Aywiy) = La(H xp FyS®) @ a*Ao.w,) = La(H xp FyS°) ® dow .
Since stable equivalences are stable under tensoring and A¢,w is a stable equivalence, this proves the
thesis. d

T

Given a compact Lie group G € Glo, we denote by U g: PSpgl

— PSpg the canonical functors associated
to the universal cone.

Proposition 10.10 The oco-category Sp; is a Bousfield localization of PSp;. We denote the associated
left adjoint by Ly : PSpgl — Sp;rl. Furthermore, the following conditions are equivalent for an object
X ePSp]);

ot
(a) X isin Spgl.
(b) For every compact Lie group G, the G -prespectrum Uél(X ) isin Spg-.

c¢) For every compact Lie group G, the G -prespectrum is local with respect to the maps Ay, w
) F y compact Lie group G, the G -presp UE X is local with resp he maps Ay,

defined in Construction 7.28 for any G -representations V and W.

Proof Recall that Sp, was constructed in Proposition 10.4 by localizing the functor PSp, using
Lemma 4.13. By the same lemma together with Lemma 10.9, we conclude that Sp;;1 is a Bousfield
localization and that conditions (a) and (b) are equivalent. By Proposition 7.30, condition (b) is equivalent
to the condition that for every compact Lie group G and closed subgroup H < G, the H -prespectrum
resg UgX is local with respect to the maps {1y, }, where V and W vary over all H -representations.

By construction we have U fIl = resg ) Uél, so (b) and (c) are equivalent. O

11 Global spectra as a partially lax limit

Recall the functors PSp,, Sp, : Glo®? — Cat?}> constructed in Propositions 9.16 and 10.4. We also defined
T Jaxli T Jaxli
PSp,, := laéll(l)glT PSps; and Spy := laélléggﬁ Spg-

The goal of this section is to show that sz1 is symmetric monoidally equivalent to Schwede’s co-category
of global spectra Sp,;, whose definition is recalled in Definition 7.23. Our proof will go roughly as
follows:
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e We will first construct a symmetric monoidal adjunction

J1: PSpry 2 Mods,,, (ORg-%+) 5 Modss, (ORg-.)  PSp], < j*

between prespectra objects, where the equivalences are given by Proposition 9.16 and Corollary 8.23.

T

* We note that there are Bousfield localizations Sp,; C PSpgy, and Sp;1 C PSpgl.

T
gl

We denote by

Lg: PSp; — Sp.; the localization functor.

e We will then check that j* preserves spectrum objects, and therefore obtain an induced adjunction
Laoin:S <SS Toooax
gloJ1: pgl — pgl -]
between the respective localizations.

» We will show that this adjunction is in fact an equivalence, by showing that j* is conservative on
spectrum objects, and that the unit of the adjunction (Lg o ji, j*) is an equivalence.

We start by constructing an adjunction between prespectrum objects. By Lemma 9.3 we can identify
ORyy with the full subcategory of ORg spanned by (G, V'), where V' is a faithful G-representation. Then
the canonical inclusion j : OR¢g < ORg induces an adjunction

J1: ORgg-F+ 5 ORg-Fx 1 j ™.
Note that ji is fully faithful as it is given as a left Kan extension along a fully faithful functor. Moreover
the functor j is strong monoidal by Proposition 3.34.
Proposition 11.1 The inclusion j : ORgy < ORy) admits a right adjoint g, which is given on objects by
(G, V)~ (G/ker(V), V),
where ker(V) < G is the subgroup of g € G acting trivially on V. In particular, the left Kan extension j,
is equivalent to the functor ¢* given by precomposition by q.

Proof The G/ker(V)-representation V is clearly faithful, so to prove the thesis it is enough to show that
for every (H, W) € ORyg, the map (G/ker(V'), V) — (G, V) induces an equivalence on mapping spaces
Mapog, (H, W), (G/ker V)) = Mapog,, (H, W), (G, V)).

By Definition 9.2, this means we need to show that the map
(Hom(G/ker V, H) x $(W, V) SV s (Hom(G, H) x $(W, V)

given by precomposition with G — G/ker V' on the first coordinate, is a homotopy equivalence. In fact
we will show that

(Hom(G/ker V, H) x $(W, V))¢/*'V _ (Hom(G, H) x $(W, V))©
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is a homeomorphism. Since it is a continuous map of compact Hausdorff topological spaces, it suffices to
show that it is bijective. As Hom(G/ker V, H) — Hom(G, H) is injective, so is the above map. Therefore
to conclude we need to show it is surjective.

Concretely this means that if we have a map o: G — H and an isometry ¢ : W — V that is G-equivariant,
we need to show that « is trivial when restricted to ker V. But if g € ker V, then g acts as the identity
on V, and therefore «(g) acts as the identity on W (since ¢ is G-equivariant). Since W is a faithful
H -representation this implies that «(g) = 1, as required. |

Note that it is clear from the definitions that j *S ol > Sfg1 as commutative algebra objects. As an application
of the previous proposition we find:

Corollary 11.2 The counit map €: ji St — Sg is an equivalence of commutative algebra objects. In
particular, the functors j) = j* induce an adjunction

J: PSpry 2 Mods,,, (ORgg-#+) 5 Mods, (ORgi-.) = PSp!, < j*.

Proof Because j is strong monoidal, the counit is canonically a map of commutative algebra objects.
Therefore for all (G, V') € ORy we compute

J1(St)(G, V) = Stai(q(G, V) = (V) k) ~ (§V)G = §,4(G, V).

Because jy and j* are strong and lax monoidal, respectively, and they swap the two algebra objects, they
induce functors as in the statement, which are evidently adjoint. a

We will now use the adjunction
J1: PSpgy 5 PSpY, ¢

to induce an adjunction at the level of spectrum objects. To do this we need to see how the adjunction
(j1, j*) interacts with the full subcategories of spectrum objects. To this end we briefly rephrase the
discussion of local objects in PSpg, given at the end of Section 7.

Remark 11.3 Recall from Proposition 7.27 that Sp,, is a Bousfield localization of PSpy,, at the morphisms
{AG.v.w} where G is a compact Lie group and V' and W are G-representations with W faithful. Because
J1: PSpgg — PSp;f1 is fully faithful, we can equivalently require that j, X is local with respect to the maps
J1(AG.v.w), where W is a faithful representation. These maps again corepresent the G-fixed points of
the adjoint structure map 6,y,w, and therefore we will denote them by /\L v.w- and similarly we will

write FCT;,V for j1Fg,y.

We have seen in Construction 7.25 that for any compact Lie group G and G-representation V, there is a
functor evg,y : PSpgy — ¥« that sends a faithful global prespectrum X to the G-space X (V). Under

the equivalence
PSpfgl ~ MOdegl (Ongl-Ef*),
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this functor can be modeled as follows. Consider the cocartesian section sy : Oy — ORg which is
determined by the object (G, V') € ORg, and write ky for the composite OOGp 2V, ORg X8> ORy. If V
is faithful then ky lands in ORg and so we can define evg,y as the composite of right adjoints

k*
Mods,, (OR¢g-%+) 25 ORgy-Fs —%> 95,

Similarly, as discussed in Construction 7.28, there is a functor evy: PSp; — G « sending a G-
prespectrum X to the G-space X (V). Under the equivalence

PSpg >~ Mods; (ORG-%x)
this functor is modeled by the composite
Mods,, (ORG-%+) 2> ORG-%x RN PG x.
See also Remark 10.1.

Remark 11.4 From the previous discussion we conclude that there is a commutative diagram of right

adjoints
x el

Jj U,
PSpy ¢ PSp;, < s PSpg

| [

. v
Mods,, (OR¢g-Fx) «"— Mod,: (ORgi-5+) —5 5 Mods, (ORG-S+)

« ~

J VG
ORpy-Fs ¢———— ORy-$» ——%—— ORG — P«
k*
ki, w7 st
yG,*

Using that the corresponding diagram of left adjoints commute, we see that for all X € PSp;I1 and
G-representations V' and W with W faithful, the diagram

ov.w

S6.(S% X(W)) > Fo(SV.X(V@W))

AN

~ ~

~N

A*
PSpg (Fw S°, UE (X)) —— PSpg (FrewSY, UE (X))

(11.4.1) ~ ~

~N

A*
PSPy (Fo,w S°. j*X) — =" PSpy(FovewSY.j*X)

AN

~ ~

A&.vw)*

~N

Tt Topt 14
PSPg1(FG,WSO,X) PSpgl(FG,VeBWS ,X)
commutes, so all the various A-maps correspond to each other under the various adjunctions.
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Given any compact Lie group G and any faithful G-representation W, we define a functor
fgl
UGg, w - PSprgt = PSpg
as the composite
I Ué sh
PSpiy —> PSp!) —% PSpg = PSpg.

where shy denotes the shift W -functor, given by cotensoring by Fy S°.

Theorem 11.5 An object X € PSpy, is in Spy, if and only if, for every compact Lie group G and
faithful G -representation W, the object UGgW(X ) is in Spg. Moreover, the functors {UG W}(G w) are
also jointly conservative.

Proof By Remark 11.3, we know that X' € PSpy, is in Spy, if and only if jiX € PSpT
respect to the set of maps {/\ G.V. w 1> where G runs over all compact Lie groups and V and W are G-

ol is local with

representations with W faithful. The commutative diagram (11.4.1), together with the fact that j * j; X ~ X,
shows that this is equivalent to asking that for all compact Lie groups G, the object U(g;l (j1X) is local
with respect to {Ag,y,w }, where V' and W are as above.

We next note that by definition, given an arbitrary G prespectrum Y, the map
Afy  PSpg (Fy SO shywY) — PSpg (Fyey SY. shyY)

is equivalent to /\U vew- Also recall that given a faithful G-representation W, W @ U is also faithful for
any G-representation U.

These two observations combine to imply that Uél( J1X) is local with respect to {Ay,w } for G, V and
W as above if and only if for all compact Lie groups G and faithful G-representations W, the object
shyy Ug JnX)=Ug fgl w X 1is local with respect to {Ay,y } for arbitrary G-representations V' and U.

On the other hand by Proposition 7.30, UégWX is in Spg; if and only if for all closed subgroups

fgl fgl
<
H < G, the H-prespectrum res HU X=U Hores§ W

H -representations V and U, and W a falthful G- representatlon Varying these statements over all compact

X is local with respect to {Ay,y} for arbitrary

Lie groups, we find that UG WX is in Spg for all compact Lie groups G and all falthful G -representations
W if and only if for all G and all faithful G-representations W, the G-prespectrum U2 G, WX is {Ay,y }-local
for arbitrary G-representation V' and U. This is identical to the condition of the previous paragraph, and
so we obtain the first claim in the theorem. For the second statement, note that after forgetting module
structures, the functor Uég’lW is given by restriction along the functor

shy : ORG — ORyy, (G/H,U) > (H,U @res$ (W)).

The claim then follows from the fact that the functors {shw }(G,w), where G runs over all compact Lie
groups and W all faithful G-representations, are jointly essentially surjective. |
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The following is the key fact about the right adjoint j *.

Proposition 11.6 Let G be a compact Lie group and let W be a faithful G -representation. Then the
following square commutes:

Ug +
PSpg <—— PSpy,

Shwl l/j *
Ufgl

G.W

Proof The unit of the adjunction j; 4 j* provides a natural transformation
Ugyi* =shwUE j1j* — shwU§.

which we claim is a natural equivalence. This follows from the fact that on underlying objects shy Ug is
given by restriction along the functor

ORG — ORy, (H,V)> (H,tes$ (W)@ V).

This only sees levels in the image of ORygy, where the unit is an equivalence. |

Corollary 11.7 Suppose X € Sp;. Then j*(X) € Spg- In particular we obtain a functor

T

J*:Spg — Spy.

which admits a left adjoint given by Lg o ji.

;, we obtain that U(g;l(X ) is a G-spectrum by Proposition 10.10. Note that

the functor shy preserves G-spectra for every G-representation W. We deduce using Proposition 11.6
that U, fng Jj*(X) is a G-spectrum for every G and W faithful. Therefore by Theorem 11.5 j*(X) is

contained in Spy,. d

Proof Because X is in Sp

Proposition 11.8 The map j*: Sp;r1 — Spg; Is conservative.

Proof Let f:X — Y beamapin PSp; such that j *( f) is an equivalence. This implies that f(G w) is an
equivalence of spaces for every faithful G-representation W. We finish the argument by proving that if f
is in fact a map between objects in Sp;, then f(g,v) is an equivalence for every G-representation V' if and
only if it is an equivalence for faithful G-representations. The forward direction is trivial. For the converse,
note that because PSpgl is a partially lax limit, the collection of functors {UG }c is jointly conservative.
Now our assumptions tell us that U gl (f)G.,w) is an equlvalence for every faithful G-representation W.
But because f is in fact in Sp;rl, both the source and target of UG (f) are G-spectra. Therefore our claim
reduces to the fact that a map between G-spectra, which is an equivalence on faithful levels, is already
an equivalence. The collection of faithful representations is cofinal in all representations, and so this is

clear. O
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Theorem 11.9 The unit of the adjunction

Lgio ji: Spy 5 Sphy 1/*
is an equivalence.

Proof Consider X € Spy. Let nx: X — j*Lg j1X be the unit of the adjunction Lg o j) < j* evaluated
at X. This adjunction is given as a composite of two adjunctions and so the unit is given by the composite

XL j*ix L9 pep X,

where 7’ is the unit of the adjunction j; o j* and y exhibits Ly j1 X as the localization of j1 X in PSp;.

However, recall that jj is fully faithful and therefore the first of the two maps is an equivalence. So it
suffices to prove that the second map is also an equivalence.

The functors UG y are jointly conservative, and so we will prove that UG W( Jj*(y)) is an equivalence
for every (G, W) where W is faithful. Applying Proposition 11.6 we conclude that UGgW( j*(y)) is
equivalent to

sh" UE (y): sh" UE j1X — sh" U LajiX.

By Proposition 10.10, Ugl(y) is equivalent to
ve:UEjX — LU jiX,

where yg exhibits Lg Ug J1X as the localization of Ugl J1X in PSpg. Spectrification of G-prespectra
commutes with sh”, and therefore sh” (yg) gives the localization of U Gng (X) =sh” UG J1X in PSpg.
Recall that X' € Sp,;, and so U, gW(X ) is a G-Q-spectrum by Theorem 11.5. Therefore sh” (yg) is an
equivalence, concluding the proof. m]

Theorem 11.10 There is a symmetric monoidal equivalence j*: Sp;;1 = laxlim' g SpG = Spg-

Proof We have proven that j; 4 j* is an adjunction in which the right adjoint is conservative, and the
unit is a natural equivalence. Therefore the functors are an adjoint equivalence. Moreover j is strong
monoidal, which implies that j*, as its inverse, is also strong monoidal. |

12 Proper equivariant spectra as a limit
The goal of this section is to exhibit the co-category of genuine proper G spectra Spg; as a limit over the
proper orbit category ng, or of a diagram

Sp(-): ng’pr — Cateo, G/H — Spy.

In contrast to the case of global spectra, once the diagram has been constructed, the identification of the
limit will be almost immediate. In fact even the general strategy for constructing the diagram is essentially
identical. For this reason we will be brief and refer to Section 9 for the relevant details.
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Recall from Lemma 9.9 that the co-operad OR% fits into a pullback
ORY —<— ORY
ﬂGl lﬂgl
op \u ‘G u
(Og pr) — (GloP)

Because ORS — (Glo°®)H is a cocartesian fibration which by definition classifies the functor Rep(—),

we immediately obtain:

Proposition 12.1 For every Lie group G, the forgetful functor ng: OR% — (O?;ppr)l'I is a cocartesian

fibration which classifies the functor
02;1)’pr — Catg, G/H + Rep(H).
Definition 12.2 We define E)\lig via the following pullback of operads:

OR® 5 OR®

I |

(Ar(0g p) ) = (0 )1

We consider (f)\l_ig as living over Og,p, via the composite
—_— . £op
7: ORE ™5 (Ar(0g )P — (oggpr)ﬂ.
Just as in Lemma 9.11, we can show that (/)\lig is a pro-(0g)"-monoidal category.

Proposition 12.3 The functor 7 : (,)TQG — (ng » 1), given by restricting  to underlying categories, is
a cartesian fibration. Furthermore, an edge (f, g) € ORg is cartesian if and only if s°P(f) and g are

equivalences.
Proof The proof is analogous to Lemma 9.13. O
Proposition 12.4 (Tlig’ X(0m)u {G/H} ~ OR%.

Proof The pullback P = (,)ng X0 {G/H} fits into the diagram

P s+ ORg » ORY ——— ORS

| | ! !

(O™ — (Ar(0g )™ — (07 ) —— (GloP)H

| |

(G/H} —— (0P )!
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in which every square is a pullback. One can show by direct computation that the middle composite
(02’)]'[ — (Glo®®)H s equivalent to L}IL_II_ Therefore the result follows from Lemma 9.9. O

Definition 12.5 Consider the Day convolution operad
Fung,, ,(ORE, 2 x (Og )")PY.
Just as in Section 9, this is an (OEP’pr)H—monoidal category. We define
OR.-Fs: OF , — Cat3}
to be the functor associated to it by the equivalence of Proposition 5.5. By Proposition 12.4, the value of

OR,.-Y« at G/H is equivalent to ORg7 - .

Proposition 12.6 The projection map (f)\lig — OR% induces a fully faithful symmetric monoidal functor
ORG-F 5 — f)\lig -S«, given by restriction. A functor F : ()\I/{G — Y is in its essential image if and only
if F sends m-cartesian edges to equivalences.

Proof The argument is identical to that of Lemma 9.14. |

Lemma 12.7 There is a symmetric monoidal equivalence

lim OR,-¥x >~ ORG-«.

0G i
Proof The calculation at the beginning of the proof of Lemma 9.15 shows that the lax limit of the
diagram OR,-J is equivalent to the symmetric monoidal category (F)\/Rg—ff + To compute the actual limit,
we can once again argue on underlying categories by appealing to Remark 5.2. Note that by Remark 3.11,
the underlying category of (f)\lig—ff’* is equivalent to Fun((f)\lig, Y«). The analysis of the second half
of the proof of Lemma 9.15 implies that the limit is equivalent to the full subcategory spanned by the
functors which send mr-cartesian edges to equivalences. By Proposition 12.6 this subcategory is equivalent
to Fun(ORg, ¥x). |

Recall from Definition 7.18 that ORg-spaces admit an algebra object Sg, whose restriction to ORg -
spaces for H a compact subgroup of G is equivalent to Sg.

Corollary 12.8 There exists a functor PSp, : ngr — Catg%, and one calculates

lim PSp, >~ Modg, (ORg-Y).

op
OG.pr

Proof Once again, PSp, is defined as Modge (OR.-¥+), using Theorem 5.10. An argument as in
Proposition 9.16 allows us to calculate the limit. |

So far we have constructed and computed the limit of the diagram PSp, : 03’ or ™ Cat?g. Given a map
a: H <~ K C G in Og p, the induced map PSpg — PSpy is by construction equivalent to the global
functoriality constructed in Section 9 evaluated at . Therefore the results there imply that PSp,, preserves
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spectrum objects, and so we obtain a diagram Sp, : 02? or Cat?g. Furthermore, Corollary 10.6 implies
that Sp,: Spx — Spy agrees with the standard restriction functor between equivariant spectra. To
calculate the limit of Sp,, we apply Lemma 4.13 to conclude:

Corollary 12.9 The limit limogpr Sp, is a Bousfield localization of Modg,; (ORg-¥x) at the objects X
whose restriction to Mods,, (ORg -F«) is an H -spectrum for every compact subgroup H of G.

Recall from Section 8 that the category of genuine proper G-spectra is also a Bousfield localization of
Mods (ORG-¥ ). Therefore it remains to show that the two subcategories agree.

Proposition 12.10 An object X € Mods; (ORG-¥«) is a G-spectrum if and only if for every compact
subgroup H < G, the restriction of X to Mods,, (ORg-¥«) is a H -spectrum.

Proof Recall from Proposition 7.30 that an object X € PSp; is a G-spectrum if and only if for all
compact subgroups H < G, the object resg’,X is local with respect to Ay, y,w. Now by definition,
restX is a G-spectrum if and only if res}? reng is local with respect to A y,w. However, because

resIIg resg = resg, we conclude that the two conditions of the theorem agree. a

Thus we can conclude the main theorem of this section:

Theorem 12.11 The category of proper G -spectra is equivalent to the limit of the diagram

Sp. : O%p’pr — Catg%.

In symbols,
Spg ~ lim Sp,.

op
OG,pr

Appendix Tensor product of modules in an co-category

The goal of this section is to provide a proof of Theorem 12.21 below, which will be useful when studying
lax limits of co-categories of modules. This section uses some technical results about the theory of
oo-operads as developed in [Lurie 2017] and so it should be skipped on a first reading.

Definition 12.12 We define €% to be the co-operad corresponding to the symmetric multicategory
with two objects a and m with
x ifforalli, x; =a, x if [{i | xi=m}| =1,
M 1 B == M l i fs =
ul(xi}. @) @ otherwise, al(xi},m) @ otherwise.
We know by [Glasman 2014, Proposition 7] or [Hinich 2015, Lemma B.1.1] that for every oo-operad €®
there is a natural equivalence of co-categories
Mod™™ () =~ Alg, e (6).
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Our goal is to give a similar description of the tensor product of modules over a commutative algebra, that
is, of the family of co-operads Mod(%)®. In order to do so we will introduce a variant of €./® which
parametrizes finite sets of modules.

Construction 12.13 Let @.® be the category whose objects are triples ((n), (m), {S;}i=1
(n), (m) € Finy and {S;} is a family of pairwise disjoint subsets of (m). A map

((n), (m), {Si}) — ((n'), (m"). {S;})

is a pair of maps f: (n) — (n’) and g: (m) — (m’) in Finy such that

n), where

.....

o foreveryi € (n)°, we have g(S;) C S}(i) U {x}, where S, = &,

o foreveryi € f~1(n')° and every s’ € S]/,(l.), there is exactly one s € S; such that g(s) =s'.

Lemma 12.14 The projection %A® — Fin, x Fin, that forgets the subsets {S;} is a Finy-family of
oo-operads in the sense of [Lurie 2017, Definition 2.3.2.10], with inert arrows exactly those arrows that
are sent to an equivalence by the first projection and to an inert arrow by the second projection.

Proof The inert arrows are the arrows

(idgm). £): ((n). (m).ASi}) — ({n), ("), {£(Si) 0 (m")°}).

where f: (m) — (m’) is an inert arrow in Fins. It is easy to check that they satisfy all necessary
properties. O

Notation 12.15 For every co-category X — Fin, with a functor to Finy, we will write %7/(? for the
X -family of co-operads X Xgin, @M‘X’, where we pull back along the composite
CU® — Finy x Fing & Fing.

Note that %74?1) is equivalent to €.M%. Intuitively, the fiber %a) is the co-operad controlling pairs
(A,{M;}), where A is a commutative algebra and {M;} is an n-tuple of A-modules.

We will write a,, for the object ((n), (1), {@}) and m; , for the object ((n), (1), {S;}), where S; = & for
i # j and S; = {1}. It’s easy to see these are all the objects of the underlying category of the generalized
operad

CU® — Finy X Fing % Fin,.

First we will prove a generalization of [Glasman 2014, Proposition 7] that shows how M® controls the
tensor product of modules over commutative algebras.

Proposition 12.16 Let X € (Catoo) /Fin, be an co-category over Finy, and let %® € Op,, be an co-operad.
Then there is a natural equivalence

Algzy (€®) ~ Funypiy, (X, Mod™™(4)®).
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Proof Let 3 C Ar(Finy) be the full subcategory of semi-inert arrows [Lurie 2017, Notation 3.3.2.1].

Consider the pullback
X Xpip, X — X

| |

H — 5 Finy

lt

Finy

We will say that an arrow ( f, g) in X Xgyp, K is inert if f is an equivalence and 7(g) is an inert edge
of Fin,(this is different from the convention in [Lurie 2017], but it is more suited to the current proof).
Then recall that by [Lurie 2017, Construction 3.3.3.1] the co-category Mod(%)® is defined so that there
is a natural fully faithful inclusion

Fun gin, (X, Mod™™ (€)®) — Fun/pin, (X XFin, 9, €%),
where X xpjp, I lives over Finy by the vertical composite in the diagram above, with essential image
those functors sending inert arrows of X Xgip, K to inert arrows.

There is a functor % — @l sending a semi-inert arrow [s: (n) — (m)] to ({n), (m), {{s(@)} N (m)°};).
It identifies ¥ with the full subcategory of an spanned by those triples ({n}, (m), {S;}) where |S;| <1
for every i € (n)°. Moreover, an arrow in X Xpip, K is inert if and only if its image in %Ay is inert.
Therefore restricting along this inclusion induces a natural transformation

Algzy, (€®) — Fun gy, (X, Mod™™ (6)®).

Our goal now is to prove that this is an equivalence of co-categories. This follows from [Lurie 2009,
Proposition 4.3.2.15] together with the following two statements, where we write p: €® — Fin, for the
structure map of €®:

very ma 1 X XFin — over Fin, that sends inert arrows to inert arrows admits a ri
1) Every map F: X xgin, # — €% Fin, that send t t t dmits a right
p-Kan extension to 6.y that sends inert arrows to inert arrows.

(2) A functor F': @//LX — ©® which sends inert arrows to inert arrows is the right p-Kan extension of
its restriction to X Xgip, K.

Let (x, (m), {S;}) be an object of %My and write S = L1; Si € (m)°. Let us consider the functor
P(S)P — Gy

sending a subset A C S to (x, (m)/(S ~ A),{4A N S;}) and all arrows to inert arrows. This induces a
functor

P(S) — (Glx) (x, (m) {51})/

which sends A to the inert morphism collapsing all elements of S not in A to the basepoint. If we let
9(S) CP(S) be the subposet of those elements A such that |A N S;| <1 for every i, we obtain a functor

A(S)P — (X XEin, ) (x,(m).(5,1)/
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to the comma category, which has a right adjoint given by
[(f9): (e m). {Si}) — (& (m). (S| D] > g~ (]_[ S;) ns.
i
and therefore is coinitial. Thus, by [Lurie 2009, Proposition 4.3.1.7 and Lemma 4.3.2.13] it suffices to
show the following two conditions:
(1) Let F: X Xpjp, H — ©® send inert arrows to inert arrows. Then the composition
9(S)® - X Xpip, H — €¢®
has a p-limit diagram sending all edges to inert edges.

(2) Let F: FGTA//LX — %¢® send inert arrows to inert arrows. Then the composition
(2(S)°P)? — P(S) — Gy — €®
is a p-limit diagram, where the first functor sends the cone pointto S € S.

Both of them are now an immediate consequence of the characterization of p-limit diagrams in terms of
mapping spaces [Lurie 2009, Remark 4.3.1.2] and the definition of co-operads. |

Now we will obtain a description of inert and cocartesian arrows of Mod! ™ (€)® in terms of the model
of Proposition 12.16.

Construction 12.17 (bar construction) There is a functor

B:(A®)” — @M®
sending [#] to ((2), Homa ([1], [1]) +, {{ro}, {r1}}), where r; is the constant arrow at i, and sending the
point at oo to my,; = ((1), (1), {1}). Concretely this sends [r] to the object (m2,1,4,...,a,m22) in the

fiber over (n + 2) of the co-operad %g) (and so it encodes the bar construction in @Wg)).

Lemma 12.18 Let ¢: A! — Mod™™(€)® be an arrow, and let ey : (n) — (n’) be the image of e in Fin,.
Write _
Fo: M3, —€®
for the functor corresponding to e via the isomorphism of Proposition 12.16.
(1) The arrow e is inert if and only if eg is inert and F, sends the arrows a, — a, and m; , — Meyi
to cocartesian arrows.
(2) Suppose that €® is a symmetric monoidal oco-category compatible with geometric realizations, and
that e is the unique active arrow from (2) to (1). Then e is cocartesian if and only if F, sends the
arrow ap — ay to a cocartesian arrow and the composition

(AP L @, Lo ¢®
is an operadic colimit diagram.

Proof This is immediate from the proofs of [Lurie 2017, Proposition 3.3.3.10 and Theorem 4.5.2.1] and
the identification of Proposition 12.16. |
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Construction 12.19 There is a square of co-categories

. . 1, . .
Fin, x Finy u} Fins x Finy

T

Fin, x 6M® —2— @(®
where
e the top horizontal arrow sends ((n), (m)) to ({n), (n) A (m)),
o the arrow j; sends ((n), (m)) to ({n), ((m), @)) € Finy x €M%,
e the arrow j, sends ((n), (m)) to ((n), (m),{@}) € M2,
o the arrow ¢ sends ((n), ((m), S)) € Finy x €M% to ((n), (n) A (m), {{i} x S}).
Since each of these functors sends inert arrows to inert arrows, it induces for every X € (Catoo) /pin, @

natural square
Fun g, (X, Mod"m ((6)®) = Alg@a;@(’ ((6®) — Fun/g,, (X, Alg(gM® ((6)®)
Fun g, (X, Fing x CAlg(6)) >~ Algy xpin, (6®) ——— Fun/gi,, (X, CAlg(6)®)
and therefore a natural square of co-categories over Finy

Mod™™ (6)® ——— Alg,, (&(€)®

(12.19.1) l l

Fin, x CAlg(€¢) — CAlg(¢)®

Our goal now is to show that the square (12.19.1) is cartesian. To do so we will show that the right
vertical arrow is a cocartesian fibration in favorable situations.

Lemma 12.20 Let $ be an oo-category and €® — $™ be an $-monoidal co-category compatible with
geometric realizations. Then the map of co-operads
P Algg e ,u (€)% — Algg,, /51 (6)®

1S a cocartesian fibration.

Proof By [Lurie 2017, Proposition 3.2.4.3.(3)] this is a map of cocartesian fibrations over S Moreover,
the fiber over {x;};es € 9 is given by

[ [ Mod(¢ey;) — [ | CAlg(¢y,).

jeJ jeJ
and therefore it is a cocartesian fibration by [Lurie 2017, Theorem 4.5.3.1]. Therefore by [Lurie 2009,
Proposition 2.4.2.11] pg is a locally cocartesian fibration with locally cocartesian arrows those given by
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the composition of a fiberwise cocartesian arrow and a cocartesian arrow over $. In order to prove it is
a cocartesian fibration it suffices to show then that the composition of two locally cocartesian arrow is
locally cartesian, that is, that fiberwise cocartesian arrows are stable under pushforward along arrows
in $1. Unwrapping the various cases it suffices to show that for every x, y € $ and arrow f: x — y, the
squares

Mod(€,) x Mod(€;) —2—» Mod(%,) Mod(€) — Mod(%€,)
! [ A
CAlg(@y) x CAlg(€x) —2— CAlg(@y) CAlg(6,) —5 CAlg(€,)

are maps of cocartesian fibrations. That is, that for every two maps of commutative algebras A — A’,
B — B’, A-module M and B-module N, the canonical maps

(M ®N)®agp(A'®B) = (M®44)®(N®pB') and fi(M ®4B)= fiM ®f, 4 f+xB
are equivalences. This is easily seen to be true since fix is symmetric monoidal and commutes with
geometric realization, and the tensor product commutes with geometric realization in each variable. 0O
Finally we arrive at the main result of this section.

Theorem 12.21 The square (12.19.1) is cartesian for every oo-operad €% .

Proof Let us do first the case where €® is a symmetric monoidal co-category compatible with geometric
realizations. Then both vertical arrows are cocartesian fibrations by [Lurie 2017, Theorem 4.5.3.1]
and Lemma 12.20. Moreover, the description of cocartesian arrows in Lemma 12.18 and [Lurie 2017,
Proposition 3.2.4.3.(4)] shows that

Mod™ ™ (€)® — (Fin, x CAIZ(6)) Xcaece)® Alge e (6)®

is a map of cocartesian fibrations over Fin,. So it suffices to show that it induces an equivalence on fibers.
Since it is a map of generalized operads, it suffices to show it induces an equivalence on the fibers over
(0) and (1). But this is immediate by Proposition 12.16.

Now let us show the result for small co-operads €. Indeed, it is clear by inspection that if the
square (12.19.1) is cartesian for an oo-operad, then it is cartesian for any full suboperad. But every
small co-operad embeds as a full suboperad of a symmetric monoidal oo-category compatible with
small colimits. Indeed, this is just the composition ¢® — Env€® — % (Env €)®, where Env €® is the
symmetric monoidal envelope of €®, and the second arrow is the Yoneda embedding.

Finally, since every oco-operad is a sufficiently filtered union of small suboperads, the thesis is true for
any oo-operad. |
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An h-principle for complements of discriminants

ALEXIS AUMONIER

We compare spaces of nonsingular algebraic sections of ample vector bundles to spaces of continuous
sections of jet bundles. Under some conditions, we provide an isomorphism in homology in a range of
degrees growing with the jet ampleness. As an application, when £ is a very ample line bundle on a
smooth projective complex variety, we prove that the rational cohomology of the space of nonsingular
algebraic sections of £®¢ stabilises as d — oo and compute the stable cohomology. We also prove that
the integral homology does not stabilise, using tools from stable homotopy theory.

55R80; 14J10, 14J70

1 Introduction

Our purpose here is to study spaces of nonsingular holomorphic sections of vector bundles by comparing
them to spaces of continuous sections of appropriate jet bundles. The latter are particularly amenable to
computations using tools from homotopy theory.

Given a holomorphic line bundle £ on a smooth projective complex variety X, one may consider the
vector space of all holomorphic global sections I},01(X; £). To each section s € I} (X; £) is associated a
geometric object, its vanishing set

Vis):={xeX|s(x)=0}CX,

and s is called nonsingular whenever its derivative ds € I},01(2 )1( ® L) does not vanish on V(s). This
implies in particular that V(s) is a smooth subvariety of X. It has been known for a century now that
when L is a very ample line bundle, the Bertini theorem implies that a generic section is nonsingular.
There is thus a Zariski open subset

1—‘hol,ns (X; ﬁ) C l—‘hol(X; ﬁ)

consisting of those nonsingular sections, which geometrically can be interpreted as a moduli space of
equations of certain smooth hypersurfaces in X. A prime example is the space [}ons(CP"; O(d))
(sometimes modded out by C* or GL, +1(C)) of smooth hypersurfaces of degree d in the complex
projective space CP”.

The cohomology ring of Tions(X; £), sometimes known as the ring of characteristic classes, is therefore

an important object in the study of hypersurface bundles. We give a way of computing it in a range.

© 2025 The Author, under license to MSP (Mathematical Sciences Publishers). Distributed under the Creative Commons
Attribution License 4.0 (CC BY). Open Access made possible by subscribing institutions via Subscribe to Open.
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1442 Alexis Aumonier

Before revealing our main theorem, we will extend the classical situation above in two directions. To
begin, instead of limiting ourselves to line bundles, we will look at sections of bundles of possibly higher
rank. Furthermore, we observe that being nonsingular imposes conditions on the value and derivative of a
global section. We will generalise this situation by looking at a broader class of conditions on higher-order
derivatives, thus encompassing various other flavours of moduli spaces: hypersurfaces with simple nodes,
smooth complete intersections, etc.

Having said this, let X be a smooth projective complex variety and £ be a holomorphic vector bundle
on X. One can construct a new holomorphic vector bundle J” &, called the r" jet bundle of £, together
with a map on global sections j”: [},0/(£) — Thot(J"E). Intuitively, for a section s of £, the associated
section j 7 (s) of the jet bundle records all derivatives of s up to order r. For T C J” £ a subset which we
think of as “forbidden derivatives”, we say that a section s of £ is nonsingular if j”(s)(x) ¢ T for all
x € X. For instance, when & is a line bundle and T C J £ is the zero section, we recover the classical
notion of nonsingular sections discussed at the beginning of this article.

Theorem 1.1 (see Theorem 2.13 for full generality) Let X be a smooth complex projective variety and
& be a holomorphic vector bundle on it. Let r > 0 be an integer and T C J" & be a closed subvariety of
the r' jet bundle of € of codimension at least dimc X + 1. We write

Thot,ns(€) 1= {s € Lol (€) | Vx € X, j"(s)(x) ¢ T}
for the space of nonsingular holomorphic sections of £. If £ is d -jet ample, the composition
Thotns(€) L5 Tt (/7€ = %) = Teo(J7€ = F)
induces an isomorphism in integral homology in the range of degrees * < (d —r)/(r + 1).
The theorem above can be strengthened, and in Section 2 we introduce a more general class of allowed

subsets T C J7 & of the jet bundle as well as give a sharper range of degrees. We also take advantage of
that section to give the definition of jet ampleness and jet bundles in algebraic geometry.

Remark 1.2 By the Whitney approximation theorem, the spaces of continuous (C°) sections and smooth
(C®) sections of a fibre bundle are homotopy equivalent. Thus, in our main theorem, instead of first taking
the jet and then including inside the continuous sections, we could have tried to argue in the reverse order:

1—‘hol,ns(g) —_— 1—‘hol(*]rg - (E)

[ [

Fcoo’ns(g) —_— FCOO(Jrg—‘I)

We caution the reader about one subtle point: J” & is the holomorphic jet bundle of £, which does not
agree with the smooth jet bundle of the underlying real vector bundle of £. In particular Ireo 1s(€) is
defined analogously to its holomorphic counterpart by imposing conditions on the complex derivatives of
smooth sections. It seems likely that the map [oo ns(E) — Teo (J7E —F) can be studied using the same
arguments as given by Vassiliev in the real case [29], but we shall not comment further on that matter.

Geometry & Topology, Volume 29 (2025)
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1.1 Motivations and applications

Our main theorem can be seen as a holomorphic analogue of the work of Vassiliev on spaces of maps with
mild singularities [29, Chapter III]. In another current of thought, we should also mention the seminal
work of Segal [25] on spaces of rational maps, where the idea was born that holomorphic maps should
approximate continuous ones, and that this approximation becomes better with the growth of ampleness.

We were also very much influenced by the work of Vakil and Wood on stability results in the Grothendieck
ring of varieties [28]. There they conjectured that for a very ample line bundle £ on a smooth projective
complex variety, the space of nonsingular sections of £84 should exhibit cohomological stability. In the
special case of the projective space, Tommasi obtained the following result:

Theorem 1.3 (Tommasi [27]) Let d,n > 1 be integers. Let Uy , be the space of nonsingular holo-
morphic sections of O(d) on CP". The rational cohomology of Uy, is isomorphic to the rational
cohomology of the space GLy,+1(C) in degrees * < %(d +1).

She furthermore has investigated an extension of this result to arbitrary smooth projective varieties
(personal communication, 2021). Using different techniques, O Banerjee also confirmed the conjecture of
Vakil and Wood in the case of smooth projective curves [2].

The present work was strongly motivated by the result of Tommasi and the wish to understand the stable
cohomology from a more homotopy-theoretic point of view. At the time of writing, let us in particular
mention the following result:

Theorem 1.4 (Tommasi, personal communication, 2021) Let X be a smooth projective complex variety
of dimension n and L be a very ample line bundle on X. Let d > 1 be an integer and U, be the space
of nonsingular holomorphic sections of £®4 . There is a Vassiliev spectral sequence converging to the
homology of U,;. Working with rational coefficients, this spectral sequence degenerates on the E,-page
in the stable range if and only if the stable cohomology is a free commutative graded algebra on the
cohomology of X shifted by one degree.

Assuming this degeneration, the rational cohomology of Uy in degrees x < |_%(d + I)J is given by the

free commutative graded algebra A(H*~1(X;Q)) on the cohomology of X shifted by one degree.

In the last section (Section 8) we apply our main theorem to spaces of smooth hypersurfaces to prove a
homological stability result with rational coefficients.

Theorem 1.5 (see Theorem 8.2) Let X be a smooth projective complex variety and L be a very ample
line bundle on X . The rational cohomology ring of the space Fhol,ns(ﬁd ) of nonsingular sections (in the
classical sense) of the d tensor power of L is isomorphic to A(H*~1(X;Q)) in degrees * < %(d —1).

Geometry & Topology, Volume 29 (2025)
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Firstly, this agrees with the work in progress of Tommasi. In fact, one can use our main theorem to
show the degeneration of the Vassiliev spectral sequence she constructed. Secondly, in contrast to many
other instances of homological stability, note that there are no natural stabilisation maps from spaces of
nonsingular sections of £4 to those of £471. Thus we only mean that the cohomology rings abstractly
stabilise, and the answer only depends on X and not on L. After the apparition of the first version of
the present article, and using different tools, Das and Howe proved a version of the above theorem for
hypersurfaces in algebraic varieties over any algebraically closed field [11].

On the other hand, we find it quite interesting that there is in general no integral homological stability. In
fact, we prove the following result about the moduli space of smooth hypersurfaces of degree d in CP?:

Proposition 8.10 Letd > 6 be an integer. We have

7Z/2 d=0mod?2,

Ho (Thotns(CP2,O(d)); Z/2) =
2( hol, s( ( )) /) 0 d =1 mod?2.

Besides the phenomenon this result illustrates, its proof showcases the potential of homotopical methods
allowed by our main theorem. Indeed, the computation comes down to simple manipulations of Steenrod
squares where the parity of d is reflected in the Chern class of O(d). In contrast, a more classical
approach following the work of Vassiliev [30] would require knowledge of nontrivial differentials in
spectral sequences that quickly grow out of hand when d increases.

For good measure, we also study the p-torsion in the homology of Fhol,ns(ﬁd) and show that it stabilises
when p > dim¢ X + 2 and d — o0; see Proposition 8.15.

Our results are also inspired by analogies with theorems in arithmetic statistics, such as Poonen’s Bertini
theorem over finite fields [24], and in motivic statistics in the Grothendieck ring of varieties, as in [28]
or [6]. The recent results of Bilu and Howe particularly influenced the current formulation of our main
theorem and we would like to recommend the introduction of their paper [6] to the reader interested in an
overview of these analogies. Finally, we also wish to mention that I Banerjee recently announced a result
relating nonsingular sections of a line bundle on an algebraic curve and smooth sections of the same line
bundle [1].
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2 Statement of the main theorem

We begin with a few preliminary definitions before stating precisely our main theorem. Throughout
this article, X is a smooth projective complex variety and £ is a holomorphic vector bundle on X. We
denote by I the space of sections of a vector bundle, and decorate it with subscripts “hol” or “C%” to
indicate holomorphic or continuous sections, respectively. We will make extensive use of cohomology
with compact support, which we denote by H ¥, and refer to [8] for its definition and standard properties.
All homology and cohomology groups will be taken with integral coefficients, unless otherwise specified.
We recall the following definition of jet ampleness:

Definition 2.1 (compare [4]) Let k > 0 be an integer. Let x1,...,x; be ¢ distinct points in X and
(k1,...,k¢) be a t-tuple of positive integers such that ) ; k; = k + 1. Denote by O the structure sheaf
ki

of X and by m; the maximal ideal sheaf corresponding to x;. We regard the tensor product ®lt~=1 m;

as a subsheaf of O under the multiplication map ®f=1 mf-q — O. We say that & is k-jet ample if the
evaluation map

3 t
Thot (€) = Thol (5 ® ((’)/ ®mf" )) =~ P haE® (O/mk))

i=1 i=1

is surjective for any xp,...,x; and kq, ..., k; as above.

Example 2.2 A vector bundle £ is 0-jet ample if and only if it is spanned by its global sections. In the
case of a line bundle, 1-jet ampleness corresponds to the usual notion of very ampleness. On a curve,
a line bundle is k-jet ample whenever it is k-very ample. However, on higher-dimensional varieties, a
k-jet ample line bundle is also k-very ample but the converse is not true in general. Finally, and most
importantly for us, if .A and B are holomorphic vector bundles which are a- and b-jet ample, respectively,
then their tensor product A ® B is (a+b)-jet ample; see [4, Proposition 2.3].

To ease the readability of various statements we will use the following notation:

Definition 2.3 For a holomorphic vector bundle £ on X and an integer r € N, we define N(&,r) >0
to be the largest integer N such that £ is (N +1)(r+1)—1)-jet ample. If no such integer exists, we set
N(&,r) = —1, although we do not consider such cases here.

Let us also recall the construction of the jet bundle from [14, IV.16.7], where it is called the sheaf of
principal parts. The diagonal morphism A: X — X x X gives a surjection of sheaves AF: A*Oxxx — Ox.
Denoting by Z the kernel, Oy =~ A*Ox xx /Z. For an integer r > 0, we define the i jet bundle of Ox to be

J"Ox = A*Oxxx /T L.

The projections p; : X x X — X give two Oy -algebra structures on J" Oy and, unless otherwise specified,
we use the one given by the first projection p;. The other morphism induced by p» is denoted by

d)?:OX — J Ox.

Geometry & Topology, Volume 29 (2025)
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For a holomorphic vector bundle £ on X, we define its r™ jet bundle to be
(1) JTE:=J"0x ®oy &,
where J” Oy is seen as an Ox-module via the morphism d, for the tensor product, and the result is
regarded as an Ox-module again via p;. It comes with the morphism
dye=dy®E:E—J Ox ®oy £=J"E.
Taking global sections, we obtain the jet map:
2 J"T =Ty ¢): Tho(€) = Tha(J7E).

The most important observation for us is that if x € X is a point with maximal ideal sheaf m, the fibre
(J7E)|x is naturally identified with the complex vector space Ey/m 1€, Furthermore, the composition

dy )x
Ex Wy (J7E)x = (JTE)|x = E/miTE,

is the natural quotient map. (Here, and everywhere else, we write £ for the stalk of the sheaf £ and
Elx = Ex/myEy for the fibre of the bundle £.) Intuitively, for a holomorphic section s of £, one should
think of the value of j"(s) at a point x € X as the tuple of all derivatives of s at x up to order r. In
particular, the following lemma is a direct consequence of the definitions:

Lemma 2.4 Let £ be a holomorphic vector bundle on X and let N(&,r) be as in Definition 2.3. Let
(x0,...,xp) be a tuple of p 4 1 distinct points in X. If p < N(&,r), the simultaneous evaluation of the
jet map (2) at these points,

j(r)co xp) " Thot(€) = (V7)o X=X (J"E)xps s> (G ()(X0), .., jT () (xp)),

.....

is surjective. d

We shall now explain what we precisely mean by restricting the behaviour of sections of £. In particular,
we will require certain subsets of the jet bundle to be “semialgebraic”. This is a technical condition chosen
for two reasons: to make the proofs of Section 4 precise, and to prove our main theorem in a good degree
of generality. Our arguments rely on multiple properties of these sets: they admit cell decompositions,
have a well-defined dimension and they behave well under projections and closure. (See Section 4.2 for
their single but crucial use.)!

There is a well-studied concept of real semialgebraic subsets of a Euclidean space. They are subsets
defined by polynomial equations and inequalities.

Definition 2.5 (compare [7]) A semialgebraic subset of R” is a union of finitely many subsets of the form
{xeR"| P(x)=0, Q1(x)>0,...,0;(x) >0},
where / e N and P, O1,...,0; e R[Xy,..., X,].

1 As the referee pertinently pointed out, the semialgebraicity conditions could potentially be rephrased in the language of
o-minimal structures. We have refrained to do so to keep the technicalities to a minimum.
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We adapt the definition to families, ie to subsets of vector bundles, by demanding the standard definition
be satisfied locally in charts. This is well defined because an algebraic variety X has an atlas whose
transition functions are algebraic, and hence respect the semialgebraicity.

Let us be more precise. First, we briefly recall the notion of an algebraic atlas on X. To lighten the
notation, we let n be the complex dimension of X and m be the complex rank of J"E. We denote by
V(—) the vanishing set of the tuple of polynomials.

The variety X can be covered by Zariski open subsets, each of the form

U=V(fi,..., fa_n) CC?

for some integer d > 1 and polynomials fi, ..., fz_,. Furthermore, if U and W are Zariski open subsets
of X witha: U = V(fi,.... fy—n) CC%and B: W = V(g1.....84'—n) C C?, the homeomorphism
on the intersection

acWNUYOV(fi,..., faen) S WNU S BUNWYNV(GL,....8d/—n)

is given by a rational function whose domain is a subset of C4 and codomain is a subset of C?". Recall
also that the algebraic vector bundle J" £ is equivalently given by the data of trivialising Zariski open
subsets U; C X (over which J" €|y, = U; x C™) and transition functions on overlaps U; NU; — GL,,(C).
Most importantly for us, the transition functions are regular morphisms.

Definition 2.6 Let n be the complex dimension of X and m be the complex rank of J"E. A subset
T C JTE is real semialgebraic if there exists a cover X = | J U; by Zariski open subsets such that the
following conditions hold for each i:

(i) The jet bundle may be trivialised over U; via a map ¢; : J" |y, = U xCm.
(ii) There is a chart ¢;: U; => V(fli, e f;i_n) C CY% for some polynomials fI’ el féi_n.
(ili) The image in R?(@+™ of T|;;. via the map
JTEly, s Uy x Cm 25 y (£l fl )y x O Chitm o g2Em)

is a real semialgebraic subset. (Here T|y, is the restriction of T above U;.)

We will often drop the adjective “real” as we will never consider any complex analogue. In essence, a
subset T C J"& is semialgebraic in the sense of Definition 2.6 when it is semialgebraic in the usual way
when “read in charts”. As all the change-of-coordinates maps described above are rational functions,
being semialgebraic is independent of the choice of the cover. Indeed, the image of a semialgebraic set
by a rational function is still semialgebraic; see [7, Section 2.2].

A semialgebraic subset has a well-defined dimension (as in [7, Section 2.8]) which can be thought of as
the maximal dimension in a decomposition into cells of the form ]0, l[d ; see [7, Corollary 2.8.9]. We
therefore get a well-defined dimension for a semialgebraic subset T C J” & by looking at the dimensions
when “reading in charts”:

Geometry & Topology, Volume 29 (2025)
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Definition 2.7 Let T C J'" & be a semialgebraic subset. Let X = | J U; be a finite cover as in Definition 2.6
(the finiteness can always be arranged by compactness of X) and write Ty, C R2(i+m) for the semial-
gebraic sets obtained using (iii). Each of them has a well-defined dimension and we let the dimension
of ¥ be their maximum.

In the following definition, we denote by rkc J” € the complex rank of J"€E.

Definition 2.8 A subset T C J” & is an admissible Taylor condition if it is closed, real semialgebraic and
has dimension at most 2(tkc J" &€ — 1). We will use the notation T|y := (J"E)|x N T for the fibre above
apoint x € X.

Remark 2.9 Although our definition is quite technical and general, the typical admissible Taylor
conditions arise as subvarieties of high-enough codimension. Indeed, any closed subvariety € C J"& of
the jet bundle of complex codimension at least dim¢c X + 1 defines an admissible Taylor condition.

Motivated by the previous remark, and to help general bookkeeping, we will use the following notation:

Definition 2.10 The (real) excess codimension of an admissible Taylor condition ¥ is the number
e(%) = codimg ¥ —dimg X > 2, where codimg ¥ is the real codimension of ¥ in the jet bundle J"&.

We are now ready to define what it means for a section to be singular with respect to an admissible Taylor
condition ¥:

Definition 2.11 A holomorphic section s of the vector bundle £ is said to be singular if there exists a
point x € X such that j"(s)(x) € T|,. Similarly, a (continuous) section s of the vector bundle J" & is
said to be singular if there exists a point x € X such that s(x) € T|x. A section that is not singular is said
to be nonsingular.

Example 2.12 If £ is a line bundle, we may take T to be the zero section of J1£. It is an admissible
Taylor condition, and a singular section is one that vanishes at a point on X where its derivative also
vanishes. In particular, if s is a nonsingular section, its zero set Z(s) :={x € X | s(x) =0} C X isa
smooth submanifold.

When talking about spaces of sections I', we will use the subscript “ns” to denote the subspace of
nonsingular sections. The following is our main result:

Theorem 2.13 Let r > 0 and N > 1 be integers. Let £ be an ((N +1)(r+1)—1)-jet ample vector bundle
on X and let T C J" & be an admissible Taylor condition. The composition

Thotns(€) £ Thotas(J7E) < Too 1(J7E)
induces an isomorphism in homology

Ho(Thol,ns(€): Z) — Hx(Tpo 1 (J7E): Z)
in the range of degrees x < N(e(%) —1) +e(%) —2.
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2.1 Outline

We present here a detailed summary of the arguments exposed in Sections 3—7. We will produce a
sequence of vector spaces
F_1—>F0—>F1—>F2—>---—>Foo

where I 1 = T},01(&), To = Tpo(J7E) and T} = Ligi(J"E ® L)) @ Thot(L7) for 0 < j < oo (see
Section 5). There is a discriminant X, C I’ inducing discriminants X; C I'; by preimage, and such
that Thor,ns(€) = T-1 — X1 and Tpo ,(J"E) = oo — Xo. For n < m < 0o one gets a map of long exact
sequences

o HI(Ty = 5p) —— HI(Ty) —— Hi(S,) —— HIP (T —5,) — -

! | | !

v HH (D = Z) — HEF(Gn) — HET(Sm) — HF O (G = Zn) — -

where d = dimp I}, —dimp I};. This only relies on a few properties: each I'; is a finite-dimensional
vector space, X; is a closed subset satisfying mild point—set conditions and the inverse image of I}, is I}.
The five lemma shows that H C’ (Z,) > H C’ +d(3,,) needs to be proven to be an isomorphism in a range
for the main theorem to follow. This will be done one step at a time by showing that one gets a map of
spectral sequences associated to resolutions of these discriminant loci, which induces an isomorphism on
the first page in a range. To finish the argument, we invoke the Stone—Weierstrass theorem to prove a
weak homotopy equivalence colim; (I'j — X;) >~ I'no — Yo.

We construct the resolution of a discriminant locus and its associated spectral sequence in Section 3.
We study in details its first page in Section 4. In Section 5, we construct the I'; interpolating between
holomorphic and continuous sections. In Section 6, we construct a morphism of spectral sequences and
use it to compare various spaces of sections. We prove the last homotopy equivalence and finish proving
our main theorem in Section 7. Lastly, in Section 8, we apply our results to study spaces of nonsingular
sections of a very ample line bundle on a projective variety.

3 Resolution of singularities
In this section, we choose an admissible Taylor condition T C J” € inside the ™ jet bundle of a holomorphic
vector bundle £ on X, and write for brevity

I'=ThLa(€) and X = Tjo(E) — Thol,ns(£),

for the vector space I' of all holomorphic sections of £ and its subspace X of singular sections. We also
define the singular space of a section f € I’

3) Sing(f):={xe X |j"(f)(x) eTpC X
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as the space of points where f is singular (as in Definition 2.11). Our final goal, Theorem 2.13, is to
understand the homology of the space of nonsingular sections I} ns(€) = I' — . By Alexander duality
[8, Theorem V.9.3]

HA(Z) = Ha gime r—i—1(T — 2),
it is equivalent to understand the compactly supported cohomology of its complement X. To achieve that,
we want to construct a spectral sequence converging to H}(X). This spectral sequence arises from a
resolution of the space X, which we define in this section.

Remark 3.1 By cohomology with compact support and homology, we shall always technically mean
sheaf (co)homology and rely accordingly on the theory exposed in [8]. Of course, all the spaces of interest
to us are homologically locally connected and sheaf and singular (co)homologies agree for them.

3.1 Construction of the resolution

We will construct a space RX — X recording points in the singular space Sing( /). Accordingly, the
inverse image of a section f € X with j + 1 singularities will be a j-simplex A/ with vertices indexed by
the singular points. It will follow that RX — X, or rather a slightly modified construction Ré})’ne% -3,
induces an isomorphism in cohomology with compact supports. This construction will be advantageously
filtered by subspaces R’ X related via pushout diagrams resembling the skeletal decomposition of a

simplicial space. This filtration will then yield a spectral sequence computing the cohomology of X.
This is inspired by the so-called truncated resolution of Mostovoy [21], but written in a more functorial
way as in [31].

In what follows, the space I' is given its canonical topology coming from the fact that it is a finite-
dimensional complex vector space. Let F be the category whose objects are the finite sets [n] := {0, ...,n}
for n > 0 and whose morphisms are all maps of sets [n] — [m]. Let Top be the category of topological
spaces and continuous maps between them. We define the functor

4) X:F%® - Top, [n]+ X[n]:={(f.50,....50) € T x X"T1|Vi,s; eSing(f)},

where X[n] is given the subspace topology from I x X1, On morphisms, for a map of sets g : [n] — [m],
we define

X(g): X[m] — X[n], (fi50,..-.Sm) > (f.5g(0)s---+Sg(n))-
For an integer k > 0, we denote by F; the full subcategory of F on objects [n] for n < k. We also write
|A"| = {(tg,....tn) | Vi,0<t; <landtg+---+1, = 1} CR"H!

for the standard topological n-simplex, and denote by d| A" | its boundary. In particular, the assignment
[n] — |A"| gives a functor F — Top. For an integer j > 0, we define the j"* geometric realisation of X
by the coend

: [nleF<;
(5) fo:=/ %[n]xlA”I=( | | f[nlxlA”l)/M

0<n<j
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where the equivalence relation ~ is generated by (X(g)(z),1) ~ (z, g«(¢)) for all maps g: [n] — [m] in F.
(Here g4 :|A"| — | A™| denotes the usual map induced on the simplices by functoriality.) This is of course
reminiscent of the classical geometric realisation of a simplicial space. Note however that here a cell |A"|
in the geometric realisation is indexed by an unordered set of singularities, even though the functor X is
defined using ordered tuples. Indeed, all the permutations [rn] — [n] are valid morphisms in our category F.

Let j > 1 be an integer. We now describe how R/ X may be obtained from R/~ X via a pushout diagram.
Let L; be the set

(6) Lj:={(fs0,....5;) € [ x X1 |3] # k such that s; = 53} € X[/],

topologised as a subspace of X[j]. This should be thought of as the analogue of the “latching object” of

a simplicial space. We denote by '
Ljxe; . 1A

the quotient space of L x| A/ | by the symmetric group & j+1 acting on L; by permuting the singularities s;,
and on |A/| by permuting the coordinates. Denote by * the omission of an element in a tuple.

Lemma 3.2 The formula

((f,S(),...,Sj),(lo,...,l‘j))

= (8053815 s8), (fos stk + 1, 0y, ..., 1j))  if there exists k # | such that s; = si,
gives a well-defined map Lj Xg; | A | — RI1%.

Proof The formula appears ill-defined as we are arbitrarily choosing two indices k and /. The identifica-
tions made by the coend formula (5) show that any choice will yield the same class in the quotient. O

Recall that a point ¢ = (fg,...,t;) € |A/| is in the boundary d|A/ | if one of its coordinates vanishes. An
argument similar to the proof of Lemma 3.2 gives the following:

Lemma 3.3 The formula

((f,So,...,Sj),(l‘(),...,l‘j))I—>((f,s(),.‘.,fl,...,Sj),(lo,..‘,fl,...,lj)) if =0

gives a well-defined map X[j] Xs; A | > RI1%. .
Consider the following pushout diagram of spaces:

Ljxg; 4 A | s X[j]Xe, 4, ]

/ -

Ljxe; || —— (Lj X6, 4, IN)U(X[j]xe; 4, IA])

Equivalently, the pushout is the union of the top-right and bottom-left spaces inside X[;] Xg;, |A/].
The maps defined in Lemmas 3.2 and 3.3 glue to a continuous map

11 (Lj X, 41 | U] %64, 91 |) > RITX.
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The natural map X[j] x |A/| = R/ X factors through the quotient by the symmetric group action and

gives a map . '
B X[jlxe;4, 14| - RX.

From the coend formula (5) and the inclusion of the full subcategory F<; 1 C F<;, we also get a natural
map R/~1X — R/ X.
Proposition 3.4 The following square is a pushout diagram of topological spaces:
i . N %i—1 i
(L) x&;41 AU X [j] xs, 4, AN |) —— R/TIX

(7) I

X[j] 6,4, [N 7 > R/X

Proof We may construct the pushout P as the quotient
P = (RITIXUX[j] xe, 4, |07/~

One may check that the map f; together with the natural map R/~1X% — R/ X gives a map from the
disjoint union above which factors through the quotient. Hence we get a well-defined map P — R’ X.
We now construct a continuous inverse. Recall that R/ X is defined in (5) as a quotient of

( TR |A"|) U R % M),
o<n<j-—1
The natural map (|—|05n§j—1 X[n]x |A" |) — R/~1X% — P together with the identity of X[] x |A/| gives
a map from the disjoint union that factors through the quotient and yields a well-defined map R/ X — P.
One may finally verify that it is the inverse of the map P — R’ X constructed above. a

We now turn to proving some topological results about our constructions.
Lemma 3.5 For any integer n > 0, the subspace X[n] C I x X"+ defined in (4) is closed.

Proof Letev:I x X*T1 — (J7£)"*1 be the simultaneous evaluation of the jet map j” (defined in (2))
at (n + 1) points of X. We observe directly from the definitions that X[n] = ev~!(¥"*1!), and hence is
closed as the inverse image of a closed set. a

Lemma 3.6 For any n > 0, the map py, : X[n] — T" given by (f, o, ...,8,) — f is a proper map.

Proof The projection onto the first factor I' x X+ — T is proper as X! is compact. Hence so is its
restriction p, to the closed subspace X[n]. |

In particular, the map p, is closed, so ¥ = p;(X[1]) is closed in I". We have natural projections maps
X[n] x |A"| — %[n] 2% T for any n > 0. They give rise to a map

(8) ;' R/X—> X
for every integer j > 0.
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Lemma 3.7 For any integer j > 0, the map t; : R/ X — X is a proper map.

Proof We have to show that the preimage of any compact set is compact. Equivalently, because X
is locally compact and Hausdorff, we will show that 7; is a closed map with compact fibres. From
Lemma 3.6, for any n the map p, is closed and hence so is the composition X[n] x |A"| — X[n] 22> T
This implies that 7; is closed. It remains to see that it has compact fibres. If f € X, we observe that
‘L’j_l (f)=8; (/oj_1 (f)), which is compact as ,oj_l(f) is, by Lemma 3.6. |

A major advantage of the pushout square (7) is that it allows us to prove the following topological lemma:

Lemma 3.8 For any integer j > 0, the space R/ % is paracompact and Hausdorff. Furthermore, the
natural map R’~1% — R/ X is a closed embedding.

Proof Firstly, from Lemma 3.5, R°X = X[0] C " x X is a closed subset, and hence is itself paracompact
Hausdorff. Then the lemma is proven inductively using the pushout diagram (7) together with the fact that

(Lj xe; 1, |M ) U (R[] %6, 4, A ) = X[j] xs, 4, |A]

is a closed embedding. a

In the sequel, using the closed embedding of Lemma 3.8 just above, we will simply write R/ ~1% C R/ X.
For an integer j > 0, we let

©) Vi o= {(fison.. o)) € XUl g # s if | # k) = X[j] - Lj C X[j]

be the subspace of X[ ;] where the singularities are pairwise distinct. For later use, we record the following
homeomorphism, which is a direct consequence of the pushout square (7) and the fact that the vertical
maps therein are closed embeddings:

(10) R/X—R/™'xx~ Yj X&; 4 Interior(|AY |).

Let us now discuss why 7;: R’/ X — ¥ needs to be slightly modified to obtain a meaningful “resolution”
of X. The fibre rj_l (f) above a section f € X that has at most j + 1 singularities is by construction a
J-simplex. Hence it is contractible, and one might hope that 7; induces an isomorphism in cohomology.
This is unfortunately not the case. Indeed, rj_l (f) is not contractible if f has at least j + 2 singularities.
To fix this problem, we will modify R/(X) by gluing a cone over each fibre rj_l( f) which is not
contractible. The precise construction is as follows.

Let N > 0 be an integer. We let
(11) Ssn42:={f el |#Sing(f)>N+2}CX

denote the subspace of those sections with at least N + 2 singularities. We denote by X y 4 its closure
in X (or equivalently, in I"). Observe that the surjectivity of the map t implies the following equality:

NGty (Esn12) = Tont2.
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N

We glue fibrewise a cone over each f € 2> y 4 by defining the space R{y .

(X) as the following homotopy
pushout:

3 (Cont2) — RVX

N

YonNt2 — RN X

All three defining spaces in the corners of (12) map to ¥, and hence we obtain a surjective projection
map

(13) RN x> 3.

cone
We want to prove that & induces an isomorphism in cohomology with compact supports. We begin with
a couple of lemmas.

N

cone

Lemma 3.9 The map n: R.) X — X is proper.

Proof We will prove that is it closed with compact fibres, which implies the properness. By definition of
N

cone

the homotopy pushout, R.; .X is a quotient of the following disjoint union:

RN XUty (Tont2) x [0, 11U Zs N 12

The map 7 is induced by the following three maps: the projection 7y : RV ¥ — X, the projection
r;,l(EzNJrz) x [0,1] — rg,l(EzNJrz) — ¥ and the inclusion X x4 < X. The first two are closed
by Lemma 3.7 and the last one is the inclusion of a closed subset, and hence closed.

Finally, we prove that the fibres of 7 are compact. We saw in the proof of Lemma 3.7 that for any f € X,
the fibre t[,l(f) was compact. Now, 7~ 1( f) is either ‘C&l(f) if f € ¥ —X> N4 oracone over it if
f € £>nN42. In any case it is compact. O

N

cone

Lemma 3.10 The space R. .X is paracompact, locally compact and Hausdorff.

Proof The paracompactness and Hausdorffness follow from the definition as a homotopy pushout and
Lemma 3.8. It is locally compact as it maps properly to the locally compact space X. O

The most important corollary is the following:

N

cone

Proposition 3.11 The map n: R, .X — X induces an isomorphism in cohomology with compact

supports.

Proof The properness of 7 proved in Lemma 3.9 implies that it induces a well-defined map in cohomology
with compact supports. We also observed in the proof of that lemma that a fibre of 7 is either a simplex or a
cone, and hence contractible. The proposition then follows from the Vietoris—Begle theorem [8, V.6.1]. O
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3.2 Construction of the spectral sequence

Let N > 1 be an integer. Recall from Lemma 3.8 that we have closed embeddings R/~1X C R/ X. We
define the following filtration on RY _%:

cone *
Fo=R°XCcFi=R'XCc.---CFy=R"xcC Fy4+1 =RN x.

cone

Following standard arguments, we obtain from the filtration a spectral sequence

EPY = HPY(F, — Fp_y) = HPT4(RY %),

cone

Using Proposition 3.11 and Alexander duality, we obtain

HPTU(REX) = HPY(E) = Hagime r—(p+9)—1 (T = 2,

cone
where H denotes reduced singular homology. Letting s = —p — 1 and t = 2dim¢ I" — ¢, we regrade our

spectral sequence and obtain the following:

Proposition 3.12 There is a spectral sequence on the second quadrant s < —1 and t > 0:
E}, = H2Omc TS~ (F  \ — F_y 5:72) = Hyy (T — 5 2).
The differential d” on the r™ page of the spectral sequence has bidegree (—r, r — 1), ie it is a morphism

r . r r
ds,t. Es,t — Es—r,t+r—1'

4 Cohomology groups on the E!-page

As in the last section, we choose a holomorphic vector bundle £ on X and an admissible Taylor condition
T C J'E inside the ™ jet bundle of £. For the remainder of this section, we also let

N = N(E,r)

be the largest integer N > 0 such that £ is ((N +1)(r+1)—1)-jet ample as in Definition 2.3. As discussed
in the introduction, we assume that such an N exists. If not, the statements in this section are either trivially
false, or trivially true as they describe elements of the empty set. For brevity, we still use the notation

['=Ta(€) and %= Tho(€) — Thotns (£),
as well as X for the associated functor F°P — Top as in (4).
We will study the first page of the spectral sequence from Proposition 3.12 converging to the cohomology

of R?gne.’{. For convenience, we summarise the results of this section as follows:

Proposition 4.1 Let £ be a holomorphic vector bundle on X and ¥ C J"E be an admissible Taylor
condition. Let N = N(&, r). The resolution and its filtration described in Section 3 give rise to a spectral
sequence on the second quadrant s <—1 and t > 0 converging to the homology of the space of nonsingular
sections Tl ns(E):

E}, = HZMmeT=1=s"0(F_ | — F_ ¢ 3:7) = Hyyt(Thot,ns(€): Z).
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The differentials on the r' page have bidegree (—r, r — 1). Furthermore:
(1) Proposition 4.4 For —N —1 < s < —1, we have the isomorphisms

El ~ HC—I—ZS ke Jrg(z(—s); Zsign)

st =
forall t > 0, with %) defined in (14).
(ii) Proposition 4.10 Fort < (N + 1)e(%),

1
E—N—z,t =0.

As a visual aid, we have drawn the spectral sequence in Figure 1, where we have chosen to fix e(¥) =2 to
lighten the notation. We briefly describe the various zones. Firstly, the only possibly nonvanishing groups
lie in the coloured squares. All groups E¢, with s < —N —3 are zero as the filtration finishes after N + 1
steps. According to Proposition 4.10, the groups below the horizontal solid line in the column s = —N —2
vanish. The differentials coming from the groups below the upper staircase never hit groups in the column
where s = —N —2 and t > 2N + 2. Finally, the lower staircase delimits the zone of total degree x < N —1.
We have also drawn some differentials d” to the group E” N—2.2N+2 forr=1,2,3and N + 1.

Al

2 +2
2V +1

/ﬁ)/q//\
PN

VAR AV e

Figure 1: The first page of the spectral sequence when e(%) = 2.
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4.1 The first steps of the filtration
For an integer j > 0, recall from (9) the space
Yy = (/. 50.....87) € X[J]|s1 # sx if | # kj C X[/].
Lemma 4.2 For0 < j < N(&,r), there is a fibre bundle
Interior(|A |) — Fi—Fi_1—Y;/61.

Proof Recall from the definition of the filtration on R({Xne% that F; = R/X for 0 < J<N. Asa

consequence of the pushout square (7), we observed in (10) that we have the following homeomorphism:
RIX—R/'xzv; X641 Interior(| A/ |).

Projecting down to the first factor gives the required fibre bundle. |

By an affine bundle we mean a torsor for a vector bundle. In the sequel, they will arise naturally from

fibrewise surjective linear maps between vector bundles. For any integer j > 1, the bundle (J" &)/

projects down to X/ and we may consider its restriction to the open subset Conf (X)X J of those

tuples of points which are pairwise distinct. The symmetric group &; acts on these spaces by permuting
the coordinates. In particular, it acts on the subspace T/ C (J7 &)/ and we let

(14) TV = (V' lcont; (0))/ S5
be the orbit space of the restriction of T/ over the subspace Conf j(X)CcX J.

Lemma 4.3 Let 0 < j < N(&,r) be an integer and recall from (9) the space Y; of those tuples
(f.50,...,8;) € I' xConf;1(X) where f is singular at the s;. We may simultaneously evaluate the jet
map at these points:

Y; = T eont 1000 (fi500008) = G ()0)s -0 77 (F)(s5).

Taking & 41 -orbits on the domain and codomain of this map yields an affine bundle
Y; /641 —>TUHY

whose fibre has complex dimension dimc I' — (j 4+ 1) k¢ J"E. (Here ke J" € denotes the complex rank
of the vector bundle J"£.)

Proof The simultaneous evaluation of the jet map gives a map

I x Conf; 4 1(X) > (J7EY T cont, 41 (%)

15) \ /

Conf; +1(X)

of vector bundles over the configuration space Conf;1(X). Under the assumption 0 < j < N(&,7r),
Lemma 2.4 shows that this map of bundles is fibrewise surjective. Therefore the top map of (15) is an affine
bundle. Subtracting the ranks, we obtain that its fibre has complex dimension dim¢c I' — (j + 1) k¢ J"E.
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Now, the pullback of the affine bundle (15) to the subspace T/ |cont; 1 (x) 18 an affine bundle with total
space Y;. Finally, taking &; 4 1-orbits yields the affine bundle
Y /611 = (T cont; 41 (x)/6j 41 = TUHD,

which still has the rank that we have computed above. a

The quotient maps ¥; — Y;/&; 41 and S |cont; 41 (X) = TUFD are principal &; 4 1-bundles and

hence are classified by (homotopy classes of) maps to the classifying space BS; 1. Composing with the

Bsign
—=

sign representation BS; 11 B7./2, we obtain two well-defined homotopy classes of maps:

Y;j/S;+1 — BZ/2 and TUTD - B7Z/2.

We will write Z*2" for the corresponding local coefficient systems.

Proposition 4.4 Let —N(E,r)—1 <s < —1. Then we have the isomorphism

El ~ Hc—t—2s tkc J’g(g(—s); Zsign)’

S,t =

where T(5) is the space defined in (14) and Z¥2" is the local coefficient system described above.

Proof Recall from Proposition 3.12 that the first page of the spectral sequence is given by
El _ H2dim(c I'—1—s—t¢ (R_S_I% _ R—S—Z%. Z)
s,t — e ; .
Via a homeomorphism Interior(] A/ |) 2 R/, we see that the fibre bundle of Lemma 4.2 is homeomorphic

to a vector bundle. Applying the Thom isomorphism to the latter, we obtain

El ~ Hc2dim(j F_I(Y—S—I/G—s; Zsign)‘

st =
Another application of the Thom isomorphism using Lemma 4.3 yields

El ~ Hc—t—2srk((j Jrf({z(—s); ZSign). 0O

S,t =
4.2 The last step of the filtration

We study the last nontrivial part of the E !-page, that is, the column s = —N(&, r) — 2, where

EiN_z’t — HCZdim(C F+1+N_t(RN %_ RN%, Z)

cone

The methods from the last section do not apply to the space Régne% — RN X and we will not be able
to express the cohomology groups E! N—a In terms of other “known” groups. However, using the
technical assumptions made in Definition 2.8 about the Taylor condition ¥, we will obtain a vanishing

result for E! N—2.¢- This will be enough for the proof of our main theorem.

Recall the projection map 7 : RV X — X from (8). From the homotopy pushout square (12), we obtain
the homeomorphism

RN X~ RVX = (13 Exn+2) x10, 1) U En2)/~,

cone
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7 1 f) Y (f)NStr_; 77 1(f) N Stry 7 Y f) NSt
(the three sides only)
Figure 2: Decomposition of the open cone.

where (z,1) € tX,l (25N +2) x]0, 1] is identified with Ty (z) € £ n+2 in the quotient. Indeed, there is a
natural continuous bijection from the right-hand side to the left-hand side. It is in fact a homeomorphism,
as the top arrow in the homotopy pushout square (12) is the inclusion of a closed subset. In other words,
this is the fibrewise (for the map ) open cone over X~ 4. We stratify this space by the following
locally closed subspaces (this is analogous to [27, Lemma 18]):

Str_q := m,
Strp := (ty! (Zsn12) x]0, 1)) N (R°X x]0, 1[),
Str; = (ty' (Tsn+2) X0, ID N ((R/X — R77'X) x]0,1[) for 1 <j <N.
ForO0<j <N, let

(16)  YFN*2:={(fis0.....57) € T xConf;11(X)| f € Szn2 and s; € Sing(f)} C V.

Using the homeomorphism (10) identifying the difference between two consecutive steps of the resolution,
we have a homeomorphism

17) Strj = (szN+2 Xe; 1 1A/]) x]0, 1]

for 0 < j < N, where |A/| denotes the interior of the simplex.

It is easier to think about this stratification by looking at one fibre 71 () at a time. Then we are just
decomposing an open cone over a union of simplices into the following pieces: the apex (corresponding to
Str_; N7~ 1(f)), the open segments from the 0-simplices to the apex (corresponding to Strg N7 ~1( f)),
the open (filled) triangles between the 1-simplices and the apex, etc. Figure 2 shows the strata in a
single fibre 77 1(f) when f has three singular points and N = 1. In this case, ‘L’K,l( f) consists of three
1-simplices glued together (ie a triangle), so w1 ( f) is the cone over that triangle.

If we find an integer D > 0 such that Hck (Strj) =0 forall =1 < j < N and all kK > D, then the same
result will hold for the union, ie Hck (RN X — RNX) = 0 for k > D. In what follows, we set out
to find such a D as small as we can. With that in mind, we make the following ad hoc definition of
cohomological dimension:
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Definition 4.5 A space Z has cohomological dimension D with respect to a local coefficient system .4
if D is the smallest integer such that H, Ck (Z; A) =0 for all k > D. We will denote it by cohodim(Z, A),
or simply cohodim(Z) if A= Z.

The only nontrivial local coefficient system we will need is Z*2", which is induced on the quotient
N+2
Y?

f /S +1 by the sign representation &, 11 — Z/2.

Lemma 4.6 For0 < j <N, we have
cohodim(Str;) = 1+ j + cohodim(Y 7N 2 /&, 11, 2",
Proof From the homeomorphism (17), we have a trivial fibre bundle
10, 1[ — Str; — szN+2 X611 |Aof|.
This implies that cohodim(Str;) = 1+ cohodim(YjZN x4 |A°j ). Now, we have another fibre bundle:
AT > YEN 2 (AT = YEN 2/

Hence, by the Thom isomorphism, we obtain

cohodim(YjZN"'2 XS4 |AOJ' D=j+ cohodim(YjZN"'z/GjH, VADY m|

We thus have reduced our problem to studying the cohomology of szN+2 /Gjy1for0=<j <N,as well
as that of Xy 42. We shall do so by comparing these spaces to a known one, namely the space

YN ={(f.s0,...,sn) € ' xConfy4+1(X) |s; € Sing(f)}.

We first introduce some notation. Using charts on X, we may cover Y by finitely many semialgebraic sets,
whose intersections are also semialgebraic. Recall, eg from [7, Theorem 2.3.6], that every semialgebraic
set is the disjoint union of cells, each homeomorphic to an open disc ]0, l[d for some d > 0. The largest
d in such a decomposition is called the dimension of the semialgebraic set. Let dim Y be the largest of
the dimensions of the semialgebraic sets in a cover of Y. (It depends a priori on the chosen cover, but
we suppress this from the notation.) The following is a crucial result for controlling our spectral sequence:

Lemma 4.7 For0 < j <N, we have
dim Yy > cohodim(Y 7V 12 /&, 41, 2.
Proof Forgetting the last singularity yields a map

YN—H_)YN, (f,So,...,SN+1)l—)(f,So,...,SN),

Y ﬁN t2 vy n for its image. As the projection map is semialgebraic (when read

and we will write
in charts), its image is semialgebraic (in charts) and dimY ]%N +2 <dimYy. Let 0 < j < N. Only
remembering the (j+1)% singularities gives a map

(18) Y§N+2—>YjZN+2, (fis0.--..SN) = (f.50,....5).
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Notice that this map is not surjective, as it may happen that a section f € ¥y has fewer than N + 1
singularities. We study the map (18) locally via charts. Let Up,..., Uy C X be charts on X as in
Definition 2.6. Then the subsets

U= {(f:50.....8)) € San+2x Upx-+-x Uj | s € Sing(f). si #5;¥i # j} c YFNT?

and
V= {(f,50,-.,5N) € D xUpx---x Uy | sy € Sing(f), si #s; Vi # jinYg¥ T2 cygh+?

are semialgebraic. Indeed, they are the preimages of the semialgebraic sets T/+1 and TV 1 respectively,
via the simultaneous evaluation of the jet map, which is algebraic and hence is semialgebraic; see
[7, Proposition 2.2.7]. The restriction of the map (18) to U and V is an algebraic map, and hence a
semialgebraic map, ¢: V — U between semialgebraic sets. Using [7, Theorem 2.8.8] we obtain the
following inequality on the dimensions (as defined above using cell decompositions):

dim(V) > dim(¢ (V).

Furthermore, the definition of szN +2 implies that the semialgebraic map ¢: V — U has dense image,
ie ¢(V) = U. Using that the closure has the same dimension [7, Proposition 2.8.2] and the inequality
above, we obtain

dim(V) > dim(U).

Varying the charts Up, ..., Uy C X, we may cover the domain and codomain of (18) by subsets defined
like U and V. If U’ and V"’ are two other such subsets, then U N U’ and V N V' are also semialgebraic

sets because they are intersections of semialgebraic sets. (This follows from Definition 2.5.) Hence the
Y >N+2
J

argument shows that the inequality on the dimensions also holds on intersections. Let dim denote

the maximum of the dimensions in a cover of ¥ =V T2 by semialgebraic sets. Then an argument using the

J
Mayer—Vietoris spectral sequence shows that the cohomological dimension of Y ZN+2 s Jess than its

J
dimension dim Y 2N+2

f . Therefore

(19) dim Yy > dim Y32 > dim ¥ 7Y "2 > cohodim(y 7V *?).
Finally, from the principal &; 4 1-bundle szN 2, YjZN +2
space is the same as that of YZN T2 Therefore the inequality (19) holds when replacing the rightmost

term with cohodim(YjZN t2/6; 1, 75, 5

/S +1, we see that the dimension of the orbit

Repeating the proof with the map Y§N+2 — Xsn42, (f,50,...,58) — f yields:

Lemma 4.8 The following inequality holds:

dim Yy > cohodim(Zs y 42, Z). a

The final computation to be made is the content of the following lemma. It uses the notation e¢(¥) of
excess codimension established in Definition 2.10.
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Lemma 4.9 The dimension of Yy satisfies

dimYy <2dimc I' — (N + 1)e(%).

Proof The proof of Lemma 4.3 shows that the simultaneous evaluation of the jet map

YN = TV conty 0y, (50, 258) = G ()(s0), -, JT(F)sN))

is an affine bundle whose fibre has complex dimension dim¢c I' — (N + 1) k¢ J"E. Therefore, on

dimensions,
dim Yy < dim(T¥ Y cony o, (x)) + 2dime T —2(N + 1) tke J7€.

Now, because T is a semialgebraic subset of J”& of dimension less than 2rkc J"E —e(%),
dim(TV* eonty 1 0x) < (N + DQ2rke J7E —e()).

The lemma is then proven by combining these two inequalities. |
Assembling all the estimations we have obtained so far, we can state and prove the following:

Proposition 4.10 The cohomology groups in the column s = —N(E,r) — 2 on the first page of the
spectral sequence

cone

ElN_z’t — HCZdim(C F+1+N—t(RN ¥— RN%’ Z)

vanish fort < (N + 1)e(%).

Proof A direct inspection of the spectral sequence associated to the stratification Str; on RN X—RNX

shows that
cohodim(RY % — RN ¥) < max cohodim(Str;).
J

For 0 < j < N, combining Lemmas 4.6, 4.7 and 4.9, we get
cohodim(Strj) <1+ j +2dimc I' = (N + 1)e(%) <2dimc I' = N(e(F) — 1) — (e(T) = 1).
Similarly, using Lemmas 4.8 and 4.9, we obtain
cohodim(Str—;) <2dimc I' — (N + 1)e(%).
Therefore cohodim(RéXne.'f —RV%) <2dimc T' — N(e(%) — 1) — (e(T) — 1) and the result follows. O

5 Interpolating holomorphic and continuous sections

In this section, we introduce and study section spaces that lie in between holomorphic and continuous
sections of the jet bundle J”£. They will be written as combinations of holomorphic and “antiholomorphic”
sections. We first explain how to take the complex conjugate of a holomorphic section. We then construct
these spaces and finish by explaining how the resolution and the spectral sequence from the previous
sections can be adapted to them.
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5.1 Complex conjugation of sections

Using the fact that X is projective, we choose once and for all a very ample holomorphic line bundle £
on it as well as a basis zo, ..., zps of the complex vector space of holomorphic global sections [}0(£).

We denote by £ the complex conjugate line bundle of £. It is obtained from the underlying real vector
bundle of £ by having the complex numbers act by multiplication by their complex conjugates. We regard
it as a smooth complex line bundle. We now define a complex conjugation operation £ — L. Recall that
the line bundle £ may be constructed as a quotient

£i= (Lt <€) /o0 ~ o)

from the data ({U; };, (t;;)i,;) of trivialising open sets U; C X and transition functions
tij:UiNU; - GL(C) = c*

satisfying a cocycle condition. Similarly, £ may be constructed via such a quotient by replacing the
transition functions by their complex conjugates ;;. The formula

|_|U,~ xC —>|_|U,~><(C, (x,v) > (x,0),
i i
then gives a well-defined R-linear isomorphism £ — £. On continuous global sections, we thus obtain
an R-linear complex conjugation operation:
(20) T Tpo (L) = Tpo(L).

For a complex vector space V, we denote by V the C-vector space whose underlying set is V with the
C-module structure given by multiplication by the complex conjugate. We get a C-linear map

1) Thot(£) = Too(£) 22 Too ().
We let
M S —
(22) =Y z; ®Z € T(L) ®¢ o (£).
j=0

We note that although 1 depends on a choice of basis of I},,j(£), our results will be independent of this
choice. Its image via the composition of the map (21) and the multiplication map I.0(£) ®¢ To(L) —
[.0(£ ® L) is a never vanishing section. It therefore gives an explicit trivialisation of the smooth complex
line bundle £ ® £ = X x C. In particular, we obtain an isomorphism on the level of continuous sections:

(23) TLo(£L® L) = Tpo(X xC) =C%X,C).
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5.2 Stabilisation
For every integer k > 0, we now construct the following commutative diagram:

Thot(J7€) ® £5) ® ¢ Thot (LK)

x
24) Vi
%

Lot (J78) ® LK) @ Tiol(£k+1)

Too(J7E)

The horizontal maps are given by the composition

(25) ok Thot((J7€) ® L) ®c Tt (£F) = Teo (/7€ ® £5) @ Teo (LF)

— To(JTERLF @ LF) = TLo(J7E),
where the first arrow is induced by the map (21), the second arrow is the multiplication map and the last
isomorphism is (23) applied to (£ ® £)F =~ £k @ C*.

We construct the vertical map in the diagram (24) as the composition

26)  ¥k: Thol(J7E) ® £5) ®¢ Tt (£F)
= ot ((J7€) ® £5) ®¢ Tt (£F) ®¢ (Thol(£) @ Trol(£))
> (Gl (7€) ® £5) ®c Thoi(£)) ®c (Thot (£F) @ Thot(£))
— Thot((J7E) ® LK) @ Thot (LK),

where the first arrow is given by tensoring with the element n defined in (22), the isomorphism is given
by reordering the factors and the last arrow is given by the multiplication maps.

The commutativity of the diagram (24) follows directly from the fact that 7 is sent to the constant function
equal to 1 via the isomorphism (23). Loosely speaking, the vertical map yy is a “multiplication by 1",
which amounts to multiplying a continuous section of J”& by the constant function 1 after using the
chosen identification (23).

Example 5.1 If X = CP”, £L = O(1) and £ = O(d + 1), then I},,;(£) is the space of homogeneous
polynomials of degree d + 1 in n 4 1 variables. One may also prove an isomorphism J 1(O(d + 1)) =
O(d)®+D) a5 holomorphic vector bundles; see [12, Proposition 2.2] for a proof.

We may then view T ((J16) ® £5) @¢ Thol(£¥) as the space of (n+1)-tuples of homogeneous polyno-

mials of bidegree (d + k, k), that is, of degree d + k in the variables z; and of degree k in the complex

conjugate variables Z;. In this case, the image of 1 in [Lo(£ ® L) is |z|? := z0Zo + -+ + ZnZn. The

isomorphism I.0(£ ® £) = C%(X, C) corresponding to (23) sends a section s to the map
5(2)

z=|zg: 124 € CP"» — € C.
2|2
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Under these identifications, the map yi is then

(va LRI fn) = ((ZOZO + to +Zn2n)an ey (ZOZO + toe +Zn5n)fn),
which sends a tuple of polynomials of bidegree (d + k, k) to one of bidegree (d + k + 1,k + 1);

compare [20] for a related situation.

We will need the following small result, analogous to Lemma 2.4. Let (xo, ..., xp) be a tuple of points
in X. We may evaluate a continuous section of J” & simultaneously at all these points:

27 €V (xg,p) L0 (JTE) = (ST E) g X+ X (ST )|, s+ (s(x0). ... 5(xp)).

.....

Lemma 5.2 Let £ be a holomorphic vector bundle on X and N(&,r) € N be as in Definition 2.3. Let
(x0,...,xp) be a tuple of p+ 1 distinct points in X. If p < N(&,r), the composition

Thot(J7E) ® £5) @ Thot(£5) 5 Too (JTE) — (J7E)|xg X+ X< (J7E)x,

of the map ¢ of (25) and the simultaneous evaluation (27) is surjective.

Proof The case k = 0 is a direct consequence of Lemma 2.4. The result for k > 1 then follows from the
commutativity of the diagram (24). |

5.3 Nonsingular sections
We define
N (k) C Tha(J7€) ® £5) ®c Thol(£¥)

to be subspace of elements sent to nonsingular sections of J”& (as in Definition 2.11) under the map ¢
defined in (25). We say that an s € Tho1(J7€) ® £X) @ Tho(£F) is nonsingular if it is in the subspace
N (k). We define the singular subset to be the complement

S(k) := (That(J7E) ® £5) ®¢ Thot (LF)) — N (k).

Remark 5.3 When k = 0, N (0) C To1(J"E) is the usual subspace of nonsingular sections of J"€ as in
Definition 2.11.

Example 5.4 In the case X = CP”, £L = O(1) and £ = O(d + 1), recall from Example 5.1 that the
space Thoi ((J 1) ® £5) @ ¢ Thot(£F) corresponds to (1+1)-tuples of homogeneous polynomials of degree

d + k in the holomorphic variables z; and of degree k in the complex conjugate variables zZ;. Under this
identification, if the Taylor condition ¥ C J1(O(d + 1)) is the zero section, the space of nonsingular
sections NV (k) contains exactly those (n+1)-tuples of polynomials that never vanish simultaneously.

5.4 Resolution and spectral sequences

We now explain how the results from Section 3 can be adapted to the case
I'=Fa((J78) ® £) ®c T (£F) and £ =5(k)
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to construct a resolution of S(k) and a spectral sequence converging to its cohomology, or equivalently
to the homology of N(k) by Alexander duality. In this case, the definition of the singular space (3) of
f €T has to be changed to

Sing(f) :={x € X | ¢ (f)(x) €T} C X.
In particular, in the case k = 0, it agrees with Definition 2.11. The topological results about the resolution
just follow from the fact that T C J” & is closed. In particular, Lemma 3.5 still holds with its proof nearly
unchanged: one has to replace the jet map j” by ¢. The construction of the spectral sequence is then
unchanged.

The computations of cohomology groups on the E !-page from Section 4 can also be adapted in this case.
We first describe what to adapt for the first steps of the filtration. The analogue of Lemma 4.3 with the jet
map j” replaced by ¢ still holds as the key point is the surjectivity established in Lemma 5.2. The other
result, Lemma 4.2, remains unchanged. Hence Proposition 4.4 is true in our new setting.

The adaptations are similar to examine the last step RY % — RV X. Indeed, the same stratification works,
as well as the cohomological dimension estimates. In details, Lemma 4.6 is unchanged, and Lemma 4.9
is proved similarly by just replacing the jet map by ¢y . The other two results, Lemmas 4.7 and 4.8, also
hold when rewriting the proof by changing the jet map j” by ¢;. Indeed, the key ingredients were the
semialgebraicity of the Taylor condition ¥ (which remains unchanged), and the fact that the jet map was
complex algebraic, and hence real semialgebraic. The map ¢ is no longer complex algebraic, but is
given by a ratio of algebraic maps and complex conjugates of algebraic maps. In particular, it is real

semialgebraic. This is enough for the proof to go through.
To sum up, we have the following analogue of Proposition 4.1:

Proposition 5.5 Let £ be a holomorphic vector bundle on X and ¥ C J"E be an admissible Taylor

condition. Let o
I = To((J7E) ® £F) @ Thoi(£F)

and N (k) C T be the subspace of nonsingular sections. Let N = N (&, r). The resolution and its filtration
described in Section 3 give rise to a spectral sequence on the second quadrant s <—1 and t > 0 converging
to the homology of the space of nonsingular sections:

El, = g2dmeT=1=s~1(p_ | — F_ »:7) = Hy (N(K); Z).

The differentials on the rt page have bidegree (—r,r — 1). Furthermore, for —N —1 < s < —1, we have
the following isomorphisms for all t > 0:

E; ;o Hc—t—ZS ke Jrg(‘z(—s); ZSign).
Moreover, fort < (N + 1)e(%),
1
E_y 2, =0.
Lastly, let us mention that in the particular example where X = CP”", £L = O(1), £ = O(d + 1) and

T C J 1€ is the zero section, the spectral sequence is completely analogous to that of [21].
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6 Comparison of spectral sequences

From our definition of nonsingularity, it follows that the jet map j” sends a nonsingular section f of £ to
a nonsingular section j”(f) of J"E. Likewise, the stabilisation map described in (26) sends elements
in NV (k) to elements in A/ (k + 1). We shall see that these maps induce isomorphisms in homology in a
range of degrees up to around N = N(&, r). We first explain the argument for the jet map j” and then
go through the required modifications for the stabilisation map.

6.1 The case of the jet map

Reading Propositions 4.1 and 5.5, we may observe that we have similar-looking spectral sequences, one
converging to the homology of I}o1,ns(€) and the other one to that of Iy ns(J"E) = N (0). In particular,
in the range —N — 1 < s < —1, the terms £ SIJ are given by the same cohomology groups

El ~ Hc—t—2s k¢ J"S((Z(—s); Zsign)

S, =
in both spectral sequences. If we had a morphism of spectral sequences that happened to be an isomorphism
in this range, then, using the vanishing result £ N—p = 0forz <(N +1)e(%), the morphism induced on
the E°°-page would be an isomorphism in the range (,)f degrees * < N(e(¥)—1)+e(¥)—2. (See Figure 1,
where we have drawn some differentials.) We shall construct such a morphism of spectral sequences,
whilst making sure that it is compatible with the morphism induced on homology by the jet map j”:

ﬁs-l—t(rhol,ns(g)) - ﬁs-l—t(rhol,ns(t]rg))‘

For the sake of completeness, we recall when a morphism is compatible with a morphism of spectral
sequences; see eg [32, Section 5.2]. If two spectral sequences £}, , and Eg 4 converge to Hy and H;,
respectively, we say that a map h: Hyx — H), is compatible with a morphism f: E — E’ if h maps F, Hy
to Fp, H,, (here F, denotes the filtration) and the associated maps F, H,/Fp,—1H, — FpH,,/F,—1 H},
correspond to f 01 E7%, — E;,?Z (where ¢ = n — p) under the isomorphisms E;% = Fp Hp/ Fp—1 Hp

and El/fg =~ F,H) /Fy—1 H;,. The main point being that if f is an isomorphism in a range, then £ also is

an isomorphism in a range; see [32, Comparison Theorem 5.2.12].

Let dy := 2dimc [1o1(€) and dy := 2dimc Tho(J"E) be the real dimensions of the complex vector
spaces of sections. We define the shriek morphism j' as the unique morphism making the square

H*(Fho],ns(g)) U~ > ﬁ*(Fhol,ns(Jré’))

(28) gl l;

H?”*amqumm@»n"7n+fﬂf“%mﬂﬂa—mmaﬂa>

commutative, where the vertical isomorphisms are given by Alexander duality and the top map is induced
by the jet map j” in homology. As our spectral sequences actually converge to the Cech cohomology
with compact support of the singular subspaces, we will construct our morphism of spectral sequences so
that it is compatible with j'.
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The spectral sequences arose from filtrations, so we now recall some notation from Section 3. We let X
be the functor F°P — Top constructed there using I' = I3,01(£) and £ = T3,01(€) — Thoi,ns(€). As we have
explained in Section 5.4, the resolution also works for I, (/7 &) and its singular subspace, and we let
9): F°° — Top be the associated functor in this case. We denote the filtration of RY X by

cone
Fll=o0CFl =RXc---cFy=R"XCF} ,=RNX,

cone

and the analogous one of RY_9) by

(29) FA=0CF}=RYc---cFi=R"YcF},  =RY

— cone :

We will slightly abuse notation and also write

(30) jlHF(RY X)) — HYTmA (R )

cone cone
for the bottom map defined by making the following square commutative:
H} (o1 (€) = Thotns (€) ———— HZ TN (Tot(€) = Thotns(J 7))

El B

HY(RY %) -----mmmmmrmmm e s HXTRTI(RY )

cone cone

Recall from the general theory that the spectral sequence associated to the filtration F. for i = 1,2, arises
from an exact couple (H?(F. . H c’(Fj; —F j;_l)). The map of spectral sequences that we want is then
constructed via a map of exact couples as in the following lemma:

Lemma 6.1 Let § = dr —dy = 2(dimc Tho(€) — dimge Tho(J7E)). There exists a morphism of exact
couples
g J{pp=0: (HE(F)). HY (F) — Fy_)) = (HF P (F), HX P (F2 — F2_y))
satistying the following two assertions:
(i) For0< p < N, the map j(!p) in the diagram
H}(F) —F}_) ——=—— Hx(IWPth; zstm)
an )
HYY(FZ—F2 ) ———— H(TWPHD; 75
is an isomorphism, where
o =x—2dimc Lo(§)—p+2(p+ 1) ke J"E,
and the horizontal isomorphisms are given by Thom isomorphisms as in Proposition 4.4.

(i) The map j ]'V 41 Is equal to the shriek map (30).
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Unpacking the definition of a morphism of exact couples, we see that it amounts to providing morphisms
jli and j(!p) for 0 < p < N + 1 such that the diagram

HY WF) ) —— H}(F}—Fl)) —— HX(F}) —— H}(FL))

= Lt 1 =
HXWWO(F2 ) —— HXPO(F2—F2) —— HXVY(F}) —— HXP(FZ))
commutes, where the horizontal morphisms in the diagram are given by the long exact sequence of the

pair (Fj, Fj_) fori =1,2.

This result says exactly what we need: there a morphism of spectral sequences compatible with /' (by (ii))
and giving an isomorphism in the vertical strip —N —1 < s <1 (by (i)). The lemma, as well as the
strategy of proof, is adapted from [31, Proposition 4.7]. First, let us state the most important consequence:

Proposition 6.2 For a holomorphic vector bundle £ on X, the jet map
jr: l—‘hol,ns(g) - 1—‘hol,ns(-]r‘g)

induces an isomorphism in homology in the range of degrees * < N(E,r)(e(%)—1) +e(%) —2. |

To understand how to construct the degree-shifting morphisms of Lemma 6.1, it is helpful to give a
description of the shriek map between cohomology groups arising from Alexander duality as in the
diagram (28). We shall do so generally first (following [31, Appendix D]) and then specialise to our
situation to prove the lemma at hand.

6.1.1 Alexander duality and shriek maps Let p: £ — B be a vector bundle between oriented
paracompact topological manifolds of dimensions 7 and m, respectively. Let j : K C E be a closed subset,
and let i : B < E be the zero section. We will see B as a submanifold of £ via i. Using Alexander
duality (the vertical isomorphisms in the diagram below), we may define the shriek map

(32) i't H¥(BNK) — H*0=m(K)
to be the unique morphism making the following diagram commute:

H«(B,B—BNK) —— H.(E,E—K)

=] E

HI*(BNK) === y I (K)

N
i!

The goal of this section is to give a more intrinsic definition of i' that will allow us to define the required
morphisms in Lemma 6.1.

Firstly, Vokiinek proves in [31, Proposition D.1] the following:
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Lemma 6.3 The diagram

H.(B,B—BNK) b s Hy(E, E —K)

HP (BN K) «—=— HE7(K) e H!™(K)

commutes, where the vertical isomorphisms are given by Alexander duality, k: BN K — K is the
inclusion, T € H®(D(E), S(E)) is the Thom class of p and p~'c is the family of supports defined as

ple={F CK|F closed and p(F) C BN K is compact},

so that H;_ 1, denotes cohomology with supports in p~le. (See eg [8, Chapter 11.2].)

Sketch of proof We repeat Vokiinek’s proof here for convenience. First, we explain the morphisms in
Alexander duality. Recall from eg [8, Corollary V.10.2] that we have fundamental classes [B] € HEM(B)
and [E] € HBM(E), where HEM denotes Borel-Moore homology (also known as homology with closed
support). Using the proper inclusions (£, @) — (E, E — K) and (B, @) — (B, B— B N K), they give
rise to classes o € HBM(E, E—K) and og € HBM(B, B—BNK). If U C E is a closed neighbourhood
of K, we get a morphism

—Nog|U
—ZE

HZ™*(U) H.(U,U — K) — Hy(E, E - K),

where 0g|U is the image of og via the excision isomorphism HPM(E, E — K) =~ HEM(U, U — K).
(Note that it is important for U to be closed, so that the inclusion U < E is proper, and hence induces a

morphism in Borel-Moore homology.) Likewise, we get a morphism

H"*BnU) =28 g .(BNU, BN (U —K))— Hy(B. B - BNK).

Now, the isomorphisms in Alexander duality are given by taking the colimit over all closed neighbourhoods
U of K of the two morphisms constructed above; this is explained in [8, V.9]. Hence, to prove the lemma,
it suffices to check commutativity of the diagram

H.(BNU,BN (U —K)) B s Ho(U,U —K)
1
—Nop IUT —Ngx«(op|U) T—HOE
—

HI"™™(BNU) N HE(U) —g HE(U)

where g: BNU < U and h: U — E are the inclusions. The left part commutes by naturality of the cap
products. The right part commutes by observing that the fundamental classes can be chosen to correspond
under the Thom isomorphism, which implies that 2*t Nog|U = g«op|U, and finishes the proof. O

In the statement of Lemma 6.3, if the morphism k* were invertible, the shriek map (32) would be given
by “(k*)~!” followed by taking the cup product with the “Thom class” j *z. However, it is not invertible
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in general. There is nevertheless a way around that problem, which we explain below, using e-small
neighbourhoods of B N K in K and the continuity property of cohomology.

We choose, once and for all, a bundle metric on p: E — B. For a real number ¢ > 0, denote by D,
(resp. S¢, D¢) the closed disc (resp. sphere, open disc) subbundle of £ — B of radius ¢ (for the chosen
metric). In [31, Lemma D.2], Vokiinek proves:

Lemma 6.4 The diagram

H.(B,B—BnNK) s Hy(EN Dy, (E—K)ND,) — Hy(E,E—K)
B33 pgmBnK) H'™™(KNDs) —— H"™*(K)

(;;)*\ lg

HP™(KNDy) —5> HI (KN De KNSe)

commutes, where the vertical isomorphisms on the first row are given by Alexander duality, the one on the
second row follows from general results about cohomology with compact supports, l.: BN K — KN Dy
is the inclusion, t, is the restriction of the Thom class of E — B and the rightmost horizontal arrows
are induced by the inclusions. (Recall that cohomology with compact supports is covariant for open
inclusions.)

Sketch of proof The left part of the diagram can be shown to commute by a proof analogous to that of
Lemma 6.3. The right-hand square is seen to commute by a direct verification. |

Taking the limit ¢ — 0, the morphisms (/). induce a morphism from the colimit
coli{)n HI" (KN Dg) — H" *(BNK)
£

which is an isomorphism by the continuity property of cohomology with compact supports; see eg
[8, Theorem I1.14.4]. We finally obtain another description of the shriek map i ':

Proposition 6.5 (compare [31, Theorem D.3]) The shriek map i' defined in (32) is equal to the
composite obtained as one goes along the bottom path in the diagram (33) above:

i' H"*(BNK) < colim H™ *(K N D)
E—>
— colim HZ™*(K 1 Dy, K N S,) 2 colim H™*(K N D) — H'*(K).

Furthermore, in the case where both E and B are themselves vector bundles over the same base, K = E
and i : B < E is the inclusion of a subbundle, the shriek map i' is the Thom isomorphism of the bundle
E — B given by choosing a splitting of i.

Proof The first part follows from Lemmas 6.3 and 6.4. The second part is shown by direct inspection of
the construction. 0O
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6.1.2 The proof of Lemma 6.1 We shall apply the general theory described in the last section to our
case. To lighten the notation, we write

[N :=hot(€), 21 := Lo(€) — Thoi,ns (£)
and

Di=Tha(JE), Z2:=Ta(J &) —Thons(JE).

The jet map j” gives a linear embedding of I into I; such that the image of the singular subspace is
precisely given by the intersection with the bigger singular subspace:

JT(ED) = "T)NZ,.

Choosing a complementary linear subspace of j” (I') inside I, we obtain a projection giving a vector
bundle

(34) L—j (M)=h
of real rank § = d — d. Below, we apply Vokiinek’s results to this situation.

We first set up the notation. Let &€ > 0 be a positive real number and denote by D, (resp. Sg, D ¢) the
closed disc (resp. sphere, open disc) subbundle of radius ¢ of the vector bundle (34). Recall from (29) the
functor Q) giving rise to the resolution of X,. We also define P p, : F°? — Top to be the subfunctor of Q)
given by

Dp, [n]:={(f.50,....50) €D[n] | f € D¢},

and likewise for Y s, C2) and Q) 5, C2Q) using only sections f € S or 58. Let . € HS (22N D¢, X2NS;)
be the restriction of the Thom class of the vector bundle (34) to X,. (Recall that the Thom class is
an element of H%(Dy, S¢).) In all what follows, we see I7 C I via the embedding j = j". Let
le: ¥1 = 35 N Dg be the inclusion (which is proper, and hence induces a morphism on compactly
supported cohomology). We explained in Proposition 6.5 that the shriek map ;' is obtained from the zigzag

la * - £ 2
HE(S1) <25 HX (520 Do) 2% HZF (SN0 D, SN Se) 2 HEY (820 Do) — HI(32)
by taking a colimit as € — 0.

We mimic that construction at the level of the resolutions. Let 0 < p < N + 1 be an integer. Recall
from (29) that F, pi denoted the p™ step of the filtration of the resolution of ;. We denote by F 172, D,
F 172, s, and F, pz’ 5, the analogous filtrations on the resolutions obtained from the subfunctors 9p,, s, and
2 b, respectively. Because a singular point of a section f € I7 is also a singular point of j"(f) € I,

the jet map gives a map on resolutions

X[pl = VIpl.  (fis0.-..5p) = (G (f). 50, 5p),
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which preserves the filtrations. Let I, e F pl — F p2 D. be the induced inclusion. Let y. € H S(sz D, sz Sg)
be the pullback of 7, along (sz D, sz s,) = (22N De, T3 N Se). The diagram

(is)* —Uye
HE(Fp) «——— HX(F} p) —— HXN(F} [, (Flg)= HX(F) 8 ) ——— HXP(FR)

I I | I

H (1) <5 He (B2 Do) —52 HZ V(22N De, £2NSe) = HXY (22N De) — HET(22)

then commutes by naturality of all the constructions involved, where all the vertical maps are induced
by the proper projections FI’,' — ;. The morphism jli: H} (Fpl) — HC*+8(F1,2) is then defined as the
colimit, when ¢ — 0, of the top composition in the diagram above. (Recall that (/¢)« is an isomorphism
in the colimit, by continuity of cohomology.) In particular, when p = N + 1, the vertical maps are
isomorphisms (by 3.11), which proves Lemma 6.1(ii) by noticing that the bottom composition is the
shriek map j'.

€ mo msms j/ i — _ —> — " are denned analogously, 1€ by the colimit
The morphisms j(,y: H} (Fy — F,_,) = HX PO (F} = F7_, defined analogously, ie by the colimi
as ¢ = 0 of the zigzag

1 1 2 2 +8 (2 2 2 2
Hc*(Fp —Fp1) < H:(Fp,Ds —Fp1p) H; (Fpp. = Fp1,p. Fp.s. — Fp-1.5.)
~ $(F2 o 2 o 82 2
= H:Jr (Fy 5, —Fyo1.8.) — Hc*Jr (Fy = Fp_1),
where, as before, the first morphism is induced by the inclusion, the second morphism is the cup product
with the Thom class and the third is induced covariantly by the open inclusion.

One may check, using naturality of the various constructions involved, that the morphisms jl!, and j (!p)
give a morphism of exact couples. This amounts to staring at the following commutative diagram:

HN(EL) HX(F'—FL ) HX(E') —————HX(F'))

*—1 2 *x( 72 2 %02 * 2
_— - _— _
Hc (F};_lsDS) Hc (FI;’DE FI;_LDS) Hc (};sDS) Hc (};_I;DE)
*—1+35 2 2 *+6 2 _ 52 2 _ 2 *+5 2 2 *—+§ 2 2
He (0 o byl s) > HET (B p =By po By s = Fp 1 s) 2 HET (B p  Blg ) HEO (T p B s,)

~ ~ ~ ~

*—1+8 (72 *+8( 72 2 *+6 (72 *+6 (2
Q —> [ J— o —> o o
He= 0, 8,) He (3.~ F21.8,) He ) ——— H (B, 8,)

HEWNR ) ——————— MR- F ) ——————— HI (B ———— HI (R )

To conclude the proof, we verify Lemma 6.1(i), ie that the morphism
Syt HY(F} = Fy_) > HXY(FZ—F2 )
is an isomorphism. Recall from (10) that
F}—F} | =Y,(Y) X6, |AP| and F, —F, ;| = Y,(X) xg,, |A?],
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where we defined as in (9) the subspace

Yp(D) :={(f.50.....5p) €Dl | 51 # sp if 1 # k} CY[p].

and likewise for Y, (X) C X[p]. Recall also that these spaces were vector bundles over TP+ gee
Section 4. Hence we have an inclusion of vector bundles:

1 1 2 2
Fp_Fp—l ’ Fp_Fp—l
g(p+1)

Now the second part of Proposition 6.5 applies and finishes the proof. |
6.2 The case of the stabilisation map

Choose some integer k > 0. We now describe how the argument of the previous section can be made
with the stabilisation map

Vi: Thot (7€) ® £5) ®¢ Thot (LK) = That (7€) ® LK) @ ¢ That(£F 1)
from (26). It is a linear embedding; hence, by choosing a complementary subspace, we get a vector bundle
Thot(J7€) ® L5 ® ¢ That (L5 1) = e (That(J7€) ® £5) ®¢ That(£5))

analogous to the one in (34). From the commutativity of the diagram (24), we see that a singularity x € X
for f € S(k) is also a singularity of y;(f) € S(k + 1). Therefore we also get a map induced on the
respective resolutions of S(k) and S(k + 1). Together with the fact that nonsingular sections are sent to
nonsingular sections, this is enough for the argument to be repeated in that case.

Proposition 6.6 The restriction of the stabilisation map Yy, to the nonsingular subspaces
Yi: N(k) > Nk +1)
induces an isomorphism in homology in the range of degrees * < N(E,r)(e(%) —1) +e(%) —2. |
Combining Propositions 6.2 and 6.6, we obtain the following:
Proposition 6.7 FEach map in the composition
Thol,ns(€) = Thotns (V7€) = N(0) — io_l)ig/\/(k)

induces an isomorphism in homology in the range of degrees x < N(E,r)(e(%) —1) + (%) —2. ]

7 Comparison of holomorphic and continuous sections

We shall relate colimy N (k) to the space Io (/" &) of nonsingular continuous sections of the jet bundle.
Recall from the stabilisation diagram (24) that every nonsingular space A (k) maps via g to To , (J7E).
The aim of this section is to prove the following result about the map induced from the colimit:
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Proposition 7.1 The map
(35) colim N (k) — Tp0 ,(J"E)
k—o0 ’
is a weak homotopy equivalence.
Combining this result with Proposition 6.7 readily implies Theorem 2.13. Proposition 7.1 is a direct
consequence of the openness of the subspace of nonsingular sections, which follows from the fact that the
admissible Taylor condition ¥ C J” £ is closed (see the discussion after Lemma 3.6), and the following:
Lemma 7.2 Let F be a finite CW-complex. The map
CO(F, colim N (k)) — CO(F, Tpo s (J7E))
k—o0 ’

induced by (35) has a dense image.
As in [20], we will need an adaptation of the classical Stone—Weierstrass theorem for real vector bundles.

Theorem 7.3 (Stone—Weierstrass) Let E — B be a finite-rank real vector bundle over a compact
Hausdorff space. Let A C C°(B,R) be a subalgebra and {sj}jes be a set of sections such that

(1) the subalgebra A separates the points of B: for any x,y € B, there exists h € A such that
h(x) # h(y),
(ii) forany x € B, there exists h € A such that h(x) # 0,

(iii) for any x € B, the fibre E is spanned by the s;(x) as an R-vector space.

Then the A-module generated by the s; is dense for the sup-norm (induced by the choice of any inner
product on E) in the space of all continuous sections of E.

Proof of Lemma 7.2 Let F be a finite CW-complex. By adjunction, a continuous map F — o ,(J"E)
corresponds to a section of the underlying real vector bundle of J"E x F — X x F. We shall apply
Theorem 7.3 to that vector bundle.

Recall that we have chosen in Section 5 a very ample line bundle £ on X and explained how to define the
complex conjugate § of a section s of £. For any integer k > 0, define the squared norm of a holomorphic
section of £ by

|- 122 Tho(£F) = To(£F @ £F) = (X, C), s+ |s|? := 53,

where the isomorphism with continuous maps was obtained in (23). Notice that |s|? is in fact a real-valued
function X — R C C. We also let

A :={g(-.)*1 X xF >R | g € C°(F. T (£F))} c CO(X x F. R),
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where if g € CO(F, Thol(£¥)), we see g(-,-) as a map from X x F to £¥ by adjunction. Keeping the
notation from Theorem 7.3, we let A be the subalgebra of C°(X x F,R) generated by all the Ay for
k > 0. For the set of sections as in Theorem 7.3, take

(36) (e, u) > (s(r,u),u): X X F— JEXF|seC’F, Tha(J E))},

where again, for s € CO(F, To1(J7E)), we see s(-,-) as a map from X x F to J”& by adjunction. We

may now check the conditions of Theorem 7.3.

(i) Let (x,u) # (x’,u’) € X x F. Consider the first case, where x # x’. For k > 2, £* is 2-very ample
(see Example 2.2). Hence there exists a section s € I} (£2) such that s(x) # 0 and s(x’) = 0. Then the
map (x,u) — |s(x)|? is in Ay and separates (x,u) and (x’,u’) as |s(x)|? # 0 and |s(x")|?> = 0. In the
other case, where x = x’, we have that u # u’. By the 1-very ampleness of £ we may choose s € I}, (£)
such that s(x) = s(x’) # 0. Let p: F — R4 be a bump function such that p(u) = 0 and p(u’) = 1.
Then the map (x, u) — |p(u)s(x)|? is in A; and separates the points. Indeed it is vanishing at (x, u) but
nonvanishing at (x’, u’).

(i) The second point is exactly what we have just proved in the first case of (i).

(iii) It suffices to prove that the fibre of J" & above x € X is spanned by the sections s(x) for s € [},o1(J " E).
This is implied by the 0-jet ampleness of £ (see Example 2.2).

By construction, any element in the image of the map

CO(F, iolim/\/(k)) — CO(F, Tpo 1 (J7E))
—00

is, by adjunction, in the 4-module generated by the set (36). |

8 Applications

8.1 Nonsingular sections of line bundles

Our first application concerns the case of nonsingular sections of line bundles, which was the starting
motivation for this work. Here, a direct corollary of our main theorem reads as:

Corollary 8.1 Let X be a smooth projective complex variety and L be a very ample line bundle on it.
Let d > 1 be an integer. The jet map

71 Thotas(£9) = Teo (U 1£9)
from nonsingular holomorphic sections of £4 to continuous never-vanishing sections of J 124 induces

an isomorphism in homology in the range of degrees * < %(d —1).

Proof It is a straightforward application of Theorem 2.13 by taking the admissible Taylor condition ¥
to be the zero section of J!£4 and recalling from Example 2.2 that if £ is very ample, then the tensor
power £4 is d-very ample. O
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More interestingly, we can compute the stable rational cohomology. This agrees with a computation made
by Tommasi (personal communication, 2021).

Theorem 8.2 Let n = dimc X be the complex dimension of X. For d > 1, there is a rational homotopy

equivalence
2n+1

Teons(J1£7) =2 [T K(Hi—1(X: Q). ).
i=1

In particular, the rational cohomology of o ,i(J Ty is given by the free commutative graded algebra
AH*H(X;Q)),

on the cohomology of X shifted by one degree.

Remark 8.3 This result implies in particular that the rational (co)homology of It ns (£d ) stabilises as
d — 0o. As we will see below, the integral cohomology does not stabilise in general.

Remark 8.4 The stable cohomology only depends on the topology of X . This is in accordance with the
analogies between topology and arithmetic and motivic statistics mentioned in the introduction. In both
the results of Poonen and Vakil-Wood, the limit is expressed by a zeta function which only depends on X.

Example 8.5 For X = CP” and £ = O(1), we find that the stable rational cohomology is the exterior
algebra
Ag(t1, 13, ..., t2an+1)

where #; is in degree i. This agrees with the result of Tommasi in [27].

Proof of Theorem 8.2 Recall that the nonsingular sections of J!£¢ are precisely the never-vanishing
ones. We choose a Riemannian metric once and for all and denote by Sph(J!£%) — X the unit sphere
bundle of the vector bundle J!£%. We may scale a never-vanishing section to have norm equal to 1 (for
the chosen metric) in each fibre. We thus obtain a homotopy equivalence

Teo s (7 1£4) 25 Teo(Sph(J 1 £4)).

We now rationalise the sphere bundle in the following sense. By [17, Theorem 3.2], there is a fibration
Sé”“ — Sph(J1£4)@ — X and a morphism of fibrations

S2n+1 ; Sén—i—l

| |

Sph(J1£%) —— Sph(J1£%)g
X /
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such that the map induced on the fibres $2"+1 — Sé”“ ~ K(Q,2n + 1) is a rationalisation. As X is
homotopy equivalent to a finite CW-complex and S2**! is nilpotent (it is indeed simply connected), we
may use [19, Theorem 5.3] to show that the map Sph(Jlﬁd) — Sph(JIEd)Q induces a map

Teo(Sph(J'£9)) = Teo(Sph(J ' £%)g).

which is a rationalisation. (In general, one has to restrict to some path component. However both spaces
are connected in our situation.) Now, oriented rational odd sphere bundles are classified by their Euler
class; see eg [13, I1.15.b]. In our situation, the orientation is induced from the canonical one on the
complex vector bundle J!£¢ and the Euler class vanishes for dimensional reasons. It follows directly
that Sph(J 1[id)Q — X is a trivial bundle. Therefore

T20(Sph(J ' £%) @) = map(X, K(Q,2n + 1)),

where map(—, —) denotes the space of continuous functions with its compact open topology. Finally,
in [26] (see also [15] for an accessible reference), Thom proves that this mapping space is homotopy
equivalent to a product of Eilenberg—MacLane spaces

2n+1 2n+1
map(X, K(Q,2n+ 1) ~ [[ KE* 7 (X;Q), i)~ [ K(Hi-1(X:Q), 1),
i=0 i=0

where the last equivalence comes from Poincaré duality. More precisely, he proves that if
ev:map(X, K(Q,2n+ 1)) x X - K(Q,2n+1)

is the evaluation map, and y € H>"t1(K(Q,2n + 1); Q) is the fundamental class, we may write
v () =D xi
i
where y; € H (map(X, K(Q,2n + 1)); H?"*t17(X;Q)). Then the projection

map(X, K(Q,2n + 1)) > K(H*" 17 (X: Q), i)

is determined by the cohomology class y;. a

8.1.1 Geometric description of the stable classes and mixed Hodge structures As a Zariski open
subset of the affine space Tj (£?), the subspace Fhol,ns(ﬁd) inherits a structure of complex variety and
its cohomology thus has a natural mixed Hodge structure. On the other hand, we may endow the stable
cohomology computed in Theorem 8.2 with a mixed Hodge structure defined as follows. Recall that the
cohomology H*(X; Q) can be equipped with a mixed Hodge structure using the structure of complex
variety on X, and denote by Q(—1) the Tate—Hodge structure of pure weight 2. By first tensoring these
structures and then applying the symmetric algebra functor, we obtain a mixed Hodge structure on the
stable cohomology. In this section, we show the following:
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Proposition 8.6 The morphism of Theorem 8.2,
AH*N(X;Q) @ Q(=1)) = H* (Thoins(£9); Q),

is compatible with the mixed Hodge structures.

Proof By the universal property of the (graded) symmetric algebra, it is enough to see that the morphism
H* ' (X:Q) ® Q1) = H* (Thotns(£7): Q)
respects the mixed Hodge structures. We do this by giving a more geometric description of this map. Let
7 Tholns(£9) X X = Thons(£%)
be the trivial fibre bundle, and let
J i Thotns (L) x X — J 124 — {0}

be the jet evaluation. By integrating along the fibres of 77, we obtain in cohomology a morphism of mixed
Hodge structures:

mo j*  H*(J' LY —{0}) @ Q(n) — H* 2" (Thorns(£Y)).

The extra Tate twist Q(n) comes from the definition of the Gysin map m via Poincaré duality; see
[23, Corollary 6.25]. As the Euler class of the jet bundle vanishes for dimensional reasons, we compute that

H*(J'£% —{01: Q) = H*(X: Q) ® H*(C"*! —{0}: Q).
Now H2"T1(C"+1 —{0}; Q) = Q(—n — 1), so we have obtained a morphism of mixed Hodge structures:
moj* H*(X) ® Q(—1) — H**! (Thoias(£Y)).
We claim that this coincides with the morphism given in Theorem 8.2. The proof is an exercise in algebraic

topology and uses the description of the mapping space given at the end of the proof of Theorem 8.2. O

8.2 Integral homology and stability

In this section, we focus on the special case where X = CIP! and £ = O(1). That is, we study the space
Ug = 1—‘hol,ns(C}P)l’ O(d))

of nonsingular homogeneous polynomials in two variables of degree d. From Corollary 8.1, we know
that the jet map
jl : Ud — FCO,ns(JIO(d))

induces an isomorphism in integral homology in the range of degrees * < %(d —1). We prove that the
section space on the right-hand side does not depend on d > 1, and hence that the integral homology
of U, stabilises.
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Theorem 8.7 Ford > 1, we have a homotopy equivalence

1—‘Co,ns(‘ll(g(CIP’l (d)) x maP(Sz, S3)
In particular

H«(Uy:7) =~ Hy(map(S?, S$3); Z)

in the range of degrees * < %(d —-1).

Remark 8.8 Choosing a basepoint » € S2 and using the Lie group structure on §3 = SU(2), we obtain
a homeomorphism

map(S?, $%) = §7 xmap, (5%,5%) = S x Q%S> f> (f(b), f(O)7' /),

which can be used to compute the integral homology. This can be done one prime at a time. Indeed, the
p-primary elements have order exactly p by [22, Corollary 10.26.5]. This p-primary part can then be
computed directly from the Bockstein spectral sequence and the knowledge of the Z/ p homology, which
is recalled in [22, Corollary 10.26.4]. We can also note that the homology of Q253 ~ Q%S 2 is the stable
homology of braid groups studied in [10, Paper III, Appendix A].2

Remark 8.9 In the next section, we will show that one cannot expect integral homological stability in
general. The case X = CP! should be seen as a very particular phenomenon.

Proof Recall from the proof of Theorem 8.2 that we have to study continuous sections of the sphere
bundle of the jet bundle:
§3 - Sph(J1O¢pi(d)) — CP!L.

One sees that this bundle is classified by the second Stiefel-Whitney class of the jet bundle, ie the
reduction modulo 2 of its first Chern class. Using that d > 1 and [12, Proposition 2.2], we obtain an
isomorphism of vector bundles

J1Ocp1(d) = Ocpi(d —1)%2,
We compute the first Chern class to be
c1(J'Ocp1(d)) = c1(Ocp1(d —1)®%) = 2¢1(Ocpi (d — 1)),

so its reduction modulo 2 vanishes regardless of d. As the sphere bundle was classified by this class, this
shows that it is trivial. Therefore

20 4o (J ' Ocp1 (d)) =~ Tpo (Sph(J ' Ocpi (d))) ~ map(S2, S7). O

2Many thanks to Antoine Touzé for explaining this computation to me, and to the referee for pointing out the connection to braid
groups.
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8.3 Integral homology and nonstability

As we indicated in Remark 8.3, the rational cohomology groups of the spaces Fhol,ns(ﬁd) stabilise. That
is, for a fixed i > 0, the i"" rational cohomology group is independent of d as long as i < 5(d—1).In
this section, to contrast with the very special case of the previous one, we show that one cannot expect
integral stability in general.

Let us fix some notation for the remainder of this section: d > 1 is an integer, £ is a very ample line
bundle on a smooth projective complex variety X and n = dim¢ X is the complex dimension of X. As
we will only be considering spaces of continuous sections, we will use I' as a shorthand for I',0.

The main result of this section is Theorem 8.11. To show its computational potential, we will show the

following:

Proposition 8.10 Let d > 6 be an integer. We have

Z/2 d=0mod?2,

Hy (Tholns(CP2,0(d)); Z./2) = 0 d=1mod?

8.3.1 A comparison map As stated in Corollary 8.1, we are reduced to studying the homotopy type of
the space of continuous sections of the sphere bundle Sph(J 1£4). Even though this is a purely homotopy-
theoretic problem, its resolution is quite hard. We will therefore “linearise it” in the homotopical sense
using spectra. This is made precise in the following result:

Theorem 8.11 Let TX be the tangent bundle of X, and let X7 '£9=TX genote the Thom spectrum of
the virtual bundle J'£4 — TX of rank 2. There is a 2n-connected map

F(Sph(]lﬁd)) N QOO-}—IXJIL‘{—TX'

Our proof uses very lightly the theory of parametrised pointed spaces/spectra and is written using oo-
categories. We feel that this choice helps in conveying the main ideas more clearly. The unfamiliar reader
is encouraged to think of bundles of pointed spaces/spectra, whilst resting assured that there exists a theory
which renders all statements made here literally true. An encyclopaedic reference is [18]. As we shall
only use basic adjunctions and Costenoble—Waner duality, we suggest to simply look at [16, Appendix A]
for a very readable introduction.

We denote by S« and Sp the oco-categories of pointed spaces and spectra, respectively. Likewise, we let
Sx,x = Fun(X,S«) and Sp, x = Fun(X, Sp) be the co-categories of parametrised pointed spaces/spectra
over X. (In the definitions, X is seen as an co-groupoid.) We let r: X — * be the unique map to the
point. We will use the following three standard functors:

the restriction functor: r*:Sx — S« .,
its right adjoint: Is:Sx,x = Sx,

its left adjoint: i Sk, x — Sx.
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The right and left adjoints are given by right and left Kan extensions, respectively. In other words, ry takes
the limit of a functor F' € S, x = Fun(X, S«), whilst ry takes its colimit. We will also use the analogous
functors in the case of parametrised spectra with the same notation. It will be clear from the context
which one we are using. The crucial fact for us is that for any bundle ¥ — X equipped with a section s
(this gives the data of a pointed space over X), r«(Y) is the path component of s in the section space.

As a last piece of notation, we will use 27‘)’( . Q%’( to denote the infinite suspension/loop space adjunction
between parametrised pointed spaces and spectra, and use X°° - 2% to denote the usual adjunction in

the unparametrised setting.

On our way to the proof of Theorem 8.11, we first make some formal observations. Loosely speaking,
we would like to say that the section space of a fibrewise infinite loop space is the infinite loop space of
the “section spectrum”. This is made precise in the lemma below.

Lemma 8.12 Let Y €S, be a parametrised space over X. We have a natural equivalence of pointed
spaces:
Qoor*(E ¥Y) _r*(Q %’(Y).

Proof We use the Yoneda lemma and the adjunction r* — r«. Let Z € S, be a pointed space. We have
maps_(Z, Qoor*(Z %Y)) ~ mapg, (X, r*(E ¥Y)) >~ maps, (r*z*®Zz, Z ¥Y)
~ maps,, (Z°§(r Z,3%Y) = maps, r*Z, Q%’( 2%Y)
~ maps, (Z, r+ (275 275 Y)).

Almost all manipulations follow from the standard adjunctions. The third equivalence uses the fact that
r*XZ is the trivial parametrised spectrum with fibre £°°Z, and hence is equivalent to X5 ix" r*Z. 0o

We will need two more facts before proving Theorem 8.11. The first one is the following simple
observation. If V' — X is a vector bundle such that its associated sphere bundle Sph(}V) — X has a
section s, then we may take the fibrewise infinite suspension X9 /X Sph(V') € Sp,x., using s to give a
basepoint in each fibre. On the other hand, we could have taken the fibrewise one-point compactification
and then suspended using the added point at infinity as a basepoint in each fibre. Up to a suspension,
these are the same parametrised spectra.

Lemma 8.13 Let V — X be a vector bundle with a nonvanishing section, and let Sph(V) — X be
its associated sphere bundle. Let S)I(/ denote the fibrewise infinite suspension of the fibrewise one-point
compactification of V (using the point at infinity as the basepoint in each fibre). Then

2% Sph(V) ~ Qx Sy,
where €2y denotes the desuspension in the category Sp, x .
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Proof Let us scale a nonvanishing section s of V' so that it has image in the sphere bundle. We write
D(V) C V for the unit disc bundle of V, which we point using s, and VT for the fibrewise one-point
compactification. We obtain the lemma by applying the fibrewise infinite suspension 27‘;( to the cofibre
sequence Sph(V) — D(V) — VT of parametrised pointed spaces over X. |

Recall that the co-category Sp, x is symmetric monoidal, with monoidal unit Sy := r*(S). (Here and
everywhere else S denotes the sphere spectrum.) The usefulness of the whole machinery set up so
far is contained in the following result. A classical reference is [18, Chapter 18]. In the language of
oo-categories, one may read the second section of [16, Appendix A].

Lemma 8.14 (Costenoble—Waner duality) The Costenoble—Waner dualising spectrum of X is S}TX ,
the spherical fibration associated to the stable normal bundle of X. That is, we have an equivalence of
functors:

re(=) = ni(=®s, Sy ).
Proof of Theorem 8.11 We start by choosing once and for all a section s of the sphere bundle Sph(J! £,
which provides us with a basepoint in every fibre. We may therefore apply the free infinite loop space
functor Q = Q%°3X%°: S, — S, fibrewise and obtain the following diagram of fibrations:

S2n+1 ; 9002005211-}-1

| !

Sph(J'£4) —— Q9% =% Sph(J'£9)

| |

X X

By the Freudenthal suspension theorem, the map S2" ! — Qx> 827+1 i5 (4n+1)-connected. Using
that X is homotopy equivalent to a 2n-dimensional CW-complex, and that I'(—) sends homotopy pushouts
to homotopy pullbacks, a direct induction on the skeletal filtration shows that the map on section spaces

I'(Sph(J'£4)) > I(Q5% =% Sph(J'£4))

is 2n-connected. (Notice that both spaces are connected, so the choice of s was immaterial.) Using
Lemma 8.12, we obtain

T(Q% =% Sph(J ' £9)) > 1 (Q0% I Sph(/ ' £9)) ~ Q% r. (7% Sph(J ' £9)).
We now make the purely formal computation
re(E5% Sph(J 1£4)) = ry (2% Sph(J 1 £9) ®s, S5T¥) = n(QxS§ £ ®s, Sx7¥)
~ n(QxSy £ 2 sy £ ~ x T eTX

where we used Lemma 8.14 for the first equivalence, Lemma 8.13 for the second, and recognised that the
value of ry on a spherical fibration is the associated Thom spectrum. |
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8.3.2 An example when X = CP2 To show how Theorem 8.11 can be applied in practice, we use
it to prove Proposition 8.10. We hope that this will convince the reader of the computational power of
homotopy-theoretic methods to study spaces of algebraic sections.

Following Theorem 8.11, we should investigate Qootlx /' L/=TX when X = CP2 and £ = o(1).
Because J ' £¢ — TX is of rank 2, the spectrum QX7 ?£7=TX ig |_connective and the bottom homotopy
group is 1 = Z by the Hurewicz theorem. We consider the fibration

1,d
F—>QOO+1XJ L _TX—)Sl,

where F' is the homotopy fibre of the rightmost map, which is taken to induce an isomorphism on 1. A
d . . . .
generator of 7 (Q®°+T1 X7/ ef-TX ) = Z gives a section of that fibration, and we obtain

1 pd
QOO+1XJ L—-TX l"Sl XF.

In particular, F is simply connected with 75 (F) 2 mp(Q®+1 X7/ 'ed-TX ). By the Hurewicz theorem
and the universal coefficient theorem, Hy(F;Z/2) = Hy(F;Z) ® 7 /2 = 7> (F) @ Z /2. We thus wish
to compute 7, (T X7/ 'ed-TX ), which we will do using the Adams spectral sequence at the prime 2:

ES' = Ext{ (H* (X777, 22),2/2) = ma(X7'E7TX)5,

(Hence we will only compute the 2-completed group, but this will be enough for our purposes.) The
E»-page is computed by knowing the cohomology H* (X’ ed-TX ;Z./2) as an algebra over the mod 2
Steenrod algebra A. (See [3, Section 3.3] for a very readable introduction.) If U denotes the Thom class

of J1£4 —TX, the classes in the cohomology of the Thom spectrum X 7 ed-TX

are given via the Thom
isomorphism as yU where y € H*(X;Z/2). At the prime 2, the Steenrod squares can then be computed
from the formula
S¢FGU)= Y S¢S/ (U)= ) Sq(yw,U,
i+j=k i+j=k
where w; is the j Stiefel-Whitney class of J Igd _ TX. In our case, writing Z/2[x]/(x?) for the
cohomology ring of X = CIP2, the total Stiefel-Whitney class is given by:

1 d =0 mod 2
wJ2d —TX) = o=,
1+x d=1mod?2.
We used the handy tool [9] to compute the E;-page for us, and obtained Figure 3. From this, standard

arguments about differentials (see eg [3, Section 4.8]) show that

1pd_ Z/2 d=0mod?2,
ma(X T E TX)Q%%O d=1mod?2.

Therefore
Z/2 d=0mod2,

Hy(F:7/2) =1y (F)®Z/2 =~ n3(X ' £ TX) @ 7/2 ~
2(FiZ/2) = ma(F) 8 /2 2 ms( yozax i TN
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4 | 4
3 3
2 . 2
1 . 1
0 0
2 3 4 2 3 4

Figure 3: Left: d =0 mod 2. Right: d = 1 mod 2. Following the established convention, we use
the Adams grading: the horizontal axis is indexed by 7 — s, and the vertical one by s. Every dot
represents a copy of Z /2. The vertical lines represent multiplication by g € Exti{l (Z.]2,7.]2).
We suggest to the unfamiliar reader to look at [3, Section 4.3] for more explanation.

Using the Kiinneth theorem, we obtain
Hy(QOTLx 7' =TX 719y ~ Hy(SY x F;72/2) = Ha(F; 7,)2),

which finishes the proof of Proposition 8.10.

8.4 Stability of p-torsion

In this final section, we study the p-torsion in the homology of the space I}-o(Sph(J 1£4)). On the one
hand, we have just seen in Proposition 8.10 that it depends on d in general. On the other hand, the
result below shows that when the prime p is slightly bigger than the dimension of X, the p-torsion is
independent of L.

Proposition 8.15 Let X be a smooth complex projective variety of complex dimension n and L be a
holomorphic line bundle on it. Let p be a prime such that p > n + 2. Then the fibrewise p-localisation of
the sphere bundle Sph(J ! £) — X is trivial. In particular, we have an equivalence of p-local spaces

Teo(Sph(J ' £)) () ~ map(X, S(Z;)“).

As an immediate consequence, combining the proposition above with Corollary 8.1 shows that the
p-torsion in the homology of Tio,ns(X; Ed) stabilises when p > dim¢ X + 2 and d — o©.

The proof uses the following result, which we learned from [5, Proposition 4.1]:

Lemma 8.16 For p > %k + %, the space mapl(S(kp), Sé‘p)) of maps homotopic to the identity is (k—1)-
connected.

Geometry & Topology, Volume 29 (2025)



1486 Alexis Aumonier

Proof The proof is given in [5], but we sketch it here for convenience. We shall assume that k is odd, as
we will only use this case. Recall the evaluation fibration

k ok k k k
Q1S () = mMap; (Sgpys S(py) = Spy-

Using the associated long exact sequence of homotopy groups, it suffices to show that m; (Q’f S (kp))
vanishes for i < k — 1. Using the assumption p > %k + % this follows from Serre’s calculations on
p-torsion in the homotopy groups of spheres. |

Proof of Proposition 8.15 Let

Sentt = Sph(J L)) — X

be the fibrewise p-localisation of Sph(J!£) — X. By [19, Theorem 5.3], we have a homotopy equivalence
oo (Sph(J ' £)) () = Teo(Sph(J 1 £) ()

As the sphere bundle is canonically oriented (using the complex orientation of J!£), the fibration
Sph(]lﬁ)(p) — X is classified by a map

X—B mapl(S(ZI:')H, S(ZI:’)JFI).

By Lemma 8.16, the codomain of that map is (2n+1)-connected. As the domain has real dimension 2n,
the classifying map must be nullhomotopic, thus showing that the fibration is trivial. |
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