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The combinatorial formula for open gravitational descendents

RAN J TESSLER

Pandharipande, Solomon and Tessler (2014) defined descendent integrals on the
moduli space of Riemann surfaces with boundary, and conjectured that the generating
function of these integrals satisfies the open KdV equations. We prove a formula for
these integrals in terms of sums of Feynman diagrams. This formula is a generalization
of the combinatorial formula of Kontsevich (1992) to the open setting. In order to
overcome the main challenges of the open setting, which are orientation questions and
the existence of boundary and boundary conditions, new techniques are developed.
These techniques, which are interesting in their own right, include a characterization
of graded spin structure in terms of open and nodal Kasteleyn orientations, and a new
formula for the angular form of $2”~!—bundles.

Buryak and Tessler (2017) proved the conjecture of Pandharipande, Solomon and
Tessler based on the work presented here.
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1 Introduction

The study of the intersection theory on the moduli space of open Riemann surfaces
was initiated by Pandharipande, Solomon and Tessler in [31]. The authors constructed
a descendent theory in genus 0 and obtained a complete description of it. In all genera,
they conjectured that the generating series of the descendent integrals satisfies the
open KdV equations. This conjecture can be considered as an open analog of Witten’s
famous conjecture in [38].

The construction of the positive-genus analog will be carried out in joint work with
Solomon [35], and is reviewed here. A physical interpretation of these constructions
can be found in Dijkgraaf and Witten [15].

In this paper, after recalling the constructions of [31; 35], we prove a formula for all the
descendent integrals as sums over amplitudes of special Feynman diagrams, which we
call odd critical nodal ribbon graphs. With this formula one can effectively calculate
all the open descendents.

Based on this formula, the conjecture of [31] is proved in Buryak and Tessler [10], and
a calculation of finer invariants is performed in Alexandrov, Buryak and Tessler [2].

Geometry & Topology, Volume 27 (2023)



The combinatorial formula for open gravitational descendents 2499

1.1 Witten’s conjecture

1.1.1 Intersection numbers Denote by M, ; the moduli space of compact connected
Riemann surfaces with / distinct marked points. P Deligne and D Mumford [13] defined
a natural compactification of it via stable curves. Given g and /, a stable curve is a
compact connected complex curve with / distinct marked points and finitely many
singularities, all of which are simple nodes. We require the automorphism group of the
surface to be finite, and the marked points and nodes are all distinct. The moduli space
of stable curves of fixed g and [ is denoted by M g,1- It is known that this space is a
nonsingular complex orbifold of complex dimension 3g — 3 + /. For the basic theory
the reader is referred to Deligne and Mumford [13] and Harris and Morrison [17].

In his seminal paper [38], E Witten, motivated by theories of 2—dimensional quantum
gravity, initiated new directions in the study of M g,1- For each marking index i he
considered the tautological line bundles

whose fiber over a point
[Z.z1,....21] € Mg

is the complex cotangent space TZ"; Y of ¥ at z;. Let
Wi € HZ(Mg,l, Q)
denote the first Chern class of I;, and write

(1) (Talfaz...fal)g;: / willwgz,..wlaz'
Meg.1

The integral on the right-hand side of (1) is well defined when the stability condition
20 -2+4+1>0

is satisfied, all the @; are nonnegative integers, and the dimension constraint
3g-3+1= Z a;
i

holds. In all other cases, ( ]_[f=1 Tq; )Z, is defined to be zero. The intersection products (1)

are often called descendent integrals or intersection numbers.

Let ¢; (for i > 0) and u be formal variables, and put
o0
Y= Z 1.
i=0

Geometry & Topology, Volume 27 (2023)



2500 Ran J Tessler

Let

(r")g
n!

00
Fgc(l(),ll, s = Z
n=0

be the generating function of the genus g descendent integrals (1). The bracket (y")z,
is defined by the monomial expansion and the multilinearity in the variables #;. The

generating series
o0
c.__ 28—2 e
) F€:= Z u?$ 2 F¢
g§=0

is called the (closed) free energy. The exponent 7€ := exp(F€) is called the (closed)

partition function.

1.1.2 KdV equations Set
alFe
C .__
((ta) Ta, Ta/» . 8ta18ta2---8tal .
Witten’s conjecture [38] says that the closed partition function 7¢ becomes a tau
function of the KdV hierarchy after the change of variables t, = (2n + 1)!! T5,,+1. In
particular, it implies that the closed free energy F¢ satisfies the following system of
partial differential equations for n > 1:

@n+ Du?(tatg) = (tn-170) (o) +2(ta—170) () + 3 {ta—170)°.

These equations are known in mathematical physics as the KdV equations. Witten [38]
proved that the intersection numbers (1) satisfy the string equation

l C l c
<T01—[Tai> =Z<Taj—11_[fai> for 2g—2+4+1>0.
i=1 &  j=1 i) g

Witten has shown that the KdV equations, together with the string equation, determine
the closed free energy F¢ completely. R Dijkgraaf, E Verlinde and H Verlinde [14]
reformulated an alternative description to Witten’s conjecture in terms of the Virasoro
algebra, and they have shown that the two descriptions are equivalent.

1.2 Kontsevich’s proof

Witten’s conjecture was proved by M Kontsevich [25]. The proof of [25] consisted
of two parts. The first part was to prove a combinatorial formula for the gravitational
descendents. Let R , be the set of isomorphism classes of trivalent ribbon graphs of

Geometry & Topology, Volume 27 (2023)



The combinatorial formula for open gravitational descendents 2501

genus g with n marked faces. Denote by V' (G) the set of vertices of a graph G € Rg .
Introduce formal variables A;, with i € [r]. For an edge e € E(G), let

1
Ale) = ———,
where i and j are the numbers of faces adjacent to e. The following formula holds:
(2611 — 1)n 2|E(G)|-IV(G)I
o X (MTu) M%%=- ¥ 2o 11 e
al,...,an>0"'i=1 8i=1 1 GERg.n ecE(G)

The second step of Kontsevich’s proof was to translate the combinatorial formula into
a matrix integral. Then, by using nontrivial analytical tools and the theory of the KdV
hierarchy, he was able to prove that F¢ satisfies the KdV equations of Section 1.1.2.
Other proofs for Witten’s conjecture were given, for example, in Mirzakhani [29] and
Okounkov and Pandharipande [30].

1.3 Open intersection numbers and the open KdV equations

1.3.1 Open intersection numbers In [31], R Pandharipande, J Solomon and the
author constructed an intersection theory on the moduli space of stable marked disks.
Let MO, k.1 be the moduli space of stable marked disks with k boundary marked points
and [ internal marked points. This space carries a natural structure of a compact smooth
oriented manifold with corners. One can easily define the tautological line bundles L;
for an internal marking i, as in the closed case.

In order to define gravitational descendents, we must specify boundary conditions. The
main construction in [31] is a construction of boundary conditions for L; — ./\70’1(,1.
In [31], vector spaces S; = S o.k,1 of multisections of IL; — 8/\70,/(,1, which satisfy
the following requirements, were defined. Suppose a1, ..., a; are nonnegative integers
with 23", a; = dimg Mg g ; = k + 21 — 3. Then:
(a) For any generic choice of multisections s;; € S; for 1 < j < a;, the multisection
D s
i€[l]
1<j<a;
vanishes nowhere on 8/\7(0,/{,1.

(b) For any two such choices s and s’ we have

/ e(E,s) =/ e(E,s"),
Mo,k.1 Mo k.1

where E = P, L ‘.1’ and e(E, s) is the relative Euler class.

Geometry & Topology, Volume 27 (2023)



2502 Ran J Tessler

The multisections s;;, as above, are called canonical. With this construction the open
gravitational descendents in genus O are defined by

_ 1l
(4) (Tay Tay -+~ Tay o) i= 272 k=D / e(E.s).
Mo k.1

where E is as above and s is canonical.

In a forthcoming paper [35], J Solomon and the author define a generalization for all
genera. Suppose g, k and / are such that

(5) 2¢—2+k+2>0 with 2|g+k—1.

In [35] a moduli space M g.k,1» Which classifies stable surfaces with boundaries and
some extra structure, is constructed; see Section 2.3 for a precise definition. The moduli
space M ¢,k,1 18 a smooth oriented compact orbifold with corners, of real dimension

(6) 3g—3+k+2I.

Note that naively, without adding an extra structure, the moduli of real stable curves of
positive genus is nonorientable.

Again, on Mg,k,l one defines vector spaces S; = S ¢ k7 for i € [I], for which the
genus g analogs of requirements (a) and (b) from above hold. Write

1 _
@) (Ta, Ta, "'Tazak>z7 =272+ / e(E,s)
Mgkl

for the corresponding higher-genus descendents. Introduce one more formal variable s.
The open free energy is the generating function

o0 l(gk
. stnin e St 00

where y 1= ) ,_#;7; and § := 50, and again we use the monomial expansion and the
multilinearity in the variables #; and s.

The descriptions of M ¢.k,1 and its construction, and of the boundary conditions and
their construction, are given in Section 2. Throughout this article we shall write (- - -)
for (---)2 g- as closed descendents will not be considered, and the genus can be read
from the numbers k,1,aq,...,q;.

Geometry & Topology, Volume 27 (2023)



The combinatorial formula for open gravitational descendents 2503

1.3.2 Open KdV The initial condition

) F°,_ o =u_1%+u_1tos

follows easily from the definitions [31]. In [31] the authors conjectured the equations
) — dF°

10 =) 1,

(10) o i:ZolH o +u s
IF° S 2i+1 OF° 2 F°

11 = ti = =.

(1) T D e L

Il
=

1

They were called the open string and the open dilaton equation, correspondingly. These
equations were geometrically proved in [31] for g = 0, and for all genera in [35].

Put al—i—k FoO

" ta, Ita, - lg Ik

(Tay Tay ++* Ta, 0F ) :

The main conjecture in [31] was:

Conjecture 1 (open KdV conjecture) The system of equations

(12) 2n+ Du~ (za)?
= u((Tn—170)° (10))° — Sul{Tn—173)° + 2((ta=1 )’ ()’ + 2{(Ta—10))°,

with n > 1, is satisfied.

In [31], the equations (12) were called the open KdV equations. Tt is easy to see that F'°
is fully determined by the open KdV equations (12), the initial condition (9) and the
closed free energy F¢. They also made a Virasoro-type conjecture, which also fully
describes the open descendents. Both conjectures were proved in [31] for g = 0. In [5],
Buryak proved the equivalence of the two conjectures. Based on the work presented
here, the conjecture was proven for all genus in [10]; see Section 1.5 below for more
details.

1.4 The open combinatorial formula

Here and below the genus of a Riemann surface with boundary ¥, smooth or nodal,
is defined as the usual genus of the doubled surface obtained from gluing two copies
of ¥ along the common boundary 0%.

Geometry & Topology, Volume 27 (2023)



2504 Ran J Tessler

Definition 1.1 Let g, k,/ be nonnegative integers which satisfy conditions (5), and
let B,Z be sets with |B| =k, |Z| = 1. Let (X, {x; }ien, {zi }iez) be a genus g surface
with boundary, whose set of boundary markings is 3, and set of internal markings is Z.
A (g, B, Z)-smooth trivalent ribbon graph is an embedding (: G — ¥ of a connected
graph G into (2, {x; }ien, {zi }iez), such that:

(@ {xities € t(V(G)), where V(G) is the set of vertices of G. We henceforth
consider {x;} as vertices.

(b) The degree of every x; is 2.
(c) The degree of any vertex v € V(G) \ {x;}iep is 3.
(d) 9% C(G).
(e) If [ > 1, then
S\uG) =] D

i€T
where each D; is a topological open disk, with z; € D;. We call the disk D; the
face marked i.

(f) Ifl =0, then «(G) = 0% and k = 3. Such a component is called trivalent ghost.

The genus g(G) of the graph G is the genus of ¥. The number of the boundary
components of G or X is denoted by »(G), and V! (G) stands for the set of internal
vertices. Denote by B(G) the set of boundary marked points {x; };eg, and by I(G) ~T
the set of faces.

Definition 1.2 An odd critical nodal ribbon graph is G = (]_[l G,-) /N, where:

(a) The (;: G; — %; are smooth trivalent ribbon graphs.

() N c (U; V(Gi) x (U; V(Gy)) is a set of ordered pairs of boundary marked
points (vy, vp) of the G;, which we identify. After the identification of the
vertices vy and vy, the corresponding point in the graph is called a node. The
vertex v is called the legal side of the node and the vertex v, is called the illegal
side of the node.

(¢) Ghost components do not contain the illegal sides of nodes.

(d) For any component G;, any boundary component of it contains an odd number
of points which are either marked points or legal sides of nodes.

Geometry & Topology, Volume 27 (2023)



The combinatorial formula for open gravitational descendents 2505

Figure 1: A nodal ribbon graph.

We require that elements of N be disjoint as sets (without ordering).

The set of edges E(G) is composed of the internal edges of the G; and of the boundary
edges. The boundary edges are the boundary segments between successive vertices
which are not the illegal sides of nodes. For any boundary edge e, we denote by m(e)
the number of the illegal sides of nodes lying on it. The boundary marked points of G
are the boundary marked points of the G; which are not nodes. The set of boundary
marked points of G will be denoted by B(G), the set of faces by 1(G).

An odd critical nodal ribbon graph is naturally embedded into the nodal surface ¥ =
(LI; =i)/N. The genus of the graph is defined as the genus of . A (g.k,/)—odd
critical nodal ribbon graph is a connected odd critical nodal ribbon graph, together
with a pair of bijections, m?: B(G) — [k] and m’ : I(G) — [[], called markings.

Two marked odd critical nodal ribbon graphs ¢: G — ¥ and (/: G’ — ¥’ are isomorphic if
there is an orientation-preserving homeomorphism ®: (X, {z; }, {x; }) = (X', {z]}, {x]})
of marked surfaces, and an isomorphism of graphs ¢: G — G’, such that

(a) o¢p=>doy, and
(b) the maps preserve the markings.
Figure 1 depicts a nodal graph of genus 0, with 5 boundary marked points, 6 internal

marked points, three components, one of which is a ghost, and two nodes, where a plus
sign indicates the legal side of a node and a minus sign indicates the illegal side.

Notation 1.3 Denote by OR;” «; the set of isomorphism classes of odd (g, k,/)-
critical nodal ribbon graphs with m legal nodes.

Remark 1.4 In Section 4 we have to consider more general ribbon graphs, and the
notions of this subsection are defined in a different but equivalent way.

Geometry & Topology, Volume 27 (2023)
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The goal of this paper is to prove the following theorem.

Theorem 1.5 Fix g, k,[ > 0 which satisty conditions (5). Let A1, ..., A; be formal
variables. Then we have

1 _ 2% (2a; — D!
1 D P oty [ G

at,...,a;=>0 i=1

[T, 21V @)l +2(G)+bG)-1

=> > f Ae).
|Aut(G)|
mz0 G=(11; Gi)/NeORY ., ecE(G)
where

gy j_ Y if e is an internal edge between facesi and j,
Ae) = L(zm)/\-_zm_l if e is a boundary edge of face i and m(e) =

m+1\m /!

1 if e is a boundary edge of a ghost.

Remark 1.6 The invariants of [31; 35] are defined as integrals of relative Euler classes,
relative to canonical boundary conditions, over the moduli of graded surfaces, which
are oriented orbifolds with corners. Theorem 1.5 is proven based on these definitions;
more precisely, it assumes that the moduli spaces of graded surfaces are oriented
orbifolds with corners, that the orientations satisfy some compatibility properties along
nodal strata, and that (special) canonical multisections can be found. Since [35], which
proves these assumptions in the positive genus case, has not appeared yet, in addition
to defining everything we use, we also review the arguments.

First, the fact that the moduli of graded surfaces are smooth orbifolds with corners
is a technical result, whose proof imitates of the proof of Theorem 2 of [41], and is
provided in Section 2.3.6. Second, the construction of special canonical boundary
conditions is similar to the proof of Lemma 3.53(a) in [31], and appears in Section 2.5.

On the other hand, proving that the high genus moduli is orientable, constructing the
orientations and showing their properties is more involved, and is based on the discovery
of the open Arf invariant in Solomon and Tessler [34]. However, in Sections 5 and 6.2,
we provide completely different proofs for the orientability and the orientation properties
we need, using the stratification of the moduli and properties of Kasteleyn orientations.

It is also worth mentioning that one of the main results of [31; 35] is the independence
of the open intersection numbers on choices. This fact is also a byproduct of the

Geometry & Topology, Volume 27 (2023)



The combinatorial formula for open gravitational descendents 2507

NG
1

Figure 2: Examples of contributing graphs.

proof of Theorem 1.5, which uses just the defining properties of canonical boundary
conditions and not a specific canonical multisection.

1.4.1 Examples (71790)9 = 1. Thus, for g =0, k = 1 and / = 2 the left-hand side
of equation (13) with A; = A and A, = pu is

2 2

EAVE
The right-hand side receives contributions from several graphs; see Figure 2(a). The
two nonnodal contributions in the first line are
1 1
At w2 Gt iz

Geometry & Topology, Volume 27 (2023)
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The two nonnodal contributions in the second line are
2 + 2
2830+ ) 2u3(A+p)

The nodal ones sum to | .

A3 + UA3
And the two sides agree.

The second example is of (1)1 = % Consider case (b) in Figure 2. The left-hand side
is 1/A3. Nonnodal terms do not contribute, as the single relevant graph — the leftmost
graph of (b) —is not odd. The nodal contribution is exactly 1/A3.

The last example, Figure 2(c), is of (120°) = 8. The left-hand side gives 384/A°.
Then 24 nonnodal diagrams— one for each cyclic order of the boundary points —
contribute 24 /1°. There are 120 diagrams with a single node, one for each order;
each contributes 1/A°. There are 120 diagrams with two nodes; each contributes 2 /1>,
where 2 comes from the Catalan term.

1.5 Proof of the conjecture and related works

Some recent developments, related works and open questions are summarized below.

(i) Proof of the open KdV conjecture Based on the combinatorial formula presented
here, the conjecture of [31] has been proven in [10]: first, the combinatorial formula
was transformed to a formula of matrix integrals, and then, by analytical tools and ideas
from the theory of integrable hierarchies, the integral was shown to satisfy the open
Virasoro constraints, which are equivalent to the open KdV equations by Buryak [5].

(ii)) Boundary descendents Buryak [6] showed that the string solution of the open
KdV equation is closely related to the wave function of the KdV hierarchy. In [5] a
more general generating function, which is a tau function of the Burgers—KdV system,
was introduced. It was conjectured that this function should correspond to an open
intersection theory which includes descendents of boundary marked points. Such
a theory can be constructed, extending the construction of [35], and, based on the
combinatorial construction in this paper and on Buryak and Tessler [10], this theory
can be shown to satisfy the Burgers—KdV hierarchy. The definition of the extended
theory, its calculation and the proof of its relation with the Burgers—KdV hierarchy will
appear soon.
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(iii) Kontsevich—Penner matrix model, Refined open intersection numbers An
alternative description of the solution of the Burgers—KdV equations in terms of
matrix integrals was found algebraically by A Alexandrov [1] in terms of the N =1
specification of the Kontsevich—Penner tau function.

Open problem 1 Is there a direct geometric way to derive Alexandrov’s solution of
the open KdV equations from the geometric construction of [31; 35]?

The combinatorial construction presented here was used in Alexandrov, Buryak and
Tessler [2] to write a formula for more refined open intersection numbers. The main
conjecture of [2], which is a strengthening of a conjecture of Safnuk [33], is that
the generating series of the refined open numbers equals the Kontsevich—Penner tau
function.

(iv) Open r—spin In recent work of Buryak, Clader and Tessler [8; 7], a far-reaching
generalization of [31] to an intersection theory over the moduli of r—spin disks has
appeared. The potential of the genus O open r—spin integrals was shown to be closely
related to the wave function of the rKdV hierarchy, and an all-genus generalization
was conjectured. Work in progress with Gross and Kelly generalizes this construction
to open FJRW theory, and the genus 0 intersection numbers are explained using mirror
symmetry.

Open problem 2 Generalize the formula presented in this work to the case of open
r—spin intersection numbers.

(v) Other interpretations of the theory There were several related works in the
physics literature; we mention two. In [15], Dijkgraaf and Witten provide a physical in-
terpretation to the open intersection theory of [31; 35]. In [3], Bawane, Muraki and Rim
describe a solution for the open KdV equations in terms of minimal gravity on the disk.

In [32], Safnuk gives an interpretation of the N = 1 specification of the Kontsevich—
Penner tau function — which is, as explained above, a solution of the Burgers—KdV
hierarchy — in terms of combinatorially defined volumes of moduli spaces.

(vi) Similar formulas for other OGW invariants There are two newer works
which present formulas for open GW invariants in terms of summation over graphs
with boundary nodes and are of the same flavor as the formula given here, and the
refined formula of [2]. Zernik [40] presents an equivariant localization calculation of
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OGW disk invariants for the pair (CPP2", RIP?"). Buryak, Zernik, Pandharipande and
Tessler [11] construct the stationary OGW theory of (CPP!, RIP1), derive a localization
formula for all intersection numbers, including descendents, and in [9] use it to prove a
correspondence with open Hurwitz theory. Both formulas contain corner contributions,
in addition to the naive contributions, in resemblance to (13). To the best knowledge of
the author, such formulas have not appeared in literature before. Formulas for open GW
invariants have appeared in the past, usually in the context of equivariant localization;
see the calculations of Katz and Liu [24] as a prototypical example. In the older
formulas which involved graph summation, the graphs were dual to topological stable
marked surfaces with boundaries (which parametrized fixed-point loci). These surfaces
included disk components which were connected by internal nodes to the closed part.
There were no boundary nodes. The amplitudes of such graphs were usually similar
to the analogous amplitudes in the closed case (and the disk contribution was usually
more or less the square root of the sphere contribution). In the formulas of this work
and of [2; 11; 40], the boundary nodes contribute an additional factor to the amplitudes.
It would be interesting to gain a general understanding of this new type of expression,
to understand when are they expected to appear, and to analyze them.

1.6 Plan of the paper

In Section 2 the constructions of [31] and [35] are reviewed. In particular, graded spin
surfaces are defined, as well as their moduli space M ¢.k,1» tautological line bundles
and special canonical boundary conditions. With these in hand, the open intersection
numbers are then defined.

In Section 3 the notions of sphere bundles and angular forms are recalled. We explain
how to calculate the integral of the relative Euler class, relative to nowhere-vanishing
boundary conditions. The main result of this section is an explicit formula for a
representative of the angular form of a sphere bundle. This formula is the starting point
of the paper.

Section 4 is devoted to constructing an open analog of Strebel’s stratification. Symmetric
stable Jenkins—Strebel differentials are defined, and used to stratify the moduli space
of open surfaces and then the moduli of graded surfaces. In addition, combinatorial
sphere bundles are constructed. It is then shown that special canonical multisections are
pulled back from the combinatorial moduli. The main result of this section is that the
open descendent integrals can be calculated as integrals over the combinatorial moduli.
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Section 5 describes in more detail the cells in the stratification which will eventually
contribute to the open descendents. Extended Kasteleyn orientations are defined, and
their equivalence classes are shown to be equivalent to the data of a graded spin
structure. The Kasteleyn orientations are used to provide a more explicit description of
the contributing cells, of the boundary conditions and of the orientation of the moduli.
As a byproduct, an alternative proof that the moduli M g.k,1 1 canonically oriented is
given. The analysis of orientations is an important ingredient in the proof.

The last section, Section 6, proves the combinatorial formula, Theorem 1.5. With the
aid of the explicit angular form constructed in Section 3, an integral representation
of the open gravitational descendent is given. The integral depends explicitly on the
boundary conditions. The properties of special canonical multisections are then used
to iteratively integrate by parts, until an integrated form of the combinatorial formula,
Theorem 6.10, is obtained. Finally, by performing a detailed study of the Kasteleyn
orientations and the multiplicative constants they contribute,! we are able to apply the
Laplace transform to the integrated formula and obtain the main theorem, Theorem 1.5.
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2 The moduli, bundles and intersection numbers

This section briefly summarizes the required definitions and results from [31; 35].

IThis study also applies to the closed case, and gives a conceptual calculation in terms of discrete spin
structures of a constant appearing in Kontsevich’s work [25, Appendix C], which was the subject of several
other works.
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2.1 General conventions and notation

For [ € N we write [[] = {1,2,...,/}. The set [0] will denote the empty set.

Throughout this article, a map m: A — Z from an arbitrary set A, which is injective
away from m~!(0), will be called a marking or a marking of A. Given a marking, we
shall identify elements of m~!(Z \ {0}) with their images.

In what follows, the markings will be used to mark points in surfaces, half-edges in
dual graphs and vertices in ribbon graphs. The reason we allow noninjective marking
functions is that we will have to perform many graph or surface operations that will
create new marked points. There will be no natural way to mark these new points, and
therefore we will mark them all by 0.

We will encounter many types of graphs in the next sections. Dual graphs, to be defined
in Section 2, will be denoted by capital Greek letters. Ribbon graphs, to be defined in
Sections 4 and 5, will be denoted by capital Roman letters.

Many of the objects in this paper, such as surfaces or graphs, will have natural notions
of genus, boundary labels and internal labels. A (g, B, I )—object is an object whose
genus is g, set of boundary labels is B, and set of internal labels is /. Similarly, in the
closed setting, a (g, I )—object is an object whose genus is g and set of internal labels
is 1.

Given a permutation 7 on a set S, we write s/ for the m—cycle of s € S. Fora € S/,
we write 77! (a) for the elements which belong to the cycle a.

We shall sometimes use the shorthand notation y to denote a sequence {y; }; [,]. if the

sequence we are referring to is understood from context.

2.2 Open surfaces and their moduli space

2.2.1 Stable open surfaces We recall the notion of a stable marked open surface.

Definition 2.1 We define a smooth pointed surface to be a triple
(27 X, Z) = (E, {Xl}zeB, {Zi}iEI)’
consisting of
(a) a Riemann surface ¥, possibly with boundary;
(b) an injection B — 0%, with i — x;, where B is a finite set;

O
(c) aninjection Z — X, with i — z;, where Z is a finite set.
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In the case 0% # @, we say that X is an open surface. Otherwise it is closed. We
sometimes omit the marked points from our notation. Given a smooth pointed surface %,
we write B(X) for the set B, and sometimes also for the set {z;};c5. We similarly
define 1(X).

A smooth closed pointed surface X is called stable if
28(2) + [1(2)]| > 2.
A smooth open pointed surface X is called stable if
28(X)+ |B(D)|+211(2)] > 2.

Remark 2.2 ¥ is canonically oriented, as a Riemann surface. In the case that 0% # &,
it is endowed with a canonical induced orientation.

Definition 2.3 For a pointed Riemann surface (X, {x; }iep, {zi }iez), where in the case
that X is closed B = @, we denote by (X, {x; }ien, {Zi }ier) the same surface with
opposite complex structure. The doubling of an open X is

Tc =1y 5,

the surface obtained by the Schwarz reflection principle along the boundary 0%. For
an open connected X we define the genus g(X) to be the genus of X¢. For X closed
and connected the genus is just the usual genus. In the case that X is disconnected, its
genus is defined as the sum of the genera of its connected components.

Remark 2.4 For open surfaces the topological type is determined by two numbers,
the doubled genus g and the number of boundary components /4, and not only by the
genus. The number 4 is constrained by

h=g+1(mod2), withO0<h<g+1,

and for any (g, /) satisfying these constraints there is a topological type of open surface.

Definition 2.5 A prestable surface is a tuple

Y = ({Za}acouc, ~, CB),
where:

(a) O and C are finite sets. For « € O, ¥, is an open smooth pointed surface; for
o €8, Xqy is a closed smooth pointed surface.
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(b) ~ = ~pU~p, where ~p is an equivalence relation on | J,, B(Xy) with equiva-
lence classes of size at most 2, and ~ is an equivalence relation on | J, /(Xg)
with equivalence classes of size at most 2. We write B(X) and /(X) for the
equivalence classes of size 1 of ~p and ~j, respectively.

(¢) CB(X) is a subset of 1(X).

Elements of B(X) are called boundary marked points. Elements of 1(X) \ CB(X) are
called internal marked points. The ~p (resp. ~y) equivalence classes of size 2 are
called boundary (resp. interior) nodes, and elements which belong to these equivalence
classes are called half-nodes. Elements of CB are called contracted boundaries. The
equivalence classes of ~ (resp. ~p, ~y) are collectively called special (resp. special
boundary, special internal) points of X.

We also write ¥ = [ [,coue Za/~. If O is empty and CB is empty, X is called a
prestable closed surface. Otherwise it is called a prestable open surface.

A prestable surface is marked, if it is also endowed with markings m®: B(X) — Z and
m!: I(2)\ CB — Z. Write m = m’ Um®. Recall that a marking is injective outside of
the preimage of 0.

A prestable marked surface is called a stable marked surface if each of its constituent
smooth surfaces X, is stable.

The doubled surface Y ¢ of a stable open surface is defined as

Sc = ( [[Eac]] za]_[i,)/w,
where ac0 aeC

is defined as follows: ~7 identifies internal marked points of {Zqacc if and only
if ~7 identifies the corresponding marked points in {¥4}yec, and ~cp identifies
z; € 3y and Z; € X, whenever i € CB(X). X is endowed with an involution @, with
z; = o(z;), whose fixed-point set is 3 U CB(X), and is such that ¥ ~ ¢ /0. Write

D(X) = (Xc.0).

¥ is connected if the underlying space | [, cpus Za/~ is. X is smooth if CB(X) = &
and ~ has only equivalence classes of size 1.

The normalization Norm(X) of the stable marked surface X is defined to be the surface
({Za}acouc, ~',CB’,m") where ~ has only size 1 equivalence classes, CB’ is empty,
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and the marking m’ agrees with m whenever is defined, and otherwise m’/ = 0, m'8 = 0.
For a marked point marked i # 0, write X; for the component of Norm(X) which
contains marked point z;.

A topological stable marked surface, open or closed, is defined in the same way, only
with the X, being topological surfaces rather than Riemann surfaces.

In what follows, our default choice of marking function m is a bijection m’ : I(X) — [n]
if ¥ is closed, and if ¥ is open we usually take bijections m’ : I(Z) \ CB(Z) — [/]
and m®: B(X) — [k]. Therefore whenever a surface is written as (X, z1, ..., z,) or
(Z,x1,..., Xk, 21, ..., 2;1), we implicitly mean that it is marked, and that the indices
of the marked points represent the markings.

See Figure 3 for examples of prestable surfaces and their normalizations.

We sometimes identify D(X) and Z¢.

Definition 2.6 An isomorphism between two prestable marked surfaces
Y = ({Za}acouc. ~.CB.m) and X = ({Z,}ecoruc.~',CB ')
isatuple £ = (f°, £, {f*acouc) such that:

(a) The maps f©: 0 — @ and f¢:C — C’ are bijections between the sets which
index the components of the surfaces.

(b) ForexeO, f¥ 3y — E}O @) is a biholomorphism, which induces a bijection
on the sets of special points. Fora € C, f%: Xy — Z}C(a) is a biholomorphism,
which induces a bijection on the sets of special points.

(c) ForxeXyandyeXg, x ~yifand only if f%(x)~/ ).
(d) For any special point x € Zg, m'( f*(x)) = m(x).
() U, /*(CB) =CB

We denote by Aut(X) the group of automorphisms of X.

An isomorphism between stable topological surfaces is similarly defined, only with the
maps f required to be homeomorphisms rather than biholomorphisms.

2.2.2 Stable graphs It is useful to encode some of the combinatorial data of stable
marked surfaces in graphs.
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Figure 3: In this diagram in every row the leftmost picture is a prestable
surface, and on the right side of the same row is the normalization. In the top
row there is a prestable marked surface with boundary, and its normalization
into two stable marked disks and a prestable marked sphere. In the second
row there is a stable sphere with an (unmarked) contracted boundary. Its
normalization is a stable sphere with three markings. In the third row there is
a stable surface with boundary which is normalized into a disk and a torus.

The last row contains a stable surface whose normalization is the union of a
cylinder and a genus 3 surface with boundary.

Definition 2.7 A (not necessarily connected) prestable dual graph T is a tuple
V=vouv® H=HBUH! 6o,~=~pU~, g H® n=n® unl),
where:

(@) VO and VC are finite sets, called the open and closed vertices, respectively.
(b) HB and H! are finite sets of boundary and internal half-edges.

(c) o09: H — V associates any half-edge to its vertex.
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(d) ~p is an equivalence relation on H B with equivalence classes of sizes 1 or 2,
and ~; is an equivalence relation on H! with equivalence classes of sizes 1
or 2. Denote by T8 the equivalence classes of size 1 of ~g, and by T/ the
equivalence classes of size 1 of ~j.

(e) HBcT!.

(f) g:V — Zsy is a genus assignment.

(g) mB:T8 - Z andn! : 7T\ H®® — Z are markings.
We call T8 boundary tails, H CB contracted boundaries, and T! \H CB internal tails.
Set T =TTUTB. Now, ~p induces a fixed-point-free involution on H B\ 7' 8. Similarly,
~1 induces a fixed-point-free involution on H! \ T7. We denote this involution on

H\ T by o,. Weset EB = (HB\ TB)/~p, the set of boundary edges. We define

El = (HI\T!)/~; UHCB. We put E = ET U EB, the set of edges. We denote by

1
0-

0(? the restriction of og to H B. in a similar fashion we define o
We require that for all h € H5, o¢(h) € V©.
We say that I is connected if its underlying graph (V, E) is connected.

For a vertex v we set k(v) = |((7(§9)_1 (v)]. Tt is defined to be 0 if v is closed. We set
l(v) = |(c7({ )~1(v)|. Write CB(v) for the number of contracted boundaries of v. A
dual graph is closed if VO = H®® = &, and otherwise it is open.

The genus of a stable connected closed dual graph T' is defined by

g = > g)+|E|-vE|+1.

veV €

The genus of a stable connected open dual graph T is defined by

g =Y gw)+2 > g)+I|EB|+2ET |- |H®| VO -2V +1.

veV o veV €

A closed vertex v € VC is stable if
2g(v) +1(v) > 2.
An open vertex v € V © is stable if
2g(v) + k(v) +2l(v) > 2.

A dual graph T' is stable if all its vertices are.
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The normalization Norm(I") of the graph T is defined to be the unique stable graph
(V/,H'.0{.~ ¢ HB w) with V' =V, H = H, 0, =00, g =g, H® =2,
and ~' has only classes of size 1. The map m’ agrees with m whenever m is defined.
Otherwise m’ = 0.

For i € Image(m’) \ {0}, we denote by v; (I') the connected component of Norm(I")
which contains the tail marked i.

It is easy to see that the genus is always nonnegative. Figure 4 illustrates several dual
graphs and their normalizations. Note that open vertices without boundary half-edges
are allowed.

Definition 2.8 An isomorphism between graphs
I'=(V,H,00,~ g H® m) and "=V’ H oy~ g HS u)

is a pair £ = (f", fH) such that

(@ fY:V—V'and fH:H — H’ are bijections,

b) g'of =g,

(¢) hy~ hyifandonly if f(hy)~" f(hy),

(d) oy = f o000,

(e) m'o f =m,

B fHP)=H.

We denote by Aut(I") the group of automorphisms of I".

To each stable marked surface ¥ we associate an isomorphism class of connected stable
graphs as follows. We set

ve=0, ve=c., HP=JB(E,. H'=|]JI(Z,). H®®=CB().
o o

The definitions of g, ~, o¢ and m are straightforward. In particular, a tail marked a is
associated to a marked point labeled a. An edge between two vertices corresponds
to a node between their corresponding components. See Figure 4 for the dual graphs
which correspond to the surfaces of Figure 3. Note that this correspondence is at the
level of isomorphism classes of topological stable surfaces, and that a surface is closed
precisely if its corresponding graph is closed.
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Figure 4: This diagram presents the dual graphs which correspond to the
surfaces from Figure 3, under the correspondence of Definition 2.9. Again
the right-hand side of each row is the normalization of the left-hand side.
Black vertices correspond to closed components, and empty vertices to open.
The genus of the vertex is written next to it. Boundary edges or half-edges
are drawn as dashed lines, and the other edges or half-edges are internal (the
case of contracted boundary is included). The label of a tail is written next to
it. The genus of the dual graphs in the left-hand side are, going from top to
bottom, 0,0, 2, 5.

Definition 2.9 The graph associated to a stable surface X is denoted by I'(X). The
genus of a stable surface X is defined as the genus of I'(X).

Observe that the genus of a stable closed surface agrees with the standard definition,
while the genus of a stable open surface equals the standard genus of its doubled
surface. The genus of a stable surface equals the genus of the surface obtained by
smoothing its nodes, including the contracted boundaries which are smoothed to
boundary components. Observe also that Norm(I' (X)) = I'(Norm(X)), and that for
any internal marked point which is marked i # 0, we have v; (I'(X)) = ['(Z;), where
3.; is the component of 3 which contains marked point z;.

Throughout this paper we will sometimes write “graph” instead of “dual graph” when
the meaning is clear from the context. Dual graphs will be denoted by capital Greek
letters, to help us distinguish them from another kind of graphs we shall meet below,
ribbon graphs, which will be denoted by capital Roman letters.
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We denote by QE «.; the set of isomorphism classes of all stable graphs of genus g with
k boundary tails, / internal tails, and for which

Image(mB )=[k] and Image(ml ) =1[I].

We write GR for the set of isomorphism classes of all stable graphs. Note that the
cases k = 0 or [ = 0 are not excluded, as surfaces without boundary or internal marked
points will be considered in what follows.

Notation 2.10 Given nonnegative integers k, [ with 2g + k + 2/ > 2, denote by F;Rk /
the stable graph with V9 = {x} and V¢ = &, with

gx) =g, TB=HB~[K, T!'=H!~]],

where the equivalences with [k] and [/] are obtained using m? and m’, respectively.
We similarly define Iy , as the closed graph with a single vertex of genus g, and
7! = H! ~[n].

Definition 2.11 A stable dual graph is effective if

(a) any internal half-edge is a tail or a contracted boundary,

(b) any vertex without internal tails has exactly three boundary half-edges and
genus 0, and

(c) different vertices without internal half-edges are not adjacent.

A surface is called effective if it is associated to an effective graph.

The notion of effectiveness will be important later on, when we construct the com-
binatorial moduli space using Jenkins—Strebel differentials. On moduli strata which
correspond to effective dual graphs, the map to the combinatorial moduli is a homeo-
morphism. This fact will turn out to be useful when we come to translate the geometric
intersection numbers to combinatorial expressions.

In the leftmost column of Figure 3, only the sphere from the second row is effective:
the surface from the first row has an internal node, and in addition it is not stable;
the surface from the third row also has an internal node as well; the surface from the
lowest row has a component without internal markings, which is not a disk with three
boundary markings. Equivalently, in the leftmost column of Figure 4 only the second
graph is effective. Additional examples of effective and noneffective surfaces and
graphs are illustrated in Figure 5.
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Figure 5: Every row in this diagram illustrates a dual graph and the corre-
sponding surface. Only the first row represent an effective graph/surface.
Note that the cyclic order of boundary markings on boundaries cannot be read
from the dual graph data.

2.2.3 Some graph operations For the purpose of the next definition, for a vertex v
in a dual graph I', write e(v) = 1 if v is open, and &(v) = 2 otherwise. For an edge e
set £(e) = 0 unless e is an internal edge connecting two open vertices, in which case
put e(e) = 1.

Definition 2.12 Consider a stable graph I". The smoothing of T" at f € E is the stable
graph
AT =T"=V' H ~ s5¢ ),

defined as follows. Suppose f ¢ HB(T") is the ~—equivalence class {/1, ho}. Write
09(h1) = vy and 0g(hy) = v,. The vertex set is given by
V=V \{v1,v2}) U{v}.
The new vertex v is closed if and only if both v; and v, are closed. We have that
H' = H\ {hy, hy},
and ~/' is the restriction of ~ to H’. For h € 00_1({1}1, v2}), we define o} (h) = v;
otherwise, o (h) = oo(h). For any tail ¢, m’(r) = m(r). We set

g +1+e(f) if v; = vy,
g'(W)=1gw)+gw2)+e(f)  ifvi#vzande(vi) =e(va),
e(v1)g(vy) +e(v2)g(vy) otherwise.
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When f € HB, a contracted boundary of vertex v, then
V=V, H'=H\{f}, H®=H®\{f)

We update ~’, o) and m" as above. We put g'(w) = g(w) for w # v, and we put
g'(v) = g(v) +1if v is open, otherwise we set g’(v) = 2g(v) and declare v to be open.

Observe that there is a natural proper injection H’ < H, so we may identify H’ with a
subset of H. This identification induces identifications of tails and of edges. Using the
identifications, we extend the definition of smoothing in the following manner. Given
aset S ={f1,..., fu} € E(T), define the smoothing at S as

dsT =dg (---dp,(dsT) ).

Observe that dsT" does not depend on the order of smoothings performed.

Definition 2.13 A stable topological surface ¥’ is a smoothing of a topological stable
marked surface X at an internal node z, ~ z, if there exists a simple closed path
y < ¥/, and a map ¢: X’ — X which takes y to the node and restricts to an orientation-
preserving homeomorphism ¢: "\ y >~ ¥\ {z,,, z,}. In this case we say that y is
contracted to the node. We say that y degenerates to z,, when this time y is an oriented
simple closed path in X', if y is contracted to the node, and the ¢—preimage of a small
enough neighborhood of z, lies to the left of y. The definitions of smoothing in a
boundary node or degeneration to a boundary half-node are analogous, only with a
simple arc that connects two boundary points.

A topological stable surface ¥’ is the smoothing of a topological stable surface ¥
at a contracted boundary z, if there exists a boundary component 9%/, and a map
¢: Y — X such that (%)) =z, and ¢: '\ 0%, >~ X\ z,.

If e is the edge of I'(X) which corresponds to the node z, ~ z, in X, then I'(¥') =
d.T'(X), where ¥’ is the smoothing of X in that node; similarly for smoothing in
contracted boundaries.

If ' = dgT’, then H' is canonically a subset of H, and we have a natural identification
between E(I") and E(I')\ S.

We can now define boundary maps

' QR —>291R and B:QR —>2gR
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by putting
T ={I""|T =dgI’ forsome S € E(I")} and 9T =9'T\{T'}.

These maps naturally extend to maps 29" 5 9%,

2.2.4 Moduli of open surfaces In this paper we consider orbifolds with corners; we
follow the definitions of [41, Section 3], which build on the works [22; 21].

Notation 2.14 For I' € GR, denote by ./\/l]l1§ the set of isomorphism classes of stable
marked genus g surfaces with associated graph I'.

Define
R
[T mMP
I’ed'T
We abbreviate
M =M and MRkl—M

kl

We similarly define M g,n and Mg ,,, which are just the usual Deligne—-Mumford
moduli spaces of stable and smooth curves respectively.

For i € Image(m’) \ {0}, write M, ;(r) for the moduli of the graph v; (I"), and denote
by vj : Mr — My, () the natural map which on the level of objects sends ¥ — ;.

The space /WE k.1 1s @ compact smooth orbifold with corners of real dimension
dimg My, ; =k +2/ +3g—3.

We attribute this result to Amitai Netser Zernik [41, Section 2]. His setting is slightly
different. He considers open stable genus 0 maps to homogeneous varieties, and he
proves that the moduli space of these maps is an orbifold with corners. In our case
the target space is a point, but the genus is arbitrary. This change does not affect his
results or techniques, since they only rely on convexity of the corresponding closed
moduli problem, that is, on the fact that the moduli space of (complex) stable maps is
a smooth orbifold, which clearly holds for M g.n- We review the argument. Consider
the sequence

= 4 3
(14) Mg, <> @ > Mg o O, RMg szt 2 RMg ot > Mg esar.

We define the moduli spaces and maps appearing in (14) as follows.
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Step 1 First, R M  »; is the fixed locus of the involution on M g.k+21 defined by

(Ciz1so Zkg20) P (Ci 21 o 2 Zhg I 10 -+ s 220> T 1o - -+ 2 2kt )

where C is the same smooth curve C, but with the conjugate complex structure. This is
a compact smooth real orbifold, as it is the fixed locus of an antiholomorphic involution
over a smooth complex orbifold. More details on the fixed-point functor on stacks can
be found in [41, Section 2.5]. This orbifold parametrizes isomorphism types of stable
marked curves with a conjugation.

Step 2 The next step is to cut mg,m, along strata which parametrize surfaces with
at least one real node. These strata form a real normal crossing divisor, as they are the
fixed-point loci of the previous involution, applied to the normal crossing divisor of
nodal strata in M g¢.k+21- The cutting procedure is via the real hyperplane blowup of
[41, Section 3.3], and it is proven there that the result of this blowup is an orbifold with
corners which we denote by RM g.k,20

Step 3 RM ¢.k,21 1s made of several connected component. Consider those compo-
nents whose generic point is a real curve C with a conjugation ¢ such that C \ C@
is disconnected. Then /ﬁ? k.2l is the disconnected two-to-one cover of the union of
those connected components, given, at the level of objects (C, g), by the choice of
a distinguished half, a connected component of C \ C@. Thanks to the real blowup
procedure, this choice extends naturally to the boundary strata. The resulting space is
still a compact orbifold with corners, as a degree 2 cover of such a space.

Step 4 /\7]}5’ k.l is the submoduli of /\7]}5’ k2l made of connected components such that
the marked points wg 41, ..., Wg4; lie in the distinguished half. This final space is a
compact orbifold with corners, as it is the union of connected components of a compact
orbifold with corners.

Set-theoretically MR gkl is naturally identified with the moduli space of stable marked
open (g, k,l)— surfaces and therefore we identify this moduli with MR gkl The con-
struction endows the moduli space MR 2kl with topology and an orblfold with corners
structure. For the dimension, see, for example, [27, Theorem 1.2].

In general the space /\75 k.l is nonorientable and disconnected. A stable marked surface
with b boundary nodes or contracted boundaries belongs to a corner of the moduli
space /WJE, k.l of codimension b. For further reading about the nodal strata of the real
and open moduli spaces we refer the reader to [27, Section 3].
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Notation 2.15 Denote by D: ./\7]5 1 — Mg k421 the moduli-level doubling map
3 — ¥, which is the composition of the maps of (14).

2.3 Graded surfaces and their moduli space

We present here the extra structure needed for the definition of intersection theory for
open Riemann surfaces, following [35; 34].

2.3.1 Smooth graded surfaces Let X be a smooth closed genus g surface. A spin
structure twisted in {z; }; ez, , where Z1 C Z, is a complex line bundle £ — X together

with an isomorphism
b: £®2 ~ wz(—z Z,'),

€I
where wx, (_Ziezl Z,') is the canonical bundle twisted in {z; }; ez, .
Let ¥ be a smooth genus g open surface. A real spin structure twisted in {x; };ep,
and {z;};ez,, where By C B and Z; C Z, is a triple (£, b, 0), where (L, b) is a spin

structure on the doubled surface D(X) = (2, o) twisted in {x; };ep, and {z;, Z; }iez,,
ie L — X is a line bundle and

b: L% ~ wy,. (—Z Xi — Z(Zi —I—Ei))
1€B) i1€1]

is an isomorphism, where wz. (—Y_;ep, Xi —Y_jez, (Zi + Zi)) is the canonical bundle
twisted in {x; };ep, and {z;, Z; }iez,. The map 0: L — L, is an involution which lifts do,
the induced involution on wyx..

The maps ¢ and dp restrict to conjugations on the fibers of
L— %% ~03, wgc(—z xi) — 28 ~ 9%,

i1€B]

These conjugations give rise to a g—invariant real subbundle. The real line bundle
e
) (—Z xi) — E%
i1€B]

is oriented: take any nowhere-vanishing section & € I'(T E% — Z%) which points

in the direction of the orientation on E%, induced from its identification with 0X.
The orientation of a)%(C |E(g: \ies, 1s defined by a section § which satisfies (&) > 0.

Geometry & Topology, Volume 27 (2023)



2526 Ran J Tessler

Such a section is said to be positive. Thus, using b, it is seen that for any connected
component of E% \ {xi}ieB,, either § or —§ has a root in £2. In the case that for each
connected component of E% \ A, where A D {x;};ep, is a finite set of points, the
positive sections have roots in £€, we say that (£, 9) is compatible away from A. In
the case A = {x; };ep,, we say that the structure is compatible.

Proposition 2.16 If B; # @ then there are no compatible real twisted spin structures.

Proof Suppose i € B;. Let U be a contractible p—invariant neighborhood of x; which
contains no other marked points. One can find a g—invariant section s € ['(£L — U)
which vanishes nowhere in U, possibly after replacing U by a smaller neighborhood. In
o—anti-invariant local coordinates around x;, the real section z dz generates wx . (U).
Write f(z) = z dz/b(s®?); this is a nowhere-vanishing holomorphic function in U.
Moreover, f is conjugation invariant, and hence real on U9 In particular, it does
not change sign there. But this is impossible for a compatible structure since z dz is
positive on exactly one component of U€ \ {x;}. m|

Given a compatible real spin structure, a lifting of the spin structure is a choice of a
section in
T(S(£%) — ¢ \{xi}ien),

where SO stands for the rank 0 sphere bundle. We say that the lifting alternates
in x;, and that x; is a legal point, if this choice cannot be extended to I'(S 0(55) —
E% \ {Xi }ien\{;})- Otherwise the lifting does not alternate in x;, and x; is an illegal
point.

Definition 2.17 A twisted closed smooth spin surface is a closed smooth surface
(2,{zi}iez), together with a twisted spin structure twisted in {z; };ez,. In the case
71 =, we call it a closed smooth spin surface.

A twisted open smooth spin surface is a smooth open surface (X, {x;}iep, {Zi }iez),
together with a compatible twisted real spin structure twisted in {z; }; <7, . In the case that
71 = &, we call it an open smooth spin surface. A (twisted) smooth spin surface with a
lifting is a (twisted) open spin surface, together with a lifting. A lifting with all boundary
points legal is called a grading. A surface with a nontwisted spin structure (that is,
7, = By = @) and a grading is called a graded surface. An isomorphism of twisted
spin surfaces is an isomorphism of the underlying surfaces and of the line bundles
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which respects the twists, commutes with the maps between the canonical lines in the
expected sense and, in the open case, also with the involutions. An isomorphism of
twisted spin surfaces with a lifting is an isomorphism of the twisted spin surfaces which
takes the lifting to the lifting in the target, and respects the alternations.

We will see below in Proposition 2.32 that the only obstruction to the existence of a
graded spin structure is the parity of g + k: in a graded spin structure, g + k must be
odd.

2.3.2 Stable graded surfaces We follow the terminology of [19]. Let ¥ = {Z, }aec
be a stable closed surface. A spin structure twisted in {z; };ez,, where Z; € Z, is a rank
1 torsion-free sheaf £ over X together with a map

b: £®2 —>a)z(—z Zl'),
i€l

where wz (—)_;cz, i) is the dualizing sheaf, twisted in {z; }; ez, .
We require that

(@) deg(£) = 3(deg(ws) — |T1 ),

(b) b is an isomorphism on the locus where £ is locally free, and

(c) for any point p where L is not free, the length of coker(bp) is 1.
In particular, b is an isomorphism away from nodes. Nodes where b is not an isomor-

phism are called Neveu—Schwarz (NS); at these nodes the last requirement says exactly
that b vanishes in order 2. The other nodes are called Ramond.

Let X = {34 }aecuo be a stable open (g, k, [ )—surface. A real spin structure twisted in
{xi}ien, and {z;}iez,, withZ; €T and B; C B, is a triple (£, b, 0), where (£, b) is a
spin structure over the doubled surface D(X) = (Z¢, 0), and ¢: £ — L is an involution
which lifts do, the induced involution on wy.. Thus, in particular, b is a map

b: £®? — 0z (—Z Xi — Z(Zi +Zi)),
ieBy i€l

where wx (=Yg, Xi — X ez, (Zi +Zi)) is the dualizing sheaf, twisted in {x;};ep,
and {z;, Z; }jez,, and

deg(£) = 3 (deg(wzc) —2|Z1] — |Bi).
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Remark 2.18 Suppose that X is a nodal curve, open or closed, and z is a node with
preimages z,, z;, € Norm(X). Then there are natural residue maps

res, : (Norm*wy)z, >~ C.
These induce an isomorphism a: (Norm*wy);, ~ (Norm*wy);, , by
res(v) +res(a(v)) = 0.

In the Ramond case, we also have an isomorphism a: (Norm* L), — (Norm* L), ,
and res(b(v®?)) + res(b(a@(v)®?)) = 0. For more details see [19].

When z € ¥ C X is a contracted boundary which is Ramond, do and g lift to complex
antilinear isomorphisms between the fibers of N orm"‘a)g;(C and Norm™* L in z4, where
z4 is the preimage of z in Norm(X), and z_ is the preimage of z in Norm(XZ). By
composing with a and @ we get antilinear involutions on the fibers at z4. This defines
real lines, which we denote by (a)%) z, and (£§ )z, together with maps

res: (co%)ZJr ~ +/—1R,
where +/—1 is the root of —1 in the upper half-plane, and

b2 (£9),, — (02)z,,
defined by b2(v) = b(v®?).

We say that the real spin structure is compatible in a contracted boundary z if z is
a Ramond node of X and the image of h? is in the positive imaginary half-line

res_l(«/—_leo).

The real spin structure is compatible if it is compatible in contracted boundaries and
away from special boundary points. Compatibility away from special points is defined
as in the smooth case.

A lifting of a compatible real spin structure is a choice of a section

s€ F(SO(L‘Z’) — 32\ ( U B(Za))),

€0
where S stands for the rank 0 sphere bundle. The notions of alternations and of legal

marked point or a legal half-node are as in the smooth case.

The definition of the lifting includes, for any contracted boundary node z, a choice of
a lifting for the contracted boundary, ie with the above notation and identifications, a
choice of direction in (£2), + which is mapped by res o b? to the ray v/—1R>g.
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Proposition 2.19 (a) A real spin structure on a stable surface, twisted or not,
induces a real spin structure, possibly twisted, on any open component of the
normalization, and a possibly twisted spin structure on any closed component
of it. For any node of X, the induced structure is either twisted in both of its
preimages in the normalization, or not twisted in both. The former case is the
Ramond case, the latter is Neveu—Schwarz. If there are no Ramond nodes then
the spin structures on the closed components of the normalization, together with
the real spin structures on its open components, determine the real spin structure
onX.

(b) If the real spin structure is compatible, then so is the induced structure on any
open component of the normalization. In this case, in particular, there are no
twists in boundary marked points, and no boundary Ramond nodes. In the case
that there are no Ramond internal nodes but there may be contracted boundaries,
compatible spin structures on the normalization determine the compatible spin
structure on X.

(c) A lifting on X induces a lifting on the normalization. A lifting on the normal-
ization, together with a choice of a direction in (res o b?)~1(v/—1R ) for the
preimage z of any contracted boundary, induces a lifting on X.

Proof The fact that the twisted spin structure induces one on the normalization by
pullback, and is induced by one, when there are no Ramond nodes is already true in the
closed case; see for example [19]. Moreover, it is shown there that given the structures
on the normalization and the identifications of the stalks in preimages of nodes — see
Remark 2.18 — the twisted spin structure on the surface is determined. The involution
extends uniquely by continuity.

The second claim follows from the fact that one can examine compatibility away from
special points. Ramond boundary nodes cannot appear by Proposition 2.16. If z is a
contracted boundary, there is a single, up to sign, possible identification map a, as in
Remark 2.18. Now, if @ makes the contracted boundary compatible, with respect to
the involution, —a will make it not compatible, and vice versa. The last statement is
evident. O

Definition 2.20 A closed stable surface (X, {z; }ie7), together with a spin structure

twisted in {z;};ez,, is called a twisted closed stable spin surface. In the case that
71 = g, we call it a stable closed spin surface. A twisted open stable spin surface
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is a stable open surface (X, {X; }ien, {zi }iez), together with a compatible real spin
structure twisted in {z; };ez,. In the case that Z; = &, we call it a stable open spin
surface. A (twisted) stable spin surface with a lifting is a (twisted) open spin surface,
together with a lifting such that for any boundary node, exactly one half-node is legal.
If all the boundary marked points are legal, the lifting is called a grading. A (twisted)
stable spin surface with a grading is effective if the underlying surface is, and, for any
component of the normalization of genus zero with 3 special boundary points and
no special internal points, its special points are legal. A stable graded surface is a
(nontwisted) stable spin surface with a grading. The isomorphism notions are as in the
smooth case.

The legality condition on the nodes may seem peculiar at first glance. However this is
the condition which allows smoothing of the stable graded surface at a boundary node.
The closed analog of it is that the twists at the two half-nodes of the same node must
agree. In a nutshell, as we will see in the next subsection, in a twisted spin surface
any closed path which does not pass through special points has a well-defined notion
of parity. By pinching the surface in that path, a node is formed, and this node is NS
or Ramond according to the parity of the pinched path. Similarly, any oriented arc
between boundary points which avoids special points also has a well-defined notion
of parity. We will see in Proposition 2.31 that this parity changes if the orientation
of the arc changes. By pinching the arc one obtains a surface with a new boundary
node. The boundary node is NS, but the legality of its half-nodes is determined by
the parity of the corresponding oriented arcs. See Lemma 2.39 for an exact statement.
Interestingly, when the node is separating the legality can be determined from the parity
considerations of Proposition 2.32. Since in g = 0 all nodes are separating, the genus 0
theory could have been defined without referring to the graded spin structure. These
points will be discussed more in [34].

Notation 2.21 Denote by Spin(X) the set of isomorphism classes of graded spin
structures on a stable open surface 3.

The definition of graded surfaces, together with Proposition 2.19, yields a corollary.

Corollary 2.22 If X has no internal nodes, there is a bijection between Spin(X) and

(a) isomorphism types of spin structures with a lifting on Norm(X), twisted precisely
at preimages of contracted boundaries, such that any boundary marked point
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+ +

+ + I+ 1

Figure 6: In this figure we consider three stable graded spin surfaces. In
these cases the underlying surfaces are effective. The symbol + near a
boundary marking or a boundary half-node indicates a legal point, while —
indicates an illegal point. We omit the labels. The graded surface on the left is
noneffective, since in the normalization the middle component has one legal
boundary marking, two illegal boundary markings and no internal markings.
On the other hand, the remaining two graded surface are effective.

of X is legal as a point of Norm(X), and for any node of X exactly one half-node
in Norm(X) is legal;

(b) a choice of a direction in (res o b?)~!(+/—1Rx¢) for the preimage z+ of any
contracted boundary.

2.3.3 An alternative definition for the smooth case In this subsection we provide
an alternative definition for smooth spin surfaces with a lifting. This definition will be
easier to work with. Let (X, {x;};eB, {z; }jez) be a smooth, open or closed, pointed
Riemann surface. Choose any Riemannian metric on it.

Notation 2.23 Denote by 7! X the S'-bundle of 7X. For a simple smooth arc or a
simple smooth closed path y C X, we denote the S°-bundle of Ty by T'!y.

When the arc or path y is oriented, 7!y will stand for the unit-length oriented tangent
vector field to y. In particular, we shall use the notation 719X for the branch of 719X
which covers the direction of the induced orientation on the boundary.

We consider T T as the S '—subbundle of unit-length vectors of T %; similarly for 7'1y.
We also consider T''y as a S%—subbundle of T'! X|y. In what follows we use these
identifications without mentioning a choice of metric. Different metrics will give rise
to equivalent structures, and in fact, one can make these definitions metric independent
by considering the S°— and S!-bundles as subquotients of the corresponding vector
bundles.

For a point p € X, a vector w € T, ¥ and an angle 6 € R/27R, let rgw = ry(p)w be
the operator of rotation by 6 in the counterclockwise direction. We shall omit p from
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the notation when it is clear from context. The operator rg(p) is induced on Tpl 3, and
we shall use the same notation.

If u and w are two tangent vectors at p, denote the counterclockwise angle from u
to w by £L(u, w).

For a smooth arc y: [0, 1] — X, there exists a canonical trivialization
c:[0,1]x S - Ty,
defined by
c(t,0) = (y(1),e%,), where v, = (T'), Y.

This trivialization defines a continuous family of maps

{r(y)s: Tyl(s)z - T)}(I)E}OSS,tslv

uniquely determined by the condition

p2(s7 (y(s).v)) = p2 (s~ (¥ (@), p(¥)iv)).

where p; is the projection on the second coordinate. One can extend the trivialization
to the piecewise smooth context by approximation. In the case that s =0 and 7t =1,
we omit them from the notation and write p(y). One can easily verify, in the piecewise
smooth case, that if y is composed of smooth subarcs y;: [a;,a;+1] — X, where
ap=0<a;<---<ap=1,and 0i+1 is A())ilyiJrl(aiJrl), 7./ilyi(ai+1))’ then

(V) = pWn-1r6,_, P(Yn—2) -+~ rg, P(Y0)-

We shall denote such y by y1 — y2 — -+ — y5. For a closed piecewise smooth path y,
we slightly change the definition of p to be

() =rooP(Yn—1)r6,_, P(Yn—2) -+~ 16, P(Y0),

and note that this is in fact the identity map. We shall denote such y by y; — y» —

e Yn > YL

Definition 2.24 A twisted spin structure S — X \ {z; }je7 on a smooth marked X is
an S'-bundle on X\ {z i }jer together with a degree 2 cover bundle map

T = 7TS: S — T12|E\{Zj}jel'
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For a point p € ¥, a vector w € S, and an angle 6 € R/47Z, let Rgw = Ry(p)w be
the operator of rotation by 6 in the counterclockwise direction. We shall omit p from
the notation when it is clear from context.

The parallel transport along y: [0, 1] — X is the unique continuous family of maps
{P(V)fv: Sy(s) - SV(I)}OSS,tfl
which covers {p(y).}. We shall sometimes call P(y)(l)v the parallel transport of v

along y, and write it as P(y)v.

Remark 2.25 R covers r in the sense that if w(s) =v fors € S, and v € Tp1 3., then

7(Rg(p)s) =rg(P)v = r6(mod 2r) (P)V-
Observe that Ry Rg = Ry . In addition, P and R commute:

Ro(y(0)) P(y)sv = P(y)sRe(ys)v.
Definition 2.26 A (twisted) spin structure S is associated with a function
g =9 Hi(Z\{z}je1,Z2) > L»

defined as follows. For x € H1 (X \{z;}jer, Z2), take a piecewise smooth connected
representative y. Then p(y) is the identity. Hence P (y) is either the identity or minus
the identity. We define ¢(x) = ¢(y) to be 1 in the former case, and O otherwise.

For any internal marked point z;, take a small disk D; which surrounds it and contains
no other marked points in its closure. We define the twist in z; to be ¢(dD;).

The following well-known theorem was proven by Johnson [20]. It states that g is a
quadratic enhancement of the Poincaré pairing (o, 8).

Theorem 2.27 The function q is well defined on H1(X\ {z;}jes,Z2). Fora, B €
H(2\{zj}jer,Z>), we have

q(a+B) =q(a) +q(B) + (a. B).

Proposition 2.28 If y: [0, 1] — X\ {z;},<1 is a piecewise smooth closed curve which
bounds a contractible domain, then P(y)(l) = Ryx. Moreover, suppose % is a disk with
a piecewise smooth boundary y. Let S — T ' 2|, be a double cover by an S'-bundle S.
Then S can be extended to a nontwisted spin structure on X if and only if P(y)(l) =Ry
In this case the extension is unique. In particular, the spin structure can be extended to
a marked point z; if and only if its twist is 0, in which case the extension is unique.
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The first part follows from Theorem 2.27 by taking & = B = [y]. The other parts are
also simple and will be omitted.

Definition 2.29 Let (X,S) be an open marked Riemann surface together with a
(twisted) spin structure. Suppose 9% # @. A lifting is a choice of a section

5:0X\{xitien = Slos\(x}ien
which covers the oriented T'(0X \ {x; }iep).

For j € B, suppose i : (—% %) — 0% is a smooth orientation-preserving embedding
with i (0) = x; and x ¢ i (—3, 3) for b # j. In the case that
lim s(x)# lim s(x),
x—>0" x—07t

we say that the structure alternates in x;, and that x; is a legal point. Otherwise x;
is illegal and the structure does not alternate. We extend the definition of s to the
boundary marked points by s(x) = lim, _, o+ s(x).

A smooth spin surface with a lifting (X, {x;i }ien,{zi}iez, S, s) is a smooth open Rie-
mann surface together with a spin structure and a lifting. A smooth graded surface is a
smooth spin surface with a lifting, such that all boundary marked points are legal.

The notion of alternation can be generalized in the following manner.

Definition 2.30 A bridge is a piecewise smooth simple arc which meets the boundary
only at its two distinct endpoints x, y € 90X \ {X; };es. Suppose we orient the bridge
and parametrize it as

y:[0,1] = X, with y(0)=x,y(1)=y.
Define Q(y) € Z» by the equation
(15) Ron—ay, (¥) P(7)Ra, (X)$(x) = Roz () (¥)s()),

where
ax = L(T1Hx0%, (Th)xy) €0, 7],

ay = A(T1,0%, (TYyy) € [, 27].

QO (y) depends on the orientation but not on the parametrization. An oriented bridge
with O =1 is called a legal side of the bridge, otherwise it is called an illegal side.
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Proposition 2.31 Let ¥ be a smooth open spin surface with a lifting. Let y be a bridge
and denote by y the same bridge with opposite orientation. Then Q(y) + Q(¥) = 1.
Thus, any bridge has exactly one legal side and exactly one illegal side.

Proof Work with the notation of Definition 2.30. For w € {x, y}, «;, is defined by
al, = L((T1) 0%, (T1)ywy). Observe that o, = oy + 7 and ay, = ay — . Apply
Ry70(7)(y) to the left-hand side of (15). By Remark 2.25, the left-hand side becomes

Rz o) (V) R2n—a, (V) P(¥) Ra, (X)5(x) = Raz—a, (¥) P(7) Ra (¥) Raz o () (X) 5 (X).

Using equation (15) for ¥, Remark 2.25 again, and the relations between pairs oy, o),
and oy, a;,, the last expression simplifies to R P(y) R P(y)s(y). By Proposition 2.28
applied to the piecewise smooth closed curve y — y — y, this is just Ro; (y)s(y).

Applying Ry, o(5)(») to the right-hand side of (15), we obtain Ry (0(y)+0G)) (V)s(¥)-
Thus,
Rox (¥)s(y) = Ran(or)+0m) (DS (¥),

and the claim follows. O

Proposition 2.32  (a) Suppose (2,{z;}iez,S) is a genus g closed spin surface.
Suppose that exactly |1 marked points have twist 1. Then [ is even. For any
closed Riemann surface (X, {z; }iez), there exist 228 distinct nontwisted spin
structures on X.

(b) Suppose (X, {x;}ies, {zi }iez, S, s) is a genus g open spin surface with a lifting.
Suppose that exactly k 4+ of the boundary marked points are legal, and [ internal
marked points have twist 1. Then

li =g+ 1+ k4 (mod 2).
For any (2,{x;}iep,{zi}iez) € M]E,k,l with 2 | g + k + 1, there exist exactly

28 graded structures on X.

Proof For the first claim, let {C;} be a family of nonintersecting circles around
each marked point. Then Y C; is homologous to 0. By Theorem 2.27, ¢(}_ C;) =
> q(C;) = 0. For the number of spin structures, see for example [19].

Regarding the second claim, let C; be as above, and for any boundary component 0%,
let Cp, be a curve surrounding this boundary, disjoint from it, but isotopic to it in X \ z.
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By the definitions of g and Q one easily sees that ¢g(Cp) is 1 plus the number of legal
marked points of 3. Again

Y q(Ci)+ Y q(Cp) =0 (mod 2),

but this sum equals /; + k4+ + b (mod 2), where b is the number of boundaries. It is
easy to see that b = g 4+ 1 (mod 2). For the number of graded structures; see [34]. We
will also obtain it as a byproduct in Section 5.1; see the end of Example 5.18. a

Lemma 2.33 The definitions given in this subsection of smooth spin surfaces with a
lifting, twisted or not, and graded or not, are equivalent to the analogous ones given in
Section 2.3.1.

Starting with a real spin structure £ in the sense of Section 2.3.1, S is just the S!—
bundle of £*, and the lifting is the reduction of the lifting to that bundle. See [34] for
more details, and for the rather straightforward proof of equivalence.

2.3.4 A comment about the alternative definition in the stable case In the stable
case, by Proposition 2.19, the sheaf £ and the grading data determine the spin structures
and liftings on the normalization, hence by Lemma 2.33 determine the data of S and s
for each component. However, it is determined by it, again, using the same lemma and
proposition, only when there are no Ramond nodes. Even when there are such nodes,
the data of S and s for each component determine £ and the grading data up to a finite
choice of identification maps between stalks of half-nodes and liftings at the preimages
of the contracted boundaries, as explained in the proof of Proposition 2.19. Therefore,
since working with the S!'-bundle and its lifting is more convenient, throughout this
paper we shall usually write (X, S, s) to indicate a spin structure with a lifting, and
leave £ implicit. We shall sometimes even leave S and s implicit.

2.3.5 Spin graphs It is useful to encode some of the combinatorial data of spin

surfaces with a lifting in graphs.

Definition 2.34 A (pre)stable spin graph T" with a lifting is a (pre)stable graph
'=(W,H,~=~pU~y),

together with a twist map tw: H! — Z, and an alternation map alt: H8 — Z,. We
require that

(a) tw(h) =tw(oy(h)) forany he HI\T7,
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7

1 5, tw=1 g= 1 + o —
g=0 o g

g=0 T3
tw=1

Figure 7: Three examples of graded dual graphs. The numbers stand for the
markings, and all twists are 0 unless “tw = 17 is written next to an element
of H!. In order to avoid confusion, legal half-edges, the elements & € H 5B
with alt(h) = 1, are decorated by + signs.

(b) alt(h) + alt(oq(h)) = 1 forany h € HB\ T8,
(c) tw(h)=1forall h € H®B,
D) Ypep)-1) A0 + Xheiod)-1 () tW(h) = g(v) + 1 (mod 2) for v € Vo,
(e) Zhe%—l(v) tw(h) =0 for v e VEC.
A boundary half-edge %, and in particular a tail with alt(h) = 0, is said to be illegal,
otherwise it is legal.

We say that the graph is stable if I" is stable. We call I a graded graph if alt(t) = 1
forallt € T8 and tw(r) =0 forallt € T/ \ HCB

[ is effective if its underlying graph is effective, alt(t) = 1 for all € T'B, and for any
v € VO without internal half-edges, its three boundary half-edges have alt = 1.

The normalization Norm(I") is just the normalization of the underlying graph I', with
the maps tw and alt defined on the tails of Norm(T") by their values on the corresponding
half-edges of I'. As in the spinless case, whenever an internal tail of I" is marked
i # 0, the graph v; (T") is the component of Norm(I") which contains tails i, but with
the additional data of tw and alt.

When it is clear from the context that the dual graph under consideration is a spin graph

with a lifting, we sometimes omit the maps tw and alt from the notation.

Definition 2.35 An isomorphism between spin graphs with a lifting (I, tw, alt) and
(T, tw’, alt’) is a tuple
f=uv
such that
(a) f:T — I is an isomorphism of stable graphs,
(b) tw =two fH and alt’ = alto fH|y5.

We denote by Aut(I") the group of the automorphisms of I' = (T, tw, alt).
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We denote by G the set of isomorphism classes of all spin graphs with a lifting. We
have a natural forgetful map

grspin: G — GR,  where f;)/rspin(F, tw, alt) =T
Write forgp, for its restriction to graded graphs. We denote by G, i ; the set of isomor-
phism classes of graded graphs with Image(m®) = [k] and Image(n!) = [I]. Define
I'g k.1 as the unique connected graded dual graph with a single open vertex of genus g,

exactly k boundary tails marked by [k], exactly / internal tails marked by [/], H B = &,
and no further half-edges.

To each graded stable marked surface ¥ we associate a graded stable graph (I, tw, alt)
as follows. First, I' = I'(X). Let w € ¥4 be any special point of this component. It
corresponds to some half-edge 4. If h € H, then tw(h) is defined to be the twist in w.
If h € HB, then alt(h) = 1 if and only if / is legal. For brevity we denote the graded
stable graph corresponding to X by I'(X), omitting tw and alt from the notation. Note
that Norm(I'(X¥)) = I'(Norm(X)), and whenever an i # 0 marks an internal marked
point, then v; (I'(¥)) = T(%;).

We can also extend the graph operations to the graded case. The smoothing of a stable
spin graph with a lifting (T, alt, tw), at f € E is the stable graph

deT = (I, alt’, tw')

such that dy(T") = I'". Recall that we may identify H' as a subset of H. We define
tw’ and alt” as the restrictions of tw and alt with respect to this identification. Given a
set S ={f1,..., fu} C E(I'), define the smoothing at S as

dsT =dg, (---dg, (df, T) ).

Note that again in the case I' = dgI'/, H' is canonically identified as a subset of H,
and alt and tw respect this identification.

Again we define 8': G — 29 and 9: G — 29 by
T ={I""|T =dgI"’ forsome S € E(I")} and 9T =9'T \{T'}.
And again these maps naturally extend to maps 29 — 29,

236 Mg

Notation 2.36 For I' € G, denote by Mr the set of isomorphism classes of marked
stable spin surfaces with a lifting, associated to graph I'.
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Define
Mr = ]_[ M.
I'ed'T
Define Mg x; = Mr,,,. Similarly define Mg s ; as the subspace parametrizing
smooth surfaces.

For a marking i, denote by v; : M — My, () the canonical map [X] — [X;]. Observe
that in order to define this map we have used Proposition 2.19. If X has a contracted
boundary, then ¥; has a marked Ramond point which corresponds to it. The passage
from X to X; forgets the lifting at contracted boundaries.

Theorem 2.37 [35] The space M ¢.k,1 18 a compact smooth orbifold with corners of
real dimension 3g — 3 + k + 2/. It is endowed with a canonical orientation.

We note that M g¢.k,1 18 in general disconnected. Different connected components
correspond to different topologies with the same doubled genus, to different partitions
of the boundary points between boundary components, and sometimes also to different
connected components of graded spin structures.

The main difficulty in this theorem is the proof of orientability. The properties of
the canonical orientation will be detailed in Theorem 2.53 below. In Theorem 5.32,
Proposition 5.48 and Corollary 5.49 below we will provide a different proof for the
orientability and for the properties of the canonical orientations. We now briefly review
the proof that M 2.k,1 18 @ compact smooth orbifold with corners. As in the spinless
case, we rely on [41]. We also refer the reader to [8, Lemma 3.5], where a similar
procedure, also based on [41], is applied to the moduli of r—spin disks.

Our starting point is the fact that in the closed setting the moduli space Mél,/ ,% of twisted

spin curves is a smooth orbifold; see, for example [18]. Consider the sequence

— 5) 4 3 2) = y1/2 1
(16) Mg s g as & My ps S RMg s B RM o) M;}@Z,

As in the spinless case, we explain the notation throughout the steps below.

Step 1 First, M 1§c2+2 ] is the suborbifold of ./\/ll/ z ol the moduli of stable marked
2-spin curves, given by the condition that all the markings have twist 0. Inside this

space, RM RM/2

gk+2l is the fixed locus of the involution defined by

(C;wi,s e Wig21,S) > (C5 W1, o Wy Whea o 1s - - > Whet 20y Wht 15 - - s Wkt D5 S),

where C and S are the same as C and S but with the conjugate complex structure. Here
k is required to satisfy 2 } g + k. As the fixed locus of an antiholomorphic involution,
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]R./\/li,{ ,3 4o 18 @ smooth compact real orbifold. It parametrizes isomorphism types of

marked spin curves with an involution ¢ covering the conjugation o on C, and 0 twists.

Step 2 The next step is to cut RM ;/,z 47 along the real simple normal crossings
divisor consisting of curves with at least one real node, via the real hyperplane blowup
of [41]. As in the spinless case, this yields an orbifold with corners R Mg 1 ;.

Step 3 Consider the subset of I@T\/{;/ £+2

real spin curve with nonempty real locus. Then M x ; is the disconnected 2-to-1 cover

; Whose generic point is a smooth marked

of this subset given, as in the spinless case, by the choice of a distinguished half 3,
a connected component of C \ C2 Note that C = D(X).

Step 4 Inside M ¢,k,1» we denote by M ¢.k,1 the union of connected components
such that the marked points wg 41, ..., Wr4+; lie in the distinguished half, and the spin
structure is compatible. The generic point in this orbifold has isotropy Z,, coming, at
the level of objects, from scaling the fibers of S by —1.

Step 5 Finally, M .k, 18 the degree 2 cover of M g,k,1 given by a choice of grading.
The choice of the grading cancels the global Z, isotropy, since the —1 map is no
longer an automorphism, as it does not preserve the grading. As a cover, M gk, 18
also endowed by an orbifold with corners structure.

For any I' € Gg 1, M is a suborbifold with corners which is the closure of Mr.
The map Forgyi, is an orbifold branched cover. A graded surface with 5 boundary
nodes and contracted boundaries belongs to a corner of the moduli space M g.k,1 of
codimension b. Thus dM g,k,1 consists of graded stable surfaces with at least one
boundary node or contracted boundary. For details see [35]. We should note that the
same argument applies for the more general setting of the moduli space of twisted spin
surfaces with a lifting. These more general moduli spaces are also smooth orbifolds
with corners, but in general they are not orientable.

Remark 2.38 By Proposition 2.32, the degree of the map Foryp;, is 2¢. The automor-
phism group of the underlying surface acts on the set of spin structures. When the
surface is smooth this group is generically trivial, but when it is not, it may happen
that the fiber of Forgp, is of cardinality smaller than 28. Still, even in this case its
weighted cardinality, which takes into account the isotropies, is 28, so that the orbifold
degree in the smooth case is constant. When the topology becomes nodal the number
of graded spin structures on a given underlying surface may change. But still, for any
graded dual graph I" the degree of Forgp, restricted to Mr is generically constant, and
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when isotropy groups are taken into account, it is always constant. This constant is a
power of 2 which can be calculated from the graph structure of I" using, for example,
Proposition 2.19 and the first paragraph in its proof, which relate spin structures on a
stable surface and twisted spin structures on its normalization.

The universal curve Eg,k,; — Mg,k,l is the space whose fiber over [X] € Mg,k,l is X.
Its topology can be defined as in the closed case.

The following simple lemma is useful for understanding the geometry of M g.k,l5 See
[34; 35] for detalils.

Lemma 2.39 (a) The maps g and Q are isotopy invariants, in the sense that if
(X5)o<s<1 is a path in Mg,k’l, and (y:,s)o<s,r<1 Is a continuous family of
simple paths y. s € X5 — Eg,k,l which miss the special points and which are
either all bridges or all closed. If they are all bridges then Q(y. s) is fixed for
any continuous choice of orientations on y. g, and if they are all closed, then
q(y. s) is fixed.

(b) Suppose now that (X5)o<s<1 is a path in Mg,k,l and (y:¢,5)o<s,i<1 IS a con-
tinuous family of paths y. ; € Xy — Eg’kJ which for s < 1 are simple and
miss the special points and are either all bridges or all closed. Assume y. 1 is a
constant path mapped to a node or a contracted boundary. If y. ¢ are all closed,
then the node is internal or a contracted boundary and for any s < 1, its twist is
q(y.s). If y. s are all open, then the node is a boundary node. In this case, the
illegal sides of the bridges degenerate to the illegal half-node, in the sense of
Definition 2.13.

In particular, by Proposition 2.31, exactly one of the half-nodes of each boundary
node is legal.

(c) Two graded spin structures on % without a Ramond node which give rise to the
same pair (g, Q) are isomorphic.

Remark 2.40 A classification of all pairs (¢, Q) is given in [34].
Notation 2.41 We denote by ﬁErSpm the canonical map
IEE)JI'Spin: M]" — Mgrspin(r)

defined by forgetting the twisted spin structure and the lifting. Write Forgp;, for the
restriction to graded moduli. The definitions of IEE)/rSpin, Forpin make sense also when
I' is closed (and then the lifting is trivial).
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We end this subsection with a brief illustration of the phenomenon underlying the
branched cover property of the map Forp;,. The branching phenomenon occurs along
strata which parametrize surfaces with infernal nodes, and therefore happens, from the
same geometric reasoning, also in the setting of the closed 2—spin intersection theory.
We shall explain it in this setting, for simplicity of notation.

Let X¢ be a curve with a single nonseparating node, and let ¥; be its smoothing,
so that ¥ is obtained from X; by pinching at some simple smooth closed path y.
Let (2¢)se[0,1] be a path in the moduli of curves, interpolating between X1 and X.
This path induces an identification of Hy(X;, Z5) for ¢ > 0, which in the limit 1 — 0
corresponds to the surjection obtained by taking the quotient [y;] = 0, where [y;]
is the generator of H1(X;, Z,) which corresponds to [y] € H1(X21, Z>) under this
isomorphism. Let a be any element of H' (X1, Z,) satisfying («,y) = 1. Denote
by o’ the element in H1(Zg, Z,) which corresponds to « after the pinching, via the
aforementioned surjection. Let B be an ordered basis of H; (X1, Z,) whose first two
elements are [y] and [«], and whose remaining basis elements do not intersect [y].
For ¢t > 0, define B; as the image of B; under the isomorphism, and extend tot =0
via the mentioned surjection. Now choose any spin structure of ¥ which gives all
markings twist 0 and makes the node NS. Recall that spin structures on smooth curves
are determined by the map ¢ of Definition 2.26, using the rule of Theorem 2.27, and
any map which satisfies this rule gives rise to such a spin structure. Recall also that
spin structures on Xo which give all markings twist O and make the node NS are in
bijection with spin structures on the normalization of X giving all of its special points
twist 0. Assign a number ¢(f) to any element 8 € By \ {y}, and put g(y) = 0. Recall
Lemma 2.39. The identifications between the different B; with # > 0 define a spin
structure S; on X; for any ¢ > 0. It extends to a spin structure on 3¢ with an NS
node. We can also define spin structures S}, for 7 > 0, whose restrictions to B; are the
same except for the elements which correspond to ¢, on which they are opposite. Both
(2¢,St)tefo,1] and (X4, S})efo,1] are paths in the moduli of 2—spin curves which have
the same limit point (o, So) = (X0, S;), and which cover the same path (3;);¢[o,1]
in the moduli of curves. The existence of the paths is due to the fact that g(a’) is
undefined, and this data loss is the reason for the appearance of the branched cover
phenomenon.

In the case of a separating NS node, this argument no longer works, however in this
case the automorphism group of the spin structure becomes larger: scaling the fibers of
the spin bundle by —1 on each one of the two components is an automorphism. This
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growth of the automorphism group implies that the orbifold degree of the restriction of
Forgpin to such strata decreases.

2.4 The line bundles L;

Definition 2.42 Let I be a stable graph with an internal tail marked i # 0. The
line bundle L; — ./\7]1# is the line bundle whose fiber at (X, {x;};eB. {z;}je7) € /\7]11§
is TZ"; 3. This bundle can also be defined by pulling back the corresponding relative
cotangent line over the closed moduli space, via the doubling map.

Let I" be a spin graph with a lifting and an internal tail marked i # 0. The line bundle
L; — Mr is the line bundle whose fiber at (2, {x;};ep.{z;}jer) € Mr is T,5 3.
Equi\izll/ently, this bundle can be defined as the pullback of L; — M%spin ) by the
map Forgpiy.

2.5 Boundary conditions and intersection numbers

We begin with a simple observation.

Observation 2.43 Let (X, S, s) be a smooth marked surface with a spin structure and
a lifting, ¥’ the marked surface obtained by forgetting points {xp}pecp, where B’ is
a subset of illegal boundary marked points. Then S is canonically a (twisted) spin
structure for X/, and s canonically extends to a lifting on ¥'. In particular, a marked
point is legal for (X', S, s) if and only if it is legal for (X, S, s).

Definition 2.44 Consider I € Gg ¢ ; and i € [/], and let v = i /0¢ be the vertex of I'
which contains the tail marked i. Define a graph v (I") as follows; it will be called the
abstract vertex of i in I, or just the abstract vertex for short.

(@ V(v (T)) = {*}, a singleton. It is open if and only if v is.

(b) T1(*T)) = (6f)"!(v). Any internal tail of v}(T") which corresponds to a
tail marked by j € [/] is marked j, otherwise it is marked 0. The twist of any
tail of v} (I") is the same as the twist of the corresponding half-edge of v. Also,
HCB =g,

(©) TB(U;"(F)) ={he (crég)_1 (v) | alt(h) = 1}, and all of these boundary tails are
marked O.

(@ g/ (T))=g()and EQ}(I)) =o.
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1 5tw=1 1 5tw=1
g=0 g=0¥
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g=1 0 g:lf
0
g=00-T3 g:OJj t.3
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Figure 8: In this figure, to the right side of each dual graded spin graph
its corresponding abstract vertices are shown. Again, half-edges i with
alt(h) = 1 are decorated with the symbol +.

Let forjjegai: G — G be the map which forgets all tails 7 € T8 with alt(r) = 0. As a
consequence of Observation 2.43, it induces a map at the level of moduli spaces, which
will be denoted by Forjjjegal.

Write ®r,; = Forijiega0V; : M — M, * ). This map extends to a map Mrp — M, x (),
1 13
and we also denote the extension by ®r ;.

At the level of surfaces, ®r; () for ¥ € Mr is the graded smooth surface obtained
from ¥ by normalizing the nodes which correspond to the edges of I', taking the
component of z;, forgetting all illegal half-nodes which were formed, renaming all
remaining special points by 0, and forgetting the lifting at preimages of contracted
boundaries; see Figure 9.

Observation 2.45 For I' as above, the two orbifold line bundles IL; — Mr and
dD*li,l. L; — Mv;‘(r‘)) are canonically isomorphic.

For a proof, see [31]; it is proven there for the g = 0 case, but the same argument
works in general.

In order to define the open intersection numbers we need to define special canonical
multisections, following [31; 35]. We first recall what multisections are, and refer the
reader to [7, Appendix A] for more details and references.

Definition 2.46 Let £ — M be an orbibundle over an orbifold with corners, and
identify E with its total space. A multisection is a function x : E — Q> which satisfies
the following properties. For any p € M, let (F — U)/G be a local model for £ — M
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1 2 1
17+
| A
M.'.
+
2 1
Figure 9: In this figure, the graded surface on the right of each row is the

image (as a moduli point) of ®r ;(X), where X is the corresponding surface
to the left of the same row, and I' is the dual graph which corresponds to X.

in a neighborhood of p, where U =~ R™ x R (™, p is identified with 0, F >~ U x R”,
the map 7w : FF — U is the projection, and G is a finite group acting linearly on the pair,
commuting with 7. Denote by & the pullback of x to a G—invariant function on F.
Then:

(a) Forally eU,

Y k=1

ver—1(y)
(b) We can find sections s1,...,sy: U — F, perhaps after replacing U with a
smaller neighborhood of 0, and nonnegative rational numbers p1, ..., wy, such

that forall y € U and v € 771 (),

k=)

ilsi (¥)=v
The sections s1,...,sy are called local branches and the numbers 1,..., Uy are
their weights. The locus where x 7 0, which is locally the union of its local branches,
is called the support of the multisection. The elements in the support of k¥ which lie in
the fiber £, of E over p form the set of values of the multisection at p.

Although the support does not, in general, capture all the information of the multisection,
we usually refer to the multisection « by its support s, and write s(x) for the values
of the multisection at x. If N =1 for all p € M, then the multisection is just a usual
section. The multisection is smooth (piecewise smooth) if all its local branches are
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smooth (piecewise smooth). Many of the natural operations and properties of sections
of vector bundles generalize to multisections of orbibundles in a natural way. These
include addition of multisections, multiplication by functions f: M — R, and most
transversality statements. We say that the multisection is nowhere vanishing if none
of its branches vanishes, or equivalently x(x, 0) = 0 for all x € M. The multisection
is transverse to zero if all its branches are transverse to the zero section, and it has
isolated zeroes, if all its local branches have isolated zeroes. A point x is a zero of the
multisection if k(x, 0) # 0, that is, at least one of the local branches at x vanishes at x.
The zero locus of a multisection is the set of its zeroes.

Definition 2.47 Suppose A C Gg 1 ; is a collection of graphs with at least one boundary
edge. A piecewise smooth multisection s of L; — | Jp¢ 4 M is called special canonical
on | Jpe 4 Mr if, for all A € 9'T,

Slatn = @ 5%
for some piecewise smooth multisection sV ) of L; — ./\/lv;k (A)-

In the case that A C G, i ; is the collection of all graphs with at least one boundary
edge, we say that s as above is special canonical.

A multisection s = €D, ¢1), j e[a,] 5ij of D; L?aj is special canonical if each component
si; 1s special canonical.

Intuitively, being special canonical means that the multisection depends only on the
irreducible component of z; in the normalization, after forgetting the locations of the
illegal boundary half-nodes and the liftings at contracted boundaries.

Still following [7, Appendix A], let p € M be an internal point, and let s be a multisec-
tion with isolated zeroes. We assume that £ and M are oriented and rk(E) = dim(M ).
Take a local model (F — U)/G for the neighborhood of p as in Definition 2.46.
Choose a metric on U, a metric on the fibers R”, and let 7/: F — R” be the projection
on the R” component. Let B be a small ball around 0 (which is identified with p)
which contains no zero of s except possibly 0. Denote by S the unit sphere in R”. We
use the orientations of M and E to endow S and dB with the induced orientations as
the boundaries of oriented balls. We define deg,, (s;), the local degree of s; at p, as the
degree of the map 7: dB — S, where

 si)
= oo
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This definition is independent of choices. The weight of p in the zero locus of s is
defined as

N
1
(17) =150 ; pi deg, (s;).
If s has a finite zero locus {p1, ..., p:}, then the weighted signed zero count of s is

Z§=1 €p; (5) € Q.

Let s be a piecewise smooth multisection of £ — dM, where E — M is an oriented
orbibundle over a compact oriented orbifold with corners. Suppose s vanishes nowhere.
For any piecewise smooth multisection § extending s to the interior of M with isolated
zeroes, the weighted signed zero count of § is the same. This follows from standard
cobordism arguments — see for example [16, Section 3] for the case IM = &; the
addition of boundary does not complicate the argument? — and it is also a consequence
of Proposition 3.3, whose proof is sketched below. We denote this number by |/, u €(E.s)
and call it the integral of the relative Euler class of E relative to s.

Remark 2.48 The relative Euler class e(E,s) € H"(M,dM,Q), where E — M is
an oriented orbibundle over a compact oriented orbifold with corners with rk(E) =
dim(M) = n, is defined whenever s is a nowhere-vanishing boundary condition for
E — M. Integrating, or capping with the fundamental class, gives by Poincaré-
Lefschetz duality an element of Ho(M, Q) ~ Q. This element is precisely what we
defined as the integral of the relative Euler class. For our needs the definition of the
relative Euler class itself is not required. See the appendix in [7] for more details and
references.

The integral relative Euler class can be defined for orbifold sphere bundles rather than
orbifold vector bundles, for example by using an embedding of the sphere bundle into
the vector bundle using a choice of a metric for the vector bundle, and inducing the
boundary conditions by this embedding. The resulting integrals are the same when
working with a vector bundle E or with its associated sphere bundle. We shall use
these two notions interchangeably throughout the paper.

Observation 2.49 Suppose that E — M is an oriented orbibundle over a compact
oriented piecewise smooth orbitold with corners with rk(E) = dim(M) = n, and that

21n [16] the definition of multisections is slightly different, as a section to the symmetric product of the
orbifold vector bundle. However, a multisection in our terminology induces in a natural way a multisection
in the terminology of that paper, and the definitions of the zero counts agree.
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s is a nowhere-vanishing multisection of E — oM. Let f: N — M be a surjection
between compact oriented piecewise smooth orbifolds with corners of dimension n,
which maps ON onto M . Suppose that f is generically of degree one, meaning that
outside of a subspace K C M which is a union of finitely many compact suborbifolds
of M of real codimension one, f is injective. Then

/Ne(f*E,f*s):/Ne(E,s).

Indeed, standard transversality arguments show that a generic piecewise extension of s
to M will have no zeroes in K. Using the pullback to N of such a generic extension
proves the claim.

The following theorem has appeared in [31] in the genus O case, and will appear in [35]
for all genera.
Theorem 2.50 Suppose ay,...,a; > 0 are integers which sum to %(k + 21 4+3g—3).

Then one can choose multisections {s;; };e[1], e[a;] SUch that

(a) Foralli and j, s;; is a special canonical multisection of IL; — Bﬂg,k,l.

(b) The multisection s = @i, j Sij vanishes nowhere.

Moreover, for any two choices {s;; } and {s; j} which satisfy the above requirements,

®Da; ®Da;
e L: ’,S):/ e( L: ",s'),
/Mg.k.z (GB ’ Mg k.1 @ ’

where s’ = €P; ; s},

we have

For completeness, and since [35] is yet to appear, we will shortly review the proof of
first claim in the theorem. We will not review the “Moreover” part, since it will be a
consequence of our main theorem, Theorem 1.5, which calculates the integral of the
relative Euler class, and obtains an answer which does not involve the special canonical
multisection, without relying on the assumption that the integral is independent of the
multisection.

The proof that nowhere-vanishing special canonical boundary conditions exist has two
steps. The first step shows that for any boundary point p € M .k, there exists a
special canonical multisection none of whose branches vanishes at p. This step is the
heart of the argument; it is similar but not identical to [31, Proposition 3.49(a)] and we
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will review it in the next paragraph. The second step uses the multisections constructed
in the first step to construct nowhere-vanishing boundary conditions: Using the first
step and compactness, one can find finitely many canonical multisections s1, ..., sy of
E = @ie[l],je[ai] L?a" such that for any boundary point p € aﬂg,k,l and any choice
of local branches s; of s; at p, the vectors (s}), for i € [N] span the fiber Ey. Then,
by a standard transversality argument, a generic linear combination of s, ..., sy will
be a nowhere-vanishing canonical multisection. By generic we mean that the subset of
linear combinations of s1, ..., sy with this property is residual in the set of all possible
linear combinations. The proof of this step is identical to [31, Lemma 3.53(a)], and we
refer the interested reader there.

We turn to explain the first step. Fix p € 9M, x; and i € [I]. Suppose p belongs
to the stratum Mr for some graded spin dual graph I' corresponding to the graded
surface X. Let u € (L;), be an arbitrary nonzero vector. Finally, let [£'] be the image
of p = [X] under the map ®r;, and write G = Aut(X). The action of G lifts to an
action on the cotangent of the i marking, that is, on (ILi )z, the fiber of L; at [X'].
By Observation 2.45, the fibers of IL; at [X'] and [X] are isomorphic, canonically up to
the action of G on (IL;)[x]. Thus, the G—action lifts also to (IL;)[x]. Write

u="{uy,....up;}=4{g-ulgeGi.

We will construct a special canonical multisection of IL; whose branches at p have
values u, with equal weights. Set

Vst = 05 (A) | A €'z},

ie Vg k1 is the collection of abstract vertices v (A) for any graded spin graph A that
corresponds to a stratum of M ¢.k,1- We will construct for any v € Vg . ; a special
canonical multisection sV for L; — M,. These multisections are required to be
compatible in the following sense. Let v € Vg 1, and let A € dv be a graph which
corresponds to a boundary stratum of M,. Let v/ = v (A). It is easy to see that
v’ € Vg k1. We require, for all such v and A, that

(18) TN =d>z’is”/.

These constraints for different A are compatible. See the explanation at the beginning of
the proof of [31, Proposition 3.49], which extends to our setting. This construction will
provide, in particular, a construction of a special canonical multisection for v} (Ig % 1),
which is the same graded dual graph as I, 1 ; except that the boundary tails are marked 0.
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The pullback of this section by the canonical map
Mrg.k.l - va‘(l“g.k.z)
which changes the boundary markings to 0 will be the required multisection.

Write v* = v¥(I") and @ = dim(My~), where I" is the dual graph which corresponds
to X. The construction of multisections s¥ for v € Vg x; will be by induction on
d = dim M,. The basis is d = —1, which holds trivially since there are no such
vertices. Suppose we have constructed multisections with the required properties for
all v’ with dim M, < d. Consider v € Vg x ; with d =dim M. Note that v need not be
an open vertex, and may even have internal tails with tw = 1. Write Y = [ [ ¢, MA.
Define first sV|y according to (18), where the right-hand side of the compatibility
equations is already defined by induction. We now extend sV to the whole moduli
space M,. Here we separate into cases. If v # v*, we extend arbitrarily. If v = v*
we extend arbitrarily, but under ihe requirement that sf’;/] = u, meaning that each u;
appears in some branches of sV, and with the same total weight. This can be done
for example in the following way. Let p: My« — [0, 1] be a smooth function which
is 1 near [X'] and O near Y. Let s’ be an arbitrary extension of the already defined
sV |y to My=, and s an arbitrary multisection of L; — M+ which has the required
values [X']. Then one can take

sV = ps” + (1—p)s’.
The induction follows,? and thus also the proof.

For the benefit of the reader we now explain the difference between this proof and the
proof of [31, Proposition 3.49(a)], and the intuitive reason for why canonical boundary
conditions should give rise to well-defined intersection numbers. In [31] there were
no contracted boundaries and all boundary nodes were separating. In this case the
definition of canonical boundary conditions can be given without spin structure, by
using only parity considerations: for each node, precisely one half-node is forgotten, and
the forgotten half-nodes are chosen in the unique way which leaves on each connected
component of genus s of the normalized surface a total number of unforgotten special
boundary points whose parity is s + 1 (mod 2). This numerical reasoning cannot work
mthe corresponding claim in [31], the multisections were also required to satisfy some
invariance under symmetry groups. In our case, since we work with orbifolds and orbibundles, this
invariance is part of the definition of being a multisection; see the appendix of [7]. In [31], the orbifoldness

was implicit, and was a result of forgetting the boundary markings. In higher genus, even the moduli with
injective markings is an orbifold.
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when there are nonseparating nodes. However, as it turns out, this parity notion neatly
generalizes to the notion of a graded spin structure, and the forgotten half-nodes are
precisely the illegal ones. The importance of this scheme is that it forces the boundary
conditions to be pulled back from a real codimension-two space rather than from a
codimension-one space (the codimension is with respect to the dimension of the whole
moduli space).

This idea cannot work in the case of moduli strata which parametrize surfaces with
a contracted boundary component. However, for such surfaces, for any contracted
boundary component there are two possible choices of liftings. Moreover, by the
“Moreover” part of Theorem 2.53 below, the boundary strata of the moduli which
correspond to the different choices of liftings come with opposite orientations. Since, in
the definition of the base, the lifting in such points is forgotten, the boundary conditions
should be the same for these two boundary strata.*

These two properties are strong enough to guarantee that the integrals are well defined:
The dimension reduction, together with a standard transversality argument, enables one
to construct a homotopy between any two choices of canonical boundary conditions s
and s’ which does not vanish on boundary strata which correspond to surfaces with
a boundary node. It may vanish on boundary strata which correspond to surfaces
with contracted boundaries, but these vanishings cancel in pairs, which differ in the
liftings of these contracted boundaries. This homotopy argument thus shows that s
and s determine the same integral. In the course of the proof of Theorem 1.5 this
independence will become manifest.

Based on Theorem 2.50 we can now define open intersection numbers.

Definition 2.51 With the notation of Theorem 2.50, define the open intersection

(Tal "'Talok>g = 2_%(g+k_1) / e(@L;eaj,s)a
i

Mg k.1

number

where s is a nowhere-vanishing special canonical multisection.

“4Essentially this discussion says that such codimension-one boundaries can be glued, and that the integrals
can be calculated with respect to the glued moduli space. In an earlier version of this manuscript we chose
this path, but we believe that this gluing is less elegant than the equivalent choice of unglued boundaries
we make here. The cost of this choice is that there are now additional boundary conditions to impose and
to analyze.
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The power of 2 is a normalization factor chosen in [31], which makes some initial
conditions nicer but has no geometric or algebraic importance.

Since we define the intersection numbers to be 0 unless the numerical condition of
Theorem 2.50 holds, the genus is determined from knowing k, [ and ay, ..., a;, and for
this reason we will usually omit it from the notation and simply write (74, -+ 74 lak)
for (4, ---ra,ok)g.

2.6 The orientation of M, ;

As mentioned above, the spaces M ¢,k,1 were proved to be orientable, and moreover
were given canonical orientations. In order to state properties of these orientations that
will be required for later, we need the following definition.

Definition 2.52 Let M be an oriented orbifold with corners. Then dM is also ori-
entable. The induced orientation on dM is defined by the exact sequence

0— N — TM|spy — TIM — 0,

where N, the dimension-one normal bundle of dM in M, is oriented by taking the
outward normal as a positive direction and the orientation on 7'M as the given one.

For the benefit of the reader, we recall the construction of the induced orientation also
in terms of local coordinates. Let p be a boundary point which is not a corner. A
local neighborhood of p is diffeomorphic to (Rso x R*~1)/G for some finite group G
which acts on R”, and under the diffeomorphism, p is mapped to the origin. By
the orientability assumption G acts in an orientation-preserving manner, and we may
assume that the orientation induced on R” by the diffeomorphism is the standard
one. Since p is a boundary point, {0} x R”~! is preserved by G, and since G acts
on R>¢ x R*™!, by definition R>o x R"! is preserved. Take an oriented frame
(v1,v2,...,vy,) for R” which is in the class of the standard orientation, so that v; has
negative first coordinate and the remaining vectors of the frame have first coordinate 0.
Then (va,...,vy,) is a frame for {0} x R”~. For g € G, (gv1,...,gvy,) is in the
same orientation class as the original frame. Since Rx¢ x R? 1 s preserved under G,
gv1 has a negative first coordinate. Since {0} x R”~! is preserved under G, the first
coordinate of each gv; fori > 2 is 0, and we obtain that

(gv2,....gvp) and (v2,....vn)
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are in the same orientation class. This class is defined as the orientation frame, which
defines the local orientation at p. We extend the orientation to the whole boundary by
continuity.

The next theorem, proven in [35], describes some useful properties of the canonical
orientations of M ¢.k,1» properties that characterize these orientations uniquely.

Theorem 2.53 There is a unique choice of orientations or for any graded graph I
all of whose connected components contain a single vertex, satisfying the following
requirements:

(a) The zero-dimensional spaces Mr forT e {To.1,1. T0,3,0} are oriented positively.

(b) IfT" ={I1,...,I}}, where the I are the connected components, then

,
or = [X] or;-
i=1
(c) Let T be a graded stable graph with a single boundary edge e, and put A = d,T.
Denote by ' the graph obtained by detaching that edge into two tails t and t’,
with alt(t) = 1 and alt(¢t') = 1, and forgetting the tail t. Note that we have a
fibration Mt — My, whose fiber over the graded surface ¥ € My is naturally
identified with 0% \ {x;};cp(r+- Then the induced orientation on Mr as a
codimension-one boundary of M p agrees with the orientation on Mr induced
by the fibration Mt — M, where the base is given the orientation ot and the
fiber over X gets the orientation of 0.

Moreover, these orientations have the following additional property. For I" as above,
let C be a connected component of M which parametrizes surfaces with at least one
boundary component containing no boundary markings. Let C’ be another connected
component which parametrizes surfaces that differ from those of C only at the grading
in that boundary component, which is opposite. There is a natural map V: C — C’
which maps a stable graded marked surface to the same surface but with the opposite
grading at this boundary component. Let Cx and C|, be the boundary strata of C
and C’, respectively, which parametrize surfaces in which this boundary component
is contracted, and let oc,, and oc; be the respective orientations induced on these
subspaces. Then ¥ maps Cx bijectively onto C,, and

oc, = —Wyoc,.-
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The difficulty in this theorem lies in the existence and the “Moreover” parts, which will
be proven by other means below. Given the existence, the uniqueness follows easily
using induction on dimension. In [35] the behavior of the orientations with respect to
strata with internal nodes is also explained, but it is not needed here.

3 Sphere bundles and relative Euler class

Given a rank n complex vector bundle 7: £ — M and a metric on it, one can define
the sphere bundle 77: S = S(E) = S?"~1(E) — M whose fiber S, at p € M is the set
of unit-length vectors in E,, the fiber of E at p, with the induced orientation. Given a
sphere bundle S — M, its linearization is the space

S XRZO/N’

where (v,r) ~ (v/,r’) if either r = ' = 0, or v = v’ and r = r’. This space can
be endowed with a natural linear structure, a metric and a projection to M. When
S = S(E), the linearization of S recovers E. The sphere bundle of E can be defined
also without referring to a metric, by removing the zero section and taking the quotient
by the R4 action. Different metrics give rise to isomorphic sphere bundles.

Definition 3.1 An angular form for E (or for §) is a (2n—1)—-form ® on S which
satisfies the following two requirements:

(a) fSpCI>= 1forallpe M.
(b) d® = —n*Q, where Q is some 2n—form on M.

The form €2 is a local representative of the top Chern form of £ — M, and will be
called the Euler form which corresponds to ®. Denote by & also the form on E \ M,
where we identify E and its total space, defined by P*®, where P: E\M — S(E) is

the map
(p,v)—>(p,|:j—|) for pe M andv e E\ M.

It is straightforward that:
Observation 3.2 The form |v|® extends to a form on all the total space of E.

We will use the following claim.
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Proposition 3.3 Let E — M be a real oriented rank 2n vector bundle on a smooth
oriented manifold with boundary M of real dimension 2n. Let ® be an angular
form, and let 2 be its corresponding Euler form. Given a nowhere-vanishing section
s € '(E — dM), one can define the integral of the relative Euler class, and it holds that

/M e(E.5) = /M 2 /3M e

Moreover, the statement also holds if E — M is an orbifold vector bundle over an
orbifold with corners and s is a nowhere-vanishing multisection over the boundary.

This claim is well known, in the case of manifolds, and the extension to orbifolds is
straightforward. We briefly recall the proof of the claim for manifolds, referring the
reader to [4, Chapter 11] for further details, then we explain the changes required for
handling the orbifold case. As usual we are interested in the integral of the relative
Euler class, rather than the class itself.

We wish to calculate |, u €(E.s), the weighted number of zeroes of an extension of s
to M to a section with isolated zeroes. Let § be such an extension, and let py,..., pm
be its zeroes. By choosing diffeomorphisms from neighborhood of py, ..., p;; to open
sets in R”, for small enough r we can define M, = M \ | J/_; B, (pi), where B,(p)
is the ball around p, and sections s, which are the restrictions of 5§ to dM,. By taking
r to be even smaller we may assume that the balls are disjoint. By Stokes’ theorem,
s being a global section over M}, and the definition of the angular form, we get

Q2 = lim Q2 = lim s*n*Q
M r—0 M, r—0 M,

=—lim/ $*d® = —1lim srP
r—0 , r—0 oM,

m
=—/ ¥ P+ lim/ srP.
M =170 9B (p0)

Foreachi =1,...,m and small enough r, f 9B, (p;) sy ® is the order of vanishing of
s at p;; see [4, Theorem 11.16]. Thus, the right-hand side of the previous equation
equals [, e(E,s)— [5,, s*®, as needed.

The argument works also in the orbifold case. One first shows that Stokes’ theorem
generalizes to the case of orbifolds with corners and multisections of the vector bundle
A*(T* M) instead of sections of this bundle (differential forms). For differential forms
over orbifolds with corners this is shown, for example, in [36]. The extension to
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multisections is proven similarly. Then the integral around p; becomes, in the local
model and notation of Definition 2.46,

N

D i / 57 @,

= B
with B C U a small ball around 0, and s; and yu; the local branches and weights. But

this is precisely the weight (17) in the definition of [ a €(E,s), so again the result
follows.

Suppose now that £ = }_; L; is the sum of n complex line bundles L;. Choose a
metric for £ for which the line bundles L; are pairwise orthogonal. Write o; for an
angular form for S; = S(L;), and w; for the corresponding Euler form, ie the curvature
of L;. Define the functions
ri: E—->R

to be the length of the projection of (p,v) € E to L;. The sphere bundle can be
described as the set of vectors which satisfy ) rl.2 = 1. For convenience, denote by w;
and r;a; the pullbacks of w; and r;o; to the total space of E and of S(E), where for
the latter form we use Observation 3.2.

As far as we know, the following theorem has not appeared in the literature before.

Theorem 3.4 The form

n—1
(19) o= Z 2k k! Z rra; A Z N(@rjdrine)n N\ wp

k=0 i€ln] 1y’ €! he Ui}
|I|=k

is an angular form for E, whose corresponding Euler form is /\}_w; .

Proof We first need to show that the integration on a fiber gives 1. Since the w; are
pulled back from the base for all i, the only term in ® that may have a nonzero integral
over a fiber is the term

PP = 2"~y — 1)1 Z rPa; A N (rjdrj Aaj).
ieln] 7
We wish to show that for an arbitrary p € M, we have | S(E,) QP = 1, We first
integrate all the «; terms. By using that ¢; is an angular form for L; the integral of «;
is 1, and we are left with calculating

2" —1)! r2A N rjdrj.
/zr,.2=1 l.ez[n] L
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By changing the variables to t; = rl-2 with dt; = 2r; dr;, the integral becomes

n—1
(n—1)! AN\ dt; =n! ( ti)/\ AN dt;
fztl Z / /Zz 1 <1 ; i /

1<j<n-—1
11,.. :tn>01_1 J# 115eetn—120 =/=

=n! N dt;,
/Zz 1t1<11<j5n /

yeenstn>
where in the first equality we have used the symmetric role of the variables #; and then
eliminated #,, and in the second equality we have used that

EDIEY| ds.
i<n—1 0<s<1-=} <1t

The left-hand side is just n! times the Euclidean volume of the n—simplex

{ti+-4+t, <1]|t1,...,t, =0}

It is well known that this volume is 1/n!, and the first property of the angular form
follows.

For the second property, we will now show that when calculating d®, one gets a
telescopic sum which turns out to be equal to A w;. Write

SI’,' = Zkk!rizai/\ /\(I’jd}’j /\Olj)/\ /\ wp
Jjel helU{i}

for the contribution for given I with i ¢ I, where k = |I|. Taking the derivative, as w;
and r; dr; are closed, only ri2 or o; may contribute. We obtain

dSr; =di1S1;i +d2Sr,; + Zd3,151,i,

lel
where
dlsj,,‘ :=2k+1k!ri dr,'/\ozi/\ /\(}’j drj /\O{j)/\ /\ wp,
jel heTULi}
dZSI,i = —Zkk!riza)l'/\ /\(rj drj /\Otj)/\ /\ wy,
jel h¢TULi}
d3,lSI,i = —2kk!rl~2cxi/\rldr1/\w1/\ A (I’j di’j /\Otj) A wy forlel.
JeI\{l} h¢TU{i}

The third contribution appears only when / # &.

Now, fixing I, one has

20) Y " diSp\gyi = k28 (k= 1)1 /\(r,- dr; /\Olj)/\hé\la)h,

iel

Geometry & Topology, Volume 27 (2023)



2558 Ran J Tessler

(21) ZszI’i = —Z:zkkll’i2 /\ (}’j dl’, /\Olj)/\ /\ wp
it i¢l Jel h¢l
:—(1—2;’%)2’%! N (rjdrj naj) AN N\ op
el jel hél

= —Zkk! ( /\ (rj d}’j /\Olj) A\ /\ wy,
jel he¢l
—er drinain N\ (rjdrj naj) A N a)h),
iel JeI\} hél
where we have used ) rl.2 =1 in the second equality. And, fixing / andi ¢ I,

22) > daiSrogy
1¢1U47}

=— Z 2k+1(k+1)!ri2a,~/\rldrl/\wl/\ N@rjdrine))n N wp
1¢IU{i} Jel h¢TUli,l}

= 2Kk 4+ 1) Z rrdry Arfai AN\ (rpdry nap) A N\ o
lelU{i} Jjel h¢TU{i}

:—2k+1(k+1)!ri3dr,~/\oz,~/\ N (rjdrine))n N\ wp,
jel heET U}

where the identity ) r; dr; = 0 was used for the second equality. The last passage
follows from noting that except for the / = i term, for all other / € I we will get a
monomial with two dr; terms.

Summing equations (20), (21) and (22) over all possibilities for 7, and in (22) also for
i ¢ 1, we see that:

e (20) vanishes if I = @. For I # &, the contribution of (20) cancels with the
first term on the right-hand side of (21) for the same /.

e For a given J # &, the sum of (22) over all pairs (/,i) withi € J and I = I\ {i}
cancels with the second term of (21) with I = J.

e For I = &, the second term of (21) vanishes.

Thus, the only term which is left uncanceled is /\ @;, coming from the first term of (21)
with I = &. Hence, as needed,

dCDIZdS],iZ—/\a)i. O
1,
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Remark 3.5 In what follows we will sometimes use forms on S(E) which are defined
similarly to ®, but depend a subset of its arguments. For this reason it will be useful to
extend ® and similar expressions to multilinear functions in the variables r;, dr;, ¢;
and w; fori =1,...,n, without imposing > r? =1 and }_r; dr; = 0.

Without these constraints the right-hand side of (21) gets a correction of
2Kt (1 =3 r,f)( rjdr; /\otj) AN ),
heln] jel h¢l

while the right-hand side of (22) gets a correction of

2k+1(k+ 1! ( Z T drl) /\rl-za,' /\( A ridrj Aaj

) A wy,.
leln] JEel he[n]\(1 U{i})

Summing the first correction over all /, and adding the sum of the second correction
over all / with i ¢ I, we obtain

Zz(l—Zr}%)/\Zme! Z(/\rjdrj/\aj)/\ AT,

heln] m>0 |=m €1 Jjeln\I
1¢(n]
T ( S drh) A e A Y 2 s
heln] ie[n]\{h} m=0
N Z ( /\rjdrj/\ozj>/\ /\ wj.
I=m €I JelrNT Uii})
IS[n]\{i,h}
Therefore, without imposing Y r? = 1 and )_ r; dr; = 0 we have
n
dd=7—- N\ w;.
i=1
Clearly Z vanishes if we do make these assumptions.
Construction-Notation 1 Suppose that Sy, ..., S; — M are piecewise smooth S!—
bundles over a piecewise smooth orbifold with corners. Denote by S(Sy,...,S;) > M

the (2/—1)-sphere bundle on M whose fibers are
S(S1,.. ., S))x = {(rl, Prra. P P | Pre (S 20,) 12 = 1}/~,
where ~ is the equivalence relation generated by

(ri,P1,...,0, P;,....r;, P;) ~ (r1, P1,...,0, Pl/,...,rl,Pl),

equipped with the natural topology.
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4 Symmetric Jenkins—Strebel stratification

In the remainder of the article all open spin surfaces we will encounter, twisted or
not, will have a lifting. Similarly, we will encounter several types of graphs: the dual
graphs we have defined above, ribbon graphs and nodal graphs. These graphs will also
be classified as open or closed and will sometimes carry spin structures, twisted or
not. All the open spin graphs we shall meet will have a lifting. For this reason we
will sometimes slightly abuse notation and omit the suffix “with a lifting” from the
terminology. We will also usually omit the addition “twisted”. It will be clear from the
context if we mean a closed or open object, twisted or not, etc.

4.1 JS stratification for the closed moduli

4.1.1 JS differential and the induced graph In this subsection we briefly describe
the stratification of moduli of closed stable curves, following [25; 42; 28].

Let X be a nodal Riemann surface with 2g —2+n > 0. A meromorphic section y of the
tensor square of the cotangent bundle defined on each component of the normalization
of ¥ can be written in a local coordinate z as f(z) dz2. If y has a double pole at
w € X, the residue of y at w is the coefficient of dz2/(z — w)? in the expansion of y
around w. The residue is independent of the choice of the local coordinate. A quadratic
differential y is such a section which has at most double poles, all the poles are located
either at the marked points or at the nodes, and for any node, the residues of y at its
two branches are the same.

Let y be a quadratic differential, and w € X a point which is neither a zero nor a pole.
In a neighborhood U we can take its unique (up to sign) square root ,/y. This is a
1-form, hence can be integrated along a path. This defines a map

g:U—C, g(2)=/wz«/_,

where the integral is taken along any path in U.

A horizontal trajectory is the preimage of R C C, and it is a smooth path containing w
in its interior. It turns out that the notion of horizontal trajectories can be defined also
in the case where w is a zero of order d > —1, where as usual a zero of order —m is a
pole of order m. In this case there are exactly d + 2 horizontal rays leaving w. When
w is a pole of order 2, if its residue is —(p/2m)? for some p € R, there is a family
of nonintersecting horizontal trajectories surrounding it whose union is a topological
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open disk, punctured at w. Moreover, with respect to the metric defined by |/, the
perimeter of each of these trajectories is p.

Example 4.1 Let X be the Riemann sphere. For all p > 0,

) (5]

is a quadratic differential, whose only poles are at 0 and co and whose horizontal lines
are the sets |z| = r for r > 0, whose lengths are indeed p. Their union is an open
punctured disk. It should be noted that actually this is the only quadratic differential on
the sphere, up to scaling, which is invariant under the reflection in the equator whose
only poles are at 0 and oco.

Definition 4.2 Let (X, z1,....2n, Zn+41, ..., Zn+n,) be a marked genus g nodal Rie-
mann surface with 2g —2 +n > 0, where the subscript of z; indicates its marking. Let
D1, - .-, Pn be positive reals, and p; = 0 for i > n. A marked component is a smooth
component of the curve with at least one marked point z;, with i € [#]. The other
components are called unmarked. A Jenkins—Strebel differential, or a JS—differential
for short, is a quadratic differential y such that:

(a) y is holomorphic outside of special points. At nodes it has at most simple poles,
and at the i marked point it has a double pole with residue —(p; /27)2. In
particular, if p; = O there is at most a simple pole at that point.

(b) y vanishes identically on unmarked components.

(¢) Let X’ be any marked component of . When p; # 0, if D; is the punctured
disk which is the union of horizontal trajectories surrounding z; € ¥’, then

The following theorem was proved in [37] for the smooth case; the nodal case was
treated in [28; 42].

Theorem 4.3 Given a stable marked surface (X,z1,...,Zn4n,) With n > 0 and
P = (P1,..., Pn+no) € R x(0,...,0) as above, the JS differential exists and is
unique.
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Given (X, z) and p as above, define the decorated surface S and the map Kp,: X — s
as follows. ¥ is obtained from % by contracting any unmarked component to a point,
and decorating any such point by its genus defect and marking defect. The genus defect
is the genus of the preimage of the point in X, and if that preimage is a single point,
it is defined to be 0. The marking defect is the set of marked points in this preimage,
which is labeled by a subset of [n 4 ng] \ [#]. We should stress that y need not vanish
on a preimage of a node in the normalization, but it can have at most a simple pole
there. Thus, from the discussion about horizontal trajectories, each node or unmarked
component and in particular any point z; for i > n must be mapped to a point which
touches at least one horizontal trajectory. Note also that an unmarked component
always touches a node (unless n = 0 and then the whole surface is unmarked).

The JS differential y induces a metric graph on $ whose vertices are zeroes of order
d > —1° of y, including the images of unmarked components, and whose edges are
the horizontal trajectories, with their intrinsic length. These embedded graphs can be
fully described.

Definition 4.4 A graph G = (V, H, 59,51, ¢, ), where

(a) V is the set of vertices, H is the set of half-edges,

(b) s is a permutation of the half-edges emanating from each vertex,
(c) s is a fixed-point-free involution of H,

(d) gisamap g:V — Zx, called the genus defect, and

(e) fisamap f:[n+no]\[n] =V,

is called a (g, (n,ng))—stable closed ribbon graph. The faces of the graph are s,—
equivalence class of half-edges, where 55 = s, Ls1. We write F = H/s,. The edges
are E = H/s;y. The genus of G can be defined as follows. Glue disks along the faces
to obtain a surface ¥. The genus of G is the (arithmetic) genus of ) plus the sum of
genus defects in vertices. The marking defect of a vertex v is defined as £~ (v). We
require that:

(a) For a vertex v of degree 1 or of degree 2, but such that the assigned permutation
is a transposition,

g)+1f )= 1.

SWe consider a simple pole as a zero of order —1, and a point which is neither a zero nor a pole to be a
zero of order 0.
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(b) The genus of the graph is g.

(¢) The number of faces is n.
A stable metric ribbon graph is a stable ribbon graph together with a metric
{:E—Ry.
We usually write £, instead of £(e).

A graph is smooth if all the vertices’ permutations sq are cyclic, all genus defects are 0,
and all marking defects are of size at most 1. The ribbon graph is connected if the
underlying graph is. We define isomorphisms and automorphisms in the expected way.
Write Aut(G) for the automorphism group of G.

Note that case (a) above occurs when v is either the image of a contracted unmarked
component, or the image of one of the points p; for some i > n.

Remark 4.5 To a stable metric ribbon graph one can associate in a natural way a
decorated metric space made of a disjoint union of closed intervals, one for each
e € E, modulo the identification of endpoints dictated by the graph structure. The
vertices, which are the equivalence classes of endpoints of intervals, are endowed
with genus and marking defects, and the closed interval which corresponds to the
edge e is associated to a metric structure which makes it isometric to the interval
[0, £.] C R. The associated decorated metric space is unique up to the expected notion
of isomorphism. Stable metric ribbon graphs which arise from a JS differential (we
will see in Theorem 4.8 below that all stable metric ribbon graphs arise this way) are
endowed with this additional structure of isometries between the embedded edges and
intervals of R. This will be used below, when we give coordinates to the combinatorial
S1_bundles. For more details we refer the reader to [42].

Notation 4.6 Throughout this article, given a ribbon graph, possibly with extra struc-
ture such as a graded ribbon graph, or a nodal graph, which will be defined later, we
shall write [A] for the class of the half-edge or the edge & under the action of the
automorphism group. We similarly write [A] for a subset of edges or half-edges.

Remark 4.7 If Norm: Norm(X) — X is the normalization of X, and y is the JS
differential on ¥ with prescribed perimeters, then Norm™y is a JS differential, hence
the unique JS differential, on Norm(X), with the same perimeters, and such that marked
points which are preimages of nodes have O—perimeter.
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4.1.2 Combinatorial moduli For a closed stable ribbon graph G, write Mg for
the set of all metrics on G, write Mg (p) for the set of all such metrics where the
i™ face has perimeter p;. We have that Mg ~ RE(G) /Aut(G) canonically, and this
identification endows it with a smooth structure.

For e € E(G), the edge between vertices vy and vy, define the graph 9. G, the edge
contraction, as follows. Write /1, hy for the two half-edges of e. Set V(0.G) =
V(G) \ {v1,v2} U{viva} and H(0.G) = H(G) \ {h1,h2}. The maps s}, g’ and f’
are just s1, g and f when restricted to vertices and half-edges of G. For the new
vertex v = vqvy, set /' (v) = f(v1)U f(v2), and set g’(v) = g(v1) + g(v2) whenever
v1 # vp, otherwise it is g(vy) + 8, where § = 1 if h; and h, belong to different
so—cycles, and otherwise § = 0. For any half-edge &, with /1/s1 # e, define s, (h) to
be the first half-edge among s»(h), s% (h), ... which is not a half-edge of e. We then
put s = s (s5) L.

Edge contractions commute with each other, and allow us to define a cell complex
Mg = [l Mg, where the union is over all graphs obtained from G by edge
contractions, and we glue the cell Mg of G’ = 0,,,....., G to the cell Mg along
le, =+ ={L,, =0. We similarly define Mg (p).

Write MZ,OIE? no) = [ | M@, where the union is taken over smooth closed (g, (1, n¢))

ribbon graphs. Write M?,Igl),no) = [ Mg/~ =]] Mg, where the union is taken over
all closed stable (g, (n,n¢)) ribbon graphs, and ~ is induced by edge contractions.
Define /\7;"}‘;” 7o) (p) and M;‘j‘&t”no)( p) by constraining the perimeters to be p;. In all
cases we define the cell attachment using edge contractions, and the resulting spaces

are piecewise smooth Hausdorff orbifolds; see [28; 42] for details.

Set comb = comby,, as the canonical maps

comb

. A A n M
comb: Mg ning X RY — M0, 0

NV ijcomb
and combp: Mg ning = MGG n) ()
which send a stable curve and a set of perimeters to the corresponding graph.

We have, from [25; 28; 42]:

Theorem 4.8 Suppose n > 0. The maps comb and comb, are continuous surjections
of topological orbifolds. The map comb, takes the fundamental class to a fundamental
class. Moreover, the cell complex topology described above is the finest topology with
respect to which comb is continuous. The maps are isomorphisms onto their images
when restricted to Mg n4no X R and Mg p4n,-
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More generally, suppose I' is a closed dual graph with the property that any vertex
without a tail marked by [n] is of genus zero, and has exactly three half-edges, and
any two such vertices are not adjacent. Then, with the same proofs, comb and comb
restricted to Mr x Rﬁ and M are isomorphisms onto their image.

4.1.3 Tautological line bundles and associated forms

Definition 4.9 Suppose p; > 0. Define the space
Fi(p) = M (p)

as the collection of pairs (G, £, q), where (G, ) € Mcomb(p) and ¢ is a boundary
point of the i face. These spaces glue together to the bundle F; — ./\/lz,",‘,?b. Define
¢; to be the distance from g to the j® vertex, taken along the arc from ¢ in the
counterclockwise direction, so that 0 < ¢; < ¢p < --- < ¢pn < p;, where N is the
number of edges in the i™ face, counted with multiplicities, and the distances are
measured using the identifications of the edges with subintervals of R; see Remark 4.5.
Write £; = ¢j 41 — ¢;. Orient the fibers with the clockwise orientation.

Define the following one-form and two-form on each cell of AP 2. )( p):

Yot (¢ ¢ ¢
23) «a; = Z —]d(—J) and w; = —do; = Z d(—a) A d(—b)
i=1 Di Di l<a<b<N Di Pi
Later we will integrate forms which are made out of «; and w;, and we will perform
Laplace transform over p. For this reason it will be convenient to define the scaled
versions of ¢«; and w;, which do not contain p; in their denominators. We thus put
a = pfa;, o =plwi, o= Za_)i-
i
The bundles F; carry natural piecewise smooth structures. Moreover, [25] says the
following; see also [42, Theorem 5].

Theorem 4.10  (a) For i € [n], we have comb*F; ~ S!(IL;) canonically.

(b) The forms «; and w; are a piecewise smooth angular one-form and Euler two-
form for F;.

Remark 4.11 In [25], F; was given the opposite orientation and the equivalence
was hence with the bundle S 1(]Ll’.k), which is canonically S!(IL;) with the opposite
orientation.
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Thus, combined with Theorem 4.8, we see that all descendents may be calculated

combinatorially on ./\72,0",2". In fact, all descendents can be calculated as integrals over

comb

the highest-dimensional cells of M

. These are parametrized by trivalent ribbon
graphs.

4.2 JS stratification for the open moduli

4.2.1 Symmetric JS differentials The next definition is motivated by Definition 4.2
and Example 4.1.

Definition 4.12 Let (X, {z; };ezup,, {Xi }ieB) be a stable open marked Riemann sur-
face, and let p = (p;)iezup, € R% % (0,...,0). A symmetric JS differential on X is
the restriction to X of the unique JS differential of D(X) whose residues at z; and Zz;
are —(p; /2m)?, which are 0 for i € Py. We extend the definition to the case g = 0,
7 =[1] and Py = B = @, where the differential is defined to be the restriction of the
section y,, of Example 4.1.

Existence and uniqueness follow from Theorem 4.3 and the discussion in Example 4.1.

As before, the symmetric JS differential defines a cell decomposition of D(X) in the
smooth case, and in general a metric graph embedded in lﬁ), the surface obtained
from D(X) by contracting components with no z; or Z; with i € Z, whose complement
is a disjoint union of disks. Note that D(\E) inherits the conjugation from D(X), which
we also denote by po. The uniqueness forces the decomposition to be g—invariant.

Lemma 4.13 The po-fixed locus of lﬁ) is a union of (possibly closed) horizontal
trajectories and isolated vertices. Any o—fixed point is a zero the differential of an even
order, possibly 0.

Proof The case g =0,Z =[1], Po =B = @ follows from the discussion in Example 4.1.
In other cases, take an arbitrary point in DE)Q. It cannot belong to the disk cell of
any z;, since otherwise it would have belonged to the cell of Z; as well. Thus, DTEﬁQ
is contained in the one-skeleton of the decomposition. Consider p € DE)Q .Ifp
is an isolated vertex in the p—fixed locus, then by connectivity it must be incident to
some non-p—fixed horizontal trajectory which, without loss of generality, lies in the
image of X in D(\Z) Suppose it touches r such trajectories. Then it also touches their
o—conjugate trajectories, which lie in the image of X in lﬁ) Thus, 2r horizontal
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trajectories emanate from p, for r > 1, hence p is a zero of order 2r —2 > 0. The second
case is that p is not isolated, so it lies in the image of 93 in lﬁ), which, as explained,
is contained in the 1-skeleton. In this case, at least two horizontal trajectories which
are contained in the image of X emanate out of p, one to its left and one to its right.
In addition, there are also r > 0 such trajectories in the image of X°, and because
of symmetry there are also r such trajectories in the image of X°. In total, there are
2r 4 2 horizontal trajectories emanating from p, which means that it is a zero of order
2r > 0. |

Lemma 4.13 has the following corollary.

Corollary 4.14 Suppose X and p are as above, and y is the associated symmetric
JS differential. Assume that for some i € B, forgetting x; makes no component of X
unstable. Denote by X' the resulting surface, and let t: X' — X be the natural map
between the surfaces. Then if y and y’ are the unique JS differentials for ¥ and ¥/,
respectively, with the prescribed perimeters, then

Yy =0 y.

Indeed, both y and y’ are JS differentials on X', since there is no pole in x;. Hence
they must be equal.

Remark 4.7 has the following consequence.

Corollary 4.15 If Norm: Norm(X) — X is the normalization of ¥, and y is the JS
differential on ¥ with prescribed perimeters, then Norm™y is the unique JS differential
on Norm(X) with the same perimeters and such that marked points which are preimages
of nodes have perimeter zero.

Remark 4.16 Although throughout the article we will be mainly interested in internal
markings with positive perimeters, markings of perimeter zero occur naturally when
one considers normalizations; see Proposition 4.34. In the open intersection theory the
normalizations are crucial for the definition of intersection numbers, Definition 2.47, and
therefore considering markings with zero perimeters is unavoidable. In addition, since
boundary markings carry no descendents, we to not lose from fixing their perimeters to
be zero, and it simplifies calculations. For these reasons, throughout this section we
shall allow marked points to have perimeter zero, at the cost of making the notation
somehow more cumbersome.
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4.2.2 Open ribbon graphs

Notation 4.17 Let I and B be finite sets. Let Z7 (g, I, B) denote the set of isotopy
types of open connected genus g smooth oriented marked surfaces, with / being the
set of internal marked points and B being the set of boundary marked points. Write
IT7 (g, ) for the set of isotopy types of closed connected genus g smooth oriented
marked surfaces, which is just a singleton.

Definition 4.18 An open ribbon graph is a tuple
G=W=VIuvB H=HTUHB 50,51, f=fTU fBU fPo g a),
where:

(a) V1 is the set of internal vertices, V & the set of boundary vertices.

(b) H B is the set of boundary half-edges, H! is the set of internal half-edges; s is
a fixed-point-free involution on H whose equivalence classes are the edges, E.
EB is the set of edges which contain a boundary half-edge.

(c) sp is a permutation assigned to each vertex, and should be thought of as a cyclic
order of the half-edges issuing from each vertex. We write so also for the product
of all these permutations.

We denote by V the set of cycles of sg. Write VI for cycles which do not contain
boundary half-edges. Set VB =V \ V1. Denote by N: V = V the map which takes a
cycle to the vertex which contains its half-edges, and let N £0 and N 8 be the restrictions
to V! and VB, respectively.

(d) fB:B— VB isamap from a finite set 3.

(e) fPO: Po — V is a map from a finite set Py.

® fI : Z < H/s5 is an injection, where §5 := salsl.

(g) g:V — Zs>o is a map called the genus defect.

(h) For any v € VB, we have an element

d) € IT(g(). (ST @) UIN ) ), (BT U V) T W),

For any v € V!, the element d(v) is the unique element in

IT(g(). (ST @) U V)T (v)).
This d is called the topological defect of v.
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Write deg(v) for the degree of the vertex v. A closed contracted component is a vertex
ve V! with
26() + (ST @I+ INT ()] > 2.

Denote their collection by Cont® (G). An open contracted component is a vertex
v e VB with

2(8) + (/)T @I+ IV WD + 1D T+ IV T ) > 2.
Denote their collection by Cont? (G).
We have the following requirements.

(a) Any half-edge appears in the permutation so of exactly one vertex. We define
a graph whose vertices are the elements of V' and whose half-edges are the
elements of H. A half-edge is connected to a vertex if and only if it appears in
the vertex’s permutation sg.

(b) N(VBycvE

(c) If he HB thensih ¢ HB.

(d) s, preserves the partition H = H! U HB. The image of f/ is exactly H' /s5.

(e) ForveV! ifdeg(v)=1,ordeg(v)=2but|N"1(v)|=1,then |(fF0)~"1(v)|+
gw)=1.

(f) For v € VB, if v has at least one boundary edge and deg(v) = 2 then

ST+ D) T )+ gw) = 1.
(g) Any vertex of degree 0 is a contracted component.

We call the elements of H 8 /s, boundary components, and the elements of F = H! /s,
faces. The number of boundary components is b(G) = | H B /s,|. The marking defect
of v e V is defined as (£ F0)~1(v) U (fB)~1(v). The sets Z, Py and B are called the
sets of internal markings, internal markings of perimeter zero, and boundary markings,
respectively. The set B is also denoted by B(G); define /(G) and Po(G) similarly. An
internal node is either a contracted component with at least one edge and no boundary
edges, or an internal vertex whose assigned permutation is not transitive. A boundary
vertex v without boundary half-edges, with an empty marking defect and such that
g(v) =0and |N~'(v)| = 1 is called a contracted boundary. We denote the collection
of those boundary vertices by CB(G). A boundary vertex v which is either a contracted
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component with at least one boundary edge, or whose assigned permutation is not
transitive, is called a boundary node. A boundary marked point is an image of 8
which is not a node. An internal marked point of perimeter zero is an image of f o
which is not a node. A boundary half-node is an (N B)~!-preimage of a node. Denote
their collection by HN(G). A vertex which is either a node or a contracted component,
or the f-image of a unique element in Py U B, is called a special point.

We write i(h) =h/s, and H; ={he H |i(h) =1i}.

An open metric ribbon graph is an open ribbon graph together with a positive metric
¢: E — R4. We sometimes write £, with & € H , instead of £}, .

Markings of an open ribbon graph are markings
' :ZUP)>Z and nf:B->7Z

such that m’ (Pg) = 0 and m’ () C Z 4¢. A graph together with a marking is called a
marked graph.

An isomorphism of marked graphs and an automorphism of a marked graph are the
expected notions. Aut(G) denotes the group of automorphisms of G. A metric is
generic if (G, £) has no automorphisms.

A ribbon graph is said to be closed if V8 = 0, and it is said to be connected if the
underlying graph is connected.

The maps f2 and f%0 should be thought of as the respective associations of the
boundary marked points and the internal marked points of perimeter zero to the vertices
of the graph formed by the symmetric JS differential. Requirements (e) and (f) in this
definition are the open counterparts of requirement (a) of Definition 4.4. Note that a
half-edge / is canonically oriented away from its basepoint /i /sg. Throughout the paper
we identify boundary marked points, which are vertices, with their (unique) preimages
in B(G) =B.

Remark 4.19 Here, unlike in the closed case, the genus defect is not enough to
classify surfaces with contracted components. In particular, there are several topologies
for a given genus, as mentioned in Remark 2.4, and the set of topologies grows as
we add boundary marked points, which may be divided between different boundary
components.

Figure 10 shows some examples of ribbon graphs.
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g =3, [fPow) =1, |fBu)| =2

4

gw) =2, [fTo)=2

[%

g) =0, fPu) =1{2.3}

Figure 10: Examples of ribbon graphs. Internal edges are drawn as strips.
Top left is a ribbon graph with one boundary marking and four internal
markings (the name of a half-edge appears next to the vertex from which it
emanates). Its underlying surface is a disk, and the boundary edges are s; f,
s1g, S1h, s1i, s1j. The cyclic orders in the internal vertices are s1a, s1b, e
and s1b, 51d, c. Face 1, for example, is the s,—cyclic order a, b, ¢, f. Bottom
right is a ribbon graph on a cylinder. It has one face, the s,—cycle a, ¢, s1a, b
and two boundary components, each made of a single boundary edge, s1b
and syc. The ribbon graph at top right has one boundary node u, which is
also an open contracted component, and an internal node v, which is also a
contracted component. The permutation of half-edges at u is (ab)(cd). The
contracted component is open, of genus defect 3, has an internal marking
of perimeter zero, and four special boundary points: the markings 1,2 and
the half-nodes (ab), (cd). The topological defect can be any topology which
corresponds to doubled genus 3, one internal marking and four boundary
markings. The node v has genus defect 2 and two perimeter-zero internal
markings. The center bottom picture has an open contracted component
at v, it is a contracted disk with two boundary markings 2, 3 and a boundary
half-node and no special internal points. Contracted components which are
disks with three boundary markings and no internal markings will play an
important role in what follows. We shall therefore draw such components as
disks cut by parallel lines, as in the bottom right picture.
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Notation 4.20 By gluing disks along the faces, any open ribbon graph gives rise to
a topological open oriented surface ¥ . This surface is a union of smooth surfaces,
identified in a finite number of points. One can easily define its double, D(Xg) =
(X6)c, as in the nontopological case.

Definition 4.21 The genus of the open graph G is defined by
g(G):=g((Ze)o)+ Y. g)+2 ) g).

veV B veVl

The graph is stable if 2g —2 + |B| + 2(|Z| + | Po|) > 0.

For a stable open surface (X, {z; };ezup,. {Xi }ien), define the marked components
to be components with at least one z;, for some i € Z. The other components are
unmarked. Define the decorated surface 3 = Kp p, (%), and the map Kz p,: & — &
to be the surface obtained by contracting unmarked components to points, and Kz p,
is the quotient map. We decorate any point p in ) by its genus defect, marking defect
and the topological defect, which can be defined by the genus, boundary markings and
topological type of the surface obtained by smoothing the nodes in K5 %30 (p).

Remark 4.22 This definition agrees with the one given for closed surfaces, in the sense
that one can also define the doubling D of ¥ in a natural way, and then D(i) ~ D(X).

Definition 4.23 A ghost is a ribbon graph without half-edges. A smooth open ribbon
graph is a stable open ribbon graph such that none of its connected components contains
a node or a contracted boundary.

A stable ribbon graph, open or closed, is effective if

(a) any genus defect is 0,
(b) there are no internal nodes, and

(c) contracted components or ghost components v must have
(NP W)y =2 and [(N5)T'@)+I(/F) 7 ()] =3.
The graph is trivalent if

(a) it is effective,
(b) Po =2,

(c) it has no contracted boundaries,
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(d) all vertices which are not special boundary points are trivalent, and

(e) for every special boundary point, all the so—cycles are of length 2.

A boundary marked point or a boundary half-node in a trivalent graph G which is not
a ghost is said to belong to a face i if its unique internal half-edge belongs to that face.

In Figure 10 the diagrams on the left represent smooth graphs, and all but the top right
are effective.

Remark 4.24 The only nonzero open intersection number which does not involve in-
ternal markings is the genus 0 intersection number with three boundary markings, (o3 )9
The graph which corresponds to this picture is precisely the trivalent ghost.

The following proposition is a consequence of Lemma 4.13, and the closed theory; the
proof is in the appendix.

Proposition 4.25 Let X be a stable open marked Riemann surface. The unique
symmetric JS differential of ¥ defines a unique metric graph (G, {) embedded in
Kp,p,(X). This graph is an open ribbon graph, whose vertices are Kp p,—images of
zeroes of the differential, and whose edges are K p,—images of horizontal trajectories.
The boundary edges, if there are any, are embedded in the boundary and cover it, and
the defects of vertices agree with the defects of their image in Kg p,(X); in particular,
boundary nodes go to boundary nodes. Under this embedding the orientation of any
half-edge h € s1 HB agrees with the orientation induced on 0K p,(X). Topologically,
KB,PO(E) ~ ¥G.

Moreover, any stable (g, B, Z U Py)-metric graph is the graph associated to some stable
open (g, B, 7 U Py)—surface and a set of perimeters p. This surface is unique if the
graph is smooth or effective.

We sometimes identify the graph with its image under the embedding. In particular,
throughout this article we shall consider an edge as a trajectory in the surface, and a
half-edge & as a trajectory oriented outward from //sg.

Notation 4.26 With the notation of the above observation, denote by combll[f the map

between surfaces and open metric ribbon graphs defined by (G, £) = comblﬁ(E). Write
also (G, £) = comb® (T, p).
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Definition 4.27 The normalization Norm(G) of a stable connected open ribbon
graph G is the unique smooth, not necessarily connected, open ribbon graph, defined
in the following way. If G is smooth, Norm(G) = G. Otherwise the vertex set is
VIUVBUCont® (G)U Cont? (G), contracted components are isolated vertices in the
graph, and the half-edges are H! U H 8. The genus and topological defects of vertices
in VIUVE are 0.

For a contracted component v, the genus and topological defects are given by

gNorm(G) ('U) — g('l)) and dNOHIl(G) ('U) — d(v)

The marking defect and the maps fF0-¥ and f BV are derived from dN"™(G) (v). In
particular, B(v) = (N B)~1(v)U(f B)~1(v). The permutations s¢ and sy are the trivial
permutations, and /(v) = @.

For any connected component C of Norm(G) not in Cont€ (G)Hu ContO(G), define
50 = soc, s1 = slc and f1 = f1.C as those induced from G. Let Py(C) be the union
of the set of elements of Py which map to vertices whose unique N—preimage is in C,
and the set of preimages of internal nodes of C, ie internal vertices v of C such that
IN~1(N(v))| > 1. In other words, we can write Po(C) = (Po(C)NPy)U(Po(C)\Po).
We define fPo = fPo.C: py(C) — VI(C) as follows. On Py(C) NPy we put
FPoC(piy=N"1(fPo(p;)), where fF0 of the right-hand side is the function from
the definition of G, while on Py(C)\ Py, the preimages of nodes, we set f £0-C (v) = v.
Define B(C) and fB = fB:C. B(C) — VB(C) similarly.

The normalization Norm(G) of a marked graph is the marked graph whose underlying

graph is the normalization of the underlying graph of G, and new marked points are
marked 0.

Write Norm: Norm(G) — G for the evident normalization map.

Observe that the normalization of a trivalent graph is trivalent, and that if v is a contracted
component which touches at least one edge in G, then |[Norm™!(v)| = [N "1 (v)| + 1.

Figure 11 shows the normalizations of the graphs in the right column of Figure 10.

Notation 4.28 There is a canonical injection B(G) — B(Norm(G)). There is a
fixed-point-free involution on B(Norm(G))\ B(G), which we also denote by s1, which
on preimages of a node that is not a contracted component just interchanges its two
preimages. If v is a contracted component, its new boundary markings correspond
to elements u € (N 8)~1(v). Any such u corresponds also to a unique marking w in
another noncontracted component. Write s;u = w and sjw = u.
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U
gy =2, |fPo)|=3
ou
g)=3, |fPwl=1,1/Bw) =4
L :
3 s

0

Figure 11: The normalizations of the graphs in the right column of Figure 10.
The upper normalization has four components; two are contracted compo-
nents. The one which corresponds to v has three internal points of perimeter 0:
the original two and the node. The one which corresponds to u has four
boundary markings: the original two and two that corresponds to half-nodes.
The lower normalization is made of two components. New special points in
both normalizations are labeled 0.

4.2.3 Moduli of open metric graphs For a stable open ribbon graph G, denote by
/\/l the set of all metrics on G, and write MS ¢ (p) for the set of all such metrics where
the z‘h face has perimeter p;. Note that MR = E(G) /Aut(G) canonically.

Construction—Notation 2 For e € E(G) the edge between vertices v and v, one can
define the graph d.G as the graph obtained by contracting e to a point, identifying its
vertices to give a new vertex vj v, and updating the permutations and marking defects
as in the closed case. When v; and v, are internal, then so is vyv,. The genus defect
is updated as in the closed case, and this determines the whole defect. Suppose v
is a boundary vertex. Then so is viv,. If vy # vy, then g(v1v2) = g(v1) + g(v2) if
v, € VB and otherwise g(wiva) =g(v1)+2g(v2). When vy = vy, let iy and /5 be the
half-edges of e. Let hi € N~ (v1) be the so—cycle of h;. Then g(viv2) = g(v1) + 6,
where ~ ~

0 if hy =hy,

§=11 ifh~17é}’;2, where }71,}726173,

2 otherwise.

We have

d(viv2) € IT =ZIT(g(v1v2), v v, Bu v,)
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or
d(vlv2) eIT = IT(g(UIUZ)’ Ivlvz),

where
Byv, = (f ) (UIUZ)U(NB) (v1v2),
Iyywy = (fF0) 7 (0102) U (N PO (0102).

These two sets are already known from what we have constructed so far. In particular,
whenever Z7 is trivial — which is always the case for internal vertices, and for boundary
vertices it happens when 2g(v1v2) + 2|1y v, | + | By v, | < 2—we know d(viv2). For
brevity we will not describe the general update of the topological defect. We do describe
a special case of particular importance. Suppose that e € EB and that vy # v, are
boundary vertices with d(v;) € ZT (0, @, B;), where | B;| = 2. This is the case when
each v; is a marked point or a boundary node which is not a contracted component.
Write B; = {ﬁi,ai}, where l;i is as above. Suppose h, € H B that is, its orientation
disagrees with the orientation of the boundary. Then d(viv2) € ZT (0, @, {a,a1,a2}),
where a is the new cycle of so/ obtained from concatenating n 1 and l:z after erasing
h1 and hy, and d(vqv7) is the element which corresponds to cyclic order a — a1 — a».

Suppose E' = {ey,...,er} C E. Then there is an identification between E(G)\ E’ and
E(0e,,....e, G). Throughout this paper we shall use this identification without further
comment.

Figure 12 illustrates several examples of edge contractions.

For a stable open ribbon graph G, we define the orbifold cell complex /\715 as the cell
complex whose cells are M]CR;, for all graphs G’ obtained from G by edge contractions.
The cell ./\/llg;R which corresponds to contracting the empty subset of E£(G) is included.
If G’ and G” are two such cells, and G” is obtained from G’ by contracting the edges
{e1,...,er}, then the corresponding cell Mﬂé,/ is the boundary of the cell MR, glued
to it along £, = -+ = £,, = 0. In this case we say that M]Ié,/ is a face of MY,. Write
MR?zbl = ]_[.MG/~ = | [ MR, where the union is over all open (g, k, /)—ribbon
graphs, and ~ is induced by the canonical injections MR, MR over pairs (G, G')
where G is obtained from G by edge contractions. Write MR <.k, l for the locus which
is the union over smooth graphs. Define MR ¢ (p) MRg k. l(p) and MRg k. l(p) by
restricting perimeters to be p;. In these cases we also define the cell attachments using
edge contractions.
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Figure 12: Examples of edge contractions. Contracting the internal edges b
and f of the smooth graph on the top left gives rise to the nodal graph on the
top right. The vertex v v, corresponds to the permutation (ae)(cd). By further
contracting the boundary edge g between the boundary node and the marked
point 2, we obtain the graph on the left in the middle row. The boundary node
there corresponds to a contracted component which contains two nodes and the
marking 2. The graph on the right-hand side of the same row is equivalent to the
left one, only that the ghost is illustrated and there the cyclic order of half-nodes
is seen. At bottom left a genus 1 ribbon graph is drawn. After contracting the
edge a we obtain a nodal graph. Further contracting ¢, we obtain the graph on
its right, which contains an open contracted component. The genus defect of the
contracted component is 1 and its topological defect is that of a cylinder with
one special boundary point: the node.

The pointwise maps comb® induce moduli maps
comb — R comb

R. R l R R. R R
comb™ : MPg g xRy — M%, ;7 and comb,: Mgk — MT, 0 (p),

which send a stable open surface and a set of perimeters to the corresponding graph.
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Lemma 4.29 MRZO’;?}} with the cell structure defined above is a piecewise smooth
Hausdorff orbifold with corners. This is the finest topology on the moduli of (g, k,[)—
graphs such that the map comb® is continuous. /\_/IR;O’?S (p) is compact for any p. We
have comb® : M]E,k,l X Rﬂ_ ~ ./\/chomb
if we declare some, but not all, of the internal marked points to have zero perimeter.

. Moreover, the analogous claims remain true

In fact, for any effective dual graph I", the map comb® restricted to Mﬂ1§ X Rl+ is an
isomorphism onto its image.

The proof is similar to the closed case; see [42; 28] for a proof of the analogous
theorem.

4.3 JS stratification for the graded moduli

4.3.1 Graded ribbon graphs For a metric, open or closed ribbon graph, (G, £), write
Zg,4 = mo(Fory}, ((comb®)™1(G.£)) and  Zg,¢ = mo(Forgy), ((comb®) ™ (G ),

where the maps I%Jrspm and Forgpi, are defined in Notation 2.41. For any two generic
metrics £ and £/, the sets Zg ¢ and Zg ¢ are isomorphic; see Remark 2.38. When G
has nontrivial automorphisms the sets are noncanonically isomorphic. For any G, let
Z be the set Zg ¢ for a fixed generic {£. Define Zg similarly.

Definition 4.30 A metric spin ribbon graph with a lifting (G, z, £) is a metric ribbon
graph together with an element z € Z G.¢- The graph is called graded when z € Zg 4.
A graded graph is a pair (G, z), z € Zg. Similarly, in the closed setting, a metric spin
ribbon graph (G, z,£) is a metric ribbon graph together with z € ZG’g.

The normalization Norm(G, z, £) of (G, z, £) is the smooth, not necessarily connected
graph [ [(G;, ¥;, z;), where the (G;,{;) are the components of Norm(G, £), and the
zZj € ZG[ .¢; are induced from z by Proposition 2.19. A half-node is legal if it is legal
as a marked point in the graded structure of Norm(G, z).

By Proposition 4.25, a graded surface, together with perimeters {p;};ez, defines a
unique graded metric graph (G, z, £), where (G, £) is embedded in K3 p, (Forgin(X)),
as in Proposition 4.25, and z is the class of graded spin structures which contains the
graded structure of 3. When (G, £) is generic and effective, all possible automorphisms
of (G, ?) leave all half-edges in place, and may only act nontrivially on isolated
contracted components, which are of genus 0. Thus, the action of this automorphism
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group on Zg = Zg 4 is trivial, and hence, in this case, Zg is isomorphic to Spin(X),
and any element z of it corresponds to a unique graded structure.

Moreover, by Corollary 2.22, if in addition G has no contracted boundaries, then Zg is
in one-to-one correspondence with isomorphism classes of tuples (Sy,...,S;), where
each S; is a spin structure with a lifting on the i component of Norm(X) such that
all original boundary marked points are legal and for any boundary node of 3 exactly
one half is legal.

Definition 4.31 A spin ribbon graph with a lifting (G, z), with or without a metric £,
is called effective if G is effective, and z is a spin structure with a lifting in which
for every contracted component v € V(G), all boundary marked points of the isolated
component in Norm ™! (v) are legal. In the case that v is not isolated, it is equivalent to
all half-nodes in (N 8)~1(v) being illegal. An effective graded graph (G, z) is trivalent
if G is trivalent. The graph is smooth if its underlying graph is. These definitions
extend to the closed case, without the assumptions on boundary nodes.

Denote by SR the set of isomorphism classes of graded smooth trivalent ribbon
graphs, and write R? for the set of their underlying open ribbon graphs. Denote by
SRg’ ki S SR the subset whose faces are marked [/] and whose boundary points are
marked by [k]. Define Rg’ i,y Similarly.

Let OS Rg «.; be the collection of all graphs in S Rg «.; With an odd number of boundary
marked points on each boundary component. Define ORg . Similarly.

Note that in a trivalent graph, by definition if v is a contracted component, the unique
ghost component in Norm™!(v) has all marked points legal.

Recall that smooth graded surfaces have no internal markings of twist 1 or illegal
boundary markings. Therefore an immediate corollary of Proposition 2.32, which can
be taken as an alternative definition of Rg k1 i8:

Corollary 4.32 Rg’ k.l # & precisely when 2| g + k — 1. Every trivalent smooth graph
satisfying this constraint belongs to Rg Kl

Notation 4.33 We define the map comb between graded surfaces and graded metric
ribbon graphs by
comb(X, S, s, p) = (G, z,{),

where (G, £) = comb®(Z, p) and z € Z ¢ is the corresponding class. Write comb, =
comb(—, —, —, p). Write For®®™(G, z,{) = (G, {).

spin
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Proposition 4.34 Suppose comb(X, p) = (G, z, {).

(a) Then comb(Norm(X), p) = Norm(G, z, £), where preimages of nodes in ¥ will
be internal markings of perimeter zero.

(b) Suppose ¥’ is obtained from X by forgetting an illegal marked point x, whose
removal makes no component unstable. Suppose that x,, is mapped to vertex v
of G. Write (G',z',£") = comb(X’, p). Then (G',{’) is obtained from (G, z, £)
by the following procedure. If deg(v) = 2, and v has a zero genus defect and
marking defect {v}, remove v from the graph, unite its two edges e; and e,
to one edge e, define {'(e) = {(ey) + £(e2) and for the other edges put {' = {.
Otherwise the graph and metric do not change, but the marking v is removed
from the marking defect of v. The point z’ is the image of z under the natural
map Zg ¢ — Zg ¢ obtained from Observation 2.43 with B’ = {v}.

Proof The first item is a consequence of Corollary 4.15. The second follows from
Corollary 4.14 and Observation 2.43. O

4.3.2 Combinatorial moduli for graded surfaces, bundles and forms Denote by
MCO‘,? ; the set of metric graded (g, k, [)-ribbon graphs Write /WZ,O‘,?'JI (p) for the
subspace of graphs with fixed perimeters p. Define M0 2k 3 the subspace of smooth
graphs. Define similarly /\/lcom 1 (p). The pointwise maps comb induce moduli maps

. b .
comb: Mg 1 X ]R+ — MZ,O,IEJ and comb = combp: Mg s — Mcok 1(Pp).

which send a stable graded surface and a set of perimeters to the corresponding graph.
Endow these spaces with the finest topology such that comb is continuous.

We now study the cell structure of M;";?bl. Recall that a metric £ is generic if the metric
graph has no automorphisms. In particular, in the open and connected setting, metrics
which give all edges different lengths are generic. For a generic £ € MR, choose z €
ZG = Z¢ . and define Mg ;) to be the connected component of (Forggi‘gb)_l (M%)
which contains (G, z, £).

comb
spin
natorial case (see the discussion in the end of Section 2.3.6), it is an orbifold branched

The map For is continuous. Moreover, by the same reasoning as in the noncombi-

cover, and over any MR it is an orbifold cover.
Thus, (For<om®)— (M ) is an orbibundle over MR, with a generic fiber Zg. Since

spin

MB =REG) /Au(G),
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such a bundle must be of the form

(For )y L (MB) ~ RED x Z6)/Aut(G)

spin
for some action of Aut(G) which we now explain.

Let C C Mﬂé be the locus of generic metrics, and C € RE(@) jts preimage under
the quotient by Aut(G). Except from some borderline cases, which can be treated
separately, its complement is of real codimension at least 3. Over C the fiber of the
bundle is always of size | Zg|. Denote this fiber bundle by E, and let E — C be its
pullback to C. Now 71 (C) is trivial, as RE(®) \ C is of codimension at least 3. Thus
E must be trivial, and is hence isomorphic to C x Zg.

Let £ € C be any point, and let £ be its image in C. Recall that, as an orbispace,
Aut(G) ~ 71(C /Aut(G), £), and this isomorphism can be made explicit as follows:
for g € Aut(G), choose any path % : [0, 1] — C with 78 = (e Rf(G) and y§ = gL,

and set yg to be its y& to C.

Parallel transport z = z¢ along y¢ to get z;. This can be done as the fiber is zero-
dimensional. Define g- (£, z) = (g - £, z). This action is independent of choices, and
can be defined continuously over all E. This gives us the orbibundle structure over C.
Again by continuity, it can be uniquely extended to an action on RE(G) XZgG.

In particular, we have defined an action of Aut(G) on Zg. Define the group Aut(G, z)
as the subgroup of Aut(G) which leaves z invariant. Then Mg ;) >~ RE(G) /Aut(G, z).
Define Mg, z)(p) as the subspace where the perimeters are p.

For e € E(G), define the edge contraction to be 0,(G, z) = (0.G, 0¢z), where d.z €
Zy,c using the cell structure of Mﬂé and the topol_ogy of M‘;Iﬁbl Explicitly, fix p and
take an arbitrary continuous path ([Z¢])se[0,1] C Mg k,; 50 that comb([Z;]) € MG z)
for ¢ > 0 and Forgpi, (comb([Z¢])) € M]ZliG' Suppose that comb([X¢]) € M 5,6,z
Then z’ = d,z, and this definition is easily seen to be independent of choices.

An explicit combinatorial description for the special case of trivalent graphs appears in
Section 5.1.2.

comb

As in the spinless case M(g,z), the closure of Mg z) in M5, is the union of
cells M.,y where (G, z’) is obtained from (G, z) by edge contractions, and the
attachment of the cells is also defined via the edge contractions, ie Mg ;) is glued
to M(g,z) along £g; = --- = {,, = 0, where eq,..., e, are the edges of G which
are contracted to obtain G’. In this case we say that Mg ;) is a face of Mg 7).
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We similarly define M(G 2)(p). Again as in the spinless case we can now define the

orbifold cell complex structure on ./\/l“‘",‘c‘bl, as

MPE =1 M@.n/~=[Me.o-

where the union is over all connected components which correspond to graded (g, k, [)-
ribbon graphs, and ~ is induced by edge contractions. We similarly define the orbifold
cell complex structure on Mcom 1(p). In both cases the cell structure agrees with the
topology. Denote the quotlent by—~ map by &

A graph (G, z) corresponds to a boundary stratum of ./\/lcorlz1 1> that is Mg z) <
comb(dM gkl X R! ") if and only if it has at least one boundary node or contracted
boundary. In this case we call it a boundary graph. All of the above constructions
extend to the setting of spin ribbon graphs with a lifting, and to (closed) spin ribbon
graphs.

Lemma 4.35 Suppose 2| g + k — 1. Then /\71270']?"1 and /Vl?'}("’l (p) are piecewise
smooth Hausdorff orbifolds with corners, and the latter is compact.

The maps comb and comb, are isomorphisms onto their images when restricted to the
open dense subsets Mg i ;| X Rﬂ_ and Mg ;.

The map comb, induces an orientation on Mcok ;> and deg(combp) = 1 with this
orientation.

Analogous claims are true if we declare some, but not all, of the internal marked points
to have perimeter zero. Analogous claims are also true if we allow some internal
markings to be Ramond or if we consider the case of closed (twisted) spin surfaces. In
addition, for an effective dual spin graph with a lifting I", the maps comb and comb p,
restricted to Mr x Rl+ and Mr are isomorphisms onto their images.

The proof is similar to the closed case and will be omitted. The orientation on M;"r]?bl

will be constructed explicitly later.

The combinatorial S'-bundles F; for i € [/] are defined as in Definition 4.9. Again
these carry a natural piecewise smooth structure, compatible with the natural piecewise
smooth structures on M°°r,?bl The forms «;, w;, &;, w; and @ are defined as in

Definition 4.9 and equation (23).
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Definition 4.36 Let S C N be a finite set. An (S, [)-set L is a function L: S — [/].
We write S = Dom(L). In the case that S = [d], we simply write it as (d, /)—set. We
say that L is an /—set if the set S is understood from the context.

Given two [—sets L and L', we write
L'CL,

and say that L’ is a subset of L, writing L’ C L, if

Dom(L") CDom(L) and L|pemsy =L’
In this case we define the /—set L \ L’ by

L\ L":Dom(L)\Dom(L") = [I], (L\L')(s)= L(s).
In the case that j € Dom(L), we write j € L. Fori € [[] we put
L; = L7Y).

The (S, I)—sets will be used to encode direct sums of tautological lines as follows.
Notation 4.37 Recall Construction—Notation 1. To any (S, /)—set L we associate a

vector bundle £ and a sphere bundle Sy, given by

EL=) Lio— Mges and Sp=S(Fpies)
ieS
We will also consider the sphere bundle S(E7 ) associated to Ef .

Define an angular form ® for Sy, by formula (19), and using Kontsevich’s forms for
the copy Fp ;) of the L(i)™ S'-bundle. Explicitly,

O ({rities  {0ities . {Di}ies)

[S]—1
= Z Zkk'Zr a; Z /\(rj dri NN /N @p.
k=0 ieS 1cs\{,}f hEIU{i}

=

where @; is Kontsevich’s two-form wy ;) and @; is a copy of Kontsevich’s one-form
oy ;). We refer to it as a copy since, for i1,i2 € Lj, both &il and &,'2 are given by the
same formula of the angular 1-form of F;, but with different ¢ variables. Write

wp =—d®p = /}g org,. pr= l_[ pz(,-), o =p*tor, O =p*eop.
1€ ieS
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When S # [d] we will sometimes omit the assumption that ) ;. ¢ ri2 = 1, and then
—d®p gets a correction; see Remark 3.5.

When it is not clear from context, we write och to indicate the specific graph G. The
same remark goes for the other forms.

Exactly as in the closed case, we have:

Lemma4.38 (a) Fori € [[], there is a canonical isomorphism comb* F; ~ S1(L;).
As a result, comb* Sy ~ S(E) canonically.

(b) The forms o; and w; are a piecewise smooth angular one-form and Euler two-
form for S'(IL;). ®;, is an angular form of Sy, and wy is its Euler form.

(¢c) For(G,z)e SRg «.;» there is a canonical identification
(Fi = Mg.2)) = E*(Fi = MR

Similarly for the bundles Sy, .

Notation 4.39 Recall Proposition 4.34. Let (G, z, £) be a metric spin ribbon graph with
a lifting. Define the graph B(G, z, £) = (BG, Bz, BL) by first taking the normalization
of (G, z,{), and then forgetting isolated components, the lifting data in contracted
boundaries, and the new illegal marked points. Let 5: MG,z) = M@ B2 be the
induced map on the moduli.

Observation 4.40 For any spin ribbon graph with a lifting (G, z), and face marked i,
we have F; — MG ;) > B* (Fi — M;;(G’Z)) canonically, and a similar claim holds
for Sy..

The observation follows from the natural identification of the boundary of the i faces
in G and BG.

Proposition 4.41 A special canonical multisection s of S(Ey) is a pullback of a
multisection s’ of Sy..

Proof Take Mt C oM gk, andletiy, ... i, be labels of internal tails, one for each
vertex of I'. Now

comb(Mr xR%) = ]_[ MG,z
(G,2)
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where the union is taken over some graded graphs (G, z). Consider one of them; denote
it by (G, z). Write

,
or =[] or,.
j=1

The diagram

]
comb_lM(G,Z) 5 comb_lM(gG,gz)

(24) lcomb lcomb

B
MG,z) —— M(B6,52)

commutes, by Proposition 4.34. Now (BG, Bz) is smooth, hence the right vertical arrow
is an isomorphism, by Lemma 4.35. A special canonical multisection over Mr X Rl+ is
pulled back via ®r, from S(Er) — ]_[Jr-:l Mv;k(l") X Rﬂ_. Let s be special canonical;
we now construct s’ with s = comb™s’. Write §|comb—" Mg - = @Y. (comb*(s”)), where
s is a multisection of S, — M5 7,)- Define s'| s ., = B*s”. These multisections
for different strata evidently glue. a

Definition 4.42 A special canonical multisection of S; — M?‘,?bl is a multisection s

with comb*s special canonical. A special canonical multisection of S — M(G,Z)
is a E—pullback of a special canonical multisection on /\72‘”]?3. Write s(%>?) for the
restriction of s to M (G,z)-

The proof of the proposition yields the following immediate corollary.

Corollary 4.43 Suppose (G, z) is a boundary (g, k, | )—graded ribbon graph, and s is a
special canonical multisection of Sy, where L is a (d, [)—set, restricted to the boundary
cell M(G,z). Thens = B*s’, where s’ is a multisection of Sy — MpG,z)-

The main result of this section is that the descendents can be calculated over the
combinatorial moduli.

Lemma 4.44 Let s be a special canonical multisection for S(E). Denote by s’ the
multisection on Sy, with s = comb™s’. Then

@5) | s = e,
Mg k.1 M, (p)
The orientations are those induced on the combinatorial moduli by comb.

The proof is an immediate consequence of Lemmas 4.35 and 4.38 and Observation 2.49.
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2= { 34

Figure 13: Bridges and their contractions. On the left, three compatible
bridges are drawn, a, b and c¢. In the center, b and ¢ are contracted, and
on the right, the normalization is presented. If 4, is the boundary half-edge
which corresponds to b, then dp/h corresponds to the half-node in the ghost
component of the normalization. If i and h, are the half-edges of ¢, then
dchy and d.h, are the two half-nodes in the normalization of the node which
corresponds to c.

4.3.3 Intersection numbers as integrals over the combinatorial moduli We can
now use the natural piecewise linear structure on M;"‘;;bl and the associated bundles to

write an explicit integral formula for them.

Definition 4.45 A boundary loop in a graded graph (G, z) is a boundary edge which
is a loop. We denote the collection of these elements by Loop(G). A bridge in a graded
graph (G, z) is either a boundary edge between two distinct special legal boundary
points or an internal edge between two boundary vertices; see Figure 13 and the left-
hand sides of Figure 14 rows four and five. Denote by Br(G, z) the set of bridges
of (G, z). Usually we shall omit z from the notation and write Br(G) instead. A
compatible sequence of bridges {e1, ..., e;} is a sequence of bridges such that e; 4 is
a bridge in de,,...; G for all i.

Suppose e is a bridge and h € H! satisfies h/s; = e. Set i = soh. We define
deh € HN(0.G) (recall HN was defined in Definition 4.18) to be the unique vertex
v € V(Norm(d,G)) with i’ /sg = v, where we consider /" as an edge of Norm(d,G),
using the canonical identification; see Figure 13 and the right-hand sides of the fourth
and fifth rows of Figure 14. When there is & € H B with h/s; = e, contracting e creates
a contracted component v, which is identified with a ghost component of Norm(G); see
Figure 13 and row four of Figure 14 again. We denote by 0./ € B(v) the marking which
is the so—cycle of s5(s1/4) in (N B)~1(v). This is equivalent to writing 9/ = 510 (s1 /),
recalling Notation 4.28.
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> 3< - o
NTEAVES 2
e

Figure 14: Edge contractions and Feynman moves. In rows four and five,
bridge contractions are presented. In the bottom row, a boundary contraction
is shown. In the first three rows it is shown how the other types of contracted
edges can be obtained as the result of two different contractions.

The following observation is immediate.

Observation 4.46  (a) We have that dim Mg ;)(p) = dim M gk, if and only if

(b)

(c)

0
(G,2) e SRg,k,l'

In addition, (G, z) is a boundary graph if and only if it can be represented as
ey ,....e, (G',2"), where (G',Z') € SRg, i and at least one e; is a bridge or
a loop. The only boundary graphs (G, z) whose moduli is of full dimension
dim M g ;—1 are those which can be written as 9. (G’, z') for (G', z') € SRg,k,l
and e € Br(G') U Loop(G').

If {e1,...,e,} is a compatible sequence of bridges in a trivalent graph (G, z),
then 0, ,....¢, (G, z) is trivalent. Any trivalent graph can be written in the form
dey,....e, (G, z), where (G, z) is smooth trivalent and {e1, ..., e,} is a compatible
sequence of bridges. This representation is unique up to reordering the bridges
in the sequence.

See rows four and five of Figure 14 for examples.
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Recall Definition 2.51. Using Observation 4.46, Lemma 4.44 and Proposition 3.3, we
immediately get:

Lemma 4.47 Let L be a (d,l)—set, where d = %(3g —3+k+2l),and let s be a
special canonical multisection for Sy,. Then

2%(g+k—1)( _L,alo_k
/ D Oy
M, z)(p) (G.2)esRY,, | Mae(G.2)(P)

[e]le [Br(G)ULoop(G)]

(G, z)esng .

Equivalently,

2L22(g+k 1)( Tal

L+ / S*CTDL.
/M(G z)(P) Z Mae(G.2)(P)

(G, Z)ESRO *i
[e]E[Br(G)ULoop(G)]

(G, Z)ESRO

The orientations are those induced on the combinatorial moduli by comb.

Remark 4.48 The formalism of piecewise linear forms and their integration is treated,
for instance, in [42].

Construction—Notation 3 For later purposes we now define Feynman moves in edges.
Suppose that G is a trivalent graph, and let e € E \ Br(G). If ¢ is a boundary edge,
we require that least one of its vertices is not a special point. If e is a boundary loop,
define the graph G, := G. Otherwise, define G, as the graph obtained from G by first
contracting e and then reopening it in the unique different possible way; see the first
three rows of Figure 14.

Let (G, z) be a graded trivalent graph. For a boundary loop e define the graded structure
Ze € Z¢g as the graded structure which is identical to z except that the lifting on the
boundary component e is opposite. For an edge e ¢ Br(G) ULoop(G), write z, € Zg,
for the graded structure on G, defined by the following proposition.

Proposition 4.49 For (G, z) and e as above, there is a unique graded structure z, such
that if G is smooth, Mg, ;,) is the unique codimension-zero cell of /ﬁ?r]?bl adjacent
to M(g,z) along M3y, (G,z)- For nonsmooth G, write (G,z) = 0e,,....e, (H,w), where
e1,...,er € E(H), with (H, w) trivalent and smooth. Then

(Ge» Ze) = ael,...,er (He, we)-
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Proof For a smooth trivalent G and an edge e, d. Mg, 7) is a codimension-one face;

hence, since /\72"‘}31’1 is an orbifold with corners, this face must be adjacent to at most

one additional codimension-zero cell. Since e is neither a boundary loop nor a bridge,

this face is not contained in the boundary of the moduli; hence it is adjacent to two

comb
spin

M(G,z,) for some graded structure z, € Z¢ \ z, or of the form Mg, ;) for z. € Z(G.).

codimension-zero cells. Since For' is continuous, this cell must be of the form
comb ~_ R ~ R,comb .
The map Mg,k,l ~ Mgk — Mg,k,l ~Myr o when restricted to the open dense
set of generic metrics, is a (nonbranched) covering map, as there are no automorphisms
. . . . . R,comb R R : R
to the objects, and since the neighboring cell in Mg,k,l to Mg along d. M; is M o
the neighboring cell of Mg,y along the boundary d..Mg,;) must be Mg, ;,). The

rest of the claim follows from the cell structure and Observation 4.46(c). O

The operations G — G, and (G, z) — (Ge, z.) are called Feynman moves.

5 Trivalent and critical nodal graphs

It follows from Lemma 4.47 that all intersection numbers can be calculated as integrals
over the highest-dimensional cells of M?’f};}’l, and of 8/\7;‘)’2‘3. In the next section we
will describe an iterative integration formula for the integrals. We will see that the
cells that contribute to this iterative process are those which correspond to trivalent
graded ribbon graphs. Analyzing their contribution is done by using a new type of
graph, which we define below and name critical nodal graphs. 1t turns out that both for
trivalent graded graphs, and for critical nodal graphs, the extra data of the graded spin
structure can be described in an explicit combinatorial manner. In this section we shall
provide this combinatorial interpretation, use it to describe the boundary conditions

and to write an explicit expression for the canonical orientations.

5.1 Kasteleyn orientations

From here until the end of this subsection fix a graph G € Rg .7 Where Rg © was
defined in Definition 4.31.

Definition 5.1 Consider the set A of all assignments H! — Z,. A vertex flip is the
involution f;,: A — A defined as follows. For A € A, f, A is the assignment which
satisfies the following condition: f, A(h) # A(h) if and only if exactly one of the
vertices of i, h/so and s1(h)/sg is v.
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A Kasteleyn orientation on G is an assignment K € .4 which satisfies the following
conditions:

(a) If h belongs to a boundary edge, that is, 514 € HE then
Kh)=1.
(b) For other half-edges 4,
K(h) + K(s1(h)) = 1.

(c) For every face i,

> Khy=1

heH;
For convenience extend K to H2 by 0, so that property (b) holds for any half-edge.
K(G) will stand for the set of all Kasteleyn orientations of G. Vertex flips act on
the set K(G). Two Kasteleyn orientations are equivalent if they differ by vertex flips.
Write [K(G)] for the set of equivalence classes of Kasteleyn orientations, and [K] for
the equivalence class of K.

Observation 5.2 Equivalent assignments give the same value to any half-edge of a
bridge.

Definition 5.3 The legal side of a bridge e is the half-edge & € 51_1 (e) with K(h) =0.
The other side is illegal.

The main goal of this subsection is to show that there is a natural bijection between
SRg,’kJ and {(G,[K]) |G € Rg,k,l’ [K] € [K(G)]/Aut(G)}.

We first show how a graded structure induces an element in [K(G)]. Take a graded
surface (X, S, s) whose corresponding embedded ribbon graph, defined by the JS
differential, is G.

Definition 5.4 Let v € V1, and let {hi}i=1,2,3 be its three half-edges, ordered so that
sohi = hit1. A choice of lifting for v is a choice of lifts [, € S, for the oriented T h;
(see Notation 2.23) such that

(26) lhi+1 = R9i+2”lhi for i = 1,2,

where 0; = A(Tyh;, Tyhi+1).
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Let 0% be a boundary component. Write Hy = {h;}7L,, where the h; € H I are the

half-edges which are embedded in 0%, ordered so that ;41 = s1(s5 L(s1(hi))). Put
vi = h;/so. A lifting for 9% is the unique choice of lifts /[, € S, of Tvlih, for any i
and any h € H,,, satisfying the following requirements:

(a) For h = h; € s1 Hy, we have [}, = s(v;).

(b) If v; is not a marked point, let f = soh; and put 6 = £L(h;, f). Then
lf = Rg4onlp, and lsglhi = Ryly,.
(c) If v; is a marked point, lsalhi = R3zlp;.

A choice of lifting is a choice of lifting for any vertex, and a lifting for any boundary
component of the graph.

Note that given a choice of lifting in a vertex v, (26) holds also for i = 3, since
composing (26) fori =1, 2, 3 yields

R6n+2?=19,-lh1 = Rezlp, = lp,,

where the first equality follows from ) 6; = 27, and the last equality uses that R4 is
the identity map. This also shows that a choice of a lifting for an internal vertex does
not depend on the choice of which half-edge is taken to be /1. In addition, note that a
lifting of a boundary does not depend on choices.

Figure 15 illustrates the three types of liftings described above.

A consequence of the definition of the graded boundary conditions is the following.

Observation 5.5 Consider a lifting for the boundary 0%;. With the above notation, if
v; is a marked point, then l,, = Rox P(hi—1)lp,_,. If v; is a boundary vertex which
is not a marked point, then I, = P(h;—1)lp,_,. In both cases, Ry P(hi—1)lp,_, =

Lsy(himy) = lso_lh,-'

Remark 5.6 Iterating Observation 5.5 over all boundary vertices, we are led to the
single constraint [, = Rpg, 1., Where kj, is the number of boundary marked points
of the boundary component 0X;. By unwinding the alternations in boundary marked
points, we see that g(y) = kp + 1 for y a simple closed path isotopic to dXp.
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Figure 15: In this figure the three types of liftings from Definition 5.4 are
illustrated. The left column represents the local picture at the surface, while the
right column represents the corresponding picture at the level of the spin fiber.
Each vector on the left-hand side has two preimages on the right-hand side
(where the angles between consecutive vectors on the right are half of those
from the left). In the top row an internal trivalent vertex v is drawn. For v there
are two possible lifts: {/5, .5, lp,} and {I} . l,’lz, 1;13}. In the middle row, v
is a trivalent boundary vertex and in the bottom row v is a boundary marked
point. In both of these cases the horizontal line in the left column represents
the boundary, and in both cases [}, is determined from the data of the grading,
so there is no choice in the liftings, and they are as in the figure.

A choice of a lifting induces an assignment K € A as follows. K(h) = 1if s;h € HE,

For an internal half-edge %, considered as an arc from u to v, we have lifts /5, and I, 1

of T'h and T} s1h, respectively. Now, R, P(h)l}, also covers T,'s1h, hence it equals

either I, () or Razls, (). In the first case we define K(h) = 1, otherwise K(h) = 0.
Write K(X, S, s) for the set of all assignments of G induced by choices of liftings.

Definition 5.7 A vertex lift flip in a vertex v € V! is the involution of the set of choices

of lifts which takes one choice to the choice that differs exactly in the lift at v.

Lemma 5.8 If C and C’ are two choices of lift which differ by a vertex lift flip in v,

the corresponding assignments K and K’ differ by a vertex flip f,. The vertex flips act
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commutatively freely transitively on K(X, S, s). The correspondence between choices
of lift and K(X, S, s) is a bijection. As a conclusion, |K(%, S, s)| = V@I,

Proof The first assertion as well as the commutativity and transitivity of the action are
straightforward. The rest will follow from proving that the action is free. In order to
show this, note that we can think of K(X, S, s) as subset of Zfl ! This is a vector space,
and a vertex flip f, is just an addition of an element f; € Zfl " which is s1—invariant
and zero everywhere except for edges with exactly one of their ends being v. Thus,
we can also think of fv as a function from E to Z, which vanishes identically on
boundary edges. In other words, fv is canonically a 1-cochain with coefficients in Z,
relative to boundary. In fact, if § is the coboundary operator on the relative cochain
complex defined on X by the 1-skeleton G, then ﬁ, = §e,, where e, is the O—cochain
which is 1 only at v. If the action of vertex flips were not free, there would be a subset
A € V1 such that
Y h=0

veAd
or equivalently
) Z ey, =0,
vEA
S0 Y e €y would be d—closed in H%(Z,9%) ~ H»(X)*, by Poincaré-Lefschetz
duality. But H»(X) = 0, which means 4 = &. |

We now study K(X, S, s) more carefully.

Proposition 5.9 Fix K € K(X, S, s).

Forh e HY, putv =h/so,u = (s1h)/so, f = salslh and, if u is not a marked point,
f' = sos1h. Write § = £(P(h)T h, T} ) € (—m, ) anda = L(f', f) € (0,2m) if
u is not a marked point. Let [}, and [y denote the lifts of T h and T} f, respectively,

induced by K, and when u is not a marked point, let s/ be the lift of Tu1 f’. Finally,
let ¢ = K(h). Then we have the following equalities:

@ lf = RonergP(h)lp.
(b) If u is not a marked point, ) = Ra(14¢)+6—a P (M)l and 0 —a € (=, 7).

Forh € H® from v tou, write f = soh. If u is a marked point, then Ra P(h)l), = lf.
If u is not a marked point, write f' = sos1h and 0 = £(P(h)T}h, T, f') € (=7, 0).
Then P(h)lp, = lf and Rg4oxlp = lf.
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Proof We prove it for 1 € H; the proof for boundary half-edges is similar and follows
from Observation 5.5. We have

K(h) =¢ <= Rz P(W)lp = Ra+e2rnls ()
— Rz P(W)lp = Raye)on(Rogyn—olf)
< RgP(h)lp = Reanly,
where the equivalence in the second line follows from the definition of a choice of lift

in a vertex, while the equivalence in the last line is a consequence of Remark 2.25. The
second claim follows from / fr=R_om—a / ' and the cyclic order of the half-edges. O

We now prove:
Lemma 5.10 If K € K(X,S, s), then K is a Kasteleyn orientation.

Proof Property (a) of Kasteleyn orientations is just Observation 5.5. Property (b) is
reduced, thanks to Remark 2.25 and the construction of K, to

Ry P(s1(h)) Rz P(h) = Rax,

but this follows from Proposition 2.28 applied to the piecewise smooth closed curve
h — h — h, where h is h with the opposite orientation.

To show property (c), let iy, ...hy, be an ordering of H; such that sy(h;) = hj41.
Set vj = hj/so. Let [y, be the lift of Tvlj hj determined by K, using Lemma 5.8.
Proposition 2.28 applied to the piecewise smooth curve y; =hy —hy — - hyy — hy is
equivalent to P(y;)lp, = Razlp,. Put 841 = A(P(hj)Tvljhj, T! hj+1) € (—m, ).

Vj+1

Now, by Proposition 5.9,
Ro; \P(hj)lp; = Re;onlp; ., with g € Zs,
where ¢; = K (h;). Iterating this equation for j =1,...,m, we get
Iny = Ragep+6, P(hm)Rore,, 46, P(hm—1) -+ Rane 40, P(1)lp,
= Ry ym ¢ Ro, P(hm)Re,, P(hm—1) - Rg, P(h1)lp, .

On the other hand, Rg, P (hm) Ry, P(hm—1) -+ Rg, P(h1) = Raz(1+44(y,)) by the def-
inition of ¢. But ¢g(y;) = 0, since y; is trivial in the homology of X. So the sum
Yo ei =Y it K(hi) must be odd. O

Theorem 5.11 Let G and X be as above. There is a bijection between Spin(X), the
set of isomorphism classes of graded spin structures on X, and [K(G)].
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Proof Given a graded spin structure (S,s) on X, we have constructed an equiva-
lence class of Kasteleyn orientations, and this equivalence class depends only on the
isomorphism type of (S, s), so that we get a map

[K]: Spin(X) — [K(G)].
We shall construct a map Spin in the other direction.

Fix K € K(G). We first construct the restriction of the spin bundle to G, the 1-skeleton
of X. For any vertex v, write

Nv = U{h;},

where /) are the open half-edges emanating from v, after removing their second
endpoint. We define Spin(K)|y, as the trivial spin cover of 71 X|y,. On any fiber of
Spin(K) there is an action of R/47Z; denote it by Ry.

For a vertex v, choose sections /5, : h; — Spin(K)| % which cover T, ; so that for any
hi ¢ HE,

Ron 6, W)p,; () = Lson) (v),
where 0; = L(T}hi, T)so(h:)).

The transition map g,/ s, (e) : Spin(K)|er — Spin(K)|y, ¢y is given by identifying
Ryk(eyn—n!n and I, 5, and extending using the R /47 Z—action.

It follows from construction and from property (c) of Kasteleyn orientations that for
each i € [/], the spin structure on the boundary of face i of G, which is a topological
disk, satisfies Proposition 2.28, and hence can be extended uniquely to the face. Thus,
we have constructed a spin structure on X. The section {/;}¢,, g5 is evidently a
grading. Call this graded spin structure Spin(K). It can be verified easily that equivalent
Kasteleyn orientations give rise to isomorphic graded spin structure, and that the maps
[K] and Spin are inverse to each other. m|

Knowing now that the data of an equivalence class of Kasteleyn orientations is equivalent
to the data of a graded spin structure, we may try to calculate ¢ and Q using K.

Definition 5.12 Let y = (h; — -+ — hyy(— h1)) be an open (closed) directed path
inG e Rg .1 Without backtracking; that is, the directed edge s1/ cannot follow / in
the path. Put v; = h; /so. We say that y makes a bad turn at v; if either

(@) hi—1 € H! and h; # sohj_q, or
(b) hi—y € HB and h; = sos1hi—1,
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7 7/

o,

Figure 16: Good and bad turns. In this figure a line with an arrow represents
a half-edge in a directed path, and the orientation is always counterclockwise.
In the top row an internal vertex is drawn; the left shows a good turn, the
right a bad turn. In the middle row the horizontal line is the boundary, and
the surface lies above it. The oriented half-edges in the boundary belong to
s1 HEB. Only the leftmost image represents a bad turn. In the bottom row the
oriented half-edges in the boundary component are boundary half-edges. The
image on the left is a good turn, while the other two are bad.

where i — 1 is taken modulo m in the closed case. Otherwise it makes a good turn.
BT(y) is the number of bad turns.

See Figure 16 for illustrations of good and bad turns.

Proposition 5.13 Fix [K]. With the conventions of the previous definition:

(a) Fory closed, q(y) =qk(y) :==1+)_; K(h;) + BT(y) for any K € [K].
(b) For y open, with hy,h,, € siH®B, let 7 be the subarc obtained from y after

removing small neighborhoods of its endpoints. Then Q(y) = Qk(y) :=
1+, K(h;) +BT(y) for any K € [K].

We defined ¥ in order to avoid marked points as endpoints.

Proof Fix K €[K]. Recall the correspondence between Kasteleyn orientations and lifts
(Lemma 5.8), and take the corresponding lift /. Put 641 = £(P(hj)T'h;, T hj11) €
(—m, ), write ¢; = K(h;), and define bt; {1 € Z5 to be 1 if and only if y makes a bad
turn in v; 41, and otherwise 0. Proposition 5.9 is equivalent, in this notation, to

(27) jo_H P(hj)lhj = R(ej+btj+1)2nlhj+1-
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When y is closed, iterating (27) for j = 1,...,m we get that

Iny= Ran(ep+vt1)+6, P (hm) Ron ey +00,) +0,n P (m—1) =+ * Ra(ey +b1p)+6, P (1)1,
=Rynym ooy Roy P(hm) Ry, P(hm—1) -+ - Ro, P(h1)lp,
= Ron @+, &) Ra+amanln,
= Ron(q+14810)+37L, 01) -

where the final equality uses the definition of ¢, Definition 2.26.

Similarly, when vy is open, iterating (27) over j = 1,...,m — 1 and applying the same
reasoning, this time using Definition 2.30, we obtain, as needed,

lhin = Ron (81014505 e+ 000) I = Ran(14B10)+ 272, 64000 i

where we used &, = K(hy,) = 1. |

Remark 5.14 The first case of the proposition appeared before in [12]. Although the
formula depends on the orientation of y, the result is orientation-independent in the
closed case. Indeed, flipping the orientation changes each K (%) to K(s1h) = K(h) + 1
and interchanges the sets of good turns and of bad turns. Thus, the total change is
the number of edges plus the number of vertices of y, that is, a change by 2m = 0.
A similar argument shows that in the open case the result changes by 1 when the
orientation is flipped.

Definition 5.15 An automorphism ¢: G — G defines an action ¢, on K(G) and
[K(G)] by

(@xK)(h) = K(¢~' ().
An automorphism ¢ of (G, [K]) is an automorphism ¢ of G for which ¢«[K] = [K].
We write Aut(G, [K]) for the group of these automorphisms.

Proposition 5.16 For any G € SRg,k,l’ the map
E(G
[] Moo~ 11 RE©) )/ auy(G, [K])
zeZg /Aut(G) [K]€[K(G)]/Aut(G)

which takes a metric graded graph (G, z, £) to ([K], £), where [K] is the Kasteleyn
orientation associated to the graded spin structure of comb™ (G, z, £), is a homeomor-
phism.
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Proof It is enough to show that along a path (2£;)o</<1 in comb_l(M(G,Z)), the
equivalence classes [K;] = [K;(X¢, S, 5¢)] € [K(G)] are the same. Take Ky €
[K(Z0, S0, 50)]. This determines the maps Q¢ and gg, by Proposition 5.13 and the
fact that any piecewise smooth path may be isotoped to a nonbacktracking one on the
l-skeleton G — X(. Now, varying (2;, Sy, 5¢) is equivalent to varying the metric £,
on G in the component Mg, ;) continuously. But then it is evident that the maps Q;
and ¢, determined by K¢ on the paths in the resulting embedded graph do not change.
By Lemma 2.39 we see that [K;| = [Kp]. m|

In light of Proposition 5.16, we can redefine SR® and the related combinatorial moduli
spaces.

Notation 5.17 From now on we write
SRS, ={(G.[K]) |G e RY , |.[K] € [K(G)]/Aut(G)}.

Define Mg, [k]) = RE(G)/Aut(G, [K]), the moduli of metrics on G together with a
fixed equivalence class of Kasteleyn orientations. We have that Mg (k1) <> M (G,z)
for a unique z € Zg, as in Proposition 5.16. We therefore set Mg [k]) = M(G.z)-
Define analogously Mg k1) (p) and Mg (x7)(P)-

Example 5.18 Fix a connected component C of /W]if .1+ Suppose that smooth surfaces
in C have b boundary components and write g3 = %(g—b +1). Letkj for j=1,...,b
be the number of boundary marked points on boundary component j, for some locally
defined numbering of the boundary components. One ribbon graph which corresponds
to surfaces in C is the graph G € Rg . With

V=

0741220 b U0 el 114D elplieli 1V i =2, VT 07 i)
See also Figure 17. Only the v;™ are internal vertices, while the vertices p; ;, v}‘:j 1

and Vil belong to the j ™ boundary component. The other boundary vertices belong

to the first boundary. So

1
H" = U Hbdry,i U Hbridges U ngnus U Hinternal marked
ie[b]
where:

(@) Hbdry,j = {€j,i}o<i<k;+(1-8,,) for j # 1 are the boundary edges of boundary
component j and of face 1, and e;;/so = p;; for 1 <i < k;. In addition,
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1 ,
Vi (&) €p—1,1
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g1 _4i
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> b.k,
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C1
el,kl a bl eb,2
bip
Figure 17

(b)

(©

(d)

ej,0/s0 = UJ?,Lj+1 and (s1€j,0)/s0 = pj,1. For j # b, 1, the edge e; ;. connects
. — . = . I

Pjk; OV and we have e; k. +1/50 = Vi and s1(ej k;+1)/50 = Vit

For j = b, we have €k, /S0 = vb_—l,b' They are ordered so that e;; 1 = séej,,',

where 57 (e) 1= 51 (sz_l(sl (e))) fore e s; HE.

: ’dgs’hZ’ s ,hl,el(),el’l, ..
boundary edges of the first boundary, which all belong to face 1, ordered by s

Hygry,1 =ai1.by,c1.dy,az, .. ., €1k, is the set of
order. The boundary vertices, in counterclockwise order starting from vi"z, the
vertex of the bridge, are

+

T + +
Uy g Up s WY UL W Uy ey W Uy s U P+ ooy Pk -
The adjacency relation is thus a1 /s = vi"z. For i > 1, we have
o . _ .t o
ai/so=w;_y, bi/so=u;", ci/so=w;", di/so=u;.

Next, h2/so = wg,, and h;/so = v\ for i > 1. Finally, e1,0/s0 = v;", and
e1,i/so = p1,i fori > 0.

Hpridges = {bj,j +1,I;j,j +1}je[p—1] 18 the set of bridges between consecutive
boundaries. We have

. _ 7t hi vy =sihi; bi i =v;
bJ,J+1/S0—Uj,j+17 bj,j+1=s1bjj+1, bJ,J+1/50—vj,j+1'

Hgenus = { fi, ﬁ . 8i- 8ilieg, 15 a set of internal half-edges of face 1 such that f;
goes from ulJr to u; and satisfies f; = s1 f;, and g; goes from u)l.’L to w;” and
satisfies g; = s1g;.
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(€) Hinternal marked = 4Xi, Xi» Vi, Vi yi=2,....1 is the following set: y; is the unique edge

of face i satisfying y;/so = vl._,j_md yi = s1yi. The third half-edge of v;™ is x;,

and X; = s1x;, while X; /so = v;".
We now describe K(G). First of all, K(h) = 1 if sih € HB or h = y;. There is no
constraint on K(x;), but different values are equivalent by flips in v;". Since there are
no more internal vertices, for all other edges there are no constraints and no relations.
Thus there is a total of 228s12=1 = 2¢ different graded spin structures in this case.
Since this is a topological invariant, for any generic open genus g surface in C there
are 28 graded structures. Thus, for any generic open genus g surface which satisfies

condition (5) there are 28 graded structures.

Remark 5.19 In [34] a notion of parity is defined for smooth graded surfaces with
an odd number of boundary points for each component. It is defined as follows.
Given such a graded surface (X, S, s), choose a symplectic basis {a;, B }ie[g,] tO
H1(X,72)/Ho(0%, Z>). The quadratic form g factors through this quotient. Define
Arf(2) = ) q(ai)q(Bi) (mod 2). This is an isotopy invariant. A spin structure is said
to be even if the Arf is 0, otherwise it is odd. This notion is generalized, also in [34],
to give the open Arf invariant, which is defined for any graded surface, and specializes
to the parity if there is an odd number of markings on each boundary.

For example, with the notation of Example 5.18, suppose that each k; is odd. A possible
choice for the symplectic basis is

o =bj >ci— fi > b, Bi=ci —>di > g —ci.
Now, by Proposition 5.13,
q(er) =1+ K(bi) + K(ci) + K(fi) + BT(e:) = K(fi).
since there is one bad turn. Similarly, g(8;) = K(g;). Therefore,
Arf(2) = Y K(/)K(@).

i€lgs]

A simple calculation now shows that the difference between even and odd spin gradings
. . . _ 1 _
in this case is 28stb—1 = 22(g+b-1)

Remark 5.20 Kasteleyn orientations are named after W Kasteleyn, who used them

to analyze dimer statistics; see for example [23]. The connection between Kasteleyn
orientations and spin structures on closed surfaces is established in [26; 12].
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>U<>A<\v

b c

Figure 18: G, d,G and G,. The middle graph is d.G. We draw an half-edge
inside the face which contains it.

5.1.1 Adjacent Kasteleyn orientations Recall Construction—Notation 3. In the
cell structure of Mco‘,‘; 1> the cell (G, [K]) is adjacent to cells of the form (Ge, [Ke])
for edges e ¢ Br(G) U Loop(G) with [K.] € [K(G.)], by Proposition 4.49. We now
describe [K,] explicitly in terms of [K].

Fix a Kasteleyn orientation K € [K]. Write & for the unique half-edge such that
K(h) =1and h/s1 =e. Write

a=so(h), b=s5(h), c=s16s50(s1(h)), d =s1(55(s1(h)));

see Figure 18. For brevity write x for s1(x). Apart from some borderline cases, which
may be treated separately, we may assume all these vertices and half-edges are distinct,
and then, using vertex flips if needed, we may also restrict ourselves to the case where
K(d) = 1. Note that E(G) \ e = E(Ge) \ ¢ canonically for some ¢’ € E(G,). We
therefore identify these sets, and also identify H(G) \ {h,s1h} and H(G,) \sl_le’
In G,, let v’1 be the vertex from which @ and d issue, and let 1/2 be the vertex from
which b and ¢ issue. We may take the half-edge /' to be the third half-edge from v].
Define the assignment K': H (G) — Z, by

K'(W)y=1, K'(#)=0, K'(d)=Kd)+1=1, K'(d)=K(d)+1=0,
and K'(f) = K(f) for any other half-edge f.

For later purposes, define, for a boundary loop ¢ and a Kasteleyn orientation K € [K],
an assignment K’ by K’'(h) = K(h) for any h with h/s; # f, where f is the unique
edge which shares a vertex with e, and otherwise K'(h) = K(h) + 1.

Lemma 5.21 In both cases, K’ € [K(G,.)], and moreover, K’ € [K,].
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Proof The claim is straightforward when e is a boundary loop. Suppose that e ¢
Br(G) ULoop(G). The first assertion is simple; we focus the second one. Write C(G)
and C(G") for the set of closed paths without backtracking in G and G’, respectively.
Write O(G) and O(G’) for the set of open directed paths without backtracking in G
and G’, respectively, which connect boundary vertices which are not marked points.
We have bijections fc: C(G) — C(G’) and fo: O(G) — O(G’), defined as follows.
For a path (e —e3 — -+ —ey) € C(G), the path fc(e1 —> ez — -+ —ep) € C(G)
is defined by erasing any appearance of e in the sequence and adding e’ any time we
have a move f — f’ where the third edge of the vertex between f and f” is e. The
inverse map is defined similarly, but changing the roles of e and ¢’. The map fp is
defined in the same way.

Using Proposition 5.13 it is straightforward to verify that gx (y) = gg/( fc (y)) for any
y € C(G),and Ok (y) = Ok’ (fc(y)) for any y € O(G).

Now, let (2¢,S¢, 5¢)e[0,1] be a continuous path in MCOk 7> With

G ifr<g,
(X¢,S¢,8¢) € comb_l(M(G“Zt)), where G; = 40.,G ift = %
G ift>1,

and where the graded structure zg € Z g corresponds to the Kasteleyn orientation [K]. In
light of Lemma 2.39, Proposition 5.16 and isotopy arguments, the Kasteleyn orientation
on G’ defined by (X;, S;, s;)te( 1) is the unique class of Kasteleyn orientations for
which g(y;) or Q(y;) is constant for any continuous family (y; C X;) of closed paths
or bridges. By performing an isotopy, we may assume that y; is in fact a path in
the graph G,. It is easy to see that for & small enough, fc(yl-¢) = yl4¢ if the y;
are closed, or fop ()/1 e) = Vite if they are open. In the first case, (][K](J/,_g) =
qr K/]()u +¢)> While i 1n the second the same equatlon holds for Q. By Lemma 2 39(c)
and Theorem 5.11, the graded structure z; for t > 5 rnust correspond to [K']. |

5.1.2 Trivalent graphs

Definition 5.22 Recall Definition 4.23. Let G be a trivalent graph. Recall that a
half-node is an (N B)~!—preimage of a node, and that their collection is denoted by
HN(G). An extended Kasteleyn orientation on G is amap K: H(G) UHN(G) — Z»
such that:

(a) Forany he HB K(h)=0.
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(b) Forany h e H, K(h)+ K(s1h) = 1.
(c) For any node v, if [N~ (v)| = 3, then K|y-1@y) = 1. Otherwise K(vi,1) +
K(vi2) =1, where N1 (v) = {v; 1, vi2}.
(d) For any face f, > K(x) = 1, where the variable x is taken from the set of
half-edges with x /s, = f, together with the set of half-nodes which belong
to f.
Two extended Kasteleyn orientations are equivalent if they differ by the action of
internal vertex flips. Write [K] for the equivalence class of K. Define K(G) and
[K(G)] as the sets of extended Kasteleyn orientations and the set of equivalence classes
of extended Kasteleyn orientations. Write Aut(G, [K]) for the automorphism subgroup
of G which preserves [K].

Item (c) above deals with the case that v is a contracted component whose normalization
contains at least three half-nodes. In the trivalent case, this can only happen if the
unique contracted component in Norm™!(v) is a ghost, and its three marked points are
legal. Therefore there are exactly three corresponding half-nodes in the noncontracted
parts, and they are illegal.

With the exact same techniques as for Section 5.1, together with Corollary 2.22, we
obtain:

Lemma 5.23 For a trivalent G and a metric £, there is a natural bijection between
[K(G)] and Spin((combR)_1 (G, ?)). The induced map
[T Men— 11 RE@D /Auw(G, [K])
z€ZG/Aut(G) [K]€[K(G)]/Aut(G)
is a homeomorphism. In particular, Zg =~ [K(G)] canonically. A half-node v in (G, z)
is illegal if and only it K(v) = 1 for any K € [K] which corresponds to z.

From now on we denote trivalent graphs (G, z) by (G, [K]), for the corresponding
[K] € [K(G)].

Definition 5.24 Define M [k]) = RE(G) /Aut(G, [K]), the moduli of metrics
on Mg, together with a fixed equivalence class of Kasteleyn orientations. Define
M (G,[K]) ‘= M (G,z)» for the unique z which corresponds to [K] by the above lemma.
For f1,.... fs € E(G), set 0, .., fSM(G’[K]) to be the face of M(G,[K]) defined by
setting the coordinates £, ..., £z, to 0. For py,..., p; > 0, define Mg [k7)(p) and
M (G,[k]) (P) by setting the perimeters to these values.
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Suppose G is a trivalent graph K € K(G), and let e € Br(G). In the case that e is a
boundary edge, let 7 be its internal half-edge, h1/s1 = e, with hy € H I Tn the case
that e is an internal edge, write sl_l(e) ={h1, hs}, where K(h;) =i (mod 2). Define
de K to be the unique map d.K : H(0,G) UHN(d,G) — Z, which agrees with K on
any half-edge h' ¢ sl_le, and such that d, K(deh;) =i (mod 2). In a similar way, one
can define 0, ,... ., K for a compatible sequence of bridges.

Observation 5.25 For any trivalent (G, [K]), and bridge e, the graph (.G, [0, K])
is a well-defined trivalent graph, in particular 0. K € [K(d.G)]. Moreover, the map
de: [K(G)] = [K(0.G)] is a bijection.

In addition, for any trivalent connected graph (G, [K]), there is a unique smooth trivalent
graph (G’, [K']) and a unique (up to order) compatible sequence of bridges e, . .., e,
with (G, [K]) = 0e,....e, (G', [K]).

.....

With the same techniques as in the proof of Lemma 5.21, one obtains:

Lemma 5.26 Let G be a trivalent graph, and let ey, . .., e, be a compatible sequence
of bridges. Under the identification of Lemma 5.23 between Zy and [K(H )], for

H =G,0.,G,...,0,..e G, we have that

.....

canonically.

In what follows we shall identify /W(G,Z) and the corresponding /\7((;,[ k1) Without
further notice.

5.2 Orientation

In this subsection we construct an orientation to Mzorlgbl We do it by writing an
explicit formula for the orientation of each highest-dimensional cell of M‘;"r]gt’l (p)—
that is, for cells Mg [x7)(p) Where G € RO, [K] € [K(G)] — and then showing that on
codimension-one faces between two such cells, the induced orientations disagree. We
also discuss the induced orientation on the boundary, and prove that these orientations
are the ones induced from M g.k,1 by comby.

0
For G € Rg,k,l’ we have a map

(28) Ag:REQ L RFO — R
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which takes as input a collection of edge lengths and outputs the face perimeters, and

M1k (P) = Ag' (p)/Aut(G, [K]).

In particular, orienting Mg (k7 is equivalent to orienting ker(Ag)/Aut(G, [K]). Us-
ing the exact sequence

(29) 0 — ker(Ag) — RE©G) L RF(O =Rl _, g,

we see that orienting RZ (@) and R, or equivalently, ordering E(G) and [1], up to even
permutations, gives an orientation to Mg, [k7)(P), as long as the action of Aut(G, [K])
preserves the orientation.

Fix any order for [/], for example 1, 2, ..., /. Choose any Kasteleyn orientation K € [K].
Define 0; = 0(g,k,i) by
N diy,
K(h)=1
h/s>=i

that is, we take the wedge of d{j over half-edges & of face i with K(h) = 1. The
wedge is taken counterclockwise. Because there is an odd number of half-edges of the
i face with K = 1, the element o; is well defined, and independent of which half-edge
appears first. In addition, o; is an odd-degree form.

Definition 5.27 Choose any Kasteleyn orientation K. Put

!
0(G,K) = _/\1 0;.
1=

Define 0(g, k) as the orientation on ker(4¢) induced from the exact sequence (29)
when RE() is oriented by 0(G,k) and R by /\ll~=1 dp;.

Remark 5.28 Since both dp; and o; are odd variables, choosing another order on [/]
does not change og.

Lemma 5.29 The orientation 0(g, k) depends only on [K].
Before we get to the proof, we add a few auxiliary definitions.

Definition 5.30 Let G be any open ribbon graph. A good ordering is a bijection
n: H! — |H'| which satisfies the following properties. First, if i (1) < i (h’), that is,
h belongs to face marked i and /&’ to face marked i’ > i, then n(h) < n(h’). Thus,
half-edges of the same face are clustered together. Second, the ordering n, when
restricted to half-edges of a single face, agrees with the counterclockwise ordering.
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Figure 19: A good ordering of internal half-edges: the bold numbers in the
middles of the faces are the labels of the faces, the smaller ones next to
the half-edges are the half-edges numbers in the ordering. The numbers of
half-edges in face i are smaller than those of face j if i < j. In each face the
numbers of half-edges agree with the cyclic order induced by the face’s
orientation.

Let n be a good ordering, as in Definition 5.30, and K € K(G) a Kasteleyn orientation.
Define Hx = {h € H! | K(h) = 1}. We also define ng: |H!| — Z by

ng (i) =|th e Hg | n(h) <i}|.

Figure 19 illustrates a good ordering. Note that the restriction of a good ordering to a
subset of H! induces an order on its elements.

Proof of Lemma 5.29 Take any K € [K]. We recall from Lemma 5.8 that any other
element of [K] can be obtained from K by successive flips in vertices. It will thus
suffice to prove that the orientations induced by K and K’ are the same when K and
K’ differ by a single flip in vertex v. It will be enough to prove that oG, k) = 0(G,k")-

Fix a good ordering n. By definition,

O(G,K): /\ d@e,

ecHg
where the order of the wedging is the order n restricted to Hg. The sign difference
between oG, k) and oG, g7y can be found geometrically by the following procedure,
also illustrated in Figure 20. Define

Lg ={(n(h),0)|he Hk} and Lk ={(n(h),1)|he Hg} SR

For any e € E draw the chord c(e) between (n(h¢o),0) € Lx and (n(hy),1) € Lk,
where ho/s1 = h1/s1. By definition the change of signs between o x and oG, k- is
just the parity of the number of intersections of these chords (slightly perturbed, if
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Hgr =1,5,6,7,9,10,12,13, 14,15
Hg =1,2,3,6,7,8,10,13,14,15

Ly ' e

Lk —

1234567 8 9101112131415

Figure 20: In this diagram Hg and Hg are listed for two Kasteleyn orienta-
tions K and K’ for the graph G in the picture, whose half-edges are identified
with their n—value for some good order n. The Kasteleyn orientations K and
K’ can be read from Hg and H g, and they differ by a flip in the left internal
vertex. Below the chord diagram of L g and Lk is drawn, and the number
of intersections is indeed even.

necessary). We shall prove that this number is always even. Note that for all edges
except for those issuing from v, the chords are parallel and vertical.

Let i1 be a half-edge of v. Put hp = s9(h1), hz = sg(hl) and ﬁj = s1(h;). Apart from
some borderline cases which can be treated separately, we may assume that we are in
the scenario

n(ha) =iy, n(hy) =iy +1, n(hs) =iy,
n(ha) =iz +1, n(hy) = is, n(hz) =iz + 1.
Thus, the chord ¢y, is either the chord between (i; + 1,0) and (ij—1, 1), or the chord

between (i; + 1, 1) and (i;—1,0). It is easy to see that the number of vertical chords it
intersects is the size of

I; ={h e Hg \{hi, hi}i=12,3 | n(h) € (a;,b;)},

where a; = min(ng(i; + 1),ng(i;—1)) and b; = max(ng(i; + 1),ng(ij—1)). For
exactly one j € {1,2,3} we have I; = I 11 U I >, where addition is modulo 3, and
the union is disjoint. Thus, any vertical chord either misses the chords cj; or meets
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exactly two of them. In addition, it can be checked directly that the chords ¢j; intersect
each other an even number of times. The lemma follows. |

Corollary 5.31 Forany G € Rg .1 and [K] € [K(G)], the group Aut(G, [K]) acts in
an orientation-preserving manner. In particular, the orientation oG, k) induces, for
any p, an orientation on Mg [K])-

Denote this orientation by 0, [k]). The main theorem of this subsection is:

Theorem 5.32 The orientations o(g,[k]) induce a canonical orientation on the space
ijcomb

P

Proof We shall show that the orientations og for G € SRg k. are compatible on
codimension-one faces. This will show that a suborbifold of MZOII?bl which differs from
Mfg‘“,‘;bl in codimension-two cells is oriented, hence also MZ,O‘,‘C‘bl is. Since M?’r]?bl itself
differs from /\72"‘;{‘1’1 by codimension-two strata in the interior, and in codimension-
one boundary, this argument will show that /\720‘,?3 is also endowed with a canonical
orientation.

We therefore have to show that for any (G, [K]) € SRg ¢ and e ¢ Br(G) U Loop(G)
with (G',[K']) = (Ge.[Ke]), the orientations induced on d.M g [k]) by MG, [k])
and by Mg/ [k disagree.

Put H! = H!(G) and H T = gl (G). Note that we have a natural identification
of E(G)\ e and E(G’) \ ¢/, for some edge ¢’, so from now on we treat them as the
same set. Choose a good ordering n for H'. There exists a good ordering n’ of H 1
which, when restricted to H'/ \sl_1 (¢), defines the same order as the restriction of
nto H'! \s7l(e) ~ HT \ 571 (e). Fix a Kasteleyn orientation K € K(G) and set
he sl_l(e) with K(h) = 1. Write

a=so(h), b=s5(h), c=s160(s1(h)), d =s1(55(s1(h)));

see Figure 21. For brevity write x for s1(x). Apart from some borderline cases which
may be treated separately, we may assume all these vertices and half-edges are distinct,
and then, using vertex flips if needed, we may also restrict ourselves to the case where
K (cf ) = 1. In this case we can assume # was chosen in such a way that

n@=i, nh)y=i+1, nd)=i+2, nd)=m, n@=m+1,
ne)=p. n(h=p+1. nb)=p+2, nb)=j n@=j+1,

for some i, m, p and j, as in Figure 21.
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G

z+1
+2
i+2
i+1
]+1 m’ 1
p+1 m-i-l/\
p+2 4 /\
P +1

Figure 21: The restrictions of the good orderings n and n’ to the half-edges
of G and G,..

A canonical outward normal for Mj g < Mg is just —d £,. We see that the induced
orientation on Mj, ¢ is just

(30) (_l)nK(n(h))+1 /\ d@f — (_l)nK(H-l)—H /\ dﬁf,
feHr\{h} JeHr\{h}

where as usual the wedge is taken in the order n ¢ induced by n.
In G’, let v} be the vertex from which a and d issue, and let v, be the vertex from

which b and ¢ issue. We may take the half-edge /1’ to be the third half-edge from v].
Then, for some i/, m’, p’ and j’, we have

W@ =i, n'(d)y=i'"+1, n'dy=m', ""W)=m'+1, '@ =m'+2,

W=p. wl)=p'+1. wG)=j WW)=j"+1. n'@=j+2.
By Lemma 5.21 we have a representative K’ of [K,], described by

K'W)y=1, K'@#)=0, K'(d)=Kd)+1=1, K'(d)=K(d)+1=0,

and K'(f) = K(f) for any other half-edge f. As above, a canonical outward normal
for My, 6 = Mg is just —d £.,. We see that the induced orientation on May, 6/ is

(31) (—1)r& (D)1 A diy = (_l)n’K/(m’+l)+1 A di;.
SeH\{'} SeHg\th'}

The choice of 1, n’ and K’ makes the terms /\re g, \(ny d4r and /\feHK/\{h/} dﬁf
differ only in the relative location of d{;. By our assumptions on K(d) and K'(d),
the difference is just the difference between nx (d)—1=ng(i +2)—1 and / o (d) =
n',(m'). We subtracted 1 from n k(d) because we did not want to count s which
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occurs before d in the order n. Now, ng (i +2)—1=ng(i +1),asn(h) =i, K(h) = 1.
Similarly, n%,(m') = n'.,(m" + 1) — 1, since n’(d) = m’ and K'(d) = 1.

The total difference between the two orientations is thus

(_l)n’K,(m’+1)+1+n’K,(m’+1)—1+nK(i+1)+1+nK(i+1) = _1,
as claimed. O

b .
Remark 5.33 The spaces M, ; ; and M‘g"; ] (_p) are homeomorphic, therefore the
last theorem gives, in fact, another proof that M, ; ; is oriented. Later we shall see
that the orientation constructed here agrees with the orientation of [35].

Corollary 5.34 For G € SRg,k,l and e an internal edge which is not a bridge, the
two orientations on aeM(G,[K])(p) ~ 3e/\7(Ge,[Ke])(P), induced as boundaries of

M,k (p) and Mg, k.])(P), are opposite.
5.3 Ciritical nodal graphs and their moduli

5.3.1 Ciritical nodal ribbon graphs In this subsection we describe effective and
critical nodal graphs. They will parametrize strata which will participate in the analysis
of the intersection numbers and will contribute to the combinatorial formula. For
completeness we first describe slightly more general graphs.

Definition 5.35 A nodal spin ribbon graph with a lifting (graded nodal ribbon graph),
or a nodal graph for short, is a spin ribbon graph with a lifting (graded ribbon graph)
(G, z), together with a subset V of legal points in B(Norm(G)) \ B(G). We call V the
set of legal nodes of the nodal graph and sV the illegal nodes, where s; was defined
in Notation 4.28. The vertices and edges of the nodal graph are the vertices and edges
of Norm(G, z) after forgetting the illegal nodes s;)V. A metric is a metric on these
edges. If e is an edge in the nodal graph (G, z, V), contracting the edge e yields the
nodal graph d.(G, z, V) whose underlying graph is d.(G, z), and whose legal nodes
are those legal nodes in d.(G, z) which remain special points in Norm(d. (G, z)) after
the contraction, where we use the natural correspondence between special points in
Norm(G, z) and in Norm(d. (G, z)).

The components of the nodal graph are the connected components created after re-
moving s1V. More precisely, define an equivalence relation ~» on the components of
Norm(G, z) as follows. Components Cy, C, € mo(Norm(G, z)) are neighbors if one
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of them contains a legal point u ¢ V such that squ belong to the other component. For
C1,Cy € mp(Norm(G, 2)), we write C; ~xn C; if they can be connected in a path of
neighboring components. The components of the nodal graph are defined to be the
Norm-image of ~ y—equivalence classes.

In the case that the underlying graph is effective we have a more convenient definition.

Definition 5.36 An effective nodal spin ribbon graph with a lifting (effective graded
nodal ribbon graph), or an effective nodal graph, is a tuple (G;, zj,m,V = {V,}), or
(G, z) for short, where

(a) (Gj,z;) is an effective spin ribbon graph with a lifting (effective graded ribbon
graph),

(b) m:\J; s1HB(Gi) = Z>o, and

(c) the maps V,: [m(e)] - |J; B(G;) fore € | J; s1 HB(G;) are injections.

We require the sets V, = V,([m(e)]) to be disjoint. Denote by C(G;, z;,m, {Ve}) the
different graded components of the graph, that is, the collection of (Gj, z;).

Let G be the graph obtained by choosing m(e) points pe 1. ..., Pem(e) On e, ordered
according to the orientation of the boundary and identifying p.; with Ve(i). The
effective nodal graph is said to be connected if G is connected.

Write E(G) = J; E(G;); similarly define H!(G), HB(G), V(G) and F(G). For a
boundary edge e = /i /s, where h € s; HB, we sometimes write m(e) = m(h). Vertices
in the image of V, are called legal nodes and their set is denoted by V(G). The boundary
marked points of G are boundary marked points of the G; which are not legal nodes.
Denote them by B(G). Define 1(G) = J; 1(G;).

An effective nodal ribbon graph is naturally embedded into the (topological) nodal
surface ¥ = (]_[l X i) /~, defined as follows. X; is the topological open marked surface
into which G; embeds, and in the case that G; is a ghost it is a point. We identify
G; with its image in X;. We add m(e) points pe,1, ..., Pe,m(e) along the edge e, and
quotient by pe ; ~ Ve(i). The genus of the graph is defined to be the (doubled) genus
of X.

A marked effective nodal graph is an effective nodal graph together with markings
nB: B(G) > Z andn! : I(G) — Z.

A graded critical nodal ribbon graph is an effective nodal graph such that each
(Gi,z;) € SRY. In this case we use the Kasteleyn notation for components, (G;, [K;])
rather than (Gj, z;), and we denote the whole graph by (G, [K]) for short.
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A graded critical nodal graph G is odd if each G; € OSRP.

The notion of an isomorphism is the expected one. Write SRZ” k.l for the collection of
isomorphism classes of marked critical nodal graded ribbon graphs G with m nodes
and genus g such that m®: B(G) ~ [k] andm’ : I(G) ~ [I]. Let OSR?,k,l be the subset
of such graphs which are odd. Write Aut(G, [K]) for the group of automorphisms of
(G,[K])) € SR;”,kJ.

Define nongraded critical nodal ribbon graphs G = (G;, m, V) in the same way, only
without the data of Kasteleyn orientations, so that each G; belongs to RO rather than
to SR. Denote by R;”’ k.l the collection of isomorphism classes of nongraded critical
nodal ribbon graphs G with m nodes and genus g such that m®: B(G) ~ [k] and
n!: 1(G) ~[l]. Let OR?, k.l be the subset of such graphs which are odd. Write Aut(G)
for the group of automorphisms of G € R’;’ kil

A metric on a nodal ribbon graph is an assignment of positive lengths to its edges.

A bridge e € E(G) is an edge which is a bridge in one component G; of G. An effective
bridge is a bridge with m(e) = 0, if m is defined. Let Br(G, [K]) be the collection of
bridges, and Br*'f(G, [K]) the collection of effective bridges. As in the nonnodal case,
for brevity we shall usually omit [K] from the notation for Br and Br®. We similarly
define boundary loops as boundary loops in one component G; of G, and effective
loops are boundary loops e with m(e) = 0. Write Loop(G) and Loop®™(G) for the
collection of boundary loops and effective loops, respectively.

When it is understood from context whether or not the critical nodal graph is graded or
nongraded, we omit the words graded/nongraded, and just say critical nodal.

Remark 5.37 It is simple to verify that when (G, z, m, V) is effective, Definitions 5.35
and 5.36 are equivalent. We shall therefore use Definition 5.36, which is more explicit,
whenever possible. It is also straightforward to verify that the definition of OR;”’ k.l
agrees with the one given in Notation 1.3.

In a metric effective nodal ribbon graph, the data of distances between illegal nodes to
other vertices is absent. On the other hand, the discrete data of which illegal node lies
on which edge, and the relative order of illegal nodes on a given edge, are included.
See the example at the bottom of Figure 22.

Observation 5.38 Under the forgetful map forgpi, : SR;” 1~ R’g’,’ k1> which forgets
the Kasteleyn orientation, odd graphs go to odd graphs and the preimage of G is
canonically [K(G)]/Aut(G).
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5.3.2 Trivalent graphs versus graded critical nodal graphs In the analysis required
for proving Theorem 1.5, we will mainly need to analyze critical graded nodal graphs
and effective graphs which are obtained from them by contracting a single edge and
possibly forgetting some data. We will now describe operations between nodal and
nonnodal ribbon graphs. Although these operations can be defined in full generality,
we are interested only in cases where their output is trivalent or effective. We will
therefore restrict our definitions to this setting, leaving the relatively straightforward
details of the more general setting to the interested reader.

Given a connected effective spin ribbon graph with alifting (G, z), we define an effective
nodal graph X (G, z) as follows. Its components are the components of Norm(G, z),
after erasing every illegal boundary point and concatenating its two edges to one
edge. Note that under this map a contracted boundary becomes a Ramond marking of
perimeter zero. Suppose e is an edge obtained by concatenating ey, ..., e, 41 in the
described process, and in this order. Define m(e) = m. Suppose v; is the vertex between
e; and e;41. Then V, (i) = s1v;, where we use Notation 4.28. When (G, z) = (G, [K])
is critical trivalent, we denote X (G, z) by X (G, [K]). It is easy to verify that:

Observation 5.39 The map X is a surjection from the collection of connected effective
spin ribbon graphs to the collection of nodal connected effective spin ribbon graphs
all of whose components are smooth. It restricts to a bijection between connected
trivalent graphs and connected graded critical nodal ribbon graphs. For any connected
effective spin ribbon graph (G, z), there is a bijection between bridges (boundary loops)
in (G, z) and effective bridges (effective loops) in X (G, z).

We now extend the definition of X' to metric effective spin ribbon graphs. For such
a graph (G, z, £), define the effective nodal metric graph X (G, z,£) = (X (G, z), X¥)

by X{, = £, if the edge e is an edge of Norm(G, z); otherwise, if e is the union of

m+1

er,...,em41, define X, =) ;= L.,. Note that the perimeters are left unchanged.

We also define a map from effective nodal graphs to effective spin ribbon graphs: given
an effective nodal graph (G, z, m, V), define the spin ribbon graph B(G, z) as the graph
obtained by forgetting the data of m and V), and applying B to each component (Gj, z;).
The analogous definition holds for metric effective nodal graphs.

If (G, z, m, V) is an effective nodal graph and e is either an internal edge or a boundary
edge with m(e) = 0, then 9.(G, z, m, V) is the nodal graph whose underlying ribbon
graph is the graph obtained by contracting e, and the data of m and V is induced from G
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by the usual identification of edges of d,G as a subset of edges of G. Similarly, when
(G,[K],m,V) is critical trivalent and e is either an internal edge or an effective loop,
we define (G, [K.],m’, V') as the critical trivalent graph whose underlying graph is
(Ge. [Ke]), putting m’ = m and V' =V, where we again use the identification between
edges of G and Ge.

Notation 5.40 Suppose that (G, [K]) € SR’g”’k,l(p) and thate = {h1,hy = s1h1} €
Brf(G) U Loop®™(G), with K (1) = 0. Define the nodal ribbon graph Be (G, [K]) as
follows. Suppose G is made of the components G1, ..., G,. Without loss of generality
assume e is an edge of component G,,. Write v; = 0. (h;) for the vertex obtained by
contracting /; in d,G,. Write x = sph; and y = sl(sz_lhl) € H1(3.Gy).

The first n — 1 components of the graph B, (G, [K]) are G} = G; for i <n —1, and for
these components we have K/ = K;, m" = m and {VJQ} ={Vr}.

When e is a boundary loop, (G}, z,) = B3.(Gn.[Kn]), and also in this component
m’ = m and {V]’,} = {Vr}, where we use the natural identifications between edges
of G, other than e and edges of Gj,.

If e is an effective bridge, then in the case that the normalization Norm(d.Gy) is
disconnected, let G;, be the component which does not contain vy, and let K’, m’
and V' be the induced maps. Note that G, may be a ghost. Define the component
G, 1 as the graph obtained by the component of v5 in Norm(d,Gy) after gluing the
half-edges x/s1 and y/s1 to a new edge xy, and removing the vertex v,. The updated
Kasteleyn orientation is the unique Kasteleyn orientation which gives any internal
half-edge its value under K,,. For any half-edge ¢’ # xy, we have m’(e’) = m(e’) and
m(xy) = m(x) +m(y) + 1. Similarly, V'(e’) = V(¢’) for ¢’ # xy, while
Vy(a) if a <m(y),
(32) V;y(a) = {7V ifa=m(y)+1,
Vela—m(y)—1) ifa>m(y)+1.
If 9,Gy, \ {ve} is connected, set G, to be the component of v; in the normalization,
where again edges x and y are glued and v, is removed, and K’, m’ and V' are defined
in the same way as above.

There is a canonical surjection, which we shall also denote by Be,
E(G)UV(G) » E(B.G)UV(B.G).

It takes e to vy, and all other edges to the corresponding edges, so that it is one-to-one
except on the edges x and y, which go to xy.
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Given a metric £ on the graph, with £, = 0, the graph B (G, [K], £) is the graded nodal
ribbon graph with underlying graph B, (G, [K]), and the metric is induced from £ if
e is a boundary loop, while if e is a bridge, then with the same notation as above,
(Bel)er = Lo for €' # x, y, and Belxy, = £x + £, For convenience we usually denote
Bel by £ as well.

A compatible sequence of effective bridges e1, ..., e, is a sequence of bridges such
that ei+1 is an effective bridge in B, - -+ B, G for all i. For such a sequence define
e, (G, [K],£) = Be, - Be, (G, [K], £), and the map Be, = Be, 0+ 0B,,.

..........

The next observation follows easily from Observations 5.39 and 5.25.

Observation 5.41 If (G, [K]) € SRZ:k jande € Loop®™(G), then B.G is an effective
nodal ribbon graph.

If (G,[K]) e SRY, , and e € Br*{(G), then B.G € SR'g”;:;

Moreover, for any (G, [K]) € SRm;g}, and any legal node v, there exists a unique
graph (H,[K']) € SRY ., and anedge e € Bre"(H) with B,(H, [K']) = (G.[K]) and
Bee = v. In addition, if (G, [K]) is connected trivalent and e € Br(G, [K]), then

where we use the identification of bridges of Observation 5.39.
Notation 5.42 Recall Notation 4.6. For (G, [K]) € SRmk ;> denote by B, 1 (G [K]) =

[h]a(G [K]) the isomorphism class of triples (H,[K’],e) where H e SR™ JSE
B.(H,[K']) = (G, [K]), and Bee = Vy,(a) for h € s;(HB(G)) and a € [m(h)]. Let

B7'G = {By] ,(G.[K]) | [M] € [s1(HP(G))). a € [m(W)]}.

In other words, (H, [K'],e) = B;}l (G, [K]) should be thought as the graph (H, [K'])
obtained by canceling the B operation, ie by returning the a forgotten illegal node
of h, gluing it with its legal side, and then uncontracting the resulting node to obtain
the bridge e.

5.3.3 The moduli space of critical nodal graphs, the line bundles and the boundary
conditions

Definition 5.43 For an effective nodal ribbon graph (G, z, m, V) define MGz m,v) =~
RE(G)/Aut(G, z,m, V) to be the moduli of positive metrics on G, and MGz m.v)
as the subspace in which the i perimeter equals p; > 0, i € [/]. In particular, given
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Figure 22: This diagram presents trivalent graphs, their effective bridge
contractions and the operation B. The + sign represents a legal side of node
and, after performing /3, the wiggly lines contain the data of , namely, which
edges contain which legal nodes, and in what order. At top left an effective
trivalent smooth graph (G, [K]) on a disk is shown, at top center its bridge e
is contracted, then at top right B, (G, [K]) is drawn. The second row describes
a similar scenario, but for a graph on a cylinder. The third row presents a
graph on a disk. First the bridge between boundary markings 2 and 3 is
contracted, and then the bridge between 4 and 5 is contracted. These bridges
are compatible. The bridges between 2 and 3 and 3 and 4, on the other hand,
are not compatible with each other.

(G,[K)) € SRZ:,k,l’ we have Mg [k7) = RE(G)/Aut(G, [K]). Define MG,z m,v) and
M(G,z,m,v)(P) as the cell complexes whose cells correspond to nodal ribbon graphs
obtained from (G, z, m, V) by edge contractions, and the gluing maps are induced by
these edge contractions.

For e € E(G), write aeM(G,z,m,V) for the face of M(G,z,m,v) where e is contracted,
ie the length of the edge e is set to be 0. The boundary of M (G,z,m,v) can be written as

8/\7(G,z,m,v) = U ae-/\q(G,z,m,V)’
[el€[E(G)]
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where [E(G)] = E(G)/Aut(G,z,m,V), as in Notation 4.6. We similarly define
The maps B, X and Be,

these maps by the same letters. When ey, ..., e, are understood from the context, we
denote the former map by B.

¢, on metric graphs induce moduli level maps. We denote

.....

Note that My, (G.z.m.v) = 0eM(G.z.m.v)> and that Be, ., factors B. The maps B, B
and X are easily seen to be piecewise linear submersions.

.....

Definition 5.44 For an effective nodal (G,z,m,V) and i € [[], the S'—orbibundle
Fi — M(G’Z,m’y) is defined to be the set of pairs (£, x) where £ € M(G,z,m,v) and
x is a point on the i face, with the natural topology. For a (d, [)—set L, write S; —
M(G,z,m,v) for the sphere bundle associated to {S7 ;) | i € [d]}, as in Construction—
Notation 1. We define the forms «;, w;, &; and w; as the pullbacks of the corresponding
forms defined on the component which contains face i.

If (G',z',m’,V’) is obtained from (G, z,m,V) by edge contractions, we have the
usual natural identification between F; — M (G',z' m,v) and the restriction of F; —
M (G,z,m,v) to the corresponding cell.

By the constructions we immediately get:

Observation 5.45 For any effective spin ribbon graph (G',z’) and i € [l], we have a
natural identification

(Fi &> Mg,21) = X" (Fi &> Ma6,2)

while for an effective nodal spin ribbon graph (G, z) and i € [l], we have a natural

identification _ B _
(Fi = M(G,z)) = B*(Fi = Mgg/.21))-

Asa consequence:

(a) For (G, [K]) € SR?,k,l and e ¢ Br(G) ULoop(G), there is a canonical identifi-
cation

(Fi = My, 6.1k]) = (Fi = 0e Mg ,1k)) = (Fi = 0e MG, [K.])-

and similarly for the bundles Sy, .
(b) For (G,[K]) € SR;"k jande € Bref'(G), there is a canonical identification

(Fi = My, 6.[k]) = (Fi = 0 Mg, 1k)) = By (Fi = Mg, G,1K])-

and similarly for the bundles Sy, .
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(¢c) For(G,[K]) € SRka ; and e € Loop(G), there is a canonical identification
(Fi = My, (6.1k7) = (Fi = 3 Mg k7)) = (V™) (Fi = 8. M, [k.])-
and similarly for the bundles Sy, .
Proposition 5.46 Let s be a special canonical multisection of Sp — /\7;"‘,‘{“’1. Let
A be the collection of effective graded (g, k,l)—boundary ribbon graphs, so that s
restricts, in particular, to multisections s(G-2) for all (G,z) € A. Then s induces

multisections s(@-ZmV) of §; — M(G,z,m,v) for all effective nodal ribbon graphs
(G,z,m,V) € X(A), which satisty the following relations:

e For any effective graded (G',z’),

((G2) _ p* X(G2)
e For any effective nodal (G,z,m,V),
§(GzmY) _ Frgs
where s’ is a multisection of S;, — MZ%(G,z)-
In particular:
(a) Forany (G, [K]) € SR;n,k,l and e ¢ Br(G) ULoop(G),

S(GIKD, _ 5(GIKD,

M@.iky — eM(Ge KD

(b) Forany (G,[K]) € SR,  and e € Brf(G),

SG KD, _ BB (G IKD.

eM(G.IKD
(¢c) Forany (G, [K]) € SR’g”,k’l and e € Loop®(G),

(G,[KD| _ _ (aycomby* (Ge,[Ke])
s |aeM(G,[K])_(le )FsrTestfel)
Here we compare multisections using the identifications of Observation 5.45.

Proof Let s be a special canonical multisection as above. Consider an effective nodal
(G,z,m,V) € X(A). Then (G,z,m,V) can be written as X'(G’, z") for some effective
boundary graph. Now s¥(¢":2") = B*(BX(G".2") e have a factorization

X
MG,z > M(G,z,m,v)
\ r
B
ME(G’,Z’)
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The identifications of bundles S7,, see Observations 4.40 and 5.45, are also compatible
with this diagram. Since s is canonical, by Corollary 4.43,

§(G2) _ B B(G.2) _ pxfpe BG 2

Define s(G-2V) a5 the pullback of sB(G.2) along the vertical map B. Clearly
SX(G/,Z/) — X*S(G’Z).

By Observation 5.39, SR'; e S X (A). The “In particular” cases are now immediate
from the definition and Observation 5.45. In the first and third item we use that
B(G, [K]) = B(G,., [K.]), while in the second that B, = B in that case. |

The cells M (G,[K)) for graded nodal graphs also carry canonical orientations.
Definition 5.47 We define orientations for Mg [x7)(p). (G.[K]) € SR;", k. by

scixp=[[ ve

CeC(G,[K))
oG k) = N dpino@Gky= N\ N di,
i€ll] ie[l]I}f/(h):}
S2=1

with the wedge product over half-edges of face i taken counterclockwise.

Proposition 5.48 Let (G, [K]) € SR’g”k ;ande € Brf(G). Suppose that (G',[K']) =
B.(G,[K]) € SR;"I}, and let ¢’ be the unique edge in G’ with two B,—preimages.
There are canonical identifications
0eMc k) ~ Moy = 7Fer
de MG, 1k1)(P) = Mo, (6.1k]) (P) = Fe(P),

where the space For — M(G/,[K/]) is the set of pairs (£, x) with £ € M(G/,[K/]) and x a
point on e, with the natural topology. Moreover, the orientation on 8eM(G,[ k7 (P)
induced from M(G,[K])(p), as in Definition 2.52, coincides with the orientation

dx Ao k') on Fer, where dx is the orientation on the segment e’ considered as a
segment in the boundary.

Proof The only part which requires an explanation is the statement regarding orienta-
tions. Recall that K’ satisfies K(h) = K’ (Bh) for any h/sy # e. It is enough to compare
orientations of 9, M (G.IK]) = FerG'. Suppose h is the legal side of e, that is, the half-
edge which satisfies i/s1 =e and K(h) =1. Write e_; = (sz_lh)/sl and e; = (s2h)/51.
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Then, by recalling the definition of the canonical orientation (Section 5.2), we see
that the orientation for Mg, [k]) can be written as d{e_, Adle Adle, A O, and the
orientation on Mg is d€es A O, where O is the wedge of other edge lengths, in
some order. Note that d{,» = d{._, + d{.,. Now, the induced orientation on the
boundary 83M(G,[K]) is given by d{._, Ad{e, A O. By considering ForG’ as the
moduli of metrics on the graph obtained from G’ by adding a new marked point on ¢,
and with the definition of its orientation, we see that this orientation can be written as
dle_, Ndle N O, where d{,_, comes from the location of the new point on f. And
indeed,

dle_ Ndley NO =dle_  Ndle NO. O

Corollary 5.49 The map comb: M ekl = /\72‘"}(‘"[ preserves orientation.

Proof Indeed, by Proposition 5.48, we see that the orientations on /\71‘;”]‘2"1 satisfy
the same requirements of Theorem 2.53. The dimension-zero case can be checked by
hand. |

We also have the following corollary of Corollary 5.34.

Corollary 5.50 For (G,[K]) € SRZ «.; @nd an internal edge e which is not a bridge,
the orientations on BeM(G,[K])(p) ~ aeﬂ(Ge,[Ke])(p), induced as boundaries of

MG,k (p) and Mg, [k,1)(P), are opposite.

Corollary 5.50 has an analog for the case that e is a boundary loop. For (G, [K]) €
SR?,k,l and e € Loop(G), write \IJEOGI?E’K])& for the map de MG, [k]) = e M (G,,[K.])
defined at the level of objects by leaving all the metric graph structure — in particular
the edge lengths — invariant, and flipping the lifting in the contracted boundary which
corresponds to e. When we write W°™ we mean the union of the maps \Dz‘%m[bK]) .

over all possible pairs (G, [K]) € SR?k ;» form >0 and e € Loop(G). The following
is an immediate corollary of the “Moreover” part of Theorem 2.53, and Corollary 5.49.

We will also provide a direct self-contained proof of this corollary in Section 6.2 below.

Corollary 5.51 For (G,[K]) € SR'g",k’l and e € Loop(G), the induced orientation
on d. Mg, [k,.))(P) as a boundary of Mg, k,])(P) is opposite to the orientation
on it obtained by taking the W°™—pushforward of the orientation on 9, M G,IKD(P)
induced as a boundary of Mg [k7)(P)-
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6 The combinatorial formula

Throughout this section we fix g, k, [ and set
d =1 dimp(Mg 1) = 2(3g —3+k +2I).
We also write, for G € SR;n,k,l’
dim(G) = § dimgr(Mg) = 3(3g —3 +k + 21 —2m).
In what follows we shall work with the orientations constructed in Section 5.2. These

are the same orientations as the ones constructed in [35], by Corollary 5.49.

Definition 6.1 For (G, [K]) € SRZ,”, k. define

Wag, WG ‘M, k) > R

by
Egm(e) . ggm(e)
W= 11 G = W= 11 SoiGe o

ecs1 HB(G) ecs1 HB(G)
6.1 Iterative integration and the integral form of the combinatorial
formula

Our approach for producing the explicit formula for intersection numbers will be by
an iterative process of integration by parts. Recall Definition 4.36 and Notation 4.37.
Given an (S,[)-set L: S — [[] for S C [d], the t™ component of Ef is Lz ()- Each
step of the iterative integration process below will involve integrating out (the form
corresponding to) one component L ;) for some ¢ € §, using integration by parts.
The integration by parts will produce new boundary terms for the moduli on which we
integrate. Only boundary terms that correspond to contracting an effective bridge e
may have a nonzero contribution which does not cancel. Moreover, in order for such an
edge to contribute a nonzero contribution, when we integrate out the ™ component the
illegal side of the half-node obtained by contracting e will have to lie in the face L ().
This is the content of first key lemma, Lemma 6.6. In order to be able to state it, we need
to add notation: specifically, notation that will allow us to keep track of which illegal

half-node corresponds to the ¢™

component of the vector bundle which we integrate out.
For this we present the auxiliary notion of decorations. After performing an iteration

of integration by parts, the second key lemma, Lemma 6.7, transforms integrals over
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the boundaries of the moduli to integrals over the moduli spaces obtained by further
forgetting the illegal half-node. Theorem 6.10 essentially iterates these lemmas, and
uses some other cancellations to obtain a formula for the open intersection numbers as
sums of integrals. It is remarkable that this iterative integration process is performed
without appealing to a specific canonical multisection, and in some sense this is the key
point of the proof. In addition, it gives an alternative proof of the claim that canonical
boundary conditions give rise to well-defined intersection numbers, proven in [31] for
genus 0 and in [35] for g > 0.

Definition 6.2 A decoration D of a graph (G, [K]) € SR;"k ; is a choice of sets
Dy, C [d], for any h € s; H B, which are pairwise disjoint and such that
|Dp| = m(h).

When e = h/sy we also write D, = Dy, For an (S,[)-set L, an L—decoration is a
decoration for which
Dy € Liwy-

In the next series of claims we shall omit [K] from the notation of graded graphs, to
lighten notation.

Denote the collection of all decorations of G by Dec(G), and the collection of all
L—decorations of G by Dec(G, L).

Let L(D) be the [-subset of L given by L|UheslHB D, S0 that L(D); = Ui(h):i Dy,
For (G,[K]) € SRZ’;S and a (G, L)—decoration D, define the set
B YG,D)C{(G'.¢/,D")|(G',¢') e B7'G, D' € Dec(G', L)}

by setting (G, e’, D’) € B"Y(G, D) exactly when (G’,¢’) € B-'G, D’ € Dec(G’, L)
and D, € Dpg, for any e € E(G’) \ {¢’}. Note that in this case L(D’) € L(D), and
the difference is exactly one element.

In the language of the paragraph preceding this definition, L(D) \ L(D’) is precisely
the element ¢ € [d] which corresponds to the effective bridge e’ in the iterative process.

In order to be able to calculate intersection numbers, we must understand the restriction
of the forms «; and w; to the boundary.

Suppose that (G, [K]) € SRZ’k ;s €€ Brf(G) with 4 its illegal side, K (k) = 1 and
i €[l]. On Mj,g(p) we have two natural representatives for the angular 1-form,

Geometry & Topology, Volume 27 (2023)



The combinatorial formula for open gravitational descendents 2623

0.G
i
two-forms, w;

= ozl.G |9, M and B*a? <G, Similarly, we have two natural choices for the induced
eG G

o
_ .G x  Be
= ;7 [, m and B*w;

Notation 6.3 Write 8; = ﬂ?“G =o¢?"G—B*a,~BKG and B; = B,-aeG = w?eG_B*wiBeG‘

Observation 6.4 With the above notation, it i # i(e), then B; = f8; = 0. Otherwise
we have
piBi = bs,nd L1y, and p?B; = Al Adlgp.

Unlike the forms «¢;, the form §; is pulled back from the combinatorial moduli, since
it has no angular variables.

Proof For i # i(h), the forms restricted from Mg and those pulled back from Mp, G
are canonically identified. Suppose i =i (h); we handle B;. The proof for B; is similar.
We have £, = 0, hence also df, = 0 on d¢ M. Thus the only difference between
%G and B*a)l.B G is that the former may contain terms with d £, or d{ s3> while
the latter depends only on their sum, by the definition of B,. Choose a good ordering n
in the sense of Definition 5.30, so that half-edges of the i face appear first, and some
half-edge h’' # h, s3h is the first edge in the ordering. One can always find such a
half-edge. Otherwise, the i face is bounded by exactly two edges, & and so/, which
therefore must be a boundary half-edge, and in particular K(s2%) = 1. But then the
sum of K on the i™ face is even, which is impossible for a Kasteleyn orientation.

In B,G we choose a good ordering n’ for which #’, identified as an edge of B, G, is
the first half-edge. Suppose s5 '/ is the j™ half-edge in 1, so that & and s/ are the
j 4+ 1 and j 4 2" edges. Write £, for £,,—1(,). Then

PPol oo = Y dla ndly

a<b

= > dlandly+ Y dlg A(de+dljyo)

a<b a<j
a,b#j,j+1,j+2

+ > (@l +dti) Andlg+dl Adls
Jj+2<a

= p2B*0PC £ dly ndlgs.

) B.G  _ .
In the last equality we used the fact that 1) = Cy—1(jy +4y—1(j+2), and fora # j,
0 ifa<j
(BG =y ,  where w(a) = ’
n'=l(a) — “Catw@ (@) {2 otherwise. O
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Notation 6.5 Recall Notation 4.37 and Remark 3.5. For G and e as above, given a
(S,])-set L and i € S, we define the form @2 on the sphere bundle S; — d. Mg by

D) = d({rj}jes {0} jes (0] }jes) = 7O ({rj}es (o) }jes (0] }jes).

BeG

. BeG
where a} is a copy of B*OtL(j) for j # i, and o = B ;). Similarly, a) =B*w L(

7y
unless j =i, and then ] = By (;). As usual, dD’ = pZLCD’ As in Remark 3.5, when

S C [d] we will also extend the domain of @i by allowing Y, ¢g 7 to vary.

From now until the end of this subsection, we fix a (d,[)—set L, and let £ be the
corresponding bundle.

Lemma 6.6 Let s be a special canonical multisection of Ej. Take G € SR;” Kl
arbitrary and e an effective bridge of G, with h its illegal side. Letting D’ be an
L—decoration of G, write L' = L(D’). Then

[ sweti = Y[ Wes' @,
e Mg (p)

JEWAL) i eMa (p)

It should be noted that different decorations D’ and D” which determine the same set
L(D’") = L(D") will give rise to the same integral. The decorations, as mentioned
above, are introduced only in order to keep track of the combinatorics of integrals that
will appear in the iterative integration process below.

Proof Write S = Jye;, g5 D;l, so that L": § — [I] is a restriction of L: [d] — [I].
We first use (19) and Notation 4.37 to write ®7,\ 7+ explicitly:

(33) @r\p/({ritiese. 1Qi}iese, {@i}iese)

[$€1-1
= Z ZkkIZr a; A Z /\(r]drj/\ozj)/\ N op,
k=0 ieSc 1cse\(iy’ €! hETU{i}

[I1=k]|

where @; is Kontsevich’s two-form wp,(;y, and @; is a copy of Kontsevich’s one-
form ay ;). This is a form of degree dimg My, = dimgr Mp,g + 1. We obtain
CIDiL\ 1 by the same formula, after replacing &; and @; by Bz (;) and B (;), respectively.

Now, the function Wg does not depend on variables of the fiber of the sphere bundle,
hence it can be taken out of the pullback. By the definitions of the forms we can write

&) =B*a%C + pr;y and &) =B*0f% 4 By,
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where &f <G isa copy of (xfig. We now substitute this in & 1\L’» and expand (33)
multilinearly.

Write i = i(h) € [I[]. Any term containing S, or B, for a # i will vanish, by
Observation 6.4.

Similarly, any term in the expansion that contains either 8, twice, or B, twice, or §;
and B; once, will vanish, as a consequence of a multiple appearance of d /¢ s5\he

By Proposition 5.46, s[5, v is pulled back from Mp,c. Now, a term in s*®p\ 7/
with no B; or f; is pulled back from Mp, . But its degree is dimg Mp,G + 1. Thus,
it vanishes for dimensional reasons.

We are left with terms containing a single 8; or B;. These B; or B; are in fact B ()
or By,(;) for some j € S¢ which is mapped by L to i, meaning j € (L \ L’);. The
lemma follows. O

The second main lemma we need is the following.

Lemma 6.7 Fixm >0,G € SR?k ; and D € Dec(G, L), and write L' = L(D). Then
* 30,/ G’ L'\L(D")

(G',e’,D")eB~1(G,D)
=/ WGaL\L/+[ WGS*((T)G)L\L/.
Ma (p) IMa(p)

Importantly, [ Ma (p) Wgop\ 1 does not depend on the multisection s, so this lemma
pushes the dependence on s to lower-dimensional moduli. After iterating, it will allow
us to completely remove the dependence of the integrals on s. This phenomenon is
expected, from the geometric point of view, since it was proven in [35; 31] that the
intersection numbers should be independent of the specific canonical multisection. And
indeed, the lemma is enabled by the properties of canonical multisections, and will not
be true for arbitrary, noncanonical, boundary conditions.

Proof For convenience we treat the case |Aut(G)| = 1; the general case is handled
similarly, but notation becomes more complicated. Put

E' ={e € E(G)|m(e) > 0}.

Recall Notation 5.42. Suppose (G',¢’) € B~1G is Be_,(11+1G for some ¢ € E’ and
a+1¢€[m(e)]. Fix h € De, and let

D(G',h):={D'|(G',D") e B-X(G., D), h ¢ L(D).
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In words, D(G’, h) is the set of decorations of G’ in B~1(G, D) such that the only
element of L’ that they miss is /. Such decorations are determined by how we split the
elements in D, \ {h} into sets of sizes a and m(e) — 1 —a that will decorate the two
edges in Be_,le — the edges which, after contracting ¢’ and forgetting its illegal side,
form e. Thus,

\D(G' )| = (m(e)_l).

a

Lete; = sz_le’ and e, = spe’ be the two half-edges of G’ mapped under B, to e. As
explained, m(e;) = a and m(ez) =m(e) —a —1. Put £, = £,,. For fixed G’ and h we
have the equality

WG’S*(T)L/\L(D//) :/ WG’S*E)Q L(D’")’
/Mae/cf(l’) IAL(DY) Ms, 67 (P) DY)

hence the left-hand side of this equation is independent of D’. We will now show that

5h
(35) > / Wors™ @1\ L(pry
D'eD(G'h) Y M7 (P)

2m(f)
=/ (m(e)—l)( l_[ Ef—)
|
Ma(p) a FeB\ e} (m(f)+1)!
Le (p)2a _ pry\2(m(e)—a—1)
(o)™ (Le — Ly)
. 4 B ).
/(; (a+ D! (m(e) —a)! (Ae,n + Ben + Ce)
where
Aep =rple—t)dl,nY 2"n! Aridring A A @ron,
e, h\te " te e r;) |I|Z=n ('EI J %N J) jeL\(uL) L(j)
ICL\L'
Besy =radran(le—L)dl,n > rla;
ieL\L’
AY 20D (1)) N rjdrindj A A\ BL()s
nZzO |1|Z=n <J€1 s j) JELN(L'UTU{i}) )

TSL\(L'U{i})

Co=dlndl,n Y 17

ieL\L'
A 2" n! ( A rj drjA&j)A OL(j)»
,; “;::n jel jeL\@orogy

TSL\(L'U{i})

Geometry & Topology, Volume 27 (2023)



The combinatorial formula for open gravitational descendents 2627

where @; is a copy of &, (;). Before proving this equation, observe that A, j, B, and
C, depend on the multisection s through the sphere bundle fiber variables r; = r; (s) and
a; = a;(s), but we omit s from the notation. However, because s is special canonical,
it follows from the second item of Proposition 5.46 that s(x, £,) for x € Mg and
¢/, €10, £,] depends only on x and not on £/, where we have used the identification of
Proposition 5.48. Thus, the same is true for the variable r; and the form &;. Therefore,
importantly, A, , B j, and C, are independent of a, and their only dependence on £,
and d ), is through the terms which explicitly involve them.

The last equation follows from the following facts. First, the multiplicity

m(e)—1
a
comes from summing over the different decorations D’, which all give the same
contribution. Second, the term in W for the edge f € E’\ {e} is
2m(f)
A
(m(f)+ D!

The corresponding terms for e; and e, are, respectively,

(E,e)za ond (ge _z;)Z(m(e)—a—l)
(a+1) (m(e) —a)! '

Third, Proposition 5.48 reduces the integration over My , g/ (p) to the repeated integral
obtained by first integrating over M (p) and then over the location of the node on the
edge e, which is encoded by £,. This inner integration is precisely the integration f(f ¢
(with respect to d £,,). Next, recall that, with § = Uhes1 g8 Dp,

O\ ({ritiese. (@i}iese. {@i}iese)

1811
= Y 2> r2an Y Awidriaapa N ay.
k=0 iesc rcsa\iiy/ €! SEIULS

|I|=k

where for j # h, ®; = @ ;) and &; is a copy of &p,(;, while &y, = piBL(h) and
ap = plzl Br. Using Observation 6.4, the sum of terms which have i = & in the second
summation is precisely A, 5. The sum of terms with i # & in which I contains &
is B, j,, while the remaining terms sum to Ce.
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We shall use the following proposition.

Proposition 6.8 We have

m—1 —a)—
m—1 y x2a(y_x)2(m a)—1 B yzm
@ a;( a )/0 (a+ D! (m—a)! dx_(m+1)!’
m—1 —a— _
m—1 yx2a(y_x)2(m a—1) B 2y2m 1
®) a;( a )/0 @t T

Still fixing e and & € D., we now apply Proposition 6.8, the fact that 4, 3, B, 5 and
C, are independent of a, and that r; and &; are independent of £/, to sum equation (35)
over (G, e,) =B, a+1G, where a =0,...,m(e)—1.

We obtain

m(e)—1

* x
(36) Z Z /Ma 6’ (p) Wers q)L\L(D/)

a=0 D’eD(G},h)

E2m(f) £2m(e) 2€2m(e)—1d€
— f % e (Av -~ e e
= e,h+Be,h)+ INGE
/Mc;(mfeE,\{e}(m(f)H)! (m(e)+1)! (m(e)+1)!
where
h—r 2mm' (/\rdr/\&)/\ /\ EL(-),
e hrg) I|Z=m jer T jenauny Y
ICI\L'
Ee,h = —Try d}’h/\ Z }’l-zél\i
ieL\L’
A 2(’"+1)(m+1)! ( A r-dr-/\&-)/\ A L)
r;o |1|2=:m jer T jenaworony
ICL\(L'U{i})
and

24 m o 2
ree A 2" m! (/\r'dr'/\a'>A A WL(j)-
> rfainy 2 NrdrnG)n Iy PO

ieL\L m=>0 H=m €I
ICL\(L'U{i})
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The next step is to eliminate r, terms, for 4 € L’. For this, put

X:(l— > r,f)ZZ"m! > (./\ rjdrjA&j)A A0

heL\L’ m=0 =m €I JEL\(IUL)
ICI\L'
+( Z Vhd}’h)/\ Z rf&i
heL\L’ ieL\(L'U{h})
A3 204D (4 1)) (A dr,-Aaj)A BL().
mzzo |1|§m jel JeL\(LoIuty
ICL\(L'"U{i,h})
Then since
Z r,%=1— Z r,% and Z rpdry = — Z rpdry,
hel’ heL\L’ hel’ hel\L’
we obtain

Z (Ave,h + Ee,h) = X.
ecE’
heD,
Therefore, summing equation (36) over e € E’ and h € D, gives

HLDI\L(D")
(37) 3 / Wors BLON
(G',¢’,D"YeB~1(G,D) * M6 (P)

- /Mc(p)( 1_[

feE’

2m(f)

f
)+ 1)!)X
2m(f)

f 2m(e)€§m(e)_1d€e) v
+/M6<p>(e€ZE,(f€£[,\{e}(m<f>+1>!) me+nr )"

where the factor m(e) in the last term comes from the cardinality of D, and the
summation over s. Observe that Y = @\, where we stress that we do not require
Zhe L\L’ r}% =1, as in Remark 3.5. X here is the same as Z there, after substituting
L\ L' for [n], &; for «; and &y (;) for ;. Thus, Remark 3.5 immediately gives that
the right-hand side of (37) is

Zim(e) _ Egm(e) _
/MG(P){ [1 mieﬁywwﬂrd( 1 mqmy)}.

ecE’ ecE’

The claim now follows from Stokes’ theorem. O
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Proof of Proposition 6.8 We first prove part (b). Write

2m

ad X
fo=2_ m! (m + D!’

m=0

The identity we need to prove is equivalent to

(f * Hx) = f(x),

where * is the convolution
X
(0 = [ oIty dy.
Using the Laplace transform, the last equation is equivalent to

F2(M) = AF(\)—1,

where

FQL) = /0 e f(x)dx

is the Laplace transform of f. Expanding F' we obtain

ad 1 © A 2 > (Zm)' 2 1
(38) F= —/ e M xMdx = — AT
n;)m!(m+1)! 0 n;m!(m+l)!
_)L_ll—«/l—4/\—2 _/\1—V1—4A—2
N 2172 N 2 ‘

The third equality is a consequence of the general binomial formula. Thus, we are left
with verifying that

F2Q) =3I (1 -V1-41"2)—1=2F(1) -1,
which is straightforward.

The first identity is a consequence of the second. Indeed, Write

. m—l(m_l) /y x2a(y_x)2(m—a)—1 I
" a o (a+D!(m—a) ’
a=0
s m—l(m_l) /y x2a(y_x)2(m—a—1) I
" a o (a+D!(m—a) '
a=0
It suffices to show that
Im = %y.]m.
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Indeed,
m—1 —q)—
m—1 yx2a(y_x)2(m a)—1
39) I’"_a=0( a >[0 @rDlm—ar 9"
_ m—l(m_l)/-y x2a(y_x)2(m—a—l) I
2l a )]y T@rnim-a)
_"f(m_l)/y x2a+1(y_x)2(m—a—1) .
A 0 (a+ D!'(m—a)!
m—1

_ t)2a+1t2(m—a—1)

1y [ (
=me—Z(mal)/o y(a+1)!(m—a)‘ -

a=0

:me_Im’

where the second equality follows from opening one (y — x) term, and the third follows
from the substitution r = y — x. O

In order to be able to write an expression for the open intersection numbers we need
the following observation.

Observation 6.9 Suppose G € SR? x> and let e be an edge with m(e) > 0. Then for
any decoration D,

/ WGS*(T)L\L(D) =0.
de Mc (P)
Proof Tt follows from the definition of Wg that Wg |4 9.6 (p) = 0 identically. a

We can now state and prove the integral form of the combinatorial formula. We recall
thatd = 3(3g —3+k +21).

Theorem 6.10 Let L: [d] — [I] be a (d,[)—set, witha; = |L;| fori € [l]. Then
(40) pZLZ%(g-"-k_l)(tal ...-L—alak> = Z Z [ WGa_)L\L(D)’
GeOSR® , , DeDec(G,L) MG (P)

where the collection OSRZ’ k1 for m > 0 is defined in Definition 5.36.

Proof Define

Am = > > /M We®r\L(D)-

(G,IKDeSR™, , DeDec(G,L) ¥ MG KD (P)

S = > > /a Wes*®r\L(D)-

(G,IK)eSR™, , DeDec(G,L) Y IMG.1kD (P)

Geometry & Topology, Volume 27 (2023)



2632 Ran J Tessler

where s is a nowhere-vanishing special canonical multisection. We will begin by
showing that

(41) Sm = Am+1+ Sm+1,
and that
(42) p2Los(eth=D (o .o oky = Ao+ So.

For the first claim, consider S;,. Recall that for any G,
Meixy= | eMemn= U Moy
le]€[E(G)] [el€[E(G)]
Since for different edges the boundary cells intersect in positive codimension, the

integral over the union is just the sum over the edges e of the integrals over 9, M (G,IK])-

For an edge e which is not a bridge or a boundary loop, by Corollary 5.50 we know
that 8e/\7l(G,[ kp(p) = —aeM(Ge,[ k.])(P), considered as oriented orbifolds, with the
orientation induced as a boundary.

Now, Dec(G, L) and Dec(Ge, L) are the same sets, and it is easy to see that

W6 o, M) = Woeloo Mg, ke
Thus, given a decoration D, and using the first item of Proposition 5.46,

Wes*®p\ (D) = —/ W6,s*®L\1(D)-

/f;e/\/l(c,[k])(p) e M(Ge 1K1 (P)

For an effective loop e, the same argument, only using Corollary 5.51 instead of
Corollary 5.50, and item (c) of Proposition 5.46 instead of item (a), shows that given a
decoration D,

Wes*®p\ (D) = —/ W65 ®L\L(D)-

/f;eM(G,[K])(P) e M(Ge .[KDe (P)

We should note that this is the second place that we use s being special canonical.

If e is a bridge or a boundary loop which is not effective, from Observation 6.9, for
any decoration D,

/ WGS*CT)L\L(D) =0.
de MG 1k (P)
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Thus, we can write

Sm = Z Z Z / Wgs*éL\L(D).
Mae(G.1k1) (P)

(G,[K])GSR;”J{J DeDec(G,L) [e]E[Breff(G)]
Applying Lemma 6.6, we obtain
Sm =

)SIED DD SN S | Wos™ ], o)

(GIKDESRY | DEDec(G,L) [e]e[Br(G)] JEULNL(D));(e) * e (G-1KD(P)

When e is an effective bridge, then G’ = B,.(G, [K]) € SR;”;:II We should note
that this operation is also responsible for the appearance of ghost components, which
result from contracting a boundary edge between two legal boundary tails. In ad-
dition, j € (L \ L(D));() induces a single decoration D’ of G’, which is defined
by (G, D) € B~Y(G’, D’) and j € L(D’). Moreover, any (G',[K']) € SR;”;{F}I with
D’ € Dec(G’, L) is obtained in this way; see Observation 5.41. Hence, we can apply
Lemma 6.7 and get

Sm = Z Z /M Wewr\L(D)

+1 6.1k (P)
(G,[KDeSRY [, DeDec(G,L)

+ Z Z /a Was*®r\L(p)

M (p)
+1 (G.[KD
(G,[K])GSR?J\,J DeDec(G,L)

= Am+1+ Sm+1,

as claimed.

For the second claim, using Lemma 4.47, we can write

1 _
P2L22(g+k b TR Tazak)

= Z / or

M@G.ixn(P)
(G.[KDEeSRY 4,

*Op.
" Z Z /Mae(G,[K])(P) Pt

(G,[KD)eSRY ; , [e]€[Br(G)ULoop(G)]

Note that this is the nonnodal case, so all bridges and boundary loops are effective
and the decorations are empty. The cancellation-in-pairs argument used above for the
contribution of the integrals over edges which are neither boundary loops nor bridges
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shows, in particular, that

Z Z s*®p

(GIKDESRY , ; [e]€[Br(G)ULoop(G)] * M2 (G-1KD (P)
- ¥ ¥ oL =50
(G.IKDeSRY,, , [e]e[E(G)] 7 M0e(G (KD (P)
which, combined with the previous equation, gives (42).

Iterating (41) for m > 0 and using (42), we see that the left-hand side of equation (40)
is Zmzo Am.

We now claim:

Proposition 6.11 If G is a nodal graph such that on at least one boundary component
there is an even total number of boundary marked points and legal nodes, then

/ Weor\Lp) =0.
M.k (P)

The proof is given in Section 6.2; see Lemma 6.19. Thus,

Y=y Y Y [ Wewnwo

m>0 m>0 (G,[K)€OSR!  , DeDec(G,L) * MGk (P)

as claimed. O

Observation 6.12 We have

L;
|Dec(G, L)| = ({m(e) lecE i(e) = i})

L;!
iell] (n{eeEIi(e)=i} m(e)!)(Li - Z{eeE|i(e)=i}m(e))!.

Thus, with the above notation, we have

1 _ ‘
73 (g+k—1) 1_[ Pizal (T4, ...Talgk)
iell]

aj _
= Z Z ( l_[ ({m(e)|e eE.i(e) =i})) /M(G,[K])(p) W o\ L(D)

m=0 (G,[K)eOSR™ . " i€ll]

= > ( I1 ar )/ WeoL\L (D).
M.k (P)

m>0 (G,[K])€OSRY, , “i€ll] (ai_Z{eeEh'(e):i}m(e))!
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where WG is defined in Definition 6.1, and D € D(G, L) are arbitrary decorations.
Summing over all possible L and dividing by d! we get

2a;

(43) 22(g+k 1) Z sz Tal"'falak)

Y a;=d i€[l] ai!
=) X

m=0 (G,[KDeOSRY .,

—dm

M, [K])(P) (d m)!”

Dimensional reasons give:

Observation 6.13 Let L’ be an [-set, and let (G, [K]) € (QSR;‘ .1+ Suppose that for
some component C € C(G, [K])),

dim(C) < Y L.
iel(C)

Then IMG fwy, = 0 for any function f .

Now, ® =Y cec(a) @€, where @€ =Y. 1(c) @i- Thus, together with the observa-
tion, we get the following:

Corollary 6.14 We have
—d—m c~dim(C)
~ @ ~ (@)
Wg——m— = We—"——
S d—m)! [T we dim(C)!
CeC(G)
Thus,

p a;
(44) Z l_[ Fi 53(k-1) (tay -~ Ta,0%)

S a;=di€[l] ai!

. (CBC dim(C)
=2 2 / We ] dinz(C)'
m>0 (G,[KDeosr™, , " MGKDP)  cec(c,K) '
~ (wC)d1m(C)
=) X /Mc “dim(O)!

m=0 (G,[K))€OSRY ., CeC(G K]

In the above formula there may appear components C with dim(C) = 0. These are
precisely the ghost components and the genus 0 components with one internal tail and
one legal boundary tail.
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6.2 Power of 2

We aim now to gain a better understanding of the forms Adp; A (@? /d!) and 0(G,[K])
and their ratio.
Definition 6.15 For (G, [K]) € ‘SR;,k,l’ define s(G, [K]) to be the sign of

~d

w
/\dpl‘ A E 1 0(G,[K))-

For G e R* define

g,k

cpin(G) = Y s(G,[K].

[K]€[K(G)]
Lemma 6.16 For G € SR, ;.
@? VG
Ndpi A I 10(6,1Kk]) = (G, [K])cspin(G)2 :

In particular, cgin(G) > 0.

Proof Both the left-hand side and the right-hand side are multiplicative with re-
spect to taking nonnodal components, by the first statement in Corollary 6.14 and the
construction of o(g,[k7)- Thus, it is enough to prove the lemma for graphs in S’Rg’ k-

Recall that any class [K] of Kasteleyn orientations is of size 2|V](G)|, by Lemma 5.8.
In addition, by Lemma 5.29, the o(g, ) for different K € [K] are equal. Thus, the
lemma is equivalent to the equality

w
(45) Ndpi A—= =} 0@[KD-
’ KeK(G)

Recall that @ = Zle ;. Fix a good ordering n. To prove equation (45), it will be
more comfortable to work with new variables €5, h € H I instead of £,,e € E. Set

Hg|—1
HK,i=<h€HK‘£=i}, dK,i=%,
52 2
pri= Y. I ori= Y, dlyAdg, .
heHg ; hyi,ho€Hg

n(hy)<n(hz)

Remark 6.17 Only wk ; depends on the ordering n. For different orders the change
in wg ; is of the form dpg ; A dx, where x is a linear combination of {d{;}, € Hg ;.
Thus, for any a, the form dpk ; A @% ; is independent of 7.

Geometry & Topology, Volume 27 (2023)



The combinatorial formula for open gravitational descendents 2637

Express each dp; by Y ;. a; A€y, and express also each @; in the {d{j }pc g1 basis as
above. Our next aim is to show that
_dx
—d K.i
D) Wk i
(46) ANdpin=—= 3" A dpgir—"= (mod]I),
d! Kex(G) €l dk,i!

where [/ is the ideal (d{, —d g, p)pcpr- In order to show equation (46) we expand
Adp; A (@% /d") multilinearly, in terms of {d{}, ‘e 1, Without cancellations. Any
monomial which appears in this expression and contains exactly one of d{, d s,
for any h € H'! defines a unique Kasteleyn orientation K, defined by K (h) = 1 if and
only if d{; appears in the monomial. This is indeed a Kasteleyn orientation since any
h esiHPB has K(h) =1, and for any i € [/], an odd number of variables of half-edges
appear: one comes from dp;, and the others come in pairs via powers of @;.

It is transparent that any Kasteleyn orientation K € K(G), is generated this way.
Moreover, regrouping all terms which correspond to the same Kasteleyn orientation,
and using the identity

2m+1 _ A\
(Zi<j Xi /\x,)
E Xi | N =X1AX2AN . .. AX2m+1,

m!
i=1
we get equation (46).

The “In particular” follows from the fact that Adp; A (@? /d!) and s(G, [KDoG.1k])
have the same sign. |
Proposition 6.18 For G < SRg,k,l and e ¢ Br(G) U Loop(G),

cspin(G) = cspin(GE)-
Proof It follows from Lemma 6.16 that

cpin(G) =% D 06K OG.IKD
[K1eK(G)]

for any fixed [K] € [K(G)]. If K, K’ € K(G), then by the orientability of the moduli,
Theorem 5.32, we see that

O(G,IKD) - O(G.[K']) = O(Ge,[KeD) * O(Ge,[KLD)»

as (G,[K]), (Ge, [K¢]) and (G, [K']), (Ge, [K,]) parametrize adjacent cells. Thus,
Cspin(G) = Fcopin(Ge). But cgpin > 0, hence the equality. O
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Lemma 6.19 If G € R'g"’k,l \OR’g”’k’l, then cspin = 0.

Proof Again, as ¢y, is multiplicative in nonnodal components, it is enough to consider
the case of nonnodal graphs. Let 0¥, be a boundary with an even number of boundary
marked points. Note that given a surface ¥ and a boundary component 33, graded
spin structures on X can be partitioned into pairs which differ exactly in the lifting
of 0Xp. Thus, we can partition [K(G)] into pairs which differ exactly in the boundary
conditions at dXj. In combinatorial terms, for any pair {(G, [K1]) and (G, [K2])} in
the partition we can find K1 € [K1] and K> € [K3] which agree everywhere, except
on edges with exactly one vertex in 93, where they disagree. We shall show that
$(G.[K1]) = —s(G. [K3]).

As a consequence of Proposition 6.18, cgin(G, [K]) = cspin(Ge, [Ke]) for G € Rg,k,l
and e ¢ Br(G) U Loop(G). By performing enough such Feynman moves at boundary
edges of G, see Figure 14 moves (b) and (c), we may assume only one nonboundary
edge emanates from 0Xj. Let 2a denote the number of the boundary marked points
on 0Xj. Note that X, is part of the boundary of a single face, say face 1. Let & and
s1(h) be the internal half-edges which touch d%;. Choose a good ordering n on G,
sothat n(h) =1, n(hy) =2,...,n(hag+1) = 2a + 2 and n(s1h) = 2a + 3, where
h; € HT are the other half-edges on d%,. This can always be done, possibly after
interchanging & and s1/4. Choose any K; € [K;] and K, € [K>], which differ only in
their values at /2 and s14. Thus, the sign difference between oG x,1) and 0(G,[k>])
is just (—1)24*1 = —1, since we change only the location of the variable d ¢, /s1> DY
2a + 1 spots. As claimed. a

We can now prove Proposition 6.11.

Proof By Lemma 6.16, the proposition is equivalent to cgin(G) = 0. But ¢gpin(G) =
[lcec(G) Cspin(c)s Which is 0 by Lemma 6.19. m]

We can now also prove Corollary 5.51.

Proof As above, it is enough to prove it for smooth G. The case where e is a
boundary loop is a special case of the graph considered in the proof of Lemma 6.19,
and in particular we see that the orientation expressions for (G, [K]) and (Ge, [Ke])
are opposite. Recall that the map W™ preserves the edge-lengths of all edges, but
changes the Kasteleyn orientation to [K,]. By contracting these orientation expressions
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with the vector —3/3{,, we see that the induced orientation on d.Mg, [k,]) and the
(Weomby*_pushforward of the induced orientation on d,M (G,[K]) are opposite. m]

Lemma 6.20 For G (’)Rg k1> We have

Cspin(G) = 2%(g+b—l)’

where g is the genus of G, and b is the number of boundaries. For G € (’)R;” k1’

Cspin (G) = 1_[ Cspin(Gi),

where G; are the smooth components of G.

Proof Again it is enough to consider nonnodal graphs. By Lemma 6.16, c,in(G) > 0.
By Proposition 6.18 cein(G, [K]) = cspin(Ge, [Ke]), whenever G € OSRg . and
e ¢ Br(G) ULoop(G). Thus, it is enough to calculate cgpi, for the graph G, where G is
the graph constructed in Example 5.18; see Figure 17. We shall work with the notation
of that example. We shall order the faces according to their labels, and we choose an
ordering n of the edges of face 1 such that a; is the first edge. Choose a Kasteleyn
orientation and write
06 =Wi AW A AWg ANdlp, NdLlxy Ao+ Ndlp, Ndlx, Nd e, /\---/\dﬁel'k1
ARNdLy, N---Ndiy,,
where W; is the wedge of d{g;,d{p,,dlc;,d Ly, ,dly,,dLg,, according to the order
induced by K, and R is the wedge of the remaining variables, according to the ordering.
The ordering n, restricted to the half-edges which are involved in W}, is

ai?ﬁ’di’giaciaﬁ?bi’gi‘
There are four possibilities for K( f;) and K(g;). Let K lp denote the set of possibilities
with K(f;)K(g;) =0. Let K il be the singleton made of the remaining possibility. One

can check by hand that the form W; is constant in K?, and minus that constant in the
fourth possibility.

The ordering restricted to the remaining edges is

b1,2’ €2 kr+1> b2,3’ €3 k3+1>--- ’bb—l,b’ €b,0,€b,15---5€b,kp» bb—l,bv
€p—1,0,€b—1,15--+>€b—1k;_;>» bb—z,b—l,eb—z,o, e ,ez,kzbl,z-

The only freedom in K is in the values of K(b;, ;11). The relative order of these edges is

b12.b23,....0p—1p.bp_1p.....b12.
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Observe that between b; ;41 and b ;11 in the ordering, there is an even number of
half-edges. Thus, different assignments of K(b;, ;+1) do not change the orientation og.
There are 2°~1 such assignments, where b is the number of boundary components.

To summarize, s(G, [K]) depends only on ) ; K( fi)K(Z:), which is just the parity of
the graded spin structure (see Remark 5.19), and different parities give rise to different
signs. By the calculation in Remark 5.19 we see that ¢gin(G) = :l:Z%(g_bH)"'b_l,
but as it cannot be negative we end with ¢gin(G) = 23(&+b-1), |

Remark 6.21 An analogous power of 2 appears in [25] when one wants to calculate
the Laplace transform of the integral combinatorial formula. The method developed
in this paper is also applicable to that calculation. It shows exactly where this power
of 2 comes from, and how is it connected to spin structures. In fact, our cgpin can be
thought as an open analog of the push down of the r = 2—spin Witten’s class to the
spinless moduli; see [39].

Corollary 6.22 For G € SR®
CBd
d |

gk’

)2V (@I+3(8(6)+b(G)-1)

Ndpi A —~ 06,1k = 5(G, [K]

6.3 Laplace transform and the combinatorial formula

As in the closed case, a more compact formula may be obtained after performing a
Laplace transform to Corollary 6.14.

Let A; be the variable dual to p; and write, for e = {h1, hp = s1h1},

k'%l—)h ifi(h) =i and i(h2) = J,
AMey=4q"" 1

1L 2mle)\,—2m)—1 .y 5

m(e)—H(m(e) )/\i ifi(hy)=iand h, € H”.

We also define X(e) = 1/A(e) for an internal edge and X(e) = Aj(e) for a boundary
edge of face i.

Applying the transform to the left-hand side of Corollary 6.14 gives
2a;
/ Ndpie=%Pi 3" T Pi ' 3@ (g, gy, 0%)
Pi,--,01>0 i

a; !

Ya;=d i€[l]

(2a; — N
— pd+3(g+k=1) Z 1_[ 2la,+1 al---fa,Gk),
S a;j=di€[l] i
where d = %(k+2l+3g—3).
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Transforming the right-hand side leaves us with

D / Adpie=S%iPi
D15..,01>0

m=0 GEOSRM,

dim(C)

~C
/ e
Mc dlm(C)'
dim(C)

_ EIEL, 7 @)
—Z Z /m , Ndpie l_[ /Mc Wc Gm(C)

m>0 GeosRM | " P1 1>0 CeC(G,[K])

CeC(G,[K))

where we have used the fact that the perimeter of a face is the sum of its edges’ lengths.

Recall that
€2m (e)
e

[T we= TI (m(e))! (m(e) + !’

CeC(G,[K)) ecEB(G)

By Corollary 6.22, applied to (G, [K]) € OSRg,k,l’ we have

—d
(Aien dpi)%
/\eeE(G) de.

where the variables in the denominator are ordered by o(g (k7). and V1|, g and b are

= 5(G, [K])2/ @+3(&(6)+b(G)-1)

the number of internal vertices of G, its genus and the number of boundary components,
respectively. In addition,

Z (G, [K]) = Cspin = 2%(g+b—1),

[K]€[K(G)]
by Lemma 6.20. Moreover, since Aut(G) acts on [K(G)], and is sign-preserving, we
see that
3 (G, [K]) _ 3 s(G,[K])
Aut(G Aut(G, [K])|
ki@ AN ek aue) AWE KD

Thus, for a fixed G € ORY' . ;, summing over fors_piln(G) using Observation 5.38, and

recalling that Mg [k]) = RE©G) /|Aut(G, [K])|, we get

1 / N (e (@€ )dim(C)
- Adpie~E M@l / We
[XK; |AUt(G’ [K])| D1seesD1>0 l 1_[ REW)

1 |
CeC(G.IKD dim(C)!
2
_Mleeco <€) [1 / Tt g, T /  Tete___"0
|Aut(G)] N ¢ o m(e)!(m(e)+1)! ¢

ecE\EB ecEB
c(C
[lcec)c(C) l_[l(e),

Au@G)] L1

Geometry & Topology, Volume 27 (2023)



2642 Ran J Tessler

where ¢(C) = 2/V' (©+&(©)+b(C)~1 Summing over all G € OR*

g.k, 0’
(2a; — D!
2d+ (g+k 1) Z l_[ zlal+1 -L—al...falo.k>
Ya;=di=1 t B Z ]—[CGC(G) c(C) 1_[ (@)
. |Aut(G)| '
GGORg,k‘l ecE

This proves Theorem 1.5.

Open problem 3 The moduli space M ¢,k,1 18 disconnected, and is composed of
components which parametrize different topologies, partitions of boundary markings
along boundary components and graded structures. The boundary conditions of [35; 31]
define in fact an intersection number on each such component, and their sum is what we
denote in this work by (74, - 74 ,ok) ¢- Using the techniques presented in this section
one can actually calculate all these refined intersection numbers; see [2]. The inter-
section numbers (g4, -+ T4 lak) ¢ are related to the KAV wave function, and therefore
satisfy many recursion relations. A natural question is whether the refined numbers
also satisfy interesting recursion relations, and whether they are related to an integrable
hierarchy. The paper [2] proposes a conjecture in this direction.

Appendix Properties of the stratification

A.0.1 Proof of Proposition 4.25 Fix sets Z, 5 and Py. For a stable open ribbon
graph G, write Mg = Rf(G) /Aut(G). Let G¢ g (7,p,) be the set of all such graphs with
boundary markings B, internal markings Z and internal markings of perimeter zero Pyp.

We will show that comb® maps /W]gR, s.1up, © g Mg (p) surjectively, and

2.B.(Z.P()
that it is one-to-one on smooth or effective loci.

Step 1 An antiholomorphic involution g of a connected stable curve X is separating
if X/p is a connected orientable stable surface with boundary. X is called the real
locus. A half of X is a stable connected subsurface with boundary ¥ C X such that
the composition ¥ < X — X /o is a homeomorphism.

A doubled (g, B,T U Py)—surface is a closed stable marked surface X with markings
{xi}iep and {z;, Z; }i ezup,. together with a separating antiholomorphic involution o
and a preferred half X, satisfying

(a) x; € X9 foralli,and

(b) z; €int(X) for all i.
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Observation A.1 There is a natural one-to-one correspondence between open stable
(g,B,7 U Py—surfaces X and doubled (g, B,7 U Py)—surfaces (X, o, X), given by
¥ — (D(X), X), where X is taken as a subset of D(X).

Note that all components of X @ which are not isolated points are canonically oriented
as boundaries of the distinguished half.

Step 2 Fix positive { p; }iez. For convenience we denote by Z and Py the markings of
z; fori € Z,Py. We now analyze the image of doubled surfaces (X, ¢, X) under the
(closed) map comby defined on M ¢,k+21> where the perimeters ¢ are defined so that
the faces of z; and z; for i € Z have perimeter p;, and the other points are boundary
marked points or internal marked with perimeter 0. By the construction for closed
surfaces, the image is a stable ribbon graph G in the sense of Definition 4.2, embedded
inX=kK BUP,UP, (X). Moreover, ¢ induces an involution on X and G, which we also
denote by o, and by Lemma 4.13 X@ C G. Faces and vertices marked by Z U Py are in
one distinguished half S of X, where a half is defined analogously to the above.

Write EB for p—invariant edges. Let H?B be their halves which do not agree with
the orientation induced by . Write V5 for o—invariant vertices. Let V! be vertices
in int(2), let H! be either half-edges in s; H® or half-edges which intersect int(¥),
andlet Ef = (H! \ s HB)/s;.

Observation A.2 H! U H?B is invariant under sy, and s takes H! to H! U HB.

Indeed, if there were h € H! and ' ¢ H! U H® with soh = I’, then there was a
common face which contained /# and s14’. But then this face would intersect both
int(X) and o(int(E)), which is impossible.
Let v be a vertex, and consider its half-edges. The permutation sy acts on them, and
also . Write B, for the set of so—cycles which contain an element of H B, and write
I,, for those cycles in H'. It is easy to see that no so—cycle contains more than two
boundary edges. It follows from the observation that inside a cycle in B, the half-edges
are so—ordered as &1, ..., har42 so that

h1 es1H B s

hi e HI\siHB ifi e[r+1]\ {1},

hi =o(hi—r—1) ifie€[2r+2]\[r+1].
In particular, i, 1> € HB and h; ¢ (HT U HB) for i € [2r + 2]\ [r + 2]. Define a
permutation 5o of H I'U HB which is sg on H!, and otherwise, we are in the scenario
just described, Sohy 42 = hy.
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Define new marking assignments £/, /2 and %0 as follows: f! mapsi €T to the
face containing z;, /2 maps i € B to the vertex x; is mapped to, and f 0 is defined
similarly.

Recall Notation 4.17. Let Z7 (g, 1, B) be the set of isotopy types of smooth doubled
(g, 1, B)—surfaces. Write T (g,1) = Z7T(g,I). Clearly there exists a canonical
identification «: Z7 (g, I, B) ~IT(g. I, B).

We can enrich the graph (G, ) with a defect function d on VI U VB, defined as
follows. Let v € V1 U V B be a vertex, and consider its preimage X, in X. If X, is not
a point, then it is a pointed nodal surface, doubled in case v € V B, and otherwise just a
usual closed one, without z;, z; for i € Z. Some of the special points of X, correspond
to nodes whose two halves belong to X,,. Smooth X, along these nodes. There is
a unique topological way to perform the smoothing process on a doubled surface,
which is consistent with the choice of a half, and is such that the resulting surface is
doubled. Define d(v) € ZT (g(v) Iy U (fF0)~1(v), B, U (fB)71(v)) to be the class
of the smoothed X, in the doubled case. Otherwise, d(v) is the unique element in
IT(g(v). I, U () ().

The ribbon graph G, together with the involution o, and the doubled data, which consists
of the sets HY, HB VI VB and the maps d, 1, B, %0 is called a doubled ribbon
graph. We see that any doubled surface, together with perimeters as above, is associated
with a doubled graph. Call this association Dcomb. It now follows from definitions that:

Observation A.3 There is a canonical bijection Half between doubled (g, B, (Z, Po))—
metric ribbon graphs and open (g, B, (Z, Po))—metric ribbon graphs. Half(G) is the
graph spanned by HY, HB V! VB, with permutations 5 and sy, maps f1, fB, fPo,
the same genus defect as G and topological defect «(d).

Half(G) is embedded in $, which, after defining the corresponding defects, is exactly
Kpp,X.

Thus, by Observations A.1 and A.3, for any X € /W]§ «.; and perimeters p, the symmetric
JS differential indeed defines a stable open ribbon graph with perimeters p embedded
in Kpp,2.

Step 3 We now show that:

Proposition A.4 The map
comb®: M]E,B,IUPO xR% — ]_[ Mg

Gg.B.(I,Po)
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is a surjection, and in the smooth case, or more generally when unmarked components
are not adjacent and form a moduli of dimension zero, it is in fact a bijection onto its
image.

This proposition is true in the closed case. By the above construction, it will be enough
to show these properties for Dcomb. By the closed theory, from the doubled metric
graph (G, £) one can reconstruct the unique surface with extra structure X into which
it embeds, including the complex structure on its marked components. Write ¢ for the
set of perimeters of faces of G. It is evident that the perimeters of faces i and 7 are
the same. The involution on (G, {) lifts to an involution on X . For any singular point
v € X which corresponds to the vertex v of the graph, any so—cycle v of half-edges
corresponds a new marked point labeled v in the normalization of $. We define a
surface X as follows. For a singular v with v € VB, replace v by a doubled surface X,
in the isotopy class d(v). For a singular v € V!, replace v and o(v) by two conjugate
closed surfaces ¥, and ,, where ¥, is in the class of d (v). Note that X, is not
necessarily stable. Let 31, ..., ¥, be the marked components of . Define

X =sub(([[xiu][[X%)/~).

where the ~ identifies a marked point in some X, which corresponds to a so—cycle v
with the corresponding point in some ;. Stab is the stabilization map which contracts
an unstable component to a point.

One can easily extend o and the choice of a half to X, and Dcomb(X, q) = (G, {),
where ¢ is the set of perimeters.

In the smooth or the more general case described in the statement, we have no freedom
in the reconstruction of X.
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Derived equivalences of hyperkihler varieties

LENNY TAELMAN

We show that the Looijenga—Lunts—Verbitsky Lie algebra acting on the cohomology
of a hyperkéhler variety is a derived invariant, and obtain from this a number of conse-
quences for the action on cohomology of derived equivalences between hyperkihler
varieties.

This includes a proof that derived equivalent hyperkéhler varieties have isomorphic
Q-Hodge structures, the construction of a rational “Mukai lattice” functorial for
derived equivalences, and the computation (up to index 2) of the image of the group
of auto-equivalences on the cohomology of certain Hilbert squares of K3 surfaces.

14F05, 14J32

1 Introduction

1.1 Background

We briefly recall the background to our results. We refer to Huybrechts [24] for
more details. For a smooth projective complex variety X, we denote by DX the
bounded derived category of coherent sheaves on X. By a theorem of Orlov [37] any
(exact, C-linear) equivalence ®: DX; = DX, comes from a Fourier—Mukai kernel
P € D(X1 % X3), and convolution with the Mukai vector v(P) € H(X1 x X5, Q) defines

an isomorphism
oM H(X1,Q) => H(X2,Q)

between the total cohomology of X7 and X5. This isomorphism is not graded, and
respects the Hodge structures only up to Tate twists. Nonetheless, Orlov has conjectured
[38] that if X; and X, are derived equivalent, then for every i there exist (noncanonical)
isomorphisms H' (X1, Q) = H' (X, Q) of Q-Hodge structures.

For every X we have a representation
px : Aut(DX) — GL(H(X,Q)), &~ o
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Its image is known for varieties with ample or antiample canonical class (in which
case Aut(DX) is small and well understood; see Bondal and Orlov [9]), for abelian
varieties — see Golyshev, Lunts and Orlov [18] — and for K3 surfaces. To place our
results in context, we recall the description of the image for K3 surfaces.

Let X be a K3 surface. Consider the Mukai lattice
H(X,Z):=H(X,Z) @ H*(X, Z(1)) ® H*(X, Z(2)).

This is a Hodge structure of weight 0, and it comes equipped with a perfect bilinear form
b of signature (4, 20). For convenience, we denote by « and § the natural generators of
HO(X,Z) and H*(X, Z(2)) respectively, so that H(X, Z) = Z«a & H2(X, Z(1)) & Zp.
The pairing b is the orthogonal sum of the intersection pairing on H?(X, Z(1)) and the
pairing on Za @ Z given by b(a, ) = b(8, ) =0 and b(«, ) = —1.

It was observed by Mukai [35] that if ®: DX; = DX> is a derived equivalence
between K3 surfaces, then ®H restricts to an isomorphism i ﬁ(X 1.Z2) — I:i(X 2, 7)
respecting the pairing and Hodge structures. Denote by Aut(H(X, 7.)) the group of
isometries of H(X, Z) respecting the Hodge structure, and by Aut™ (H(X, Z)) the
subgroup (of index 2) consisting of those isometries that respect the orientation on a
four-dimensional positive definite subspace of H(X, R).

Theorem 1.1 [22; 26; 35; 36; 39] Let X be a K3 surface. Then the image of px is
Autt (H(X, 2)). O

In this paper, we prove Orlov’s conjecture on Q—-Hodge structures for hyperkédhler
varieties, construct a rational version of the Mukai lattice for hyperkihler varieties, and
compute (up to index 2) the image of py for certain Hilbert squares of K3 surfaces.
The main tool in these results is the Looijenga—Lunts—Verbitsky Lie algebra.

1.2 The LLV Lie algebra and derived equivalences

Let X be a smooth projective complex variety. By the hard Lefschetz theorem, every
ample class A € NS(X) determines a Lie algebra g; C End(H(X, Q)) isomorphic to sl,.
More generally, this holds for every cohomology class A € H2(X, Q) (algebraic or not)
satisfying the conclusion of the hard Lefschetz theorem. Looijenga and Lunts [33] and
Verbitsky [46] have studied the Lie algebra g(X) C End(H(X, Q)) generated by the
collection of the Lie algebras g,. We will refer to this as the LLV Lie algebra. See
Section 2.1 for more details.
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Derived equivalences of hyperkdhler varieties 2651

We say that X is holomorphic symplectic if it admits a nowhere degenerate holomorphic
symplectic form o € H(X, Q%).

Theorem A (Section 2.4) Let X1 and X5 be holomorphic symplectic varieties. Then
for every equivalence @ : DX — DX, there exists a canonical isomorphism of rational
Lie algebras

8 g(X1) = g(X2)

with the property that the map ®%: H(X{, Q) => H(X>, Q) is equivariant with respect
to P9,

Note that g(X) is defined in terms of the grading and the cup product on H(X, Q),
neither of which are preserved under derived equivalences.

To prove Theorem A we introduce a complex Lie algebra g’(X) whose definition is
similar to the rational Lie algebra g(X), but where the action of H2(X, Q) on H(X, Q)
is replaced with a natural action of the Hochschild cohomology group HH?(X) on
Hochschild homology HH,(X). Since Hochschild cohomology and its action on
Hochschild homology is known to be invariant under derived equivalences, it follows
that g’(X) is a derived invariant. We show that if X is holomorphic symplectic, then the
isomorphism HH,(X) — H(X, C) (coming from the Hochschild—Kostant—Rosenberg
isomorphism) maps g'(X) to g(X) ®q C. This is closely related to Verbitsky’s “mirror
symmetry” for hyperkdhler varieties [46; 47]. From this we deduce that the rational
Lie algebra g(X) is a derived invariant.

1.3 A rational Mukai lattice for hyperkihler varieties

A hyperkdhler (or irreducible holomorphic symplectic) variety is a simply connected
smooth projective variety X for which H°(X, 9)2() is spanned by a nowhere degenerate
form.

Let X be a hyperkihler variety. Consider the Q—vector space
H(X.Q):=Qe e H(X.Q ®Qp

equipped with the bilinear form b which is the orthogonal sum of the Beauville—
Bogomolov form on HZ(X, Q) and a hyperbolic plane Qa @ Qp with « and B isotropic
and b(«, B) = —1. By analogy with the case of a K3 surface, we will call H(X, Q)
the (rational) Mukai lattice of X. Looijenga and Lunts [33] and Verbitsky [46] have
shown that the Lie algebra g(X) can be canonically identified with so(H(X,Q));
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see Section 3.1 for a precise statement. Moreover, Verbitsky [46] has shown that
the subalgebra SH(X, Q) of H(X, Q) generated by H?(X, Q) forms an irreducible
sub-g(X)-module. Using this, we show that Theorem A implies:

Theorem B (Section 4.2) Let X1 and X5 be hyperkihler varieties and
®: DXy = DX,
an equivalence. Then the induced isomorphism ®Y restricts to an isomorphism
®SH: SH(X, Q) = SH(X>, Q).
Taking X1 = X» = X in Theorem B we obtain a homomorphism
px 1 Aut(DX) — GL(SH(X, Q)).

The complex structure on a hyperkéhler variety X induces a Hodge structure of weight 0
on H(X, Q) given by

H(X.Q) = Qua H*(X.Q(1)) & Qp.
Denote by Aut H(X, Q) the group of Hodge isometries of H(X, Q).

Theorem C (Section 4.2) Let X be a hyperkihler variety of dimension 2d and

seconq Betti number b,. Assume that b, is odd or d is odd. Then p)S(H factors over a

map pi: Aut(D(X)) — Aut(H(X, Q)).

See Sections 3.2 and 4.2 for an explicit description of the implicit map
Aut(H(X,Q)) — GL(SH(X.Q)).

Note that all known hyperkéhler varieties satisfy the parity conditions in the theorem:
there are two infinite series of deformation classes with odd b, (generalized Kummers
and Hilbert schemes of points), and three exceptional deformation classes with odd d
(K3, 0G6, 0OG10).

1.4 Hodge structures of derived equivalent hyperkihler varieties
Another application of Theorem A is the following:

Theorem D (Section 5) Let X; and X, be derived equivalent hyperkihler varieties.
Then for every i the Q—Hodge structures H (X1, Q) and H! (X,, Q) are isomorphic.

This confirms Orlov’s conjecture for hyperkihler varieties. The proof is inspired by
Soldatenkov [43].
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1.5 Auto-equivalences of the Hilbert square of a K3 surface

In the second half of the paper we consider the problem of determining the image
of px for certain hyperkihler varieties. An important difference with the first half of
the paper is that integral structures (lattices, arithmetic subgroups, ...) will play an
important role here.

As a first approximation to determining the image of py, we consider a variation of
this problem which is deformation invariant. Let X be a smooth projective complex
variety. If X’ and X" are smooth deformations of X (parametrized by paths in the
base), and if ®: DX’ = DX" is an equivalence, then we obtain an isomorphism as
the composition

H(X,Q) - H(X',Q) &5 H(X”, Q) - H(X, Q).

We define the derived monodromy group of X to be the subgroup DMon(X) of
GL(H(X, Q)) generated by all these isomorphisms. This group contains both the
usual monodromy group of X and the image of py : Aut(DX) — GL(H(X, Q)).

If S is a K3 surface, then the result of Huybrechts, Macri and Stellari [26] implies
DMon(S) = O1(H(S, Z)), and that the image of ps consists of those elements of
DMon(S) that respect the Hodge structure on H(S,Z). Similarly, for an abelian
variety A, the results of [18] imply DMon(A4) = Spin(H!(4,Z) @ H'(4V, Z)), and
that the image of p4 consists of those elements of DMon(A) that respect the Hodge
structure on H' (4, Z) @ H (4V, 7).

Now let X be a hyperkéhler variety of type K3[2. We have H(X, Q) = SH(X, Q)
and hence by Theorem C the action of Aut(DX) on H(X, Q) factors over a subgroup
O(H(X, Q)) of GL(H(X, Q)).

For an integral lattice A C H(X, Q) we denote by OT(A) C O(A) the subgroup
consisting of those Hodge isometries that respect the orientation of a positive 4—plane
in AR.

Theorem E (Section 9.4) Let X be a hyperkahler variety deformation equivalent to
the Hilbert square of a K3 surface. There is an integral lattice A C H(X, Q) such that
O1(A) Cc DMon(X) C O(A)

inside O(H(X, Q)).

See Section 9.4 for a precise description of A. As an abstract lattice, A is isomorphic
to H2(X,Z) & U, but its image in H(X, Q) is not Za & H2(X,Z) & ZB.
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Crucial in the proof of Theorem E is the derived McKay correspondence due to
Bridgeland, King and Reid [11] and Haiman [21]. It provides an ample supply of
elements of DMon(X): every deformation of X to the Hilbert square S of a K3
surface S induces an inclusion DMon(S) — DMon(X). As part of the proof, we
explicitly compute this inclusion.

We denote by Aut(A) the group of isometries of A C H(X, Q) that respect the Hodge
structure on ﬁ(X ,Q). It follows from Theorem E that im(py ) is contained in Aut(A)
for every X which is deformation equivalent to the Hilbert square of a K3 surface. For
some X we can show that the upper bound in the above corollary is close to being sharp.
Denote by Aut™ (A) C Aut(A) the subgroup consisting of those Hodge isometries that
respect the orientation of a positive 4—plane in Ag.

Theorem F (Section 10.2) Let S be a complex K3 surface and X = S (2] Assume
that NS(X) contains a hyperbolic plane. Then Aut™ (A) C im(py) C Aut(A).

Remark 1.2 To determine im px up to index 2 for a general hyperkihler of type K302
new constructions of derived equivalences will be needed.

Remark 1.3 Theorems E and F leave an ambiguity of index 2, related to orientations on
a maximal positive subspace of H(X, R). In the case of K3 surfaces, it was conjectured
by Szendr6i [44] that derived equivalences must respect such orientation, and this was
proven by Huybrechts, Macri, and Stellari [26]. Their method is based on deformation
to generic (formal or analytic) K3 surfaces of Picard rank 0, and on a complete
understanding of the space of stability conditions on those [25]. It is far from clear if
such a strategy can be used to remove the index 2 ambiguity for hyperkéhler varieties
of type K3 2],

Remark 1.4 That a lattice of signature (4, b, —2) should play a role in describing the
image of px for hyperkéhler varieties X was expected from the physics literature —
see Dijkgraaf [16] — but it is not clear where the lattice should come from, nor what
its precise description should be for general hyperkihler varieties. In the above results,
the lattice A arises in a rather implicit way, and one may hope for a more concrete
interpretation of its elements.

Remark 1.5 It is tempting to try to conjecture a description of the group Aut(DX) in
terms of an action on a space of stability conditions on X, generalizing Bridgeland’s
work on K3 surfaces [10]. However, there is a representation-theoretic obstruction
against doing this naively. The central charge of a hypothetical stability condition on X
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takes values in H(X, C), yet Theorems E and F suggest the central charge should take
values in H(X, C). If X is of type K3[2], then H(X, C) and H(X, C) are nonisomorphic
irreducible DMon(X )-modules, so this would require a modification of the notion of
stability condition.
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2 The LLV Lie algebra of a smooth projective variety

In this section we recall the construction of Looijenga and Lunts [33] and Verbitsky
[46] of a Lie algebra acting naturally on the cohomology of algebraic varieties. For
holomorphic symplectic varieties we show that this Lie algebra is a derived invariant.

2.1 The LLV Lie algebra
Let F be a field of characteristic zero and M be a Z-graded F—vector space of finite

F—dimension. Denote by / the endomorphism of M that is multiplication by n on M,,.

Let e be an endomorphism of M of degree 2. We say that e has the hard Lefschetz
property if for every n > 0 the map e": M_, — M, is an isomorphism. This is
equivalent to the existence of an f € End(M) such that the relations

(D [h.e]=2e, [h, fl==2f le.fl=h

hold in End(M). Thus, (e, h, f) forms an sl,—triple and defines a Lie homomorphism
sl — End(M).

Proposition 2.1 Assume that e has the hard Lefschetz property. Then the element f
satisfying (1) is unique, and if e and h lie in a semisimple sub-Lie algebra g C End(M),
then so does f .

Proof The action of ad e on End(M) has the hard Lefschetz property for the grading
defined by ad &. In particular,

(ad e)?: End(M)_» = End(M),

is an isomorphism. It sends f to —2e, so f is indeed uniquely determined.
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If e and % lie in g, then g C End(M) is graded and the above map restricts to an
injective map
(ade)®: g2 < ga.

Since h is diagonalizable, it is contained in a Cartan subalgebra of g. The symmetry
of the resulting root system implies that dim g—,, = dim g, for all n. In particular, the
map (ad e)? defines an isomorphism between g_5 and g»; thus f lies in g. |

Let a be an abelian Lie algebra and e: a — gl(M), defined by a — ¢,, a Lie homo-
morphism. We say that e has the hard Lefschetz property if e(a) C gl(M ), and if there
exists some a € a such that e, has the hard Lefschetz property. Note that this is a
Zariski open condition on a € a.

If e: a — gl(M) has the hard Lefschetz property, then we denote by g(a, M) the Lie
algebra generated by the sly—triples (eq, i, fy) for a € a such that e, has the hard
Lefschetz property. We say that (a, M) is a Lefschetz module if g(a, M) is semisimple.

Now let X be a smooth projective complex variety of dimension d. Denote by M :=
H(X, Q)[d] the shifted total cohomology of X (with middle cohomology in degree 0).
For a class A € H?(X, Q), consider the endomorphism e; € End(M) given by cup
product with A. If A is ample, then e, has the hard Lefschetz property, so the map
e:H?(X,Q) — gl(M) has the hard Lefschetz property. We denote the corresponding
Lie algebra by g(X) := g(H>(X,Q), M).

Proposition 2.2 [33, 1.6, 1.9] (H?(X,Q), M) is a Lefschetz module. m|
In other words, g(X) is a semisimple Lie algebra over Q.

2.2 Hochschild homology and cohomology

Let X be a smooth projective variety of dimension d with canonical bundle wy := QS’}.
Its Hochschild cohomology is defined as

HH" (X) := Exty, y (A«Ox, AxOx)
and its Hochschild homology is defined as
HH, (X) := Ext4 % (A« Ox, Axwx).
Composition of extensions defines maps
HH" ® HH” — HH"*", HH" ® HH,, — HHy—y,
making HH, (X)) into a graded module over the graded ring HH*(X).
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The Hochschild—Kostant—Rosenberg isomorphism (twisted by the square root of the
Todd class as in [30; 15]) defines isomorphisms

I":HH"(X) = P H (XN Tx). Li:HH,(X) = @ H(X.Q5).
i+j=n j—i=n
Under these isomorphisms, multiplication in HH®*(X) corresponds to the operation

induced by the product in /\" Ty, and the action of HH®*(X) on HH,(X) corresponds
to the action induced by the contraction action of /\* Tx on Q% ; see [12; 13].

Together with the degeneration of the Hodge—de Rham spectral sequence, the isomor-
phism [, defines an isomorphism

HH.(X) => H(X, C).

This map does not respect the grading; rather it maps HH; to the i™ column of the
Hodge diamond (normalized so that the 0™ column is the central column EBP H?:P),
Combining with the action of HH® on HH,, we obtain an action of the ring HH*(X)
on H(X, C).

Theorem 2.3 Let ®: DX, = DX, be a derived equivalence between smooth projec-
tive complex varieties. Then we have natural graded isomorphisms

OMH® . HH* (X)) => HH*(X,), ®"He: HH,(X;) => HH.(X>),

compatible with the ring structure on HH® and the module structure on HH,, and such
that the square
HH,(X1) —— H(X1.C)

l@HH. l/(DH
HH.(X2) —— H(X,.C)
comimutes.

Proof See [13; 34]. O

2.3 The Hochschild Lie algebra of a holomorphic symplectic variety

Now assume that X is holomorphic symplectic of dimension 2d. That is, we assume
that there exists a symplectic form o € HO(X, Qg() Note that this implies that a
Zariski-dense collection of o € HO(X, Qg() will be nowhere degenerate.

Through the isomorphism 7/ : HH,(X) — H(X, C), the vector space H(X, C) becomes
a module under the ring HH*(X).
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Lemma 2.4 HH*(X) =~ H*(X, C) as graded rings, and H(X, C) is free of rank one
as an HH®* (X )-module.

Proof A symplectic form o defines an isomorphism Q}( — Tx, and hence an

~

isomorphism of algebras /\" Q )1( ~> A’ Tx. Combining this with the Hochschild—
Kostant—Rosenberg isomorphism I and the degeneration of the Hodge—de Rham spectral
sequence, we obtain a chain of isomorphisms of graded rings

HH®(X) = H*(X, A\’ Tx) => H*(X, Q%) => H*(X, C).
This proves the first assertion. For the second it suffices to observe that the module
HH. (X, C) is generated by 09 € HH,4(X) = HO(X, Q29). ]
Consider the endomorphisms /4, hy € End(H(X, C)) given by
hp=p—d, hy=q—d on HPY.

These define the Hodge bigrading on H(X, C), normalized to be symmetric along the
central part H?-4. Note that h = hp + hg. The action of HH" (X)) on H(X, C) has
degree n for the grading defined by b’ = hy — hp.

Lemma 2.4 and hard Lefschetz imply:

Corollary 2.5 For a Zariski-dense collection of ;. € HH?(X), the action by i,

e;L: H(X,C) - H(X, C),
has the hard Lefschetz property with respect to the grading defined by h'. a
In particular, for every such p we have a complex subalgebra g, C End(H(X, C))

isomorphic to sl, and the collection of such algebras generates a Lie algebra which
we denote by g’(X) C End(H(X, C)). From Lemma 2.4 we also obtain:

Corollary 2.6 The complex Lie algebras g'(X) and g(X)®q C are isomorphic. |

In the next section, we will show something stronger: that g’(X) and g(X) ®¢g C
coincide as sub-Lie algebras of End(H(X, C)). Theorem A then follows by combining
this with the following proposition:

Proposition 2.7 Assume that X1 and X, are holomorphic symplectic varieties. Then
for every equivalence ®: DX, = DX, there exists a canonical isomorphism of

complex Lie algebras
DT g'(X1) = ¢'(X2).
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It has the property that the map ®%: H(X1, C) = H(X3, C) is equivariant with respect
to dY .

Proof This follows immediately from Theorem 2.3. |

2.4 Comparison of the two Lie algebras and proof of Theorem A
The remainder of this section is devoted to the proof of the following:

Proposition 2.8 If X is holomorphic symplectic, then g(X) ® g C = g'(X) as sub-Lie
algebras of End(H(X, C)).

Let X be holomorphic symplectic. If F is a coherent Ox-module then we will simply
write H (F) for H' (X, F). We have decompositions

H?(X,C) = H*(0Ox) @ H' (Q}) @ H*(Q%)
and
HH2(X) = H2(Ox) @ H' (Tx) @ HO(\’ Tx).

We will use the same symbol A to denote an element A € H>(X, C) and the endo-
morphism of End(H(X, C)) given by cup product with A. Note that 1 € g(X) ®g C
by construction. Similarly, we will use the same symbol for u € HH?(X) and the
resulting i € End(H(X, C)), given by contraction with . We have u € g'(X).

For a symplectic form o € HO(Qi,), we denote by & € H? (/\2 TX) the image of the
form o € HO(Q)Z() under the isomorphism Q}Z( — N\? Tx defined by o. In suitable local
coordinates, we have

o=du; Advy +---+dug Advy
and

R R B

=22

A .
dug a vy dug  dvg
Lemma 2.9 If o is a nowhere degenerate symplectic form then (o, hp, 5) is an sl,—
triple in End(H(X, C)).
Proof Clearly o has degree 2 and ¢ has degree —2 for the grading given by £, so
[hp,0] =20 and [hp,0) = —20.

We need to show that [0, 6] = hj. This follows immediately from a local computation:
in the above local coordinates, one verifies that on the standard basis of Q27 the
commutator [0, ] acts as p —d. |
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Note that the existence of one nowhere degenerate o implies that a Zariski-dense
collection of o € HO(Q}Z() is nowhere degenerate.

Lemma 2.10 For a Zariski-dense collection € H?>(X, Ox), there is & € End(H(X, C))
such that (a, hy, ) is an sly—triple.

Proof This follows from Lemma 2.9 and Hodge symmetry. O
Lemma 2.11 For all t € H® (X, /\2 TX) the endomorphism t lies in g(X) ®q C.

Proof It suffices to show that this holds for a Zariski-dense collection of 7; hence we
may assume without loss of generality that T = & with o and & as in Lemma 2.9. Let
o and ¢« be as in Lemma 2.10. Because o and hp commute with both « and A, we
have that every element of the sl—triple (o, h,,5) commutes with every element of
the sly—triple («, h4, ). From this, it follows that

(x+o0,h,a+0d) and (@x—o,h,a—0)

are sly—triples. Since the elements & & o lie in H2(X, C), and apparently have the hard
Lefschetz property, we conclude that the endomorphisms & £ ¢ lie in g(X) ®¢g C;
hence also T = ¢ lies in g(X) ®q C. O

Corollary 2.12 hj, and hy lie in g(X) ®q C.

Proof By Lemma 2.9 we have h, = [0, 6], which by Lemma 2.11 lies in g(X) ®¢g C.
Since hy = h — hj, we also have that i lies in g(X) ®¢g C. O

Fixat e H? (X N\ TX) that is nowhere degenerate as an alternating form on 2 )1( This
defines isomorphisms ¢y : 2 )1( — Ty and ¢, : H! (Q)l() — H!(Tx) given by contracting
sections of €2 }( with 7.

Lemma 2.13 Foralln € HI(Q}(), we have [t,n] = c¢(n) in End(H(X, C)).

Proof This is again a local computation. If 7 is a local section of 1, then a compu-
tation on a local basis shows [z, ] = c(n) as maps Q,’; — Q)I;_l. |

Corollary 2.14 Every element n/ of H' (X, Tx) lies in g(X) ®¢ C.

Proof (See also [19, 4.5] for the case of a hyperkihler variety.) Every such 7’ is
of the form c¢;(n) for a unique n € H (Q )1(), and hence the corollary follows from
Lemmas 2.13 and 2.11 and the fact that 7 lies in g(X) ®q C. |
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We can now finish the comparison of the two Lie algebras.

Proof of Proposition 2.8 By Corollary 2.6 it suffices to show that g’(X) is contained
in g(X)®q C. By Proposition 2.1 it suffices to show that A’ is contained in g(X) ®q C,
and that for almost every a € HH?(X) we have that the action of @ on H(X, C) is
contained in g(X) ®g C. This follows from Lemma 2.11, Corollaries 2.12 and 2.14,
and the fact that the action of any o € H2(Oy) lies in g(X) ®qC. |

Together with Proposition 2.7, this proves Theorem A.

3 Rational cohomology of hyperkiihler varieties

3.1 The BBF form and the LLV Lie algebra

Let X be a complex hyperkihler variety of dimension 2d. We denote by
b=bx:H(X,Q)xH*(X.Q) - Q

its Beauville-Bogomolov-Fujiki, and by cy its Fujiki constant. These are related by

) /X 224 = %cxb(k,)\)d

for A € H2(X, Q); see eg [41].

We extend b to a bilinear form on

H(X.Q) = Qu®H*(X.Q) & Qp.
by declaring « and B to be orthogonal to HZ(X,Q), and setting b(a, ) = —1,
b(er, ) = 0 and b(B, B) = 0. We equip H(X, Q) with a grading satisfying degar = —2
and deg B = 2, and for which H2(X, Q) sits in degree 0. This induces a grading on the
Lie algebra so(H(X, Q)).
For A e H2(X, Q) we consider the endomorphism e, € so(H(X, Q)) given by e, (o) =2,
e, () =b(A, ) for all u € H>(X,Q), and e, (B) = 0.

Theorem 3.1 (Looijenga—Lunts, Verbitsky) There is a unique isomorphism of graded
Lie algebras 5
so(H(X,Q)) = g(X)

that maps e, to e, for every A € H2(X, Q).

Proof See [33, Proposition 4.5] or [46, Theorem 1.4] for the theorem over the real
numbers. This readily descends to QQ; see [43, Proposition 2.9] for more details. O
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The representation of so(H(X, Q)) on H(X, Q) integrates to a representation of the
group Spin(ﬁ(X, Q)) on H(X, Q). Let A € H2(X, Q). Then e}, is nilpotent, and hence
B :=expe, is an element of Spin(ﬁ(X, Q)). It acts on H(X, Q) by

(3) By(ra+p+sB)=ra+ (u+rd)+ (s+b(u,A)+rzb(d, 1)

for all , s € Q and p € H2(X, Q). The action on the total cohomology of X is given
by:

Proposition 3.2 B acts as multiplication by ch(1) on H(X, Q). |

In particular, if £ is a line bundle on X and ®: DX — DX is the equivalence that
maps F to F @ £, then ® = B, ().

3.2 The Verbitsky component of cohomology

Let X be a complex hyperkihler variety of dimension 2d. We define the even co-
homology of X as the graded QQ—algebra

HY(X. Q) := PH"(X.Q),
n
and the Verbitsky component of the cohomology of X as the sub-Q-algebra SH(X, Q)
of H¥(X, Q) generated by H?(X, Q). Clearly, SH(X, Q)[2d] is a sub-Lefschetz
module of H® (X, Q)[2d] for H?(X, Q).

Lemma 3.3 (Verbitsky [8; 45]) The kernel of the Q—algebra homomorphism
Sym® H*(X. Q) — SH(X.Q)

is generated by the elements A2+ with A € H2(X, Q) satisfying b(A, 1) = 0. |
Lemma 3.4 (Verbitsky) SH(X, Q)[2d] is an irreducible Lefschetz module.

Proof It is the smallest sub-Lefschetz module of H* (X, Q)[2d] having a nontrivial
component of degree —2d. a

Verbitsky also describes the space SH(X, Q) explicitly. Below we normalize this
description, and use it to compute the Mukai pairing on SH(X, Q).
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Proposition 3.5 There is a unique map
W: SH(X, Q)[2d] — Sym? H(X, Q)
satisfying
(i) W is morphism of Lefschetz modules,

(i) W(l)=a?/d).

Note that the Lefschetz module structure on Symd H(X, Q) is given by the Leibniz
rule

ex(xy - xd)—le ep(xi) - xgq.

Proof Uniqueness is clear. For existence, consider the map

¥: Sym® H2(X, Q) — Sym? H(X, Q).
given by
Al Ap > ey, ---ekn(ad/d!).

This map is well defined since the e¢;, commute. Moreover, the map is graded and
satisfies U(Ax) = ¢ \I‘(x) for all A € H2(X, Q) and x € Sym® H?(X, Q). To show that
U induces a morphism of Lefschetz modules with the desired properties it now suffices
to verify that it vanishes on the ideal generated by the A4 for A € H2(X, Q) satisfying
b(A, L) = 0. Equivalently, it suffices to show that for every x € Symd H(X,Q) and
for every A € H?(X, Q) with b(A, 1) = 0 we have ed+1(x) =0.

Without loss of generality, we may assume that x is a monomial of the form
x=a' /A1 Am, i+j+m=d, I €H*X, Q).

For degree reasons, we have elj (B/ A1+ Am) = 0 for k > m. Moreover, it follows
from b(A,A) = 0 that e])f (o) = 0 for k > i. Combining these, one concludes that
ej‘f“ (x) = 0, which is what we had to prove. O

Lemma 3.6 W(pty) = ﬂd/cX.

Proof Choose A € H2(X, Q) with b(A, 1) # 0. Then we have

d
2dy _ 2d ¢ (2d)! d
@ wrd) = 34 (%) = b g,
Dividing by (2) gives the claimed identity. |
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Consider the contraction (or Laplacian) operator

A:Sym? fi(X, Q) — Sym? 2 H(X, Q),
given by

xl...xdl—)zb(_xi’xj')xl-.-_)’(\ji...)’(\jj...xd‘
i<j

This is a morphism of Lefschetz modules, or equivalently of so(H(X, Q))-modules.
Lemma 3.7 The sequence of Lefschetz modules
0 — SH(X, Q)[2d] £ Sym? H(X, Q) 2> Sym? 2 (X, Q) — 0
is exact.
Proof Since AW¥(1) =0, we have A oW = (0. The map A is well known to be a

surjective map of so(ﬁ(X , Q))-modules with irreducible kernel. Since W is nonzero
and SH(X, Q) is irreducible, it follows that the sequence is exact. O

The Mukai pairing [14] on H® (X, Q) restricts to a pairing bsg on SH(X, Q). It pairs
elements of degree m with elements of degree 2d — m, according to the formula

best(hr - Ao, m---m_m)=(—l)mfxxl---xmm---uzﬁz_m.

Note that bsy(e; x, y) + bsu(x,e;y) =0 for all x, y € SH(X, Q) and A € H2(X, Q),
s0 bsy is so(H(X, Q))-invariant.

The pairing on H(X, Q) induces a pairing on Symd H(X, Q) defined by
bpay(x1 -+ xa, y1-+-ya) = (=D% Y []bxi,v0i).

0eSy i

By construction, b4 is 5o(ﬁ(X , Q))—invariant. The map W is almost an isometry, in
the following sense:

Proposition 3.8 Forall x, y € SH(X, Q),
cx b1 (Wx, Wy) = bsu(x, ).

Proof Both the Mukai form on SH(X, Q)[2d] and the pairing on Symd H(X,Q)
are so(H(X, Q))-invariant. Since SH(X, Q) is an irreducible so(H(X, Q))-module, it
suffices to verify the identity for some x, y € SH(X, Q) with bsy(x, y) # 0.
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Let A € H?(X, Q) with b(A, 1) # 0. We have

bsu(l, AZd)_[ j2d — G exb(A, M) £ 0.

2441
By (4), 2d)
2d d pd
y(A“t) = dd'b()t LA Be,
and hence
2d CX(Zd) d CX(2d) d
exbiay (¥ (). WOP) = S by p) = T b ),
which agrees with the above expression for by (1, 124). |

Remark 3.9 If X is of type K314l then cy = 1 and W is an isometry.

4 Action of derived equivalences on the Verbitsky component
In this section we prove Theorems B and C from the introduction.

4.1 A representation-theoretical construction

Let K be a field of characteristic different from 2, and let V' = (V, b) be a nondegenerate
quadratic space over K. Let d be a positive integer and consider the space

Sta1V = ker(Sym? V &5 Sym9 =2 y).
The Lie algebra so(1') acts faithfully on Sp4;V, inducing an inclusion
s0(V) CEnd(SgV).
Consider the normalizer of s0(V) in GL(S[4]V'), that is, the group
N(V,d) :={g € GL(S[g]V) | gs0(V)g ™" = s0(V)}.

Proposition 4.1 Assume that K is separably closed. Then there is an exact sequence
1 > {*1} - O0(V)xK*— NV,d)—1,
where the inclusion maps € to (¢, €?) and the surjection maps (¢, A) to AS[a1(9).
Proof The only nontrivial part is surjectivity of O(V) x K* — N(V, d). Denote by
0:0(V) > N(V.d), ¢ S,

the restriction of this map to the first component.
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The representation Syz) V" of s0(V) is irreducible, so by Schur’s lemma the centralizer
of so(V) in GL(S[41V) is K*, and we have an exact sequence

1 — KX — N(V,d) %> Aut(so(V)).
It therefore suffices to show that the image of ¥ equals the image of ¥ oo.
The adjoint group of so(V) is PSO(V'), and we have a short exact sequence
(5) 1 - PSO(V) — Aut(so(V)) — Out(so(V)) — 1,
where Out(so(V')) coincides with the group of symmetries of the Dynkin diagram.

If dim V' =2n + 1, then we have PSO(V') = SO(V'). The Dynkin diagram (of type Bj)
has no nontrivial automorphisms, so Aut(so(V, b)) = SO(V). The composition ¥ o &
maps SO(V) identically to SO(V'), and we conclude that the image of ¥ is the image
of foo.

Now assume dim V' = 2n. Since K is algebraically closed, PSO(V) = SO(V)/{x1}.
The larger group O(V)/{£1} embeds in Autso(V'), with elements of determinant —1
in O(V) inducing the reflection in the horizontal axis in the Dynkin diagram (of
type Dy). For n # 4, this inclusion is an equality, while for n = 4 “triality” gives
extra automorphisms. However, expressed on simple roots the highest weight of the
representation Siz1V of so(V) is

d/2

d d d d
O—0----- d/2

such that for n = 4 the extra automorphisms of so(V’) do not lift to automorphisms
of Si41V. We conclude that the image of v is contained in O(V)/{=£1} and that the
composition ¥ o ¢ is the natural map O(V) — O(V)/{%1}, so also in this case the
image of ¥ coincides with the image of Y oo. |

Remark 4.2 The condition that K is algebraically closed is needed in the case of even
dim V. If K is not algebraically closed, then one still has the exact sequence (5), but one
should be careful to define PSO(V) as the group of K—points of the algebraic group
PSO(V) over K. In general, this group is bigger than SO(V)/{=£1}). In particular, not
every element of N(V, d) can be lifted to O(V) x K*.

Proposition 4.3 Let V; and V, be nondegenerate quadratic spaces over K. Assume
that there is a linear isomorphism f": Sq1V1 — S[4) V2 such that f so(V1) f L =s0(13)
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as subspaces of End(V2). Then there exists a u € K> and a similitude ¢: Vi, — V,
such that | = uSiz1(@).

Proof Let K be a separable closure of K. Consider the Gal(K /K )—sets

S = {p: VI’E — Vz,I? | ¢ is a similitude}
and

N :={g:Sa1V1 g = Sia1Va,x | g 50V, g)g ™! = s0(V; )}

and the Galois-equivariant map

E:K*xS—> N, (1.¢)— uS(e).

The map £ is surjective. Indeed, since over a separably closed field the quadratic
spaces are isometric, we may assume without loss of generality that V; = V,. Then
N = N(V| g.d) and the surjectivity follows from Proposition 4.1 (it suffices even to
consider isometries instead of similitudes).

The group K* acts on K* x S by A(u, ¢) := (A", L) and the fibers of £ are
principal homogenous spaces under this action.

The map f defines a Galois-invariant element f € N, so its fiber £71(f) carries a
natural Galois action. By Hilbert 90, we have H! (Gal(K /K, K*) = {1}, which implies
that £~1( f) contains a Galois-invariant element (4, ¢). |

The bilinear form 5 on V' induces a bilinear form b4 on Sg;V defined as

bray(x1++-xq, y1-+-ya) = (=D* > [ [bCxi. yoi),

geS, i
Consider the group
G(V.,d):=NV.d)NO(Sq1. biay)

of isometries of S|4V that preserve the subspace s0(}') of End SizV.

Proposition 4.4  If d is odd, then the map
OV)—G(V.d), ¢ Sa (),
is an isomorphism. If d is even and dim V' is odd, then the map

oV)—G(V.d), ¢ det(p)Sa)(e),

is an isomorphism.
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Proof Assume first that K is separably closed. The short exact sequence of Proposition
4.1 restricts to a short exact sequence

1> {£l} >0WV)x{xl} > G(V,d) —>1,
from which one verifies directly that the given maps are isomorphisms. If K is not
separably closed, then the result follows from taking Galois invariants. |
Remark 4.5 If both d and dim V' are even, one obtains

G(Vg.d) =O(Vg)/{E1} x{£l1}.

Note, however, that in general there are more Galois-invariant elements than just those
in O(V)/{£1}. See also Remark 4.2.
4.2 The Verbitsky component

Theorem 4.6 Let X; and X, be hyperkihler varieties and ®: DX; — DX, an
equivalence. Then the induced isomorphism ®": H(X{, Q) — H(X3, Q) restricts to
an isomorphism ®H: SH(X, Q) — SH(X,, Q). Moreover:

(i) ®SH is an isometry with respect to the Mukai pairings.

(i) @Mg(X1)(@*) ™! = g(X>) in End(SH(X2, Q)).

Proof Note that SH(X, Q) can be characterized as the minimal sub-g(X )-module of
H(X, Q) whose Hodge structure attains the maximal possible level (width). It then
follows from Theorem A and from Lemma 3.4 that ®H restricts to an isomorphism

®SH: SH(X,, Q) => SH(X», Q)

respecting the Lie algebras g(X1) and g(X>). By [14], the map ®! respects the Mukai
pairings, and the theorem follows. |

Definition 4.7 For a complex hyperkihler variety we equip SH(X, Q) and H(X, Q)
with Hodge structures of weight 0, given by

SH(X,Q) CHY(X, Q) = D H> (X, Q(n))

n

H(X.Q) = Qe @ H*(X.Q(1) ® Qp.
Lemma 4.8 Let X be a hyperkihler variety of dimension 2d . Then the map
W: SH(X, Q) — Sym? H(X, Q)

and

of Proposition 3.5 is a morphism of Hodge structures of weight 0.
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Proof One verifies directly that the “action map”
H?(X,Q(1)) @ H(X, Q) - H(X, Q).

which maps (4, x) to e (x) is a map of Hodge structures. From this it follows that the
action map
H> (X, Q(1)) ® Sym? H(X, Q) — Sym? F(X, Q)

is a map of Hodge structures, and that the map
U: Sym* H(X, Q(1)) — Symd H(X.Q)
from the proof of Proposition 3.5 is a morphism of Hodge structures.

Since multiplication in the cohomology of X preserves the Hodge structure, the quotient
map Sym® H(X, Q(1)) - SH(X, Q) is also a morphism of Hodge structures, and hence
so is the map W constructed in the proof of Proposition 3.5. |

Proposition 4.9 Let X and X, be derived equivalent hyperkihler varieties. Then
there exists a Hodge similitude ¢ : H(X:1,Q) => H(X», Q) and a scalar A € Q* such

that the square
PSH

SH(X1.Q) > SH(X2,Q)

I I
~ A Sym? ~
sym? Fi(X;, Q) 29 gymd fi(X,. Q)

commutes.

Proof Recall from Lemma 3.7 that the image of W is precisely S [d]ﬁ C Symd H. It
then follows from Theorem 4.6 and Proposition 4.3 that there exists a similitude ¢ and
a scalar A that make the square commute.

It remains to check that ¢ respects the Hodge structures. The Hodge structure on
H(X;, Q) is given by a morphism 4; : C* — O(H(X;,R)), and the preceding lemma
implies that the Hodge structure on SH(X;, Q) is given by composing /; with the
injective map O(H(X;,R)) — GL(SH(X;,R)). Since ¢ maps the Hodge structure
on SH(X1,Q) to the Hodge structure on SH(X5, Q), we conclude that ¢ maps /1
to hy. O

Theorem 4.10 (d odd) Assume that d is odd, and that X, and X, are deformation-
equivalent hyperkihler varieties of dimension 2d. Let ®: DX; => DX, be an
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equivalence. Then there is a unique Hodge isometry of making the square

SH(X;.Q) L SH(X,.Q)

v v

- Symd (dH ~
sym? i(x;. Q) 2", sym? fi(X,. Q)

commute. The formation of ®Y is functorial in ®.

Proof Since X; and X, are deformation equivalent, we can choose an isometry
Q: P~I(X 1, Q) = ﬁ(Xz, Q). Moreover, X1 and X, have the same Fujiki constant, so
Symd @ restricts to an isometry between the images of W. Then by Theorem 4.6 and
Proposition 4.4, there is a unique isometry ¥ € O(ﬁ(Xz, Q)) such that o = Yo
makes the square commute. Uniqueness forces its formation to be functorial.

That ®f respects the Hodge structures follows from the same argument as in the proof
of Proposition 4.9. |

If d is even, then both existence and uniqueness of ®H in the statement of Theorem 4.10
fail. However, if we moreover assume that b, (X)) is odd, then one can use the description
of G(V,d) from Proposition 4.4 to salvage this, at the cost of keeping track of a
determinant character.

Define an orientation on X to be the choice of a generator of det H?(X, R), up to RZ,-
Equivalently, an orientation is the choice of generator of det H(X,R) up to RZ ;. Define
the sign €(¢) of a Hodge isometry ¢: ﬁ(Xl, Q) = H(X>, Q) as e(p) = 1 if ¢ respects
the orientations and €(¢) = —1 otherwise. A derived equivalence between oriented
hyperkihler varieties is a derived equivalence between the underlying unoriented
hyperkédhler varieties.

Theorem 4.11 (d even) Assume that d is even, and that ®: DX; => DX, is a
derived equivalence between oriented hyperkéhler varieties of dimension 2d . Assume
that X and X, have odd by, and that the quadratic spaces H*(X1, Q) and H?(X,, Q)
are isometric. Then there exists a unique Hodge isometry oH making the square

(@ﬁ)@SH
SH(X;,Q) —= > SH(X,., Q)

v v

~ Symd (dH ~
sym? (X1, Q) 2", sym? fi(X,. Q)
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commute. Moreover, the formation of ®" is functorial for composition of derived
equivalences between hyperkahler varieties equipped with orientations.

Proof The argument is quite similar to the proof of Theorem 4.10. Choose an isometry
¢: H(X1,Q) => H(X2, Q). Because the dimension of H(X;, Q) is odd, we may
replace ¢ with —g if necessary to ensure that ¢ respects the orientations, and hence we
may assume €(¢) = 1. The map ¢ induces an isometry Symd ¢, which restricts to an
isometry ¢S": SH(X1, Q) — SH(X>, Q).

By Theorem 4.6, there is a ¥ € G(H(X2, Q). d) such that ®H = y 0 951, and by
Proposition 4.4, we have that v = det(v/9)S[4](¥0) for a unique Vo € O(H(X>, Q)).
Now take ®F := Yo o ¢. Then e(CDﬁ) = det(y¢) and Symd (CIDﬁ) lifts to the map
det(yo) "1y o SH = e(CDﬁ) ®SH as claimed.

Proposition 4.4 forces @M to be unique, and this implies the functoriality for composition.
Compeatibility with Hodge structures follows from the same argument as in the proof
of Proposition 4.9. m|

Remark 4.12 If X; and X, are hyperkéhler varieties belonging to one of the known
families, and if ®: DX; = DX> is an equivalence, then the hypotheses of either
Theorem 4.10 or Theorem 4.11 are satisfied. Indeed, X; and X, will have the same
dimension 2d and because they have isomorphic LLV Lie algebra, they have the
same second Betti number b,. Going through the list of known families, one sees
that this implies that X; and X, are deformation equivalent. In particular, they have
isometric H2. Finally, all known hyperkihler varieties of dimension 2d with d even
have odd b,.

Taking X1 = X5 in Theorems 4.10 and 4.11 yields Theorem C from the introduction:

Theorem 4.13 Let X be a hyperkihler variety of dimension 2d . Assume that either d
is odd or that d is even and b, (X)) is odd. Then the representation

o Aut D(X) — GL(SH(X, Q))
factors over a map pﬁ: AutD(X) — O(ﬁ(X, Q)).

Remark 4.14 For d odd, the implicit map O(H(X, Q)) — GL(SH(X, Q)) is the
natural map coming from the isomorphism SH(X, Q) =~ S[d]ﬁ(X ,Q)). For d even
(and b, odd), it is the twist of the natural map with the determinant character

O(H(X,Q)) — {=1}.
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S Hodge structures

In this section we prove Theorem D from the introduction.

For a nondegenerate quadratic space V over Q we will make use of the algebraic
groups SO(V), Spin(V'), and GSpin(V') (sometimes denoted CSpin(}V')) over Q.
These groups sit in a commutative diagram with exact rows

1 > U2 > Spin(V) —— SO(V) —— 1

© | | |

| — G —— GSpin(V) —— SO(V) — 1

from which one deduces an exact sequence
@) 1 = us —» Gy x Spin(V) — GSpin(V) — 1,

where the first map is the diagonal embedding € — (¢, €). Alternatively, one can use (7)
as the definition of GSpin, and deduce the existence of the above commutative diagram.

We will write SO(V'), Spin(V'), and GSpin(V') for the groups of Q—points of these
algebraic groups. Note that the above exact sequences of algebraic groups need not
induce exact sequences of groups of QQ—points, and the obstruction can be described in
terms of Galois cohomology. The sequence for the Spin—cover of SO(V') induces an
exact sequence

I = {£1} — Spin(V) — SO(V) - H'(Gal(Q/Q), {£1}) = Q*/(Q)?,

where the connecting homomorphism SO(V) — Q> /(Q*)? is the spinor norm. By
Hilbert 90, we have H' (Gal(Q/Q), Q*) = {1} and the analogous sequence for the
GSpin—cover does induce a short exact sequence

®) 1 - Q* — GSpin(V) — SO(V) — 1.

This will be used crucially in the proof of Theorem D.

Lemma 5.1 Let X be a hyperkihler variety of dimension 2d . There exists a unique
action of GSpin(H(X, Q)) on H(X, Q) such that

(i) the action of Spin(H(X, Q)) C GSpin(H(X, Q)) integrates the action of g(X) =
so(H(X, Q));
(i) asection A € G,, C GSpin(H(X, Q)) acts as A’ =24 on H' (X, Q).
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Proof The action of so(H(X, Q)) integrates to an action of the simply connected
algebraic group Spin(ﬁ(X ,Q)). This commutes with the action of Gy, for which
A acts as A'=24 on H! (X, Q), and we obtain an action of G,, x Spin(H(X, Q)) on
H(X, Q). The lemma claims that this descends to an action of the quotient group
GSpin(H(X, Q)).

By (7) it suffices to verify that the kernel w, acts trivially, ie that —1 € Spin(ﬁ(X ,Q))
acts as (—1)' on H (X, Q). Any slp—triple (ey, i, f3) in g(X) induces an algebraic
subgroup SL; C Spin(ﬁ(X ,Q)) with the property that diag(u, u~ ') € SLy(Q) acts
as ' on H24+ (X, Q). It follows that diag(—1, —1) must be mapped to the nontrivial
central element —1 € Spin(ﬁ(X, Q)), and that —1 acts as (—1) on H (X, Q). O

Recall from Definition 4.7 that we have equipped H(X, Q) and H®' (X, Q) with Hodge
structures of weight 0. Similarly, we equip the odd cohomology of X with a Hodge
structure of weight 1,

HOdd(X, Q) — @H2i+l(X, Q(l))

Lemma 5.2 Let g € GSpin(H(X, Q)). If the action of g on H(X, Q) respects the
Hodge structure, then so does its action on H* (X, Q) and on H°Y(X, Q).

Proof This follows immediately from the fact that the Hodge structure is determined
by the action of &’ € g(X) ®g C (see Section 2.3), and from the faithfulness of the
g(X)-module H(X, Q). O

Theorem 5.3 Let X and X, be hyperkéhler varieties, and let ®: DX = DX, be
an equivalence. Then for every i the Q—Hodge structures H' (X1, Q) and H' (X», Q)
are isomorphic.

Proof Consider the Lie algebra isomorphism ®9: g(X;) = g(X3) from Theorem A.
By Proposition 4.9, there exists a Hodge similitude ¢: H(X;, Q) => H(X», Q) such

that the square

so(A(X1. Q) 2% so(fi(X2. Q))

| |

g(X1) —2—— g(X2)

commutes. Here the vertical maps are the isomorphisms from Theorem 3.1.

Geometry & Topology, Volume 27 (2023)



2674 Lenny Taelman

The K3-type Hodge structure P~I(X 2,Q) decomposes as N @ T, with N and T its
algebraic and transcendental parts, respectively. The Hodge similitude ¢ maps the
distinguished elements «; and B; of ﬁ(X 1, Q) to N. By Witt cancellation, there exists
ayy € SON) and A, u € Q such that Y y¢(a1) = Az and Yy p(B1) = upa.
Extending by the identity, we find a Hodge isometry ¥ € SO(H(X>, Q)) such that
V¢ H(X1, Q) => H(X», Q) is a graded Hodge similitude. In particular, the induced
map V¥¢: g(X1) = g(X») is graded, and ¢ maps the grading element 2; € g(X1)
to the grading element /15 € g(X>).

By (8) the element v lifts to an element 1; € GSpin(ﬁ(X 2,Q)), which by Lemma 5.1
and Lemma 5.2 induces automorphisms of the Hodge structures H® (X5, Q) and
H°4(X,, Q). Now, by construction, the composition 1; o ®H defines isomorphisms

Yo o HY (X1, Q) =5 HY(X2,Q), ¢ o ®: HU (X1, Q) = H*¥(X,, Q),

which respect both the grading and the Hodge structure, so they induce isomorphisms
of Hodge structures H! (X1,Q) = H! (X>2,Q), for all i. O

6 Topological K-theory

6.1 Topological K—theory and the Mukai vector

We now briefly recall some basic properties of topological K—theory of projective
algebraic varieties. See [1; 3; 4] for more details.

For every smooth and projective X over C we have a Z /27 -graded abelian group

Kiop(X) 1= Kigp (X) @ Koy (X).
This is functorial for pullback and proper pushforward, and carries a product structure.

0
top

differentiable manifold X", Pullback agrees with pullback of vector bundles, and the

The group Ki (X) is the Grothendieck group of topological vector bundles on the

product structure agrees with the tensor product of vector bundles.

By [3, Section 1.10], the Chern character can be extended to odd degree, inducing a
7 /27Z—graded map
vx": Kigp(X) — H(X, Q).

given by v;?p (F) = V/Tdy - ch(F). The image of v;?p is a Z-lattice of full rank.
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There is a “forgetful” map K®(X) — Kiop(X) from the Grothendieck group of algebraic
vector bundles (or equivalently of the triangulated category DX ). This is compatible
with pullback, multiplication, and proper pushforward. The Mukai vector

vy : K%(X) — H(X, Q)

to
factors over v Xp.

If P is an object in D(X x Y) then convolution with its class in Kg)p(X x Y') defines a
map DK : Kiop(X) = Kiop(Y), in such a way that the diagram

top

KO(X) — Kip(X) — H(X, Q)
oo lmo |
KO(Y) —— Kigp(¥) —X H(Y. Q).
commutes.

6.2 Equivariant topological K—theory

The above formalism largely generalizes to an equivariant setting. Again, we briefly
recall the most important properties; see [5; 6; 28; 42] for more details.

If X is a smooth projective complex variety equipped with an action of a finite group G,
we denote by KOG (X) the Grothendieck group of G—equivariant algebraic vector bundles
on X, or equivalently the Grothendieck group of the bounded derived category Dg X
of G—equivariant coherent Ox-modules. This is functorial for pullback along G—
equivariant maps and pushforward along G—equivariant proper maps.

Similarly, we have the G—equivariant topological K—theory
Kiop.6 (X) :=K{ 6(X) @KL, 6(X),

where Kg) .G (X) is the Grothendieck group of topological G—equivariant vector bun-
dles.

There is a natural map K% (X) — K?Op G
product. If f: X — Y is proper and G—equivariant, then we have a pushforward map
S i Kiop,6 (X) — Kiop,G (Y). There is a Riemann—Roch theorem [5; 28], stating that

the square

(X) compatible with pullback and tensor

K% (X) — Ktop,G (X)

b e
K%(Y) — Ktop,G(Y)
commutes.
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Now assume that we have a finite group G acting on X, and a finite group H acting
on Y. If P is an object in Dgx g (X x Y), then convolution with P induces a functor
®p: DgX — DyY, see [40] for more details. Similarly, convolution with the class
of P in Kﬁ)p,GxH(X x Y) induces a map ®7I§: Kiop,G (X) — Kiop, 7 (Y). These satisfy
the usual Fourier—-Mukai calculus, and moreover they are compatible in the sense that

the square
K% (X) B Ktop,G (X)
l% lcp;g
K(;-] ) — Ktop,H (Y)
commutes.

7 Cohomology of the Hilbert square of a K3 surface

Let S be a K3 surface and X = S[? its Hilbert square. In the coming few paragraphs
we recall the structure of the cohomology of X in terms of the cohomology of S. See
[7; 17; 23] for more details.

7.1 Line bundles on the Hilbert square

Let G = {1, 0} be the group of order two, acting on S x S by permuting the factors.
The Hilbert square X sits in a diagram

N
SxS X

where p: Z — § x S is the blow-up along the diagonal, and where ¢: Z — X is the
quotient map for the natural action of G on Z. Denote by R C Z the exceptional
divisor of p. Then R equals the ramification locus of g. We have ¢.Oz = Ox & & for
some line bundle &, and ¢*€ =~ Oz (—R).

If £ is a line bundle on S then
Ly:=(qxp*(LRL)S
is a line bundle on X. The map
Pic(S) ® Z — Pic(X), (L.n) > L, ® E®",

is an isomorphism.
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7.2 Cohomology of the Hilbert square

There is an isomorphism
H2(S,Z)® 78 = H%(X,Z)

with the property that c; (£) is mapped to c1(£2), and § is mapped to c1 (£). We will use
this isomorphism to identify H?(S, Z) @ Z§ with H2(X, Z). The Beauville-Bogomolov
form on H?(X, Z) satisfies

bx(A,A) =bs(A, 1), bx(A,8)=0, bx(5,8)=-2
for all A € H2(S, Z).

The cup product defines an isomorphism Sym? H2(X, Q) = H*(X, Q). By Poincaré
duality, there is a unique gx € H*(X, Q) representing the Beauville-Bogomolov form,
in the sense that

) /XC]XAMz:bX(M,Xz)

for all A1, A, € H2(X, Z). Multiplication by gx defines an isomorphism H?(X, Q) —
HS(X,Q), and, for all A1, A, A3 € H>(X, Q),

(10) A1A2A3 = bx (A1.A2)gx A3 + bx (A2, A3)gx A1 + bx (A3, A1)gx A2
in H8(X, Q). Finally, for all 1 € H?>(X, Q) the Fujiki relation
(11) / A4 =3by (1, 1)?

X

holds.
7.3 Todd class of the Hilbert square
Proposition 7.1 Tdy =1+ %qx =+ 3[pt].

Proof See also [23, Section 23.4]. Since the Todd class is invariant under the mon-
odromy group of X, we necessarily have
Tdxy = 1 +sqx + [pt]

for some s,¢ € Q. By Hirzebruch-Riemann—Roch, for every line bundle L on S with
c1(L) =4,

x(X, L2)=/ ch(})Tdy :i/ A4+£/ 22gx +1.
b'e 24 Jx 2 Jx
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By the relations (11) and (9), the right-hand side reduces to
b2+ Lsb(A 2) +1.
By [23, Section 23.4] or [17, 5.1], the left-hand side computes to
X(X,L2) = $b(X, 2)* + 2b(A, 1) + 3.

Comparing the two expressions yields the result. O

8 Derived McKay correspondence

8.1 The derived McKay correspondence

As in Section 7.1, we consider a K3 surface S, its Hilbert square X = § [2], the maps
p:Z—>SxSandg:Z — X, and the group G = {1,0} actingon S x S and Z.

The derived McKay correspondence [11] is the triangulated functor

BKR: D?(X) — DL (S x S)

given as the composition
BKR: DX L5 Dg(Z) 2% Dg (S x S),

where the first functor maps F to ¢*F equipped with the trivial G-linearization. By
[11, Theorem 1.1; 21, Theorem 5.1], the functor BKR is an equivalence of categories.

Its inverse has been described in [31, Section 4]. Denote by j: Z — § x S x X the
G—equivariant closed immersion induced by p and g. The exceptional divisor R C Z
is G—invariant and hence defines a G—equivariant sheaf O(R), and a G—equivariant
sheaf @ := j«Oz(R) in Dg(S x S x X).

Proposition 8.1 The inverse equivalence of BKR is given by the equivariant Fourier—

Mukai transform with respect to Q. It maps F € Dg (S x §) to the object
(q*p*f-)(r:—l ®5—1

of D(X).

Proof The first statementis [31, 4.1]. By the adjunction formula for j : Z — S xS — X,
this implies that F is mapped to (q* (P*FR0Oz (R)))G € D(X). If we upgrade the
line bundle £ on X to a G—equivariant (for the trivial action on X) line bundle £_
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by making o act as —1, then ¢*£— =~ Oz(—R) as G—equivariant line bundles on Z.
Applying the projection formula once more for the equivariant map ¢, we find

@x(P*FR®Oz(RNC = (g p* FRETHT = (qup* F)° = 1@ O

Now let S7 and S be K3 surfaces with Hilbert squares X and X,. As was observed
by Ploog [39], any equivalence ®: DS; = DS> induces an equivalence

DG (S1 %X 82) = DG (82 x S2),

and hence, via the derived McKay correspondence, an equivalence ol2l:px, = DX,.

8.2 Topological K —theory of the Hilbert square

Theorem 8.2 The composition
BKRtop: Ktop(X) q_) Ktop,G (Z) p_*) Ktop,G(S X S)

is an isomorphism.

Proof (See also [11, Section 10].) This is a purely formal consequence of the calculus
of equivariant Fourier—-Mukai transforms sketched in Section 6.2. The functor BKR
and its inverse are given by kernels P € Dg(X xS x §) and Q € Dg (S x S x X).
The map BKR,, is given by convolution with the class of P in K?OP’G (X x 8§ xS8).
The identities in KO(X x X) and K, - (S x S x S x §) witnessing that 7 and Q are
mutually inverse equivalences induce analogous identities in Kg)p. These show that
convolution with the class of Q defines a two-sided inverse to BKRqp. O

Consider the map

YR K (X) > KO,(S x )€

top

obtained as the composition of BKRy,, and the forgetful map from Kg)p c(S§xS8)to
KQ,,(S x ). Also, consider the map

K. 0
6% KO,

(S) > K° (X), [Fl~BKRNFRF, 1]-[FRF, —1]),

top top

where [F K F, £1] denotes the class of the topological vector bundle F X F equipped
with £ the natural G-linearization.

By construction, these maps are “functorial” in DS, in the following sense:
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Proposition 8.3 If ®: DS, = DS, is a derived equivalence between K3 surfaces,
and ®121: DX| = DX, is the induced equivalence between their Hilbert squares,
then the squares

top(Xl) —> KtOp(Sl X Sl)G top(Sl) —> top(Xl)
lcp[z].]( l¢K®¢K lq,K lq>[2],K
wK
K8, (X2) —— K, (52 x 52)¢ KO,(S2) — KO, (X2)
commute. O

Proposition 8.4 The sequence
0—Kp,(S)®zQ AN KP,(X)®zQ AN KO, (S x5 ®zQ—0

is exact.

Proof In the proof, we will implicitly identify Kiop,G (S x §) and Kop(X).

Note that the map X is additive. Indeed, let F; and F, be (topological) vector bundles
on S. Then the cross term OX[F; @ 7] — 0%X[F1] — O%[F>] computes to

[FRFReRRA, (0] -[ARReRRA, (5 )]
which vanishes because the matrices (0 ! ) and ( s ) are conjugated over Z.

Next we observe that X: K mp X)®zQ — Ktop(S x 8)% ®7 Q is surjective. Indeed,
by the Kiinneth formula [2], the group Ktop(S x 8)9 ®7 Q is generated by classes of
the form [F; X F, @ F, K Fi], and these lie in the image of ¥X.

Also, the composition ¥X6X vanishes. Computing the Q-dimensions one sees that it
suffices to show that 8% is injective to conclude that the sequence is exact.

Pulling back to the diagonal and taking invariants defines a map
K9, (S) LA Kipp.6 (S % S) A% Kip.6(5) o, Ko, ().
This composition computes to
[F] > [Sym? F] - [\ F].

This coincides with the second Adams operation, which is injective on Ktop(S )®7 Q,
since it has eigenvalues 1, 2, and 4. We conclude that #¥ is injective, and the proposition
follows. |
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8.3 A computation in the cohomology of the Hilbert square

We now come to the technical heart of our computation of the derived monodromy of
the Hilbert square of a K3 surface.

Consider the map %: H(S, Q) — H(X, Q) given by

(12) 0N (s + A +1ptg) = (s8 + A8 +1qx8)-e /2,

forall s, € Q and A € H?(S, Q). See Section 7.2 for the definition of § € H?(X, Q)
and gx € H*(X, Q).

Proposition 8.5 The square

QK
Kgp(S) —— K, (X)

lvg’p lv;’p
H
H(S.Q) —&— H(X.Q)
commutes.

Proof Since K,

(13) VP (0%(L)) = (8 + A8+ (1b(A, 1) + 1)gx8) - e7/2

(S) ®z Q is additively generated by line bundles, it suffices to show

for a topological line bundle £ with A = ¢;(£). Deforming S if necessary, we may
assume that £ is algebraic.

Using Proposition 8.1 and the fact that the natural map
L2 ®qxO0z — qxp* (LK L)
is an isomorphism of Ox—modules, we find
BKR LKL, 1]=Ls, BKR LKL, —1]=E"1® L,
We conclude that 8% maps £ to [£2](1 — [£7!]) in KO(X).

We compute its image under vy . Using the formula for the Todd class from Proposition
7.1, we find
vx (0%(0) = (1+ 3qx +---) expM)(1 —€7%).

Since 1 — e~ has no term in degree 0, the degree 8 part of the square root of the Todd
class is irrelevant, so we have

vx (0%(£)) = (1+ Sgx) exp(L) (1 —e7d).
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By the Fujiki relation (11) from Section 7.2, we have 13§ = 0, so the above can be

rewritten as

l—e™9

)

vx (0%(0)) = (1 + 2gx) - (§ + A8 + 221%5) -

Since gy dA = b(8, A) = 0, we can rewrite this further as

-
ux (0°(0) = (1 + 3ax) - (6 + A8 + (3b(4. 1) + 1)qx$) - 1_56

Comparing this with the right-hand side of (13), we see that it suffices to show
(1+ %qx) c(1—e¥) =5§e79/2
in H(X, Q). This boils down to the identities

1¢3 1 1¢3 1 ¢4 102 1 ¢4

in H®(X, Q) and H3(X, Q), respectively. These follow easily from the relations (9),
(10), and (11) in Section 7.2. O

9 Derived monodromy group of the Hilbert square of a K3
surface

9.1 Derived monodromy groups

Let X be a smooth projective complex variety. We call a deformation of X the data of
a smooth projective variety X', a proper smooth family X — B, a path y: [0, 1] = X,
and isomorphisms X == X, (o) and X' = X, (1. We will informally say that X’
is a deformation of X, the other data being implicitly understood. Parallel transport
along y defines an isomorphism H(X, Q) = H(X', Q).

If X" and X" are deformations of X, and if ¢: X’ — X" is an isomorphism of projective
varieties, then we obtain a composite isomorphism

H(X,Q) — H(X', Q) L5 H(X", Q) — H(X, Q).

We call such an isomorphism a monodromy operator for X, and denote by Mon(X)
the subgroup of GL(H(X, QQ)) generated by all monodromy operators.

If X’ and X" are deformations of X, and if ®: DX’ —=> DX" is an equivalence, then
we obtain an isomorphism

H(X,Q) — H(X',Q) &5 H(X", Q) — H(X, Q).
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We call such an isomorphism a derived monodromy operator for X, and denote
by DMon(X) the subgroup of GL(H(X, Q)) generated by all derived monodromy
operators.

By construction, the derived monodromy group is deformation invariant. It contains
the usual monodromy group, and the image of py, and we have a commutative square
of groups

Aut(X) —— Aut(DX)

| >

Mon(X) —— DMon(X)

Remark 9.1 The above definition is somewhat ad hoc, and should be considered a
poor man’s derived monodromy group. This is sufficient for our purposes. A more
mature definition should involve all noncommutative deformations of X .

Proposition 9.2 If S is a K3 surface, then DMon(S) = OT (H(S, Z)).

Proof Indeed, if ®: DS; — DS, is an equivalence, then
oM H(S1,2) — H(S», Z)

preserves the Mukai form, as well as a natural orientation on four-dimensional positive
subspaces; see [26, Section 4.5]. Also any deformation preserves the Mukai form and
the natural orientation, so any derived monodromy operator will land in O™ (ﬁ(S 7).

The converse inclusion can be easily obtained from the Torelli theorem, together with
the results of [22; 39] on derived auto-equivalences of K3 surfaces. Alternatively, one
can use that the group O1 (H(S, Z)) is generated by reflections in —2—vectors §. By the
Torelli theorem, any such —2—vector will become algebraic on a suitable deformation
S’ of S, and by [32] there exists a spherical object £ on S’ with Mukai vector v(£) = 6.
The spherical twist in £ then shows that reflection in § is indeed a derived monodromy
operator. m|

9.2 Action of DMon(S) on H(X, Q)

By the derived McKay correspondence, any derived equivalence ®g: DS, = DS,
between K3 surfaces induces a derived equivalence ®x : DX = DX, between the
corresponding Hilbert squares. By Propositions 8.3 and 8.4, the induced map <I>§I only
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depends on CDg’ . Since any deformation of a K3 surface S induces a deformation of
X = S we conclude that we have a natural homomorphism

DMon(S) — DMon(X),

and hence an action of DMon(S) on H(X, Q). In this subsection, we will explicitly
compute this action. As a first approximation, we determine the DMon(S)-module
structure of H(X, Q), up to isomorphism.

Proposition 9.3 We have H(X, Q) =~ ﬁ(S, Q) ® Sym? ﬁ(S, Q) as representations of
DMon(S) = O (H(S, 2)).

Proof This follows from Propositions 8.3 and 8.4. |

Since g(X) is a purely topological invariant, it is preserved under deformations. In
particular, Theorem 4.13 implies that we have an inclusion DMon(X) C O(H(X, Q)).
We conclude there exists a unique map of algebraic groups 4 making the square

DMon(S) — DMon(X)

(14) l l
O(fi($,Q)) —— o(fi(x,Q))
commute.

Recall that in (3) we defined an isometry Bj of ﬁ(X, Q) for every A € H?(X, Q).

Theorem 9.4 The map h in the square (14) is given by

g > det(g) - (B_s/20L(g) © Bs)2).
with 1: O(H(S, Q)) — O(H(X, Q)) the natural inclusion.

The proof of this theorem will occupy the remainder of this section.

Consider the unique homomorphism of Lie algebras ¢: g(S) — g(X) that respects the
grading and maps e; to e; for all A € H2(S, Q) C H?(X, Q). Under the isomorphism
of Theorem 3.1 this corresponds to the map 50(ﬁ(S ,Q)) > 5o(ﬁ(X ,Q)) induced by
the inclusion of quadratic spaces H(S,Q) c H(X, Q).

Recall from Section 8.3 the map 6%: H(S, Q) — H(X, Q).
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Lemma 9.5 The map 6%: H(S, Q) — H(X, Q) is equivariant with respect to

6%:9(S) = g(X), x> B_g;pot(x)o Bs)s.

Proof We have 6" = ¢79/2. 9}l with
Gél(s +A+tptg) =858+ A8 +1gx$.

The map 951 respects the grading, and we claim that for every € H2(S, Q) the diagram

H(S. Q) —2 H(X.Q) <3 H(X.Q)

l/eu l/e'u le—S/ZeMeS/Z
0H

H(S. @) — H(X.Q) <~ H(X.Q)
commutes. Indeed, we have
e (O51(s + A+ tptg)) = s8p + A8 + tqx Su,
0 (e (s + A +tptg)) = s8u + b(A, 1)qx .

One verifies easily that these agree, using the identities (10) and (9) from Section 7.2
and the fact that (A, 8) = b(u, §) = 0. This shows that the left-hand square commutes.
The right-hand square commutes trivially, so the outer rectangle commutes, which
shows that 61 = ¢=4/2. 681 is indeed equivariant with respect to 6. a

Lemma 9.6 There is an isomorphism
det(H(X, Q)) ® Sym*(H(X, Q)) = H(X, Q) @ det(H(X, Q))
of representations of G = O(H(X, Q)).

Proof This follows from Lemma 3.7, Theorem 4.13 and Remark 4.14. O
We are now ready to prove the main result of this subsection.

Proof of Theorem 9.4 By Proposition 8.5, the map #™ is equivariant for the action of
DMon(S). Lemma 9.5 then implies that

h(g) = B_sj201(g) © Bs/2
for all g € SO(H(S, Q)). We have an orthogonal decomposition

H(X,Q) = B_s,»(H(S,Q) & C

Geometry & Topology, Volume 27 (2023)



2686 Lenny Taelman

with C of rank 1. Since SO(H(S, Q)) is normal in O(H(S, Q)), the action of O(H(S, Q))
(via i) must preserve this decomposition. With respect to this decomposition 4 must
then be given by

h(g) = (B_s/20g€1(g) o Bs2) @ €2(g).

where the €;(g): O(ﬁ(S ,Q)) — {£1} are quadratic characters. This leaves four
possibilities for /. One verifies that €; = €3 = det g is the only possibility compatible
with Proposition 9.3 and Lemma 9.6, and the theorem follows. |

9.3 A transitivity lemma

In this section we prove a lattice-theoretical lemma that will play an important role in
the proofs of Theorems E and F.

Let b: L x L — Z be an even nondegenerate lattice. Let U be a hyperbolic plane with
basis consisting of isotropic vectors « and f satisfying b(«, ) = —1.

As before, to a A € L we associate the isometry B) € O(U & L) defined as
By(ra+pu+sp)=ro+ (u+rd)+ (s +b(u.A) +rib(d,1))B

forall r,s € Z and € L. Let y be the isometry of U & L given by y(«) = 8, y(8) =«,
and y(A) = —Aforall A € L.

Lemma 9.7 Let L be an even lattice containing a hyperbolic plane. Let G CO(U & L)
be the subgroup generated by y and by B forall A € L. Then, forall § € U & L with
82 = —2 and for all g € O(U @ L), there exists a g’ € G such that g'g fixes §.

Proof This follows from classical results of Eichler. A convenient modern source is
[20, Section 3], whose notation we adopt. The isometry B coincides with the Eichler

1

transvection 7 (88, —A). The conjugate yB,y ™" is the Eicher transvection 7 (o, A). Hence

G contains the subgroup Ey (L) C O(U & L) of unimodular transvections with respect
to U. By [20, Proposition 3.3], there exists a g’ € Ey (L) mapping g6 to 8. ad

9.4 Proof of Theorem E

Let X be a hyperkihler variety of type K3[21. Let § € H2(X, Z) be any class satisfying
§2 = —2and b(8, 1) € 2Z for all A € H%(X, Z). For example, if X = S[2I, we may
take § = c1(€) as in Section 7.2. Consider the integral lattice

A = Bs/2(Za ®H*(X,Z) ® ZB) C H(X, Q).
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The subgroup A C H(X, Q) does not depend on the choice of §. In this section, we
will prove Theorem E. More precisely, we will show:

Theorem 9.8 O1(A) c DMon(X) C O(A).
We start with the lower bound.
Proposition 9.9 O1(A) c DMon(X) as subgroups of O(H(X, Q)).

Proof Since the derived monodromy group is invariant under deformation, we may
assume without loss of generality that X = S[?! for a K3 surface S and § = ¢1 (&) as
in Section 7.2.

The shift functor [1] on DX acts as —1 on H(X, QQ), which coincides with the action of
—1€O(H(X,Q)). In particular, —1 € O (A) lies in DMon(X), so it suffices to show
that SO™ (A) is contained in DMon(X).

Consider the isometry y € OF(H(S,Q)) given by y(a) = —8, y(8) = —a, and
y(A) = A for all A € H%(S, Q). Then det(y) = —1 and by Theorem 9.4 its image
h(y) interchanges Bs/,c and Bg/, 8 and acts by —1 on B5/2H2(X, 7). Since y lies in
DMon(S) C O(H(S, Q)), we have that 4(y) lies in DMon(X) C O(H(X, Q)).

Let G C O(H(X, Q)) be the subgroup generated by /(y) and the isometries B, for
A € H?(X,Z). Clearly G is contained in DMon(X).

Let g be an element of SO1(A), and consider the image gBj /26 of Bg/8. By
Lemma 9.7 there exists a g’ € G C DMon(X) such that g’g fixes Bs/>8. But then g'g
acts on

(Bs28)" = B2 (Lo @ H(S. Z) ® L)

with determinant 1 and preserving the orientation of a maximal positive subspace. In
particular, g’g lies in the image of DMon(S) — DMon(X), and we conclude that g
lies in DMon(X). |

The proof of the upper bound is now almost purely group-theoretical. Denote by
SO™(A) the intersection O (A) NSO(A). This group coincides with the kernel of the
spinor norm on SO(A).

Proposition 9.10 SO(A) is the unique maximal arithmetic subgroup of SO(A ®7 Q)
containing SO (A).
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Proof More generally, this holds for any even lattice A with the property that the
quadratic form g(x) = b(x, x)/2 on the Z-module A is semiregular [29, Section IV.3].

For such A, the group schemes Spin(A) and SO(A) are smooth over Spec Z; see
eg [27]. In particular, for every prime p the subgroups Spin(A ® Zp) and SO(A ® Z)
of Spin(A ® Qp) and SO(A ® QQp), respectively, are maximal compact subgroups. It
follows that the groups

Spin(A) = Spin(A ® Q) N[ | Spin(A ® Z))

P
and

SO(A) =SO(A®Q)N[SO(A ®Z))
D

are maximal arithmetic subgroups of Spin(A ® Q) and SO(A ® Q), respectively.

The subgroup SO1(A) C SO(A) is the kernel of the spinor norm, and the short exact
sequence 1 — o — Spin — SO — 1 of fppf sheaves on Spec Z induces an exact
sequence of groups

1 — {£1} — Spin(A) - SOT(A) — 1.

Let I' € SO(A ® Q) be a maximal arithmetic subgroup containing SOT (A). Let T be
its inverse image in Spin(A ® Q), so that we have an exact sequence

1> {+1}>T —>T —>Q%/2.

Since the group [ is arithmetic and contains Spin(A), we have = Spin(A). Moreover,
I" normalizes SOT(A) = ker(I' — Q*/2), and, as the normalizer of an arithmetic
subgroup of SO(A ® Q) is again arithmetic, I' must equal the normalizer of SO (A).
But then T" contains SO(A), and we conclude I' = SO(A). |

Corollary 9.11 DMon(X) C O(A).

Proof DMon(X) preserves the integral lattice Kop(X) in the representation H(X, Q)
of O(H(X, Q)), and hence is contained in an arithmetic subgroup of

O(H(X, Q)) = SO(H(X, Q)) x {£1}.

By Proposition 9.9 it contains SO1(A) x {£1}, so we conclude from the preceding
proposition that DMon(X) must be contained in O(A). |

Together with Proposition 9.9 this proves Theorem 9.8.
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10 The image of Aut(DX) on H(X, Q)

10.1 Upper bound for the image of px

We continue with the notation of the previous section. In particular, we denote by X a
hyperkihler variety of type K32, and by A c H(X, Q) the lattice defined in Section 9.4.
We equip H(X, Q) with the weight 0 Hodge structure

H(X,Q) = Qe ® H2(X, Q(1)) ® QB.

We denote by Aut(A) C O(A) the group of isometries of A that preserve this Hodge
structure.

Proposition 10.1 im(px) C Aut(A).

Proof By Theorem 9.8 we have im(py) C O(A). The Hodge structure on

4
H(X, Q) = P H"(X.Q(n))
n=0
induces a Hodge structure on g(X) C End(H(X, Q)), which agrees with the Hodge
structure on so(H(X, Q)) induced by the Hodge structure on H(X, Q). If
®: DX = DX

is an equivalence, then ®: H(X, Q) = H(X,Q) and ®9: g(X) = g(X) are
isomorphisms of Q—Hodge structures, from which it follows that ®" must land in
Aut(A) C O(A). ad

10.2 Lower bound for the image of px
We write Aut™(A) for the index 2 subgroup Aut(A) N O™ (A) of Aut(A).

Theorem 10.2 Let S be a K3 surface and let X be the Hilbert square of S. Assume
that NS(X) contains a hyperbolic plane. Then Aut™ (A) C im px C Aut(A).

Proof In view of Proposition 10.1 we only need to show the lower bound. The
argument for this is entirely parallel to the proof of Proposition 9.9. Recall that

A = Bs;»(Za @ H*(S, Z(1)) ® Z5 ® Zp).

The shift functor [1] € Aut(DX) maps to —1 € Aut™(A), so it suffices to show that
Autt(A) NSO(A) is contained in im py.
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Let ys € Aut(DS) be the composition of the spherical twist in Og with the shift [1]. On
the Mukai lattice H(S, Z) = Za & H2(X, Z(1)) & ZJ this equivalence maps o to —f3
and f to —« and is the identity on H2(S, Z). Under the derived McKay correspondence
this induces an autoequivalence yx € AutDX. By Theorem 9.4, the automorphism
px (yx) € Aut(A) interchanges Bs,>a and B/, and acts by —1 on B,g/sz (X, 7).

Denote by G C Aut(A) the subgroup generated by px (yx) and the isometries B =
px (— ® L) with £ a line bundle of class A € NS(X). Clearly G is contained in the
image of py. Note that G acts on the lattice

Aalg = B(S’/Z(Za S NS(X) dZp)
and that by our assumption NS(X) contains a hyperbolic plane.

Let g € Autt(A). By Lemma 9.7 applied to L = NS(X), there exists a g’ € G such
that g’g fixes Bj/»8. But then g’g acts on

(Bs/28)" = Bs/»(Za ®H*(S,Z) ® ZB)

with determinant 1 and preserving the Hodge structure and the orientation of a maximal
positive subspace. In particular, g’g lies in the image of Aut(DS), and we conclude
that g lies in im px. O
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A new cohomology class on the moduli space of curves

PAUL NORBURY

We define a collection O, , € H* 4121 (M, ,, Q) for 2g —2+n > 0 of cohomology
classes that restrict naturally to boundary divisors. We prove that the intersection
numbers [ Men Ogn [Tiz; W,'mi can be recursively calculated. We conjecture that
a generating function for these intersection numbers is a tau function of the KdV
hierarchy. This is analogous to the conjecture of Witten proven by Kontsevich that a

generating function for the intersection numbers | Men 7., wi"’i is a tau function
of the KdV hierarchy.
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1 Introduction

Let M g¢,n be the moduli space of genus g stable curves —curves with only nodal
singularities and finite automorphism group — with # labelled points disjoint from
nodes. Define ¥; = ¢1(L;) € H*(Mgx, Q) to be the first Chern class of the line
bundle L; — Mg , with fibre above [(C, p1, ..., pn)] given by T, C. Consider the
natural maps given by the forgetful map which forgets the last point,

(1) Mg,n—i—l L)Mg,n»
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2696 Paul Norbury

and the gluing maps which glue the last two points,

N Fig sz 2> Figa
Mijri1 X Mg jsie1 225 Mg, TUJ ={1,....n}.
In this paper we construct cohomology classes g, € H* (Mg, Q) for g >0,n>0
and 2g —2 4+ n > 0 such that
(i) Ogn€ H*(Mgy, Q) is of pure degree,

(i) ¢5Ogn=0Og—1n2and ¢ ;1Ogn =7 Op 141 73 Og p|s|+1,

(iii) Ogpt1 = Ynt1 7" Ogp,

(iv) ©1,1 #0,
where 7; is projection onto the i™ factor of M BI+1 X M g—h,|J|+1- We prove below
that properties (i)—(iv) uniquely define intersection numbers of the classes Og , with

the classes ¥; and more generally with classes in the tautological ring R H* (M gn) C
H2*(Mg,n’ Q)

Remark 1.1 One can replace (ii) by the equivalent property
¢fk‘ ®g,n =0Or
for any stable graph I', defined in Section 3, of genus g with n external edges. Here
¢pr:Mr= [] Mewmw = Mgn. Or= [] 75O¢w)nw € H* (Mr. Q).
veV(I) vel(I)

where 7, is projection onto the factor M ¢(v),n(v)- This generalises (ii) from 1-edge
stable graphs given by ¢r, = ¢i and ¢y, , = Pp 1.

Remark 1.2 The sequence of classes O , satisfies many properties of a cohomologi-
cal field theory (CohFT). It is essentially a 1-dimensional CohFT with vanishing genus
zero classes, not to be confused with Hodge classes which are trivial in genus zero but
do not vanish there. The trivial cohomology class 1 € H%(M g.n» Q), which is a trivial
example of a CohFT known as a topological field theory, satisfies conditions (i)—(ii),
while the forgetful map property (iii) is replaced by Og 41 = 7*Og ;.

Theorem 1.3 There exists a class ®g , satisfying (1)—(iv) and, furthermore, any such
class satisfies the following properties:

(1) Ogn € H*¥ 421( Mg ,, Q).

Geometry & Topology, Volume 27 (2023)
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(I) Oy, =0 for all n and ¢fi®g,n = 0 for any I with a genus 0 vertex.
() Ogn € H*(Mgp, Q)5n, ie it is symmetric under the S,, action.
(IV) ©1,1 =3y.

(V) For any n € RH8 (M), the intersection number fﬂgn Ognn € Q is
uniquely determined by (i)—(iii) and (IV).

The main content of Theorem 1.3 is the existence of O ,, the rigidity property (IV) and
the uniqueness property (V). The existence of ®y , is constructed via the pushforward
of a class over the moduli space of spin curves in Section 2. The rigidity property (IV)
is proven in Section 3 by starting with ®; ; = AY; and determining constraints on A
to arrive at A = 3, which does occur due to the construction of ®4 ,. The uniqueness
result (V) involving classes in the tautological ring RH* (Mg, ) is nonconstructive
since it relies on the existence of nonexplicit tautological relations. The proofs of
properties (I)—(III) are straightforward and presented in Section 3. Section 4 describes
how the classes ® , naturally combine with any cohomological field theory.

Remark 1.4 Properties (i)—(iv) uniquely define the classes Og , for g <4 and all n,
but it is not known if they uniquely define the classes O , in general. Uniqueness
would follow from injectivity of the pullback map to the boundary

RH?*¢72(Mg) — RH*¢$72(0My),

which holds for g = 2, 3 and 4. It would show that ®, € RH?872(M,) is uniquely
determined from its restriction, and consequently ®, , would coincide with the classes
constructed in Section 2 for all n > 0.

The following conjecture allows one to recursively calculate all intersection numbers
/ Me.n Ogn [T wim " via relations coming out of the KdV hierarchy. Such a recursive
calculation would strengthen property (V) since intersections of ®4 , with ¥ classes
determine all tautological intersections with ® , algorithmically.

Conjecture 1.5 The function

he! Lk
Z®(h’l()vt1’)=expz n' /M @g’n'l_['\/f]jl_[[kj
7 g.n j=1

g.nk

is the Brézin—Gross—Witten tau function of the KdV hierarchy.
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The Brézin-Gross—Witten KdV tau function ZBSY was defined in [6; 30]. Conjecture
1.5 has been verified up to g = 7, ie the coefficients of the expansion of the logarithm
of the Brézin—Gross—Witten tau function are given by intersection numbers of the
classes Og , for g <7 and all n. Progress towards Conjecture 1.5, including a purely
combinatorial formulation that can be stated without reference to the moduli space of
stable curves or the KdV hierarchy, is discussed in Section 6.

Acknowledgements I would like to thank Dimitri Zvonkine for his ongoing interest
in this work, which benefited immensely from many conversations together. I would
also like to thank Vincent Bouchard, Alessandro Chiodo, Alessandro Giacchetto, Oliver
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Ran Tessler, Ravi Vakil and Edward Witten for useful conversations, the referee for
comments which improved the paper, and the Institut Henri Poincaré, where part of
this work was carried out.

2 Existence

The existence of a cohomology class Og , € H* (Mg », Q) satisfying (i)—(iv) is proven
here using the moduli space of stable twisted spin curves /Wz,p, i,?, which consists of
pairs (X, 0) given by a twisted stable curve X equipped with an orbifold line bundle 6
together with an isomorphism %2 =~ a)lgg. See precise definitions below. We first
construct a cohomology class on /WZR 1,? and then push it forward to a cohomology class
on Mg .

A stable twisted curve, with group Z,, is a 1-dimensional orbifold, or stack, C such
that generic points of C have trivial isotropy group and nontrivial orbifold points have
isotropy group Z,. A stable twisted curve is equipped with a map which forgets the
orbifold structure p: C — C, where C is a stable curve known as the coarse curve
of C. We say that C is smooth if its coarse curve C is smooth. Each nodal point of C
(corresponding to a nodal point of C) has nontrivial isotropy group, the local picture at
each node is {xy = 0}/7Z, with Z, action given by (—1) - (x, y) = (—x, —»), and all
other points of C with nontrivial isotropy group are labelled points of C.

A line bundle L over C is a locally equivariant bundle over the local charts such
that, at each nodal point, there is an equivariant isomorphism of fibres. Hence, each
orbifold point p associates a representation of Z, on L|, acting by multiplication
by exp(2miAp) for A, = 0 or % One says L is banded at p by A,. The equivariant
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isomorphism at nodes guarantees that the representations agree on each local irreducible
component at the node.

The canonical bundle w¢ of C is generated by dz for any local coordinate z. At
an orbifold point x = z2, the canonical bundle w¢ is generated by dz; hence, it is
banded by %, ie dz + —dz under z — —z. Over the coarse curve, wc is generated
by dx = 2zdz. In other words, p*wc % wc; however, wc = pxwc. Moreover,
degwc =2g —2 and

degwe =2g -2+ %n.

For a)éog =we(p1,..., pn), locally dx/x =2dz/z,s0 p a)og ~ a) ¢ and dega)log
2g—2—}—n=dega)l

Following [1], define the moduli space of stable twisted spin curves by

M}plrrll_{(c 9 pl,---,pn,¢)|¢ 02—>a)c }

Here a)éog and 0 are line bundles over the stable twisted curve C with labelled orbifold
points p; anddegf =g —1+ %n The pair (0, ¢) is a spin structure on C. The relation
0% = a)lcog is possible because the representation associated to a)(lzog at p; is trivial:
dz/z —dz/z, z+— —z. The equivariant isomorphism of fibres over nodal points forces
the balanced condition A,, = A,_ for p+ corresponding to p on each irreducible
component.

We can now define a vector bundle over /\7;,{?,? using the dual bundle 6V on each stable
twisted curve. Denote by £ the universal spin structure on the universal stable twisted
spin curve over My g, ». Given a map S — M?l,?, & pulls back to 6, giving a family
C,0, p1,..., pn, @), where w: C — S has stable twisted curve fibres, p;: S — C are
. . . . o 1 .
sections with orbifold isotropy Z,, and ¢: 2 = wc"/gs =wc/s(p1.-- -, pn). Consider

the pushforward sheaf w4&Y over /\7?’1,? ‘We have

deg@vzl—g—%n<0.

Furthermore, for any irreducible component ¢ -5 ¢, the pole structure on sections of

. . . log log . 2 =~ log
the log canonical bundle at nodes yields i * Wers = Dpryg Hence, ¢': (0|c/)* => Wery 5o
where ¢’ = i* o ¢|¢s. Since the irreducible component C’ is stable, its log canonical

bundle has negative degree and
deg 0 |c < 0.

The negative degree of 6" restricted to any irreducible component implies R%m4EY =0
and the following definition makes sense:

Geometry & Topology, Volume 27 (2023)
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Definition 2.1 Define a bundle Eg , = —Rm+EY over M with fibre H'(C,0Y).

Represent the band of # at the labelled points by 6 = (07, ...,0,) € {0, 1}" so that,
at each labelled point p;, the representation of Z; on 6|, is given by multiplication
by exp(2miAp,) for Ay, = %oi € {O, %} The number of p; with A, = 0 is even due
to evenness of the degree of the pushforward sheaf |0| := p«O¢(6) on the coarse
curve C [33]. In the smooth case, the boundary type of a spin structure is determined
by an associated quadratic form, applied to each of the n boundary classes, which
vanishes since it is a homological invariant, again implying that the number of p; with
Ap; = 0 is even. The moduli space of stable twisted spin curves decomposes into
components determined by the band &,

spm —spin
g n— |_| Mg n,o’

where M;,P‘,rl‘a consists of those spin curves with 6 banded by &, and the union is
over the 2"~! functions G satisfying 6| +n =) 7_,(0; + 1) € 2Z. Each component
/Wz,gi,‘;,;, is connected except when |G| = n, in which case there are two connected
components determined by their Arf invariant, known as even and odd spin structures.

This follows from the case of smooth spin curves proven in [42].

spin

Restricted to ./\/l 3’ the bundle E , has rank

3) rank Eg , = 2g —2+ 1(n +|5])

by the following Riemann—Roch calculation. Orbifold Riemann—Roch takes into
account the representation information

"o, 0v)—h'(C,0V)=1—g+degh" pr, =1l-g+1-g—in—1|5|
i=1

=2-2g—1(n+[5)).

Alternatively, one can use the usual Riemann—Roch calculation on the pushforward
of 8 to the underlying coarse curve C as follows. The sheaf of local sections O¢ (L)
of any line bundle L on C pushes forward to a sheaf |L| := p+O¢(L) on C, which
can be identified with the local sections of L invariant under the Z, action. Away
from nodal points, | L| is locally free, and hence a line bundle. At nodal points, the
pushforward |L| is locally free when L is banded by the trivial representation, and
|L| is a torsion-free sheaf that is not locally free when L is banded by the nontrivial
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representation; see [25]. The pullback bundle is given by

p*(16V]) = 6" & Q) O(~0i pi)
iel
since locally invariant sections must vanish when the representation is nontrivial. Hence,
deg |0V| = deg 6V — %|5|. Hence, Riemann—Roch on the coarse curve yields the same
result as above: h%(C, |0V|) —h(C,|6V]) =2—2g — %(n + |5]). It is proven in [25]
that H(C,0Y) = H'(C,|6"]), so the calculations agree.

We have 71°(C,6Y) = 0 since deg Y =1 —g — %n < 0, and the restriction of 8V to any
irreducible component C’, say of type (g’, n’), also has negative degree, deg 8V |c/ =
1—g' — n’ < 0. Hence, hl(C OV)=2g -2+ 2(n + |5|). Thus, H'(C,0V) gives
fibres of a rank 2g —2 + 3 L(n + |5]) vector bundle.

The analogue of the boundary maps ¢ and ¢, ; defined in (2) are multivalued maps
defined as follows. Consider a node p € C for (C, 0, p1,..., pn.®) € ./\_/lz,p,i,[,’. Denote
the normalisation by v: C — C with points p+ € C that map to the node, p = v(p).
When C is not connected, the spin structure v*6 decomposes into two spin structures
0, and 6,. Any two spin structures 8; and 6, with bands at p4 and p_ that agree can
glue, but not uniquely, to give a spin structure on C. This gives rise to a multivalued
map, as described in [26, page 27], which uses the fibre product

spm spm
(M, 141 X Mgp | 71+1) X34, , Mgn —— Mg

l |

M 1141 X Mgp|gj41 ————— Mg
and is given by

spm
(M 1141 X Mg_p71+1) X Mgn Mg
I

/ bn,

A 4Spin 7 spin — spin
M M 1+1 Mg—h,\J|+1 ****************** + Mg
where 7 UJ ={l1,...,n}. The map ¥ is given by the pullback of the spin structure

spm

obtained from Mg
M g—h,|J|+1- The broken arrow --> represents the multiply defined map ¢y y o D

to the normalisation defined by the points of M) JI1+1 and
-1

The multivalued map ¢ o p~! naturally restricts to components

T spin 75pin _ . i4spin
Miinero X Meonisisre, = Mens:

Geometry & Topology, Volume 27 (2023)
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where ¢ and / uniquely determine o and 05, since § must be banded by A, = 0 at an
even number of orbifold points, which uniquely determines the band A, = Aj,_ at the
separating node.

When C is connected, a spin structure 8 on C pulls back to a spin structure 6 =v*0 onC.
As above, any spin structure 6 with bands at p+ and p_ that agree glues nonuniquely,
to give a spin structure on C, and defines a multiply defined map which uses the fibre
product

and is given by

igpm0 17Spin
M g—1,n42 > Mg
. i A spin . i4spin
Again, ¢i; o 97! naturally restrlcts to components ./\/l int25 T Mg’n’a, but,

unlike the case of ¢ y o D™ I above, ¢ does not umquely determine &', The map
now depends on 6 and there are two cases, corresponding to the decomposition of

the fibre product M g—1.n+2 X[, , szm _ into two components Wthh depend on the

behaviour of 6 at the nodal point p+. Either 6 is banded by Ap, = 3, or it is banded
by Ap, = 0, corresponding to 6'=(0,1,1)and ¢’ = (5,0, 0), respectwely.

The bundle E , behaves naturally with respect to the boundary divisors.
Lemma 2.2 On components where 0 is banded by A, = % at the node,
GirEgn = 0" Eg_1 42, ‘ﬁZ,IEg,n = D5y En11+1 ® 75 Egp,| 7 1+1),

where 1; is projection from Mh |1|+1 /Wz,pflh |J|+1 onto the i factor fori =1, 2.

Proof A spin structure 6 on a connected normalisation C has
degfV =1—(g—1)—L1(m+2) <0

and also negative degree on all irreducible components; hence, H° . 6 v) =0. By
Riemann—Roch,

h°@C,0%)~n"(C.0Y)=1—(g—1)+degh” —1(n+2)=2-2g—n.
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Hence, dim H!(C, V) = dim H'(C,6") and the natural map
0—>H'Y(C.0¥)—> H'(C,6Y)
is an isomorphism. In other words, ¢.X Eg = v*Eg_1 ;4.

The argument is analogous when C is not connected and A py = % Again deg 6, <0,
and it has negative degree on all irreducible components; hence, H°(C, 6) = 0 for
i = 1,2. By Riemann—Roch,

dim H'(C,0)) +dim H'(C,0)) = dim H'(C,6"),
so the natural map
0— H'(C,0Y)— H'(C1,6))® H'(C,,6)
is an isomorphism. In other words, qﬁ;’;,IEg,n =V (T En 4197 Eg_pg)+1)- O

The pullback of Eg , to boundary divisors with trivial isotropy at the node is described
in the following lemma:

Lemma 2.3 On components where 6 is banded by A, = 0, at the node,

@ 0> 0x,, = ¢ Egn = V(1 Enj1141 @73 Egp|141) = 0
for Xp,1 = (Mp 1141 X Mg—n|71+1) X iz, , Mg and
) 0— Oy, _>¢itrEg,n _>f)*Eg—l,n+2 —0
for X = /Wg_l,nJrz X Mg /\_/lz,pl,;1
Proof When the bundle 6 is banded by A, = 0, the map between sheaves of local
holomorphic sections
L'(U,0) - T U v*0)

is not surjective whenever U > p. The image consists of local sections that agree, under
an identification of fibres, at p4 and p_. Hence we have an exact sequence

(6) 0—60Y > v*0Y - v,0%0Y], >0,

where the quotient sends a local section s € T(v~1U, v*6V) to s(p+) —s(p—_). Note
that this difference of sections over different points makes sense since X} y and X
come with a choice of isomorphism between the fibres over p4 and p_. The exact
sequence (6) splits as follows. We can choose a representative ¢ upstairs of any element
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from the quotient space so that ¢ (p4+) = 0, ie I'(U, ") corresponds to elements of
I'(v=1U, v*6V) that vanish at p. This is achieved by adding the appropriate multiple
of s(p+) —s(p—) toagiven ¢ € [(v~1U,v*6Y). (Note that ¢(p_) is arbitrary. One
could instead arrange ¢ (p—) = 0 with ¢ (p4+) arbitrary.) In other words, we can identify
0V with v*0Y(—p4) in the complex

0—>v*0Y(=ps) = v 0" > v*0Y|,, — 0.

Inafamily 7: C — S, RO, (v*0V) = 0 = ROy (v*0V (—p4)) since degv*6Y <0,
and it has negative degree on all irreducible components. Also R7,(v*6V| pe) =0
since p4+ has relative dimension 0. Thus,

7 0— Ron*(v*9V|p+) — Rl (v*6Y(—py)) — Rl (v*0Y) — 0.

We can identify the sequence (7) with the sequences (4) and (5) as follows. For the first
term of (7), v*0Y|,, = C canonically, since a)lcog| p4 = C canonically by the residue
map; hence, RO, (v*6" |, +) =:s. The second and third terms of (7) are identified with
the corresponding terms of (4) by D*(wF Ep 1|41 D 75 Eg—p,|s|+1) = R'me (v*6Y)
and ¢;’1Eg,n = R'7(v*0Y (— p+)), and similarly with those of (5) by D* Eg_1 42 =
Rz (v*0Y) and ¢ Eg n = R'm (v*6Y (—py)). O

Remark 2.4 In Lemma 2.2, the nodal band is A, = % and so Ap, +Ap_ =1. We see
from Lemma 2.3 that A, =0 really wants one of A, tobe 1 to preserve Ay, +Ap_ =1.
Definition 2.5 For 2g — 2 + n > 0, define the Chern class

) 4g—4+2n 50
Qg,n = C2g—2+n(Eg,n) € H*% 4t n(Migp,lrIzl,Q)

On the component /W;m:a of /Wz,p,l,? for |0| = n, this defines the top Chern class, or

Euler class. The Chern class vanishes on all other components because, by (3), the rank
of Egn=2g—-2+ %(|3| +n) <2g—2+n when |5 < n. Note that Qo,, = 0 for
n > 3 because rank(Ey ,) = n — 2 is greater than dim /\7%1:1; =n — 3, so its top Chern
class vanishes.

The cohomology classes Qg , behave well with respect to inclusion of strata.

Lemma 2.6 We have

* Ak * Ak ok *
GiSlgn =V Qg—l,n+2» ¢h,IQg,n =V (7T1 Qh,|I|—+—1 TTTy Qg—h,IJI—H)-
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Proof When |G| = n and 6 is banded by % at the nodal point, this is an immediate
application of Lemma 2.2 and the naturality of c2g_21, = ¢top: We have

¢itrct0p(Eg,n) = ‘3*Ct0p(Eg—l,n+2)»
¢;,10top(Eg,n) = ﬁ*(”ikctop(Eh,llHl) : ”;Ctop(Eg—h,lJl—i-l))-
When |6| = n and 6 is banded by 0 at the nodal point, the nodal point is neces-
sarily nonseparating and we must consider the restriction of Q24 , to the component
M of ALP" , with |6’] = n. On this component, we have the exact

g—1,n+2,06’ g—1,n+
sequence of Lemma 2.3,

O—>Eg_1,n+2—>¢ Egn—>(’) —spin — 0,
g 1,n+2.67
which implies ¢;;.c2g—2+n(Egn) = c2g—3+n(Eg_1 py2.5) - c1(Oxg#

g—1.n+2, 0/) =0
This vanishing result is a special case of the pullback by ¢ since Q2g_1 42 vanishes
on MP™ ., for |6’| = n.

g—1,n+2,0

ir

Finally, when |G| < n, this is simply because the pullback of the trivial class is trivial,
since in each case the restriction to an irreducible component has at least one labelled
point with band equal to 0, so that the right-hand side vanishes. a

The cohomology classes €2, also behave well with respect to the forgetful map

T spin spm
7 MPL L > My

which is defined on components with 6 banded by % at p,+1 as follows. Define

”(C’e’pl""’pn+lv¢)= (P(C)»P*Q’Pl»---»Pn»P*(p)?

where p(C) forgets the orbifold structure at p, ;. The pushforward sheaf p.6 consists
of local sections invariant under the Z, action. Since the representation at p,; is
given by multiplication by —1, any invariant local section must vanish at p,4;. In

2

terms of a local orbifold coordinate x = z~, an invariant section is of the form zf(x)s

for s a generator of 6 and its square

(zf(x)5)> = 22 f(x)s? = xf(x)* ci—x = f(x)*dx

has no pole. In other words its square is a section of a)(lzog with no pole at p, 41

and hence a section of @' = wpe)(p1 + P2+ + pa). Furthermore we have

p(C)
o0 = psx{0(—pu+1)}, p* px0 = 0(—pp+1) and deg ,0*9 = deg 6 — 5. The forgetful

map 7 is used to denote any family 7 : C — S since /\/l Spin e+l is essentlally the universal

— spin
curve of My p
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Tautological line bundles L, — ./\72,’”,? fori =1, ..., n are defined analogously to those
defined over Mg , as follows. Consider a family 7 : C — S with sections p;: S — C

fori =1,...,n, and define
Ly = pflwcss). Vi =ci(Ly) € H (Mg, Q).

Lemma 2.7 Qent1=—Vp,py T Qgn.
— spin

Proof Over a family :C — S, where § — M gnt1
structure (also denoted by &), tensor the exact sequence of sheaves

and 0 — C is the universal spin

0 — Oc(—=pn+1) = Oc = Oclp,, =0
with 0V (pu41) to get
06V —0Y(pus1) = 0 (Pns1)lpr — 0.
This induces a long exact sequence, which simplifies to the short exact sequence
0= RO7(0Y (Pn+D)lpurs) = R'7x8Y = R' (6" (pry1)) > 0

due to the vanishing R%74(6Y (pn+1)) = 0 = R'74(0Y (Pu+1)lpas,)- The first of
these vanishing results uses the identification 6 (p,+1) = 7*6" described below
together with the vanishing R%746" = 0 due to the negative degree on each irreducible
component described earlier. The second of these vanishing results uses the simple
dimension argument that R'7, vanishes on the image of p, i, which has relative
dimension 0.

Recall that the forgetful map (C, 0, p1,..., put1,P) = (7(C), 740, p1, ..., Pn, TxP)
pushes forward 6 via & which forgets the orbifold structure at p,;. As described
earlier, 7*m0 = 0(—pp+1) since the pushforward gives the sheaf of locally invariant
sections, which necessarily vanish as the isotropy group acts by multiplication by —1.
Hence, 0V (pn41) = n*0Y, which is used to calculate R? above, and also to give
R'74(0Y (pny1)) = Rl (n*0Y) = n* R4 (6Y). Thus, the last two terms of the
short exact sequence become Eg 41 — 7% Eg p.

For the first term of the short exact sequence, the residue map produces a canonical
isomorphism

log .
n*wc/S|Pn+l =0s.

Thus, 74 (0|p,,) and 7x(6"]p, ) define line bundles over S with square Og and
hence trivial Chern class ¢ (m«(6p,.,)) =1 = c(7x(0"]p,,)). The first term of the
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short exact sequence RO (6Y (pn+1)lp, +) defines a line bundle £ — S with Chern
class

c(€) = ¢(R°mx(Oc(pnt1)lpuyr))

that fits into the short exact sequence
0>&—> Egpy1 >n"Egpn—0.

The triviality of (co(lzo/gs |pny1) implies

Lpn-H = ROJT*(CUC/Slpn+1) = _Ron*(OC(pn+l)|pn+1);
hence,

c(é)= m = I—anﬂ-

The short exact sequence then gives 224 n+1(Egnt1)=—Vp,i1 T C2g—24n(Eg.n),
as required. a
Definition 2.8 For p: M — M, ,, define

®g,n — (_l)nzg_1+np*Qg,n = H4g—4+2n (Mg’n’ Q)

Lemma 2.7 and the relation

Vnd1 = 5P Vn1
proven in [26, Proposition 2.4.1], together with the factor of 2" in the definition of Qg 5,
immediately gives property (iii) of Og 5,

*
®g,n+1 =Vnt1 T ®g,n~

Property (iv) of Og , is given by the following calculation:
Propositi0n2.9 @1,1 = 3\”1 S HZ(./\_/ll’l,Q).

Proof A one-pointed twisted elliptic curve (€, p) is a one-pointed elliptic curve (£, p)
such that p has isotropy Z,. The degree of the divisor p in £ is % and the degree of
every other point in £ is 1. If dz is a holomorphic differential on E (where £ = C/A
and z is the identity function on the universal cover C), then, locally near p, we have
z =12, 50 dz = 2t dt vanishes at p. In particular, the canonical divisor (wg) = p has
degree % and (a)‘lgog) = (weg(p)) = 2p has degree 1.

A spin structure on £ is a degree % line bundle £ satisfying £* = w‘lgog . Line bundles
on & correspond to divisors on £ up to linear equivalence. Note that meromorphic
functions on £ are exactly the meromorphic functions on E. The four spin structures
on & are given by the divisors 6y = p and 6; = ¢; — p fori = 1,2, 3, where ¢; is a
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nontrivial order 2 element in the group E with identity p. Clearly, 92 =2p= a)(g €. For
i=1,2,3, 91 = 2g; —2p ~ 2p since there is a meromorphic functlon ©(z) —p(q:)
on E with a double pole at p and a double zero at ¢;. Its divisor on £ is 2¢q; — 4p,
since p has isotropy Z,; hence, 2g; —2p ~ 2p.

Since H?(Mj 1, Q) is generated by ¥y, it is enough to calculate [ 7y, ©1.1. The
Chern character of the pushforward bundle E ; is calculated via the Grothendleck—
Riemann—Roch theorem:

ch(R7«EY) = mx(ch(EY) Td(w,))).

In fact we need to use the orbifold Grothendieck—Riemann—Roch theorem [53]. The
calculation we need is a variant of the calculation in [26, Theorem 6.3.3] which applies
to &£ such that £2 = a)c € instead of £V. Importantly, this means that the Todd class has
been worked out, and it remains to adjust the ch(£Y) term. We get

[ peaEin = —enrme)
Mia

=2 / [24"1 + 24W1 ( 21_4 + f_z)(if)*(l)]

Mi.1

_ 11 1 11 1y _ 1

=206+t = 16
which agrees with

3 31 1
—/ V1=-3"23="16
Mia

Hence, p«ci(Eq, 1)——— 1and O 1 =—2pxc1(E1,1) =3¥1. One can also calculate
this using Chiodo’s formula [10], given by (41) in Section 5. a

Proposition 2.10 The classes O, € H*$~4T2" (M, ,, Q) satisfy property (ii).

Proof The two properties (ii) of O , follow from the analogous properties for g 5.
This uses the relationship between compositions of pullbacks and pushforwards in the

diagrams
o1
= spin ¢li V7T —spin = spin T spin iphi °v 157spin
Mo na ./\/lgn Mh,lll-l—l XMg—h,lJH—l - Mg
/| ’| /| ’|
Dirr — —_— ¢h,l

Mg_inp2 ———Mgn  Mpr141 X Mg_pjj41 ——— Mg

where the broken arrows signify multiply defined maps which are defined above using
fibre products.
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On cohomology, we have ¢.* ps« = 2p4Dspr and d),"z" 7P+ = 2D« 9*¢Z’ ;» Where the
factor of 2 is due to the degree of ¥ ramification of p and the isotropy of the orbifold
divisor; see [33, (39)]. Hence,
9 Ogn = Gire (_l)nzg_Han,n = 2P*ﬁ*¢i>:r(_1)n2g_l+n9g,n
= pu(=1)"T228Q_y yir = Og_ o
and, similarly, ¢Z,I®ga” =7 Op1)+1 75 Og_p,|J|+1, Which uses

2. (_l)nzg—1+n — (_1)n2g+n — (_1)|I|+12h—1+|1|+1(_1)|J|+12g—h—1+|J|+1‘ O

Remark 2.11 The construction of 24 , should also follow from the cosection con-
struction in [7] using the moduli space of spin curves with fields

Men(Z2)? ={(C.0,p) | (C.0) € M. pe HO(C.0)}.

A cosection of the pullback of Eg , to Mg n(Z5)P? is given by p~3 since it pairs well

with H1(C,0): we have p—3 € H(C, (#V)?) while H!(C,0) = H°(C,0 ® 6V)V =
H°(C, (6V)3)V. Using the cosection p~3, a virtual fundamental class is constructed
in [7] that likely gives rise to Qg , € H 4g—4+2n (/\_/lz,fzi,?, Q). The virtual fundamental
class is constructed away from the zero set of p.

3 Uniqueness

The degree property (I) of Theorem 1.3, O, € H*¢ 4121 (M, ,, Q), proven below,
implies the initial value

@1,1 = )\.lﬁ, = Q
It leads to uniqueness of intersection numbers | My Ogon [T, v ]—[jN:1 Kg; viaa
reduction argument, and consequently property (V) of Theorem 1.3. The proofs in this
section of properties (II), (III) and (V) apply for any A # 0. We finish the section with
a rigidity result given by Theorem 3.6, proving that necessarily A = 3.

We first prove the following lemma, which will be needed later:
Lemma 3.1 Properties (i)—(iv) imply that ©4 , # 0 for g > 0 and all n.

Proof We have ®; 1 = a or ©1; = ay; for a # 0 by (i) and (iv). Using the
pullback property (iii) together with the equality ¥, v; = ¥, *{; for i < n, we have
Orn=ayy - Ynor O, =ayyy - Yn; hence, (1+v¥1)O1 , =ay 1Y -+ ¥y and
fﬂg,n(l + Y1)O1,4 = 5za(n — 1)1, proving O, # 0.
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Now we proceed by induction on g. For the base case of g = 1, we have ©; , # 0 for
all n > 0. Assume ®, , # 0 for 0 </ < g and all n. For g > 1, let I be the stable
graph consisting of a genus g — 1 vertex attached by a single edge to a genus 1 vertex
with n labelled leaves (called ordinary leaves in Section 5.0.1). Then, by (ii),

PrOgn =0g_11 Q0O nyi1,
which is nonzero since ®4_1,; # 0 by the inductive hypothesis and ©; ;11 # 0 by

the calculation above. O

Proof of (I) Write
d(g,n) = degree(Og,5),

which exists by (i). Note that the degree here is half the cohomological degree, so
Ogn € H*1@M (Mg 4, Q). Using (ii), ¢ Og n = Og_1 n+2 implies that

d(g,n)=d(g—1,n+2)

since ®g_1 42 # 0 by Lemma 3.1. Hence, d(g,n) = f(2¢ —2 + n) is a function
of 2¢g —2 +n. Similarly, using (i), ¢; ;Og.n = Op |1|+1 ® Og_p |74+ implies that

fla+b) = f@+ f(b) = (a+b)f(1) since Op 741 # 0 and Og_p yj+1 # 0.
again by Lemma 3.1. Hence,

d(g.n) =(2g—-2+n)k
for an integer k. But d(g,n) <3g —3 + n implies k < 1. When k& = 0, this gives
deg ®g , = 0, which contradicts (iii) together with Lemma 3.1; hence, k = 1 and
degOgp =2¢—2+n. a
Proof of (II) This is an immediate consequence of (I) since
deg®¢, =n—2>n—3=dimM,,

and hence ®¢ , = 0. For any stable graph I" with a genus 0 vertex, Remark 1.1 gives
¢rOgn = Or = [[ep(r) Ty Og(v),n(v) = 0 since the genus O vertex contributes a
factor of 0 to the product. a

Proof of (III) Property (iii) implies that

n
®g,n = l—[ Vi '7T*®g,

i=1
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where 77: Mg, — M, is the forgetful map. Since 7*w € H*(Mg 4, Q)5 for any
class @ € H*(Mg, Q) and clearly [[/_, ¥i € H*(Mgn, Q)5", we have O, , €
H*(Mg.n,Q)S", as required. O

The proof of (V) follows from the special case of the intersection of ®g , with a
polynomial in ¥ and y classes.

Proposition 3.2 For any O ,, satisfying properties (i)—(iii), the intersection numbers

n N
®) / Ogn [ [ v [T,
Mg.n j=1

i=1

are uniquely determined from the initial condition ® 1 = Ay for A € Q.

Proof Forn > 0, we will push forward the integral (8) via the forgetful map 7 : Mg , —
M g,n—1 as follows. Consider first the case when there are no « classes. The presence
of ¥, in Og y = Yy - 7*Og 1 gives

Ogn¥ik = Ogur™ Yy, k <n,

since Y Y = Y * Yy for k < n. Hence,

n n—1
m; * m; mu+1
/ @g,n l_[ wl' ' = / /4 (@g,n—l l_[ wl' 1) n "
Mg,n i=1 Mg.n

i=1

n—1
=/ T[*{?T*(®g,n—l 1_[ V’,'mi) r'ln"H}
Mg.n—1

i=1

n—1

m
= / Ogn—1 1_[ Vi Kmy
Mg.n—l

i=1
so we have reduced an intersection number over Mg , to an intersection number
over Mg »—1. In the presence of k classes, replace kg; by kg, = JT*Kej + ¢, and
repeat the pushforward as above on all summands. By induction, we see that, for g > 1,

n N
.
/ O [ [ 7" [, :/ Og - pk1,K2, ... K3g—3),
Me.n i=1 j=1 Mg

ie the intersection number (8) reduces to an intersection number over M g of Og times
a polynomial in the  classes. When g = 1, the right-hand side is instead | i O,1°p
for p € Q a constant.
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For g > 1, by (I), deg ®y = 2g — 2, so we may assume the polynomial p consists only
of terms of homogeneous degree g — 1 (where deg x, = r). But, by a result of Faber
and Pandharipande [24, Proposition 2], which strengthens Looijenga’s theorem [38],
a homogeneous degree g — 1 monomial in the « classes is equal in the tautological
ring to the sum of boundary terms, ie the sum of pushforwards of polynomials in
and « classes by the maps (¢r)«. Such relations arise from Pixton’s relations and are
described algorithmically in [11]. Now, property (ii) of ®¢ shows that the pullback
of ®4 to these boundary terms is @, for g’ < g, so we have expressed (8) as a sum
of integrals of ®, ,» against ¥ and « classes. By induction, one can reduce to the
integral | M O, = 21—4k and the proposition is proven. O

A consequence of Proposition 3.2 is property (V) of Theorem 1.3, stated as Corollary 3.3
below. Let us first recall the definition of tautological classes in H* (Mg 5, Q). Dual to
any point (C, p1, ..., pn) € Mg p is its stable graph I" with vertices V(I") representing
irreducible components of C, internal edges representing nodal singularities and a
(labelled) external edge for each p;. Each vertex is labelled by a genus g(v) and has
valency n(v). The genus of a stable graph is g(I") = b1 (T") + ZUGV(F) g).

The strata algebra Sg 5 is a finite-dimensional vector space over (Q with basis given
by isomorphism classes of pairs (I', w) for I" a stable graph of genus g with »n external
edges and w € H*(Mr, Q) a product of k and ¥ classes in each M 2(v),n(v) for each
vertex v € V(I"). There is a natural map

q. Sg,n - H*(Mg,nv Q)

defined by the pushforward ¢(I", w) = ¢f(w) € H *(Mg,n, Q). The map ¢ allows one
to define a multiplication on Sy ,, essentially coming from intersection theory in Mg ,,
which can be described purely graphically. The image ¢(Sg.n) C H* (Mg, Q) is
the tautological ring R H* (M ¢,n) and an element of the kernel of ¢ is a tautological
relation. See [47, Section 0.3] for a detailed description of Sg 5.

Corollary 3.3 Forall n € RH*(Mg.n), fﬂg  Og.nn € Q is uniquely determined by
properties (i)—(iii) and (IV).

Proof The tautological ring RH* (Mg ,) consists of polynomials in the classes «;,

Y¥; and boundary classes, which are pushforwards under (¢r)s of polynomials in x;
and v;. By the natural restriction property (ii) satisfied by ©y ,, given a monomial
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in k and ¥ classes w € H*(Mr,Q),

* _ o 1
/Mg,n Ogn: (Pr)e(@) = /Mr r(Ogn) o= /Mr Or-o= |AutT| vl_[ w(v).

el

The final term is a product over the vertices of I' of intersections ® classes with
monomials in « and v classes w(v) = fﬂg(v),n(u) ®g(v),,,(v)-]‘[?£’1) Py({¥i, kj}), which,
by Proposition 3.2, are uniquely determined by (i)—(iii) and (IV). O

Remark 3.4 The intersection numbers [ Mg Ogun [T—, v ]_[JN=1 k¢, can be cal-
culated algorithmically from the intersection numbers | M. Ogn [/ wl.m ! with no
k classes. This essentially reverses the reduction shown in the proof of Proposition 3.2.
Explicitly, for 7: Mg y4N — Mg, and m = (my, ..., my), define a polynomial in
k classes by

Ry Kz, ...) = (i 1y,

so, for example, R, m,) = KmiKm; + Km;+m,- Then

(9) ®g,n . Rm = ®g,n s Tk (w,;n_ﬁiH e w;n+N]\—ri_l)
1 1
= (T O YN )

= +(Ognt+N - ‘/’,',n_ﬁl e ¢,T+NN)-
The polynomials Ry, (k1, k2, ... ) generate all polynomials in the «;, so (9) can be used
to remove any k class.

The following example demonstrates Proposition 3.2 with an explicit genus 2 relation:

Example 3.5 A genus two relation proven by Mumford [41, (8.5)], relating x; and
the divisors defined by the double covers Mj 1 x My,; — Mp, and My — M,
in M, labelled by stable graphs I}, is given by

K1 — 3{Mr] = §[Mpy] =0,
which induces the relation
O3 - k1 — 103 - [Mp] = £6; - [Mp,] = 0.

Property (ii) of ®4 , yields

1
Oy - [Mp] = ¢*@2=/ ®1,1'/ O ———=—-
/Mz ! Mry T Mi 1 My |Aut(F1)|

1
92'[/\41“]:/ ¢*®2=/ Oz ——=—
/,/\/l2 > ./\/lr2 T2 /\711,2 |Aut(F2)|
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hence, the relation on the level of intersection numbers is given by

1 1
Os -k _Z.[ ® / 0, .—_l./ O pe e =
/Mz 2 Y Aw@)] 5 Jr,, P Au(Dy))

We have [i;  ©1;1 = Lk = fMl , ©1,2 from (iii), and [Aut(T})| = 2 = [Aut(I)].
Hence,

7
/ @2'/(1 =73
Ma

1 1
CINE / ®1,1'—+l'/ O ——=—
1 My, Aut(T)|  ° 71, |Aut(I3)]

1
1.3 ) +1. L = (7 4 240).

Until now, ®; 1 = Ay for any nonzero A € Q. The following theorem proves the

W
Al"‘ E\
NI'—'

rigidity condition (I'V) that A = 3. The proof of the theorem relies on the fact that, for
low genus and small 7, the cohomology is tautological. This allows us to work in the
tautological ring in order to construct ® , from properties (i)—(iv).

Theorem 3.6 Let Oy, € H *(M g.n» Q) satisfy (1)—(iv) and set the initial condition to
be @1’1 = )\.I/fl 75 0. Then A = 3.

Proof The existence proof in Section 2 shows that A = 3 is possible but it does not
exclude other values. The strategy of proof of this theorem is to attempt to construct
classes, beginning with the initial condition ®; ; = Ay;. Importantly, condition (iii)
determines ®g , for all n > 0 uniquely from ®,, so the main calculation occurs
over M,. We consider classes in RH?$72(My) since, for small values of g, it is
known that H**(Mg, Q) = RH*(My,). The essential idea is as follows. A class
Og € H2g—2(/\7g, Q) pulls back under boundary maps to ©g_1,2 and Og_1,; @ O .
The relationship

*
Og—12=Y2m Og_1,

constrains the class ®g. We find that ®, exists (and hence also ©, , exists for all n)
for all A € Q, but that ®3 (and ®3 ;) exists only for A =3 or A = —%. The existence
of ®4 constrains A further, allowing only A = 3.

g =1 From ©;; = Ay, condition (iii) yields
®1,n = )"WIWZ""/fn

since Y, ¥ = Y™y, for any j <n.
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g =2 The cohomology group H*(M,, Q) has basis {Klz, Ka}. Set ® =aj 1K12+a2/c2

and deduce aq; and a, from restriction to Mr; C M, for i = 1,2, defined in

Example 3.5. Since k5 - M, = 0, we deduce that a1 = %)\2 and restriction to Mr,

then uniquely determines
@2 = %)\.21612 + ()\ — %)\Z)Kz.
Commutativity of the boundary maps with the forgetful map shown in the diagrams

— d’irr — — — ¢h,1 —
Meg—in42 ——= Mgn  Mp 141 X Mg_p|gj+1 —— Mg

rwi ¢irr — — — ¢ —
Mg—12 — Mg Mp 1 X Mg_p1 — Mg

implies that the classes ® , = V1 - -+ ¥, 7 *®; restrict consistently to the boundary to
give the correct genus 1 classes ©; , for all A € Q.

g =3 Ingenus 3, H*>*(M3, Q) = RH*(M3) due to the calculation of the cohomol-
ogy H*(M3, Q), for example by using the calculation of H* (M3 1, Q) in [28] together
with the calculation of the tautological ring RH*(M3) via Pixton’s relations [47]
implemented using the Sage package admcycles [12]. We have dim RH*(M3) =7
and we write ®3 as a general linear combination of basis vectors in RH*(M3),

4 2 2
@3 =di111k, +Cl112K1K2 + a13K1K3 +a22/c2 + dyky +blBl +b232,

where B; € RH*(M3) are given by
K1 K2 K3

The pullback map
RH4(./W3) — RH4(./\72,2) ©D RH3(./\72,1) X RHI(./Wl,l)

is injective (which implies that the map from RH*(M3) to the boundary is injective).
The restriction map
RH*(M3) - RH*(M, )

has 2—dimensional kernel and is surjective onto the S,—invariant part of RH*(M 2.2)-
Hence, the condition

503 =02 =Y Y770,
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determines ®3 up to parameters s, ¢ € Q:
arrnn =5,
ayiy = Ha+ A% — 185 + 41,
ayz = —121 — 1202 + 104s — 131,
gy = —%A — %Az + 27s — 5¢,
ag =310+ 1933)2 4265 + 239,
by =t,
by, = %A(S —A).
The pullback map
RH*(M3) - RH*(My,1) ® RH' (M} ;)
has 3—dimensional image, and the condition
PrO3; =0, ®0;,; = (Y17702) ® (Ay)

is a linear system which cannot be satisfied for a general choice of the two parameters
s and ¢ defining ®3 for general A, forcing A to satisfy a polynomial relation. We find
that 543 _ 1942 11

ain = 5zA” — 1300 — 10h

533 _ 14752 _ 99
61112—4)» 20)\ )\,

0
a3 = P00 = APA =22 h = a3 - 1300y,
az = —55 0 + ZEEA + 255000 = an + 126y,
ag =-1237 4 12212 4 818,
by = A —=3)(151 +11),
by =321(3-1).

The expressions for a3 and a,, are consistent only when by = 0; hence,
AA=3)(15L+11) =0.

g =4 Ingenus 4, H**(My, Q) = RH*(M,) is due to the calculation by Bergstrém
and Tommasi [4] of the Hodge polynomial of M, together with the calculation of the
tautological ring R H*(My) via Pixton’s relations using admcycles [12]. We choose
a general element ®4 € RH®(M,) which is a linear combination of basis vectors
for the 32—dimensional space RH®(M,). The pullback map of RH®(My,) to the
boundary can be shown to be injective using admcycles.
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The main purpose of the g = 4 calculation is to prove that A = —% is impossible, so
we substitute A = —% into ®3 above to get
_ 2783 4 11011,2 59939 16093, 2 474287, _ 1232
©3 = §7000K1 ~ 13500%1K2 T 10125K1K3 + “9000 X2 ~ 13500 K4 ~ 1125 B2-

As in the g = 3 case above, we consider the pullback map
RH®(My) — RH® (M3 ),

which has a 6-dimensional kernel. The S,—invariant part of H'?(M 3,2, Q) is proven
in [3] to be 31-dimensional, and using admcycles it can be shown to be tautological.
The condition ¢¥ ©4 = O3 5 = Y1 Y7 * O3 produces a system of 31 equations in 32
unknowns. Using admcycles, we find that ®3 , lies in the image of the pullback map,
and constrains ®4 to depend linearly on six parameters. The pullback map composed
with projection

RH®(My) > RH>(M3,1) ® RH' (M)

uniquely determines the six parameters, and finally the resulting class ®4 is shown
under the pullback map composed with projection

RH®(My) — RH?*(My,1) ® RH? (M)

to disagree with ®, ; ® ®, ;. We conclude that A = —% is impossible, leaving A =3. O

4 Cohomological field theories

The class ®g , combines with known enumerative invariants, such as Gromov—Witten
invariants, to give rise to new invariants. More generally, ®; , pairs with any co-
homological field theory, which is fundamentally related to the moduli space of
curves Mg ,, Tetaining many of the properties of the cohomological field theory,
and is in particular often calculable.

A cohomological field theory is a pair (H, n) composed of a finite-dimensional complex
vector space H equipped with a symmetric, bilinear, nondegenerate form, or metric, 7,
and a sequence of S,—equivariant maps. Many CohFTs are naturally defined on H
defined over QQ; nevertheless, we use C in order to relate them to Frobenius manifolds,
and to use normalised canonical coordinates, defined later,

Qgn: H®" — H* (Mg, C)
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that satisfy compatibility conditions, from the inclusions of strata
Pir: Mgt ng2 = Mgn.
¢h,13/ﬁh,|1|+1 XMg—h,\J|+1 — Mgn, TUJ={l,...,n},
given by
(10) ¢ Qen(V1 ® @ V) = Qg—1112(11 @ U ® A),

(A1) ¢ 1 Qen(V1 @+ @ Va) = L1141 ® Ly, | 7|41 (® v ®AR Q) vj),
iel jeJ

where A € H® H isdualton€ H* ® H*. Whenn =0, Qg := Qg9 € H*(Mg, C).
There exists a unit vector 1 € H which satisfies

Q0,3(1® v ®v2) =n(v1,v2).
The CohFT has flat unit if 1 € H is compatible with the forgetful map 7 : M gnt+1 =
Mg.n by
(12) Qen+1(1®VI @ ®Vn) =T Qg n(v1 @+ ® Vy)
for2g—2+4+n>0.

For a 1-dimensional CohFT, ie dim H = 1, identify 2, , with the image 2 g,n(l®"),
so we write Qg € H*(Mg,,C). A trivial example of a CohFT is Qg = 1 €
H%(Mg ., C), which is a topological field theory, as we now describe.

A 2-dimensional topological field theory (TFT) is a vector space H and a sequence of

symmetric linear maps
0 .
Qg H ®n _, C
for integers g > 0 and »n > 0 satisfying the following conditions. The map Qg ) =1

defines a symmetric, bilinear, nondegenerate form 7, and together with 828 5 it defines
a product ¢ on H via

(13) n(vyevy,v3) = 98,3(1}1, V2, V3)
with identity element 1 given by the dual of Qg , =1 =n(1,-). It satisfies
Q) 1RV ® - Quy) =QF (11 ® - ®y)

and the gluing conditions

Qg’n(vl R Quy) = Qg_l’n+2(v1 Q- Quy, ®A),

0 0 0
Qg (V1@ ®un) = QY 114 ®Qg2’|1|+1(®vi®A®®v]~)
iel jedJ

forg=gi+grand IUJ ={1,...,n}.
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Consider the natural isomorphism H®(Mg ,, C) = C. The degree zero part of a CohFT
Qg pnisaTFT

Q0 H®" Len 11* (Mg, C) — HO (Mg, C).
We often write 29 3 = 98’3 interchangeably. Associated to Q¢ 5 is the product (13)

built from 7 and €2 3.

Remark 4.1 The classes © ; satisfy properties (10) and (11) of a 1-dimensional
CohFT. In place of property (12), they satisfy

®g,n+1(1 RV ® - ®Uy) = Vnti '7T*®g,n(vl ® - Qvp)
and @0’3 =0.
The product defined in (13) is semisimple if it is diagonal H 2> CpC @ --- @ C, ie
there is a canonical basis {uy,...,un} C H such that u; -u; = §;ju;. The metric is
then necessarily diagonal with respect to the same basis, n(u;, uj) = §;jn; for some

n; € C\ {0} fori =1,..., N. The Givental-Teleman theorem described in Section 5
gives a construction of semisimple CohFTs.

4.1 Cohomological field theories coupled to O, ,

Definition 4.2 For any CohFT Q defined on (H, 1), define Q® = {Qé(?’n} to be the
sequence of Sy—equivariant maps Q?’n: H®" — H*(Mgp, C) given by

Q?,n(vl ® - Qvp) = ®g,n : Qg,n(vl ® - ®vp).
This is essentially the tensor product of CohFTs, albeit involving ® ,. The tensor
products of CohFTs is obtained as above by cup product on H* (M g.n» C), generalising

Gromov—Witten invariants of target products and the Kiinneth formula H* (X7 x X;) =~
H*X, @ H*X,.

Generalising Remark 4.1, an satisfies properties (10) and (11) of a CohFT on (H, 7).
In place of property (12), it satisfies

Q% 1 (A®V @ ® V) = Yyy1 72, (1 @ D V)

0 _
and 90,3 =0.
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Given a CohFT @ = {Q, 5}, or a more general collection of classes such as 2 = {Q?,n},
and a basis {eq, ..., en} of H, the partition function of €2 is defined by

hg—l n ki .
(14) Zo®high =exp ) " /M Qenlea ®---®ea,)- [ [ v [ie)
g.nk o J=1

fora; €{l,...,N}and k; € N. Fordim H = 1 and Qg , = 1 € H*(Mg,, C), its
partition function is Zg (A, {t}) = Z¥V (%, {tx}), which is defined in Section 5.1.

For Qgn = gy € H*(Mgy, C), Za(h,{tx}) = Z®(h, {tx}) gives its partition
function. Property (iii) is realised by the homogeneity property

o
9 . d
(15) %z%&z, fout1....)= :(2z+1)tia—li2®(h, tost1, .. )+ Z% (R t0.11,...),
i=0

proven in the following proposition:

Proposition 4.3 The function Z® (h, 19,1, ...) is homogeneous of degree —% with
respect to {qg = 1 —to,t1,t2,...} withdegq = 1 and degt; = 2i + 1 fori > 0.
Equivalently, it satisfies the dilaton equation (15).

Proof We have

n

n

kj kj

/ ®g,n+1'1_[w]"1 =/ 7T*®g,n"/fn+1'l_[w]'j
j=1

Mg n+1 Mg.n+1 j=1
‘ k
— * * j
—/ /4 ®g,n'Wn+l'l_[7T WJ’
Mg, n+1 j=1

n
k4
:/ ®g,n'1_[l”j] ‘T YUn+1
./\/tg_n ]:1
n

k.
—Cg-24m [ 0u []vf
Mg.n

j=1
which uses Yy 1-Vj =Ypp1-n™yjfor j=1,... . nand my(7* 0 VYp11) =0 T VYp41.
In terms of the partition function Z€ (%, 19, 1;....), this is realised by (15). |

4.1.1 Gromov-—Witten invariants Let X be a projective algebraic variety and con-
sider (C, x1,...,Xy) a connected smooth curve of genus g with n distinct marked
points. For 8 € H,(X, Z), the moduli space of stable maps Mg »(X, B) is defined by

Mgn(X, B) ={(C.x1,..., xn) 7> X | 74[C] = B}/~,

Geometry & Topology, Volume 27 (2023)



A new cohomology class on the moduli space of curves 2721

where 7 is a morphism from a connected nodal curve C containing distinct points
{x1,..., X} that avoid the nodes. Any genus zero irreducible component of C with
fewer than three distinguished points (nodal or marked), or genus one irreducible
component of C with no distinguished point, must not be collapsed to a point. We
quotient by isomorphisms of the domain C that fix each x;. The moduli space of stable
maps has irreducible components of different dimensions but it has a virtual class of

dimension

(16) dim[Mg (X, B)]"™ = (dim X —3)(1 — g) + {¢1(X), B) +n.
Fori =1,...,n, there exist evaluation maps

(17) evi: Mg (X, B) = X, evi(n)=m(x;),

and classes y € H*(X, Z) pull back to classes in H*(Mg 1 (X, B), C) via
(18) evi: H*(X,Z) — H*(Mgn(X, B),C).

The forgetful map p: Mg (X, 8) — Mg, maps a stable map to its domain curve
followed by contraction of unstable components. The pushforward map ps on coho-
mology defines a CohFT Qx on the even part of the cohomology H = H®"(X, C)
(and a generalisation of a CohFT on H*(X, C)) equipped with the symmetric, bilinear,
nondegenerate form

n(a,ﬁ)zfXaAﬂ.

We have (Qx)g.n: HV(X,C)®" — H*(Mg ,, C) defined by

n
(Qx)gn(@r,....an) = pa ( [ Jevi (@) N[Mgn(X, ﬂ)]““) € H* (Mg, C).
B i=1
Note that it is the dependence of p = p(g,n, B) on  (which is suppressed) that allows
(Rx)gn(oy, ..., ay) to be composed of different-degree terms. The partition function
of the CohFT Qy with respect to a chosen basis e, of H*"(X; C) is

Zay (h{tg})

h81
=ew ), n! /M p*(
7 g.n

g.n,k

a,p
It stores ancestor invariants. These are different from descendant invariants, which
use, in place of ¥j = ¢1 (L), ¥j = ¢1(L;) for line bundles £; — Mg »(X, B) defined
similarly as the cotangent bundle over the i™ marked point on the domain curve.

[Tevitea) NiMgn(, ﬂ)]““) [Tv TTea
j=1

i=1
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Following Definition 4.2, we define Q)(? by

n
QD) en(r,. .. an) =Ogp- Zp*(l_[ ev;.*(a,-)) € H*(Mgn,C)
B i=1

and

28, (i =en 3 1 / Ogon- p*(l‘[ev (ea,) Hw [14)-
gnk i=1
a.p

Let @??n C Ag—1(Mg,nu,C) be the (g—1)—dimensional Chow class given by the
pushforward of the top Chern class of the bundle E ;, defined in Definition 2.1. The
virtual dimension of the pullback of ®PD” is

(19)  dim{[Mgn(X,d)]"" N p~1(OF5)} = (dim X — 1)(1 — &) + (c1(X), B).

Comparing the dimension formulas (16) and (19), we see that elliptic curves now
take the place of Calabi—Yau 3—folds to give virtual dimension zero moduli spaces,
independent of genus and degree. The invariants of a target curve X are trivial when
the genus of X is greater than 1 and computable when X = P! [44], producing
results analogous to the usual Gromov—Witten invariants in [46]. For ¢;(X) = 0 and
dim X > 1, the invariants vanish for g > 1, while for g = 1 it seems to predict an
invariant associated to maps of elliptic curves to X.

4.1.2 Weil-Petersson volumes A fundamental example of a 1-dimensional CohFT
is given by
Qgn =exp(2rii)) € H* (Mg, R).

Its partition function stores Weil—Petersson volumes
2 2\3g—3+n _
Vo= GV [ peain
Bg—-3+m! Jx,.,
and deformed Weil-Petersson volumes studied by Mirzakhani [39]. Weil-Petersson
volumes of the subvariety of Mg 5, dual to © , make sense even before we find such
a subvariety. They are given by

2 2\g—1
Vg®n:—( ™) f Ogn K‘lg g
’ (=D JFig.n

which are calculable since they are given by a translation of ZBSW . If we include
Y classes, we get polynomials Vg(?n (Ly,...,Ly) which give the deformed volumes
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analogous to Mirzakhani’s volumes. In [43; 51], the polynomials Vg(?n (Lq,...,Lp)
are related to the volume of the moduli space of super-Riemann surfaces.

4.1.3 ELSYV formula Another example of a 1-dimensional CohFT is given by
Qg,n = C(EV) =1 _)‘1 +-+ (_l)g)\g € H*(Mg,n» C),

where A; = ¢;(E) is the i™ Chern class of the Hodge bundle E — M, , defined to
have fibres H°(C, wc) over a nodal curve C.

Hurwitz [31] studied the problem of connected curves ¥ of genus g covering P!,
branched over r + 1 fixed points {p1, pa, ..., pr, Pr+1} With arbitrary profile u =
(1, ..., M1n) over p,41. Over the other r branch points, one specifies simple rami-
fication, ie the partition (2, 1, 1,...). The Riemann—Hurwitz formula determines the
number r of simple branch points via 2 —2g —n = |u| —r.

Definition 4.4 Define the simple Hurwitz number Hy , to be the weighted count
of genus g connected covers of P! with ramification &t = (i1, ..., itn) over oo and
simple ramification elsewhere. Each cover 7 is counted with weight 1/|Aut(sr)|.

Coefficients of the partition function of the CohFT Qg , = ¢(E") appear naturally in
the ELSV formula [20], which relates the Hurwitz numbers Hy ,, to the Hodge classes.
The ELSV formula is

r(g. ! v 1 l—A+--+(=DEhg
|Aut pu] - 1_[ [MM =iy (L= pn¥n)’

gn =

where t = (i1,..., Un) and r(g, nu) =2g —2+n+ |u|.

Using Q?’n = ®-c¢(EVY), we can define an analogue of the ELSV formula,

(2g—2+n+[u)! 1—[ M, L=A 4+ (DA

H® Og.n- .
&1 |Aut p| Men (I =pry)) - (1= pwn¥n)

It may be that H,’, has an interpretation of enumerating a new type of Hurwitz covers.

Note that it makes sense to set all ;4; = 0, and, in particular, there are nontrivial primary
invariants over Mg, unlike for simple Hurwitz numbers. An example calculation:

[ o= bbbt =t o = O o)
Mo
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4.1.4 The versal deformation space of the 4, singularity The A, singularity has a
2-dimensional versal deformation space M = C? = {(t;,1,)} parametrising the family

Wt(Z) =73 —hz+ 14

that admits a semisimple Frobenius manifold structure. Dubrovin [15] associated a
family of linear systems, defined in (20) below, depending on the canonical coordinates
(uy,...,un) of any semisimple Frobenius manifold M. This produces a CohFT Q42
defined on C? from the A, singularity using Definition 5.2. More generally, to any
point of a Frobenius manifold one can associate a cohomological field theory and,
conversely, the genus zero part of a cohomological field theory defines a Frobenius
manifold [15].

Recall that a Frobenius manifold is a complex manifold M equipped with an associative
product on its tangent bundle compatible with a flat metric — a nondegenerate symmetric
bilinear form — on the manifold. It is encoded by a single function F(t1,...,tN),
known as the prepotential, which satisfies a nonlinear partial differential equation,
known as the Witten—Dijkgraaf—Verlinde—Verlinde equation,

Fijmn™" Ficon = Figmn"" Fikn,  nij = Fij

where niknkj = §;j, F; = 0/0t; F, 0/0t; = 1 corresponds to the flat unit vector
field for the product, and {7y, ..., ¢y} are (flat) local coordinates on M. The Frobenius
manifold is conformal if it comes equipped with an Euler vector field £ which describes
symmetries of the Frobenius manifold, neatly encoded by

E-F(ty,...,ty) =c- F(t1,...,tN) + quadratic polynomial, ¢ € C.

For a semisimple conformal Frobenius manifold, multiplication by the Euler vector
field E produces an endomorphism U with eigenvalues {u1, ..., u} known as canon-
ical coordinates on M. They give rise to vector fields d/du; with respect to which the
metric 7, product ¢ and Euler vector field E are diagonal:

ad ad ad a 0 d
8_14,- W _Slja_uis U(a—ul,%) —5z]Az, E = Z“’a_u,
At any point of the Frobenius manifold, the endomorphism U, defined by multi-
plication by the Euler vector field E, and the endomorphism V = [[', U], where
I;j = 0u; Aj/24/A;Aj for i # j are the so-called rotation coefficients of the metric n
in the normalised canonical basis, produce the differential equation
( d |4

——U—;)Y:O.

20) dz
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Choose a solution of (20) of the form ¥ = R(z~1)e?V and substitute z — z~! to get

(4 UV viz_(d 1 1 Uz
This associates an element R(z) = ) szk to each point of the Frobenius manifold.
Teleman [52] defined the endomorphisms Ry of H = T, M recursively from Rg =1
by

2D [Rk+1,Ul=(k+V)Ry, k=0,1,....

It is useful to consider three natural bases of the tangent space H = T, M = CN at
any point p of a semisimple Frobenius manifold: the flat basis {d/d¢; }, which gives a
constant metric 7; the canonical basis {d/du;}, which gives a trivial product e; and the
normalised canonical basis {v; } for v; = Ai_l/ 28/ du;, which gives a trivial metric 7. (A
different choice of square root of A; would simply give a different choice of normalised
canonical basis.) The transition matrix W from flat coordinates to normalised canonical
coordinates sends the metric 7 to the dot product, ie W7 W = 5. The topological field
theory structure on H induced from 7 and e is diagonal in the normalised canonical
basis. It is given by
Qg,n(vl@n) _ Ajl—g—l/Zn

and vanishes on mixed products of v; and v; for i # j. In the normalised canonical
basis, the unit vector is given by

1= (A% Al

hence, it uniquely determines the topological field theory. We find the normalised canon-
ical basis most useful for comparisons with topological recursion; see Section 5.2.1.

The Frobenius manifold structure on the versal deformation space M of the 4, sin-
gularity was constructed in [15; 48]. The product on tangent spaces of the family
Wy(z) = z3 —thz + t; is induced from the isomorphism

T;M = Clz]/ W/ (2)

given by /31ty — dW; /9t = (—z)k~1, producing
2,0 _ 9 9,90 _9 9,9 1, 3
oty Iy o 0ty 0t; 0t o dt,” 0ty 0ty o3 2811 ’
The metric is given by
p(2)q(z)dz
=-3R —_
n(p(2).4(2)) S Ty
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With respect to the basis {d/0dt;, d/0¢,}, it is constant and hence flat:

=(10)

The Frobenius manifold structure on M is conformal. The unit and Euler vector fields
are 1 = d/0dt; and E = t; 9/dt; + %tz d/0dt,, which correspond respectively to the
images of 1 and W;(z) in C[z]/ W/(z).

The prepotential is produced via n;; = Fy;; and n(d/0t; #d/0t;,0/0tx) = Fyjk,
F(iy. 1) = 3ii1r + 7515,

and satisfies E - F(t1,1;) = %F (t1,1,). The canonical coordinates are

2 .3/2 2 .3/2
uL=H+—7=,"", uUy=t——=t,'".
332 3732
In the normalised canonical basis, the rotation coefficients I'j; = —i “/Tgtz_ 32 _ I

giveriseto V =[I",U] = iJTit2—3/2((1) _(1) ) In canonical coordinates we have

NET o 2i 01
=T a) Vel )

The metric 1 applied to the vector fields d/du; = %(3/8& — (=1 (3/t,)Y/28/0d1,) is
n(d/du;,d/0uj) = 6;j A;, where Ay = 4[2_1/2 = —A,. Restrict to the point of M
with coordinates (u,u;) = (2,—2) or, equivalently, (¢;,%,) = (0,3). Then A; =

% = —A, determines the TFT and

(2 0 1 0
0=(52) v=i(0)

determines R(z) € L®GL(2, C) and T'(z) € z2C?2[z] via (21) to get

_ (6m)! -1 (=D)™6mi m
23) R(Z)_;(6m—1)(3m)!<2m)!(—6mi (1! )(”ITZ) |

T(z) = z(1— R~ (z)(1)), where 1= %( 11 )

The triple (R(z), T(z),1) € LAOGL(N, C) x z2CN[z] x CN in (23) produces the
cohomological field theory 242 associated to the A, singularity at the point (¢, ;) =

(0, 3) via Definition 5.2 in the next section.
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Remark 4.5 The matrix R(z) defined in (23) — which uses the normalised canonical
basis for H, so that n is the dot product—is related to the matrix R(z) in [47] by
conjugation by the transition matrix ¥ from flat coordinates to normalised canonical
coordinates

(6m)! (1+6m)/(1—6m) 0\[/0 1\" mo
=Y S mam( o 1) (Vo) (e

for {1
1
U= .
ﬁ(i —i)

5 Givental construction of cohomological field theories

Givental produced a construction of partition functions of cohomological field theories
in [29]. He defined an action of the twisted loop group, and elements of z2CN[z]
known as translations, on partition functions of cohomological field theories and used
this to build partition functions of semisimple cohomological field theories out of
the basic building block ZXW (%, 19,1, ...) combined with the vector 1 € CN which
represents the topological field theory. This action was interpreted as an action on the
actual cohomology classes in H* (M ¢.n» C), independently, by Katzarkov, Kontsevich
and Pantev, and Kazarian and Teleman; see [47; 49].

The Givental action is defined on more general sequences of cohomology classes in
H*(Mg ., C) such as the collection of classes Og , or Q?’n defined from any CohFT
Qg n in Definition 4.2. If Qg , is semisimple, the classes an can be obtained by
applying Givental’s action to the collection O 5.

5.0.1 The twisted loop group action The loop group LGL(N, C) is the group of
formal series

o0
R(z) = Z szk,
k=0
where Ry are N x N matrices and Ry € GL(N, C). Define the twisted loop group
L@®GL(N, C) c LGL(N, C) to be the subgroup of elements satisfying Ry = I and
R()R(-2)" =
Elements of L?>GL(N, C) naturally arise out of solutions to the linear system (20)

given by (d/dz—U —V/z)Y =0, where Y(z) € CV, U = diag(u;, ..., un) for u;

Geometry & Topology, Volume 27 (2023)



2728 Paul Norbury

distinct, and V' is skew-symmetric. One can choose a solution of (20) which behaves
asymptotically for z — oo as

Y(2)=Rz"e?V, R()=1+Riz+Rpz?+---.

This defines a power series R(z) with coefficients given by N x N matrices, which is
easily shown to satisfy R(z) RT (—z) = I; hence, R(z) € LAGL(N, C).

Givental [29] constructed an action on CohFTs using a triple
(R(z), T(2),1) € LYGL(N, C) x 22CN[z] x CN
as follows. For a given stable graph I" of genus g and with n external edges, we have

¢r:Mr = ]_[ Mgy nw) = Mgn.
velV(I')
Given (R(z), T(z),1) € LAGL(N, C) x z2CN[z] x CV, Givental’s action is defined
via weighted sums over stable graphs. For R(z) € LAGL(N, C), define

I-R 'R (w)T
(‘:(Z,u))= Z(j_)w (w) — Z 5ijwlZJ’

i,j=0
which has the power series expansion on the right since R~!(z) is also an element of
the twisted loop group, so the numerator 7 — R~ (z) R~'(w)T vanishes at w = —z.

Definition 5.1 For a stable graph I" denote by
vIT), E@), HI), LI)=L*T)uL*I)

its sets of vertices, edges, half-edges and leaves. The disjoint splitting of L(I") into
ordinary leaves L* and dilaton leaves L*® is part of the structure on I'. The set of half-
edges consists of leaves and oriented edges, so there is an injective map L(I") — H(T")
and a multiply defined map E(I') — H(T") denoted by E(I') 3 e {e™, e~} C H(T).
The map sending a half-edge to its vertex is given by v: H(I') — V(I"). Decorate I"
by functions

g: V@) =N, o:VIT)—={l,...,N},

k:HT)—-N p:L*T)={1,2,...,n},

such that k|ger) > 1 and n = |L*(T")|. We write g, = g(v), oy = 2(v), g = (v({)),
pe = p(¢) and kg = k(£). The genus of T'is g(T') = b1 (I') + X_yep(r) &(v). We say
I' is stable if any vertex labelled by g = 0 is of valency > 3 and there are no isolated
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vertices labelled by g = 1. We write n, for the valency of the vertex v. Define Gg ,
to be the finite set of all stable, connected, genus g, decorated graphs with n ordinary
leaves and at most 3g — 3 + n dilaton leaves.

Definition 5.2 [47; 49] Given a CohFT Q' = {Q/g’n} and
(R(2). T(z)) € LAGL(N, C) x z22CN[],

define R-T - Q' = Q@ = {Q,,,} by a weighted sum over stable graphs,

24) Qgni= Y. A t(r)|(¢r)* « [T v J] we [] wo

IeGgn velV(I') ecE() LeL(T)
€ H*(Mg,n, C),

where 7 is the map that forgets dilaton leaves. Weights are defined as follows:

(1) Vertex weight w(v) =Q at each vertex v.

/
g(),ny
(i) Edge weight w(e) = E(Y), ¥)) at each edge e.

(Ypey) ateach ordinary leaf £ € L*,

iii) Leaf weight w({) =
(i) 8 © {T(I/fp(e)) at each dilaton leaf £ € L°.

We consider only the even part of H*(Mjg », C), so (24) is independent of the order
in which we take the product of cohomology classes. If {Q2g ,} is a CohFT defined
on (C,n) for H 2 CV, then the classes {Q gn) in (24) satisfy the same restriction
conditions and hence define a CohFT on (C, 1) with the same degree zero, or topological
field theory, terms as those of Q’. If we choose 7'(z) = 0, then the sum in (24), which
is over stable graphs without dilaton leaves, defines the action of the twisted loop
group on CohFTs. If we choose R(z) = I, then (24) is a graphical realisation of the
translation action of T'(z) € z2 H[[z] on a CohFT Q2 , defined by

(T-Q)gn(v1 ®: @ vp)
= 1 © @ U ® Tt 1) ® - ® T(nm),

m=0
where 77: Mg ntm — Mg is the forgetful map. The sum over m € N defining
(T - Q) g.p is finite since T'(z) € z2 H[[z], so dim Mg pm = 3g — 3 +n + m grows
more slowly in m than the degree 2m coming from 7, resulting in at most 3¢ —3 +n
terms. We can relax this condition and allow 7'(z) € zH[z] if we control the growth

of the degrees of all terms of Q/, , in n to ensure 7'(z) produces a finite sum. In

g.n

particular, ®g ,, and more generally Qe g.n for any CohFT Q/, ., is annihilated by terms

g.n
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of degree > g — 1; hence, the sum defining (7'Q’)¢ , consists of at most g — 1 terms
when T'(z) € zH|z].

The tensor product © > Q© given in Definition 4.2 commutes with the action of
R and commutes with the action of 7" up to rescaling. For a CohFT €2, and R(z) €
L®GL(N, C) and T(z) € zCN[],

(25) (R-0)°=R-Q° (T)-Q°=1-Q°.

The first relation in (25) uses the restriction properties (ii) of ® , and the second of
these uses the forgetful property (iii) of ®¢ , to see

”*Q?,n+m(® v ® ® T(Wn-i—i))

i=1 i=1
n m
= ﬂ*Qg,n+m(® v ® ® T(wn-l—i)@g,n-i-m)

i=1 i=1

= ®g,n7T*Qg,n+m ( ® Vi ® ® T(Wn—i—i) 1_[ 1pn—i—t‘)

i=1 i=1 i=1

n m
= Og.n7x82g.n+m ( ® Vi ® ® Vn+i T(¢n+i))

i=1 i=1
and sum over m to get T-Q® = (z7)-Q°.

The Givental-Teleman theorem [29; 52] proves that the action defined in Definition 5.2
is transitive on semisimple CohFTs. In particular, a semisimple CohFT defined on a
vector space of dimension N can be constructed via the Givental action on N copies
of the trivial CohFT. Given a semisimple CohFT €2, there exists

(R(2).T(z),1) € LDGL(N, C) x 22CN ] x CN

such that Qg , is defined by the weighted sum over graphs (24) using R(z), T(z)
and ng,n given by the topological field theory underlying €2 ,. Note that a semisimple
topological field theory of dimension N is equivalent to 1 € C™ which gives the unit
vector in terms of a basis in which the product is diagonal and the metric 7 is the dot

product, known as a normalised canonical basis.

On the level of partition functions, the construction of a semisimple CohFT from the
trivial CohFT is realised via an action of quantised differential operators R and 7" on
products of Z KW(h, 19,11, ...), a KdV tau function defined in the next section.
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Definition 5.3 Define, for R(z) = eXP(Ze>o VgZe) e LAOGL(N,C) and T(z) =
Y k>0 T,g‘zk € zCN[z],

£—1 82
_exp{zz(z(rk)ﬂzkaa 30 Y Dm0y )}

(=1 a,8 k=0 m=0 Aoty

Pme( X Y75 )

a=1k>0
The partition function of (24) is given in [19; 29; 49] by
(26) Zq(h.{tg})
=R-T-1.- 2% () - 2V, ')

_ 1 _ _ _
:exp{Zhgl > AT [T 2w ] @@ [] w(lf)}.

g.n reG veV (D) ecE(D) ¢eL(D)

The operator 1 rescales the variables A- ZXW (#, {12} = Z*V((1%)%h, {1%12'}). Vertex
weights W(v) store products of ZXW corresponding to the partition function of a
topological field theory, edge weights w(e) store coefficients of the series £(w), z), and
leaf weights W (£) store the variables #}? in a series weighted by coefficients of the series
R™1(—z). We do not give explicit formulas for the weights — see [19; 29; 49] —and
instead use an equivalent elegant formulation given by topological recursion, defined
in Section 5.2.

A consequence of the relations (25) is the following proposition, which modifies the
construction of a semisimple CohFT € to produce Q©:
Proposition 5.4 Given a semisimple CohFT <2 defined via (24) using
(R(z),.T(2),1) € LYGL(N, C) x 22CN[z] x CV,
the collection of classes € is defined via (24) using
(R(z) 17, 1) e LAOGL(N,C) x zCN[z] x CV

and
Q/g’n — @g,n R Qg?l H®n — H4g—4+2n(/\—/1g’n’ C)

for Q§01)1 the degree 0 part of Qg , determined by the vector 1 € CN. TIts partition
function Zge (h,{}'}) is obtained by replacing each copy of Z KW (h, {tx}) in (26) by
a copy of Z® (h, {t}}) and shifting the operator T.

Geometry & Topology, Volume 27 (2023)



2732 Paul Norbury

5.1 KdV tau functions

The KdV hierarchy is a sequence of partial differential equations beginning with the
KdV equation,

(27) Ui, = UUsy + 151Uk 1019, Ult0,0,0,...) = f(to).

A tau function Z(ty, #1, . ..) of the KdV hierarchy (equivalently the KP hierarchy in
odd times pay41 = tm/(2m + 1)!1) gives rise to a solution U = # 9% (log Z)/atg of
the KdV hierarchy. The first equation in the hierarchy is the KdV equation (27), and
later equations Uy, = Py (U, Uy, Uty - .. ) for k > 1 determine U uniquely from
Ul(1),0,0,...). See [40] for the full definition.

The Kontsevich-Witten tau function ZXW is defined by the initial condition
UW(1,0,0,...) =1,
for UKV = %02 (log ZKW)/atg. The low-genus terms of log ZXW are

log Z"V(h to. t1....) =071 (Jitg + atots + algta + ) + 55t + o

Theorem 5.5 (Witten and Kontsevich [36; 54])

ZKW(h,to,tl,...)zepohgl i Z/ ]‘[w”’ftm,
g.n

keN”n Men i1

is a tau function of the KdV hierarchy.

The Brézin-Gross—Witten solution UBSY =192 (log ZBW) /912 of the KdV hierarchy
arises out of a unitary matrix model studied in [6; 30]. It is defined by the initial
condition

h

UBV(.,0,0,.. )= —.
(to ) 81102

The low-genus g terms (= coefficient of #8~1) of log ZBSW are

4! 2 15 &)
+h- :
28 (1_ 0)3 1024 (1—10)5
2

4
+h* S ﬁ-l-O(h)

(28) log ZBOW = _1 g log(1—10) +7-

= Lo+ ety + -+ (gt + oglots +++)
2 /2
+h (1024t2+ 1024 +)
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It satisfies the homogeneity property

0 BGW
al()Z (h,t9,t1,...)

o0
= Z (2i + Dty - ZBGW(h to.tr....)+ 525N (h.to.11....),
i=0
which coincides with (15), satisfied by Z® (4, 1,11, ...). A proof of this homogeneity
property for ZBSW can be found in [2; 14].

The tau function ZBSY (#, 19, ¢1, .. .) shares many properties of the famous Kontsevich-
Witten tau function Z¥W (%, 19,1, ...) introduced in [54]. An analogue of Theorem 5.5
is given by Conjecture 1.5, which postulates that the function

A N 1‘[w [Te

gnk

coincides with ZBSW(#, 19,1, ...). The tau function ZBSW appears in a generalisation
of Givental’s decomposition of CohFTs in [9].

Definition 5.6 Given a semisimple CohFT €2 with partition function Zg (%, {1}'})
constructed as a graphical sum, via (26),

Zat AN =R-T-1- 2@ i) - 2V (0, ('),
define
ZgN (g = R-To-1- 2PNV, 41l - 25V (A,
where To = T /z(z2).
The same shift 7o = %T(z) is used by ZBSV (%, {#;}) and Z® (%, {t}) due to their
common homogeneity property (15). One can also replace only some copies of
ZXV(h, {t;}) in (26) by copies of ZBSW(#, {t;}) and shift components of T. For

example, in [13], the enumeration of bipartite dessins d’enfant is shown to have
partition function

(29) Z(h () = R-T - 25V (~1n, i{%ﬁzz,g})zKW@zh, (4212}

for R and T determined by the curve x3? + xy + 1 = 0 as described in Section 5.2.
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R(Z) c L(z)GL(N, (C) Givental construction N ZQ (h, {Z]?})
T(z) € 22CN[z],1eCN

topological recursion

S=(C,x,y,B)

Z5 (h A1)
Figure 1: Constructions of CohFT partition functions.
5.2 Topological recursion

Figure 1 summarises the contents of this section. The upper horizontal arrow in the
figure represents Givental’s construction of a partition function defined in (26) and
Definition 5.2. Topological recursion is defined in Section 5.2 — it produces a partition
function from a spectral curve S = (C, x, y, B) consisting of a Riemann surface C
equipped with meromorphic functions x and y and a bidifferential B. We begin with a
description of the left vertical arrow, which represents the construction of an element
R(z) € LDGL(N, C) from (C, x, B) in (30) and T'(z) and 1 from (C, x, y) in (36)
and (35). We then define topological recursion in Section 5.2.1 and state the result
of [18], that topological recursion encodes the graphical construction in (26) and gives
equality of partition functions, represented by the right vertical arrow.

An element of the twisted loop group R(z) € LAGL(N, C) can be naturally con-
structed from a Riemann surface X equipped with a bidifferential B(p, p;) on ¥ X X
and a meromorphic function x: ¥ — C for N the number of zeros of dx. A basic
example is the function x = z? on ¥ = C, which gives rise to the constant element
R(z) =1 € GL(1,C). More generally, any function x that looks like this example
locally, ie x = s2 + ¢ for s a local coordinate around a zero of dx and ¢ € C, gives
R(z) =1+ Ryz+--- € LDGL(N, C), which is in some sense a deformation of
I € GL(N,C), or N copies of the basic example.

Definition 5.7 On any compact Riemann surface (X, {A4;};=1,....¢) With a choice of

A-cycles, define a fundamental normalised bidifferential of the second kind B(p, p')
to be a symmetric tensor product of differentials on £ x ¥, uniquely defined by the
properties that it has a double pole on the diagonal of zero residue, double residue equal

to 1, no further singularities and normalised by fpeA,» B(p,p'y=0fori=1,...,g[27].

Geometry & Topology, Volume 27 (2023)



A new cohomology class on the moduli space of curves 2735

On a rational curve, which is sufficient for the examples in this paper, B is the Cauchy

kernel dzy dz,
B(ziz) = 2
(z1 —22)

The bidifferential B(p, p’) acts as a kernel for producing meromorphic differentials on
the Riemann surface X via w(p) = fA AMp")B(p, p’), where A is a function defined
along the contour A C X. Depending on the choice of (A, A), w can be a differential
of the 1% kind (holomorphic), 2™ kind (zero residues) or 3™ kind (simple poles).

Definition 5.8 For (X, x) a Riemann surface equipped with a meromorphic function,
define evaluation of any meromorphic differential w at a simple zero P of dx by

w(p)
V2(x(p) —x(P))’

where we choose a branch of /x(p) —x(P) once and for all at P to remove the £1

w(P) :=Resp=p

ambiguity.

A fundamental example of Definition 5.8 required here is B(P, p), which is a nor-
malised (trivial A—periods) differential of the second kind holomorphic on X\P with a
double pole at the simple zero P of dx.

In order to produce an element of the twisted loop group, Shramchenko [50] constructed
asolution Y (z) of the linear system (20) using V' =B, U] for B,g = B(Py, Pp) (defined
for o £ B) given by

vz -
Y =—— / B(Py. p)-e~*PI%.
b 21 I's “

The proof in [50] is indirect, showing that Y(Z)j- satisfies an associated set of PDEs
in u; and using the Rauch variational formula to calculate d,, B(Py, p). Instead, here
we work directly with the associated element R(z) of the twisted loop group.

Definition 5.9 Define the asymptotic series in the limit z — 0 by
- vz Pa)—x(p)
(30) RU2)%=—"L= | B(Pa, p)-exP=x)/z
(),3 2 s (Po» p

where I'g is a path of steepest descent for —x (p)/z containing x (Ppg).

Note that the asymptotic expansion of the contour integral (30) for z — 0 depends only
the intersection of I'g with a neighbourhood of p = Pg. When o = 3, the integrand has
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zero residue at p = Pg, so we deform I'g to go around Pg to get a well-defined integral.
Locally, this is the same as defining fR s72 exp(—s?) ds = —2./7 by integrating the
analytic function z72 exp(—z2) along the real line in C deformed to avoid 0.

Lemma 5.10 [50] The asymptotic series R(z) defined in (30) satisfies the twisted
loop group condition

(31) R(z)RT (—z) =1d.

Proof The proof here is taken from [16]. We have

B(p.q)B(p'.q)
dx(q)

N
(32) > Resq=p,
a=1

B(p.q)B(p'.q)
dx(q)

B(p.¢)B(p'.q)
dx(q)

_ B(p, p") B(p, p’)
= _d”( dx(p) )_df’/( ax(p') )

where the first equality uses the fact that the only poles of the integrand occur at

= —Resg=p Resg=p

{p.p'.Pa|a=1,..., N}, and the second equality uses the Cauchy formula satisfied
by the Bergman kernel. Define the Laplace transform of the Bergman kernel by
X (Pa)/z1+x(Pg)/ 22

B(p, p')e *W/z1=x(p)/z
2w Jz122 /a [Fﬁ

The Laplace transform of the left-hand side of (32) is

N
ex(Pa)/Zl+x(Pﬂ)/zz / / e_x(p)/zl_x(p/)/z2 Z Resq=73 B(p’ Q)B(p/,q)
Iy /T3 g

B%P(z),2,) =

27w . /Z122 . dx(q)
N x(Pa)/z1+x(Pg)/z2
_\ ¢ —x(p)/z1 / —x(p)/22 B( '
= e B(p,P e B(p',P
L ammm P P
B i [R_I(Zl)]Z[R_l(Zz)]Z
y=1 2122 '

Since the Laplace transform satisfies

/F d(%(ffj;))e—x(p)/z:é/r o(p)e—* Dz
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for any differential w(p) by integration by parts, the Laplace transform of the right-hand
side of (32) is

X P mx Pz / / e—x(p)/zl—x(p/)/zz{d (M)+d,(M)}
21 /212, I, Jrg P\ dx(p) P\ dx(p')

= —(% + %)BQ’B(ZI ,Z22).

Putting the two sides together yields the result, due to Eynard [21],

SR EDIRIR (20
Z1+ 2 '

(33) B%B(zy,2y) = —

Equation (31) is an immediate consequence of (33) and the finiteness of BB (z1,22)
at zp = —z3y. O

5.2.1 Topological recursion Topological recursion is a procedure which takes as
input a spectral curve, defined below, and produces a collection of symmetric tensor
products of meromorphic 1-forms wg , on C". The correlators store enumerative
information in different ways. Periods of the correlators store top intersection numbers
of tautological classes in the moduli space of stable curves M g¢,n and local expansions
of the correlators can serve as generating functions for enumerative problems.

A spectral curve S = (C, x, y, B) is a Riemann surface C equipped with two mero-
morphic functions x, y: C — C and a bidifferential B(p, p,) defined in Definition 5.7,
which is the Cauchy kernel in this paper. Topological recursion, as developed by
Chekhov, Eynard and Orantin [8; 22], is a procedure that produces from a spectral
curve S = (C, x, y, B) a symmetric tensor product of meromorphic 1-forms wg
on C" for integers g > 0 and n > 1, which we refer to as correlation differentials or
correlators. The correlation differentials wg , are defined by

wo,1(p1) = —y(p1)dx(p1) and wo2(p1.p2) = B(p1,p2)

and, for 2g —2 4 n > 0, they are defined recursively via

wgn(p1, pPL)
= Z Resp=a K(p1. p)

dx(o)=0 o
-[wg—l,n+1(p,ﬁ,PL)+ > wg1,|1|+1(Pvpl)wg2,|J|+l(ﬁ’PJ)j|-

g1+82=¢
IuJ=L
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Here, we use the notation L = {2,3,...,n} and p;r = {pi,, piy»..., pi s for I =
{i1,i2,...,ir}. The outer summation is over the zeroes @ of dx and p +— p is the
involution defined locally near « satisfying x(p) = x(p) and p # p. The symbol o
over the inner summation means that we exclude any term that involves wy ;. Finally,
the recursion kernel is given by

K(p1.p) =3 /s 02pr)
[v(p) = y(P)ldx(p)

which is well defined in the vicinity of each zero of dx. It acts on differentials in p and
produces differentials in p; since the quotient of a differential in p by the differential
dx(p) is a meromorphic function. For 2¢g —2 4+ n > 0, each wg , is a symmetric
tensor product of meromorphic 1-forms on C” with residueless poles at the zeros
of dx and holomorphic elsewhere. A zero « of dx is regular if y is regular at «,
and irregular if y has a simple pole at @. A spectral curve is irregular if it contains
an irregular zero of dx. The order of the pole in each variable of wg , at a regular
(resp. irregular) zero of dx is 6g —4 + 2n (resp. 2g). Define ®(p) up to an additive
constant by d®(p) = y(p) dx(p). For 2g —2+n > 0, the invariants satisfy the dilaton
equation [22]

> “Resp=a P(P)0gnt1(P. P12 pn) = (28 =2+ Mwgn(p1.-- .. Pa).
o

where the sum is over the zeros « of dx. This enables the definition of the so-called
symplectic invariants

Fe = Z Resp—a ®(p)wg,1(p).
o

The correlators wg , are normalised differentials of the second kind in each variable
since they have zero A—periods, and poles only at the zeros P, of dx of zero residue.
Their principal parts are skew-invariant under the local involution p — p. A basis of
such normalised differentials of the second kind is constructed from x and B in the
following definition:

Definition 5.11 For a Riemann surface C equipped with a meromorphic function
x: C — C and bidifferential B(p;, p,) define the auxiliary differentials on C as

follows. For each zero P, of dx, define
(34) Vo (p) = B(Pa,p), Vi (p)=—d Véw
0 k+1 dx (p)

fora =1,...,Nand k =0,1,2,..., where evaluation B(P,, p) at Py is given in
Definition 5.8.
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The correlators wg,, are polynomials in the auxiliary differentials V;*(p). To any
spectral curve S, one can define a partition function Z* by assembling the polynomials
built out of the correlators wg , [18; 21; 45].

n

o _hg_l
Definition 5.12  Z5 (A, {ug}) ==exp Z ! wg’s'
g.n

V& (pi)=uj

As usual, define Fy to be the contribution from wg 5,

log ZS (h. {uf}) =Y hEF7 ({ui}).
£=0

5.2.2 From topological recursion to Givental’s construction The input data for
Givental’s construction is a triple (R(z), T(z),1) € LAGL(N, C) x z2CN[z] x CN.
Its output is a CohFT €2, and its partition function Zgq (%, {#'}). The input data for topo-
logical recursion is a spectral curve S = (C, x, y, B). Its output is the correlators wg 5,
which can be assembled into a partition function Z5 (4, )}

From a compact spectral curve define a triple

S =(C,x,y,B) > (R(2),T(z),1) € LDGL(N, C) x zCN[z] x CN

by
(C.x,B)—~ R(z) € LPGL(N, C)
via (30),
(35) 1 = dy(Pa) if Py is regular,
dx)(Py) if Py is irregular,
(v g

which is the unit in normalised canonical coordinates, and

1 — . .
z(l"‘ - / dy(p)-ex P x(p))/z) if Py is regular,
V2mzJ Ty

1 _ . ..
y(p) dx(p)-exPI=xPN/z if P, is irregular.
V2rz /Fa

(B6) T(2)* =
17—

Note that

lim !

d e
B SVor=l N y(p)

which defines 1; hence, the right-hand side of (36) lives in z2CN[z] (resp. zCN[z])
when P, is regular (resp. irregular). If © is a CohFT with flat unit—see (12)

(x(Po)—x(p))/z _ dy(Pa) if Py is regular,
(y dx)(Py) if Py is irregular,

Geometry & Topology, Volume 27 (2023)



2740 Paul Norbury

in Section 4—given by 1 € C¥, then 1 determines the translation via T'(z) =
z(1— R 1(2)1) € z2CN[z]. In this special case, y satisfies

N
_ _ 1 _
37 (R'HD*=>_R H)2- A2 = _/ dy(p) - eXP)=5®)/z
=1 k- Tk V2mz Jr,

which uniquely determines y from its first-order data {dy(P)} at each Py.

The map (C, x, y, B) — (R(z), T(z), 1) produces the left vertical arrow in Figure 1
and its generalisation to irregular spectral curves, ie a correspondence between the
input data, and via the graphical construction (26) this produces the same output
Za(h {1} = ZS(h, {7 }), which is the main result of [18], stated in the following
theorem:

Theorem 5.13 [18] Given a CohFT €2 built from
R(z) e LDGL(N,C), T(z)ez*CN[z], 1ecCVN
via Definition 5.2, there exists a local spectral curve
S=(,x,y,B)—~> (R(2),T(2),1)

on which x and B correspond to R(z) via Definition 5.9 and y corresponds to T'(z)
and 1 via (36) and (35), giving the partition function of the CohFT

Zoh Atf}) = Z5 (h. {tf}).

In general, the spectral curve S in Theorem 5.13 is a local spectral curve which is a
collection of disk neighbourhoods of zeros of dx on which B and y are defined locally,
although we only consider compact spectral curves S in this paper. Theorem 5.13 was
proven only in the case 7(z) = z(1 — R™!(z)1) in [18] but it has been generalised to
allow any T'(z) € z2CN[z]; see [9; 37]. We will use the converse of Theorem 5.13,
proven in [16], beginning instead from S. Theorem 5.13 was also generalised in [9]

to show that the operators ¥, R and 7 acting on copies of ZBGW

analogous to (26)
arises by applying topological recursion to an irregular spectral curve. Equivalently,
periods of the correlators of an irregular spectral curve store linear combinations of
coefficients of log ZBOW. The appearance of ZBSVY is due to its relationship with

topological recursion applied to the curve x = %22, y=1/z[14].

5.2.3 Spectral curve examples We demonstrate Theorem 5.13 with four key exam-
ples of rational spectral curves equipped with the bidifferential B(py, p,) given by
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the Cauchy kernel. The spectral curves in Examples 5.14 and 5.15, denoted by Sajry

ZKW and ZBGW

and Sps, have partition functions , respectively. Any spectral curve
at regular (resp. irregular) zeros of dx is locally isomorphic to Sajry (resp. Sges). A
consequence is that the tau functions Z¥W and ZBSW are fundamental to the correlators
produced from topological recursion. Moreover, the topological recursion partition
function Z9 is constructed via (26), using a product of copies of ZXW and copies
of ZBOW as in (29), where R and T are obtained from the spectral curve as described
in Section 5.2.2. The third example, given by Theorem 5.16, brings together ZX¥W and
Z© and conjecturally ZBSY in the limit. Proposition 5.4, which gives the relationship
between the Givental construction of a semisimple CohFT  and its associated QBSW,
has an elegant consequence for spectral curves. This is demonstrated explicitly in
the fourth example, which shows the relationship between the spectral curves of a

CohFT Q42 associated to the A, singularity and ($242)BOW,
Examples 5.14 and 5.15 below use the differentials
Em(2) = @m + DNz=@m+2D) g2

defined by (34) for x = ;z with respect to a global rational parameter z for the curve
C=C.

Example 5.14 Topological recursion applied to the Airy curve

Sairy = (C,X= %22,y=z,B=—)

produces correlators which are proven in [23] to store intersection numbers

W = Z/ l_lw””(ZmzH) d’

mez” Men j=1

and the coefficient is nonzero only for Y ;_; m; = 3g — 3 + n. Hence,

Z"V(h, 1o, t1,...) = Z54 (h, 1. 14, . . )—CXPZ - g

Em(zi)=tm

—epo he—

g.n,m

/ l_[(l/fm' Im;)-

Men j—y

Example 5.15 Topological recursion applied to the Bessel curve

dzdz' )
B=_—""_
(z—2")?

(N7}
Ny | —

SBes = (C,X= 122, y=

Geometry & Topology, Volume 27 (2023)



2742 Paul Norbury

produces correlators
wgs =Y be(my.... mn)l_[(2m,—|—l) o +2,
EeZﬁ_ i=1 %
where bg(my,...,my 0 only for Y 7_. m; = g — 1. It is proven in [14] that
g y i=1 p

Bes

ZBGW(h,lo,tl,...):ZSB“(h,lo,ll,. .
Em(Zi)=lm

122 —t-logz, by

For the next example, define differentials &5, (z, ), using x =
égl(z,t) =11224z,
' (z.1) = dz,

(38) £
. (8D
m+1 (1) = _d( dx () )

For m > 0, these are linear combinations of the V,;', (p) defined in (34). The following

=0,1,m=-1,0,1,2,....

theorem uses the Chern polynomial

C(EG ot) =1+ 1-c1(ES ) + 12 co(ES,) + € HX (AP Q). G efo, 1}

Theorem 5.16 [37] Topological recursion applied to the spectral curve

(39) x=1z2—t.logz, y=:z"1, B=dZ—dZ/
2 (z—2z")2

produces correlators wg , satisfying

(40) a)g,n(t,zl,---,zn)

_Z( 1)n28=2+n)! g/M p*c( gn’_)l—[wm, ii(Zi,l)-

G,m &.n i=1

Proof Theorem 5.16 is a specialisation of a theorem in [37] which applies to a
generalisation of the moduli space of spin curves to the moduli space of r—spin curves

~

Ml/r_{(c 0 Pls---spn’¢)|¢39ri>a)c }

For any s € Z, there is a line bundle £ on the universal r—spin curve over M i,/ ,f
with fibres given by the universal ™ root of (wé"g)s

defines a virtual bundle over M é/ ,f . For example, when s = 1 and r = 1, —R*74&

. Its derived pushforward R*m.&
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is the Hodge bundle, and, when s = —1 and r = 2, —R*n4€ = Eg, coincides
with Definition 2.1 (where £¥ has now become £ due to s = —1.) Note that [37]
considers ™ roots of (wlog)s ( Yo pi) for C the underlying coarse curve of C
with forgetful map p: C — C. The ' roots in [37] coincide with the pushforward
|60 = p«6, which is the locally free sheaf of Z,—invariant sections of the pushforward
sheaf of 6, and the isotropy representation at p; determines o; as described in Section 2.
For r =2, ie 0% =~ a)C , at any point p; banded by the pushforward locally satisfies
10> = wc(2pi) = a)Cg(p,) hence, (|0|V)? = (a)log) (—pi), which corresponds to
o; = 1. At any point p; banded by 0, the pushforward does not change local degree
and corresponds to 0; = 0.

The Chern character of the virtual bundle —R*74€ is given by Chiodo’s general-
isation of Mumford’s formula for the Chern character of the Hodge bundle. For
0€e{0,1,...,r—1}, let j,: Sing, — Ml/r be the map from the singular set of the
universal spin curve banded by o/r, where now the local isotropy is Z,. Let B, (x)
be the m™ Bernoulli polynomial. Chiodo [10] proved

* _ Bunt1(5/1) N~ Bmyr(mi/r)

(41) ch(R n*g)_mgo(mxm izl—(’”“)! !
m+1(0/r) WT+(—1)"’“WT)
Z (m+ 1 Ty Ty '

The total Chern class of a virtual bundle c(E — F):=c¢(E)/c(F) can be calculated
from its Chern character and in this case is given by
o0
(—R*my&) = exp( > (=D m -1 chm(R*n*E)).
m=1

The components of M ;,/ » are given by M;/ nr 5 for 6 € Z". The pushforward of the
restriction of ¢(— R*m«€) to a component is known as the Chiodo class

Cg’n(r, S, 6) = p*C(_R*TL—*S|M1/r ﬁ) € H*(Mg,n, Q)

g.n.o

The sum of this pushforward over all components of M i,/ . is expressed as a weighted

sum over stable graphs in [32] which encodes a twisted loop group action as described
in Section 5, with edge and vertex weights proven in [37, Theorem 4.5] to exactly
match the edge and vertex weights arising from the spectral curve
r1+s/r s _ dZdZ/

z5 = .
(z—1z")2

x=z"—logz, p=
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In particular, the term exp(—Y_,,(Bmu+1(s/r)/m(m + 1))k, ) which arises from the
Y m(Bmy1(s/r)/(m + 1))k, terms in Chiodo’s formula exactly matches the local
expansion of dy. More precisely, by [37, Lemma 4.1],

1 P =x (PN N B /1) m
@) [ e POy e -3 TR )

where ~ means the asymptotic expansion in the limit # — 0.

Hence, topological recursion applied to this spectral curve produces correlators with

¥4

. . . — X — (7 _ I
expansion in terms of the local coordinate e *i = ¢™*(@) = z;¢™% around z; = 0,

(43) a)g,n(Zl, e Zn)

~ - Jei)r el g (o=kiki Cen(r,53 (=), ’
2 et ¢ )ﬁ@nnﬂdf—@MU%)

kez” i=1
where ~ means expansion in a local coordinate, (—lg)r €{0,...,r — 1} the residue
class of —k modulo r, and k7]
clk)= W
We have used £ = z" —logz and y = (r!15/7 /5)z* here, rather than X = —z” +log z

and y = z% as used in [37], because the convention for the kernel K(p;, p) used here
differs by sign from [37], and also to remove a factor of (r!+5/7 /5)2=28=" from the
correlators. Chiodo’s formula and the asymptotic expansion (42) are true for any s € Z;
hence, (43) holds for any s € Z, although it is stated only for s > 0 in [37].

In [37], (—12), e{l,...,r}"; however, replacing k; = r by k; = 0 leaves the Chiodo
class invariant since it does not change the component, but rather it twists the universal
bundle £ over the component, resulting in adding a direct summand of a trivial bundle to
the virtual bundle — R* 7, & which does not affect the total Chern class. The invariance
of the total Chern class, or equivalently the positive-degree terms of the Chern character,
can also be seen in Chiodo’s formula via properties of the Bernoulli polynomials.

We will use (43) in the case r = 2. Define
Em—1(2)
dx(z)

which have local expansion at z = 0 given by
@~ > kme(kyd(e™).

keZy
k=0 (mod 2)

£ =2zdz, £ =d:, é,?,(z)=—d( ) oel{0,1}, me{0,1,2,...},
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Each ¢; in the denominator of the right-hand side of (43) produces monomials
(%ki w,-)mi; hence, (43) with r = 2 becomes

Ogn(Z1,....20) = Z/ Con(2,s; J)nwm, (z 20/2, —m;

i=1

Change (X, ) — (x, y) by

IS z 1 1.2 1.,.5/2a( Z s
x—tx(—)——tlo 2t) =5z —t-logz, = =5t (—)—Z.
5) "2 g(21) = 5 gz, y=3 N5
The differentials defined in (38) using x are given by

e = Pl ().

Hence,

a)g,n(t’zl, s ’Z’l)

2—2g—n ~ 21 Zn
== (%Sts/2+1) Cl)gn(_,...,
’ ,‘( 4/
= (Lsrs/2H1)272em ”Z/ Cen(2, s U)me' (f)za/zl —m;

i=1

( Sls/2+1 228 nZ/ Cg n(2 S, O')l_[tm +1/2wmléal (21)2_’”'

i=1

2-2 i  £0i
_ (Ll ngz / Com2os:3) [T ()™ 065, )

i=1

Mg.n

n
_ Y 02 m 21 22 / Con(2.5:5. %) [T v oo,
o.,m i=1

where the last equality uses (%t)zmi = (%t)3g_3+n_deg for the degree operator

deg ck(Eg’n) = k then (%t)_deg is absorbed into the Chern polynomial. Set s = —1 to
get the desired result. a

The classes ®g 5 arise in the limit

hm a)g,,(z Zlyew- Zn) Z[ ®gn melgm (Z)

i=1

for £, (z) = 2m + D z=@m+2) 4z We explain the relationship of this limit with
Conjecture 1.5 in Proposition 6.1.
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5.2.4 A, singularity In this section we calculate the spectral curves of the CohFT
Q42 and (242)®. We begin with a general result relating the spectral curve of any
semisimple CohFT 2 with the spectral curve of QBEW,

Proposition 5.17 Given a semisimple CohFT 2 with partition function Zg (h, {1}’ })
encoded by the spectral curve

S=(,x,y,B)

via Theorem 5.13, Z SBzGW(h, {t7'}) is encoded by the spectral curve

o . _dy )
S = (C,x,y— dx’B .
Proof Note that the spectral curves S and S share the same (C, x, B) and hence

produce the same operator ﬁ(z) used in the construction of both Zg and Z S%GW.

Proposition 5.4 shows that a shift in the translation operator T'(z) — T'(z)/z combined
with replacing each copy of ZXW (%, {1;}) in (26) by a copy of Z® (%, {t;}) produces
the partition function of Q®. It relied upon the homogeneity property (15) satisfied
by Z® (. {t;}). But ZBSW (%, {1;}) also satisfies (15); hence, an identical argument to
that in Proposition 4.3 proves that, for a semisimple CohFT €2, the partition function
Z3W (h,{1{}) is obtained by replacing each copy of ZXW (%, {1;}) in (26) by a copy
of ZBSWY(#, {#}) and replacing the translation operator by T'(z) — T'(z)/z.

Given an irregular spectral curve, it is proven in [9] that its partition function is
obtained from (26) with translation operator given by (36). Given a semisimple CohFT
Q encoded by the regular spectral curve S = (C, x, y, B), define y = dy/dx. Then,
since dy = J dx, the translation operator shifts by 7'(z)* — T'(z)%/z, which proves
that QBSW is encoded by the spectral curve S = (C,x,y=dy/dx, B). |

Define the spectral curves
dzdz’'
= C,x=z3—3z,y=2«/—3,B=L ,
(z—2z")2
/=3 B dzdz'
3223 (z=2z)2)

The partition functions associated to S = S4, defined in4.1.4 and S = S/(?Z are built

S4

2

(44)

SN = (C,x:z3—3z,f/:

S
out of correlators wg , by

78!
Z3(h A =exp) oy,
g.n

H

& (z)=1g
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using the differentials &7 (z) defined on C by

45) &=

dz_ (-1)d: _ (5w
(1_2)2_(1+2)2’ §k+1(17)—d(m), ae{l,2}, keN.

These are linear combinations of the V,é' (p) defined in (34) with x = z3 — 3z. The
Vk" (p) correspond to normalised canonical coordinates while the &7 (p) correspond to
flat coordinates. We have

®
ZQAZ - ZSAz, Z(QAZ)@ == ZSAZ.

The equality Z4, = Z S4z was provenin [17]; hence, Z (g 4,00 = Z S/C?z by Proposition
5.17. We verify this by giving the local expansions of B and J for S4,, which helps to
deal with different normalisations in the references. Choose a local coordinate ¢ around
z=—1="P; sothat x(¢) = %12 + 2. Then

_ dz _
B(P],Z)=7%m:dl(t 2_ 144+41472t + - +oddterms)
dz ;
B(Py,1) = \/_( v =dt(—»4 )-

Around z = 1 = P,, the local expansions of B(P,, z) are the same as those above, up
to sign. The odd terms are annihilated by the Laplace transform, and we get

-1 W/ —t2/2)/z _ 35
R (Z)g——m . B(Py,1)-eT1/DE =1 (—1) 437~ aram
R ()% _\/E B(P3_y.t 'e(—t2/2)/z: Z+ 1a351 _‘__._.
()3_0( m ]"O[ ( 3—a ) ( )

Hence, R~ !(z) = I—R12+(Rf—R2)22+-~ = I—Rsz—i-Rszz—l--“ gives

1 -1 —6i 35 -1 12
Ry = Ry =3
! 144(—61‘ 1)’ > 41472(—121’ ~1 )

which determines all other Ry, via (21) and agrees with (23) for QA2

The topological field theory is defined by {dy(Py)} for i = 1,2. The translation
operator 7T'(z) is determined by the (Laplace transform of the) local expansion of y
given by (36). Moreover, 42 has flat unit, so in this case the odd expansions of dy is
determined by R™!(z)1 via (37), and hence uniquely determined by the terms dy(Py)
for « = 1, 2. This is visible on the spectral curve by the fact that the poles of dy are
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dominated by the poles of dx, ie dy/dx has poles only at the zeros P; and P, of dx,
and hence, by the Cauchy formula, dy satisfies

N
(46) d(E ) ==Y Resp=p, LB p).
a=1

which is proven in [17] to imply (37). Thus, it remains to show that y defines the correct
topological field theory, representing 1 in normalised canonical coordinates. The local
expansion of dy = «/—3 dz around P; = —1 in the local coordinate x () = %12 +21is

:v-3d=(i— > 1+ 385 t4+---+0ddterms)dl
- V2 14442 124416 /2

and around P, = 1 replace ¢ by i¢. Hence, the Laplace transform is

1 (xPr)—x(p))/z
L s
{ L [F ds(p)-e }

=R (21
1 (1 5 -1 385 1Y) »
=— . J+—== . )e+t—. )+
ﬁ(z) 144ﬁ( z) 41472\/5(1)
Note that dy(P;) = 7 =+/1l and dy(P>) = f = /12 gives the unit 1, and hence

the TFT. Thus, S4, — (R(z) T(z),1) for Q42 as required.

6 Progress towards a proof of Conjecture 1.5

A consequence of the homogeneity property (15) satisfied by both partition functions
ZO9h,t9.11,...) and ZBSWV (A, 19,11, ...) is that, for g > 1, the coefficient of A8~ of
the logarithm of the partition function, ie its genus g part, is a finite sum of rational
functions. They are both of the form

(o,@]
__1 _ g—1 . Culw
log Z(h.to.11....) = —§log(1—to) + Y _ h > ==t
g=2 ukg—1

where #,, := [[t,, for a partition i = (i, ..., un). Hence, for each g, one needs
only match the finite set of coefficients ¢,, parametrised by partitions p of g — 1, of
log Z®(h, to, 11, ...) with those of log ZBSY(h 1,11, ..), to determine equality.

The initial value of [ Mo 11 =% together with (15) produces all genus 1 terms
of log Z®, and the calculation f Mo, ®2,1 v = % from Example 3.5 together
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with (15) produces all genus 2 terms, giving

log Z® = —log(1—10) + h- g - ——— + O(h?).

5]
(1 —10)
Further calculations, such as the genus 3 calculation in the appendix and calculations
up to g = 7 and n = 6 using admcycles [12], prove
(47) log Z® (B, tg. 11, ...) =log ZBV (B, 19,11, ...) + O(H®).

Conjecture 1.5 is reduced to a purely combinatorial or analytic problem in the following
proposition. Recall the spectral curve (39) given by

1.2, 1 p dzdz'
x=3z"—t-logz, =z - -7
2 g y (Z _ Z/)z
with correlators wg , (¢, z1, . .., Zn).
Proposition 6.1 Conjecture 1.5 is equivalent to
(48) lim wg »(t,z1,...,20) = wBes(zl, ey Zn).
t—0

Proof By Theorem 5.16,

Ognlt. 210 z) = SR [ pe( 2 ) T G,
M

G,m g.n i=1

which is regular in ¢ since
rank £g , =2g -2+ 3(n+151),
so the Chern polynomial has degree at most 2g —2 +n in t~!. Hence, for |G| = n,

. _ _ 2 _ 5
th_r)r(l)(—l)nlzg 24751 gp*C<E§n,—) = ()28 e (D) = O,

while, for |6| < n, rank Eg’n <2g—-2+n,s0
. 2g—24n,1— 2\ _
tim (—1)"1 6221 poc(Ef . 2) =o.

Thus, the ¢+ — 0 limit exists to give

i oo ) T

i=1

—Z[ ®gn1‘[w Em, (2)

i=1
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for
Em(z) = lim £} (z.0) = @m + D1 z7Cm+2D) g7,
t—0

Also, lim;_,¢ 5,91 (z,t) =0 for m > 0. The t — 0 limit of the spectral curve (39) gives
the Bessel spectral curve of Example 5.15 with correlators proven in [14] to be given
by

n FBGW(h {l }) n
Bes » Uk
(Zl,...,Z)= ||$,(Z)
n ~ atml ...a[mn b m

Hence, the conjectured limit (48) yields

m BGW h
Z/M @gnnw '5m,()_z T '(.atf:k})némi(Z),
m &n nog=1

i=1

which is equivalent to Conjecture 1.5. |

The subtlety of the limit (48), which is known up to g = 7 for all n by the verification
of Conjecture 1.5 in these cases, can be seen as follows. The correlators are regular
in ¢t; for example,

w0,3(t,21,22,23) = 0(1) == lil’lz)a)oﬁ(l,Z],Zz,Z?,) =0.
t—

However, the coefficients in the recursion can be irregular in #, ie blow up as ¢t — 0.
For example, we next introduce the parameter a to keep track of the contribution of
wo,3(7, 21,22, z3) and can set ¢ = 1 at the end in this calculation of w; > (7, 21, 22):

w1,2(t,21,22)
Z Res;—q K(z1,2)[a- w0 3(t, 2, 00(2). 22) + w0,2(2. 22)w1,1 (1, 04(2))
dx(a)=0 + 0,2 (04(2), z2)w1,1 (1, 2) ]
d21 d22

hm w1 2(t,21,22) = 1080(74 a+61)
z2 22

This gives the expected limit of a)Beg (z1, z2) when a = 1, and shows the dependence of
lim; 0 w1 2(2, 21, 22) on wo 3(t, 21, 22, z3) due to coefficients in the recursion which
are irregular in 7.

6.1 Pixton relations

A collection of relations in the tautological ring R H* (M g¢,n) Was conjectured by Pixton
and proven in [47] using the CohFT Q2. Such tautological relations can be used to
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produce topological recursion relations for CohFTs such as Gromov—Witten invariants.
Similarly, the intersections of ® , with Pixton’s relations produce topological recursion
relations satisfied by the intersection numbers [ Mg Ogn [T v

The key idea behind the proof of Pixton’s relations in [47] is a degree bound on the
cohomology classes

degng, S%(g—1+n)<3g—3+n

combined with Givental’s construction of Q?j, in Definition 5.2 from the triple
(R(z),T(z),1) e LAGL(N, C) x z2CN[z] x CN obtained from the Frobenius man-
ifold structure on the versal deformation space of the A4, singularity; see Section 4.1.4.
Givental’s construction produces ng,, although it does not know about the degree
bound and produces classes in the degrees where ng vanishes. This leads to sums
of tautological classes representing the zero class, ie relations given by the degree
d > %(g — 1 4+ n) part of the sum over stable graphs in (24) of the form

A> _ R,T1
Qg,n - Z |Au t(F)| (¢F)* .

'eGgn

Since 242 has flat unit, the pushforward classes in (24) produce « polynomials; hence,
only graphs without dilaton leaves in the sum are required and the classes a)I{e Tl
consist of products of { and « classes associated to each vertex of I'. The main
result of [47] is the construction of elements R4 g.4 € S¢n for A= (ay,...,ay) with
aq € {0, 1} satisfying q(Rd A) = 0 which push forward to tautologlcal relatlons in
sz(/\/lg n, Q). They are deﬁned by R4 7. A° the degree d part of Qg 2 (vy) for a basis

{vo, v1}. The element R} € H*(M,, Q) is given in Example 3.5.

Whenn <g—1andg > I, wehaved =g —1 > 3(g — 1 4+ n); hence, there exist
nontrivial relations Rg . This produces the sum over graphs

which defines a relation for each A between intersection numbers of ¥ classes with ®g ,,
ie coefficients of Z® (A, {t;}). This uses Ogn - (¢r)+ = (¢r)+Or together with
Remark 3.4 to replace « classes by ¥ classes. We saw this in Example 3.5, arising
from the genus two Pixton relation

(49) / Os.1-Y1 —%'/ O1,1 / O1,1 —%' . 01,=0,
Mz 1 Mi 1 Mi,1 Mi.a
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which determines [ Mo, ©2 y? from [i i, , ©1,1 and [ W, , ©1,2. Similarly, the
appendix uses genus three relations to deduce f Ms @3,2 1//1 and / Mi s O3,2-Y1Y2
from lower-genus coefficients of Z® (4,10, 1, .. .).

The following theorem proves that the coefficients of ZBSW (%, 4y,1,,...) also sat-
isfy (49), and more generally an infinite set of relations satisfied by coefficients of
ZO(h,ty. 11, ...) arising from Pixton relations:

Theorem 6.2 Pixton relations produce infinitely many nontrivial relations satisfied by
the coefficients of both Z® (h, 1o, 11, ...) and ZBW (R, 19,11, ...).

Proof For each g > 1, n and L%(n + I)J possible 4 € {0, 1}" (due to symmetry and
vanishing of half for parity reasons), R;_Al = 0 defines a nontrivial Pixton relation.
For each of these choices of g, n and A, due to the restriction and pullback properties
of ®g , as explained above, O -R% Al = 0 defines a relation between coefficients of
Z9(h, {t;}), such as (49).

The main goal is to prove that the corresponding coefficients of ZBOSW (%, {#;}) also
satisfy this infinite set of relations. To do this, we study the partition function Z gﬁ?,
defined in Definition 5.6 via the spectral curve SES’W defined in (44). The relations
between coefficients of ZBOW(#, {#;}) will be stored in the spectral curve. This
will produce identical relations satisfied by both the coefficients of ZBSW and Z©.
To summarise, we have vanishing of certain coefficients of Zg)z (7, {z}) due to the

cohomological viewpoint shown in the upper row in Figure 1, and vanishing of corre-
BGW
Q42
by topological recursion shown in the lower row in Figure 1.

sponding coefficients of Z (,{t}}) due to Givental’s construction neatly encoded

Pixton relations induce relations between intersection numbers of i and x classes
or ¥ classes alone, ie coefficients of ZXW(#, {#;}). These relations are realised by
unexpected vanishing of coefficients of the partition function Z 4, (, {#;}}). Similarly,
unexpected vanishing of coefficients of the partition function Z ; BGW (h, {1}'}) correspond
to relations between coefficients of ZBOW (7, {1, }).

The coefficients of log ZAI?SW(h, {t7'}) are obtained from the correlators wgBS’,W’AZ

of SBOW by

(50) ( R P

TR T g

=Res;, =00 " ReSz, =0 1_[ Pa; k; (Z,)a)BGW Az(zl, i Zn)
i=1
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for polynomials py f(z) = V=3((=1)%/a)z3*+® 4 Jower-order terms for « € {1, 2}
and k € N chosen so that the residues are dual to the differentials £ defined in (45).
The lower-order terms (and the top coefficient) will not be important here because
we will only consider vanishing of (50) arising from high-enough-order vanishing of
a)g‘:l, 7(z1,...,2p) at z; = 00, so that the integrand in (50) is holomorphic at z; = oo.
Equation (50) is a special case of the more general phenomena, proven in [16], that
periods of wg , are dual to insertions of vectors in a CohFT. Thus, we have shown
that relations between coefficients of ZBW (h, {t}}) induced from Pixton relations are

detected by high-order vanishing of ngw A2 (z1,...,zn) at zj = co. The same is true
for high-order vanishing w;, #(z1,...,zp) at z; = oo, which is shown by
4 2
35 z(11z2% + 1427 +2)
a)21(z)—T3 (22_1)10 dz
= Resz—oo Zma)fi(z) =0, me{0,1,...,12}.

Hence, (50) vanishes for k1 =0, 1,2, 3 and oy = k1 mod 2, which gives the relations
between intersection numbers, or coefficients of ZXW (%, {#;}),

d 4—d __ _
(51 /MNRZ"?% =0, d=1,2,3,4,

where R4 d_ is a nontrivial Pixton relation, for d = d mod 2, between cohomology
classes in ’HZd(/WzJ , Q) proven in [47], such as R% 0= 1//12 + boundary terms = 0.

Lemma 6.3 We have

Zordzl ooa)BGW Az(zl, ceszZn) > 2g -2,
i=1

where ord;—oo 17(z) is the order of vanishing of the differential at z = oo.

Proof We can make the rational differential
Pgn(zl,---,zn)
]_[1—1(2 —1)%¢
homogeneous by applying topological recursion to x(z) = z3 —30Q%z and y =
v/=3/x'(z) which are homogeneous in z and Q. Then a);},(Q, Z1,...,2y) is ho-
mogeneous in z and Q of degree 2 —2g —n:

wé}zz(Qale"’Zl’l)_)\‘2 2g—n Az()\Q )\Zl,...,)\,Zn).

dzy---dzy

a);j,(zl,...,zn)—

The degree of homogeneity uses the fact that

(z, Q)= (Az,A0) = ydx—>Aydx = wg,+— )\z_zg_”a)g,n
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because y dx appears in the kernel K(pq, p) with homogeneous degree —1, which
easily leads to degree 2 —2g —n for wg . The degree 2 —2g — n homogeneity of

Pen(Q.21,...,2n)
[Ti=1(z7 — 0%)%
implies that deg pg »(0.z1,...,24) = 4gn —n + 2 —2g —n. But we also know

dzy---dzy

A
Wen(Q.21,.. . 2p) =

that a);},(Q, Z1,...,2n) is well defined as Q — 0—the limit becomes wg 5, of the
spectral curve x(z) = z3 and y = v/—3/x’(z) using the topological recursion defined
by Bouchard and Eynard [5] —so deg pg n(z1,...,2n) <4gn—n+2—2g —n. Note
that dz; is homogeneous of degree 1 but has a pole of order 2 at z; = co; hence,

Zordzl OOa)BGWAZ(Zl,...,z,,) =dgn—deg pgn(z1,....,20) —2n>2g—-2. O
i=1

Primary invariants of a partition function are those coefficients of [ ]/, l:i" with all
ki = 0. They correspond to intersections in My , with no ¥ classes. The primary
invariants of Z® (A, {t,‘(" }) vanish for n < 2g — 2. This uses deg QA2 <3 Lg—1+n),
sodegQg,, ®gn < 3(g—l +n)+2g—-2+n<3g— 3+n when n < 2g —2. These
vanishing coefficients correspond to the relations ®4 5 y:3 2 A = 0, which, as discussed
above, give relations between coefficients of Z© (%, {#;}).

The primary coefficients of Z ESW (1, {t3}) correspond to
n
i A
Res; =00 -+ ReSz, =00 1_[ Zl.e’ wg},(zl, eesZn)

i=1
for €¢; = 1 or 2. Different choices of ¢; give different relations (except half which vanish

for parity reasons). By Lemma 6.3, > ;_; ord;, —c0 w?c,}lw A2 (z1,....2n) = 2g—2, s0,
for n < 2g — 2, there exists an 7 such that ord;; =0 wgc,},w A2 (z1,...,2zn) = 2. Hence,
Z a)g n(zl, ..., zn) is holomorphic at z; = oo, so
€ A
Resz; =00 zi’a)g,,%(zl, czp) =0

and we have

(52) n<2g—2 = Res;=co--ReSz,=0 1_[ zf"a);’,%(zl, eooyzp) =0.

i=1
Hence, the primary coefficients of Z57Y (%, {#7}) vanish for n < 2g —2, yielding a
common set of relations satisfied by both the coefficients of Z®€ (#,1o.,1;,...) and
ZBSWV(h 1o, t1,...). m|
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An example of a genus 2 relation produced by Theorem 6.2 is
2,1 T 1673 (2—1)4(2+1)4

It immediately follows that Res;—qo —‘2_32 w3,1(z) = 0, which signifies a relation
between coefficients of ZBSW (%, 19,1, ...). We will write the relations using ® o
however, the relations are between coefficients of ZBSW (%, 19,11, ...) and what we are

showing here is that these coefficients satisfy the same relations as intersection num-
bers involving O ,, or, equivalently, coefficients of Z ©(h, 19,11, ...). The graphical
expansion encoded by both Givental’s construction and topological recursion is given by

® - 00 @ )

(plus graphs containing genus 0 vertices on which ®; ; vanishes), which contributes

2 60 2 —60
2% 1723 ‘/M O21V1+2% 155 | O210k
2,1

2.1

2 84 2 84—60
+2 1728 T | _ ®1,2'/ 01,1 +35 7728 / 01,3,
Mi2 Mi

which agrees with the expansion in weighted graphs of Res;—s @z ‘w2,1(2) =0

given by
5 1 _
1536 — 1536 T 2304 T 288 — 0.

Appendix Calculations

Here we show explicitly the equality ZBW = Z® up to genus 3. The coefficients of the
Brézin—Gross—Witten tau function are calculated recursively since it is a tau function
of the KdV hierarchy. It has low genus g (= coefficient of #8~1) terms given by

BOW _ 1 A 2 15 )
log Z g log(1—10) + 7+ 135 (1_,0)3+h 10247 (1435
2 tz
+h°- 1024 (1— )6 + 0%

1 12 3 9 2( 15
= glo+1glo +- -+ (gt + gloti ++- - )+ (1024t2+1024t1+ ).

The intersection numbers of ® ; stored in

log Z®(h.1o.11...) =) he- 1/ Og - Hwk’l_[tk,

gnk
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are calculated recursively via relations among tautological classes in H*(Mg , Q).
The calculation of these intersection numbers up to genus 2 can be found throughout the
text. We assemble them here for convenience, then present the genus 3 calculations.

g =0 Theorem 1.3(II) gives ©¢ , = 0, which agrees with the vanishing of all genus 0

terms in ZBCGW,

g =1 Proposition 2.9 gives © 1 = 3v/1; hence, f/\711,1 O = %. We use this together
with the dilaton equation to get fﬂl.n O = %(n —1)!. This agrees with —% log(1—t9)
in log ZBGW,

g =2 Using Mumford’s relation [41], k; is the sum of boundary terms in M, which
coincides with a genus 2 Pixton relation; Example 3.5 produced the genus 2 intersection

numbers from the genus 1 intersection numbers:

1 1
@2.K1:Z./ @1,1./ @1,1.—4_1./ O
//\/l > M 1 /\711,1 |Aut(F1)| 5 M],z |Aut(1"2)|
— _ 3
=3'8'§ 2735827 1%
Note that fﬂz,l O2.1Y1 =f/\712’1 n*@z-wlz =fj\7[2 ©,-k1. Using the dilaton equation,
we then get fMZ,n O p-Y1 = 2%(}1 + 1)!, which agrees with the # - %tl/(l —19)3
term in log ZBGW,
g = 3 There are two independent genus 3 Pixton relations expressing «; and K12 as
sums of boundary terms in M3. The relations correspond to sums over stable graphs
in M3; hence, they contain many terms. In place of these, we use the equivalent
relations discovered earlier in [34; 35], which push forward to relations in Ms. In
M 3,1, We can write wf as a sum of boundary terms, which yields

/ @31 V7
M3

= %/ ®2,1"/’1'/ ®1,1+%'/ O2,2-Y1
Mz g Mi M2 o
1 1
_ﬁ'/ ®1,1'/ O1,3 +%'[ ®1,2'/ Or,2
/\7‘1,1 ./\711,3 |AUt| ./\7(1,2 ./W],z |Allt|

1
—34—5'/ @11'/ ®12'/ ®11—%'/ ®11'/ O3 ———
— s — k] — i) J— s — s Aut|
M M2 M M Mi 3 |

1
1
— . @1 4 ——
1260 [\41.4 |Aut|
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_41,3 1.5 9 1 121,10 111 4 111 1 121 1 61
— 21 128 8 42 128 105 8 8 2 70 8 8 2 35 8 8 8 105 8 8 2 1260 8 4
_ 15
1024

In M3, we can write wlzwz — Y wzz as a sum of boundary terms, which yields
7 / @32+ (Y7 —Y1¥2)
M3,

= 7[ 03,1 (YiYa—v1V3)
M3z

-5 @2,2'1#2'/ @1,1—5/ @2,2'1#1'/ O1,1
Mz 2 Mi .1 M2z 2 Mi.q
1
—43—0'/ ®2,1°W1'/ ®1,2—%'/ @2,3'101—/ O23-Y1-
Mz Mi2 M2 3 M2 3 |A t|
1

1 9
— 15" ®1,1'/ ®1,4'———'/ 91,3'/ O,

1 [Ml.l Mia |Aut| 10 Mi 3 Mi2

1 / [0 / Q) : + / Q) f 0 !
— = 11" 14— +t7s° 1,2 1,3

" Mi 1 Mi g4 |Aut| 13 Mia Mis |Aut]|

= =3 T28'§ OT28°8 3 '128°8 "6 128 " 128°2
1,161 9,21 1161, 4121 4121,161.11 1 241
15'8°8°27 1088 15882 715°8°82  5'8°8°87775 '8°8°8 180 8 4
_ 357
= T 1024°
Hence,

_ ) 1357 _ 15 51 _ 63
/ O3,2-Y1¥2 = [ O30 V7 + 77055 = o33 + 1023 = 313
M3 M3z

where fM NRCERE Y2 = ;537 is obtained from fM ©3,1 Y2 = 1537 via the dilaton
equation. The dilaton equation then yields

/M Orp-y? = I - L(n+3)! and / Orm-Y1vs = 8 L(n 4 3L,
3.n

MS,n

which agree with the terms %2 - 1024l2/(1 —19)° +hZ- 1024 15 2 /(1 —ty)® in log ZBCW,
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The 2—primary Hurewicz image of tmf
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We determine the image of the 2—primary tmf Hurewicz homomorphism, where tmf is
the spectrum of topological modular forms. We do this by lifting elements of tmf to
the homotopy groups of the generalized Moore spectrum M (8, vf) using a modified
form of the Adams spectral sequence and the tmf resolution, and then proving the
existence of a v32—self-map on M (8, v¥) to generate 192—periodic families in the
stable homotopy groups of spheres.

55Q45; 55Q51, 55T15

1. Introduction 2763
2. Preliminaries 2772
3. Analysis of the algebraic tmf resolution 2776
4. The MASS for M (8, vf) 2789
5. The vgz—self-map on M (8, v?) 2796
6. Determination of elements not in the tmf Hurewicz image 2811
7. Lifting the remaining elements of tmfy to 2813
References 2829

1 Introduction

The Hurewicz theorem implies that the Hurewicz homomorphism
h: s (S™) — Hy(S™,7)
is an isomorphism for * = n, implying the well-known result that the 0 stable stem is

given by
ny = 2.
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2764 Mark Behrens, Mark Mahowald and J D Quigley

Adams [1] studied the Hurewicz homomorphism for real K—theory
hxo: my — mxKO = KO~ *(pt).

The computation of the real K—theory of a point (the homotopy groups of the spectrum
KO representing real K—theory) is a consequence of the Bott periodicity theorem [11]:
these groups are given by the following 8—fold periodic pattern:

nmod8 |0 1 2 3 4 56 7
KO | Z Z/2 Z/2 0 Z 0 0 0

The map /iko is an isomorphism in degree 0, and Adams showed that /igg is surjective
in degrees * = 1,2 mod 8. He did this by constructing what is now known as a
v1—self-map

v ZEM(2) - M(2),

where M (2) denotes the mod 2 Moore spectrum, and considering the projections

H8j+1+e € Tgj 411
of the elements
4j~
(1.1) e vy’ € mgj 121 M(2)
to the top cell of M(2). Here 7 denotes a lift of n € 7§ to the top cell of M (2) and
€ € {0, 1}. Because we have
7iQ =0
for * > 0, the homomorphism /g is necessarily trivial in positive degrees * = 0 mod 4.

Goerss, Hopkins and Miller constructed the spectrum tmf of topological modular
forms [16] as a higher analog of the real K—theory spectrum.! The homotopy groups
of tmf are 576—periodic. The goal of this paper is to determine the image of the 2—local
tmf—Hurewicz homomorphism

hime: 5 — matmf(yy.

The 3—primary Hurewicz image has recently been determined by Belmont and Shi-
momura [9]. Since m«tmf(,) has no torsion for p > 5, the p—primary tmf—Hurewicz
image is trivial in positive degrees for these primes. Henceforth, everything in this
paper is implicitly 2—local.

2-Locally, the homotopy groups of tmf are merely 192—periodic. These homotopy
groups were originally computed by Hopkins and Mahowald [19] (see also Bauer [3])

THere, tmf denotes connective topological modular forms.
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where (A", T°!!) is the elliptic curve Hopf algebroid. These homotopy groups are

displayed in Figure 1. In this figure:

Geometry & Topology, Volume 27 (2023)



2766 Mark Behrens, Mark Mahowald and J D Quigley

o A series of i black dots joined by vertical lines corresponds to a factor of Z /2¢
which is annihilated by some power of c4.

¢ An open circle corresponds to a factor of Z/2 which is not annihilated by a
power of c4.

» A box indicates a factor of Z ;) which is not annihilated by a power of ¢4.
¢ The nonvertical lines indicate multiplication by n and v.

¢ A pattern with a dotted box around it and an arrow emanating from the right
face indicates this pattern continues indefinitely to the right by c4—multiplication
(ie tensor the pattern with Z ,)[c4]).

¢ The vertical arrangement of the chart is arbitrary.

The homotopy groups m«tmf are given by tensoring the pattern depicted in Figure 1
with Z(z)[AS], where A% € 7719,tmf. Our choice of names for generators in Figure 1 is
motivated by the fact that the elements

n, v, € Kk, kK, ¢, U, W

in the stable stems map to the corresponding elements in «tmf under the tmf—Hurewicz
homomorphism. The other indecomposable multiplicative generators are named based
on the names of elements which detect them in the E,—term of the descent spectral
sequence. There is thus some ambiguity in the naming of some of these elements
coming from the filtration associated to the descent spectral sequence.

For definiteness we fix ¢4 € mgtmf to be the unique element detected by ¢4 in the
descent spectral sequence of Adams filtration 4. Note that the c4—torsion in w«tmf does
not have c4—exponent 1. Indeed, on c4—torsion classes, multiplication by c4 is equal
to multiplication by € — see Bruner and Rognes [14, Section 9.5] — so, for example,
c4k = €k # 0. However, all c4—torsion has c4—exponent 2; see loc. cit. and Behrens,
Hill, Hopkins and Mahowald [7, Proposition 6.1].

The main theorem of this paper is the following:

Theorem 1.2 The tmf—Hurewicz image is the subgroup of m«tmf generated by

(1) all the elements of w<3(tmf),
(2) the elements cfm and ci n?,

(3) all the elements of m«tmf annihilated by a power of ¢4 except those in 754 +3tmf.
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Remark 1.3 The reader will note from Figure 1 that the subgroup of 4 (tmf) generated
by the elements of type (3) above form a self-dual pattern centered in dimension 85.
This is discussed in [14, Chapter 10].

Besides representing an advance in our understanding of v,—periodic homotopy at
the prime 2, Theorem 1.2 also has applications to smooth structures on spheres, as
explained in [7]. Specifically, Hill, Hopkins and the first two authors consider the
following question:

Question 1.4 In which dimensions 7 do there exist exotic smooth structures on the
n—sphere?

Such spheres with exotic smooth structures are called exotic spheres. The work of
Kervaire and Milnor [26] relates the existence of exotic spheres to the triviality of the
Kervaire homomorphism

Tk 42— Z)2

and the nontriviality of the cokernel of the J—-homomorphism
J:74SO — 7).
Specifically, they prove that exotic spheres exist in dimensions 7 for which:

n=4k n > 8 and there exists a nontrivial element of coker J.

n =4k +1 There exists a nontrivial element of coker J, or there does not exist an
element of Kervaire invariant 1 in dimension n + 1.

n =4k 4+ 2 There exists a nontrivial element of coker J with Kervaire invariant 0.
n=4k+3 n>17.
Combining this with the work of Moise [35], Browder [12], Barratt, Jones and Ma-

howald [2], Hill, Hopkins and Ravenel [18], and Wang and Xu [36], Question 1.4 has
been answered completely for n odd:

The only odd dimensions n for which there do not exist exotic spheres are
n=1,3,5and 61.

For n even, the case of n = 4 is unresolved. For other even 7, by the previous discussion,
the question boils down to the existence of nontrivial elements of coker J (with Kervaire
invariant 0). It is shown in [7]:

The only even dimensions 4 # n < 140 for which there do not exist exotic
spheres aren = 2, 6, 12 and 56.

Geometry & Topology, Volume 27 (2023)
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In the case of n = 8k +2 > 10, Adams’ elements jtg 4+, With nontrivial KO-Hurewicz
image are not in the image of J and have trivial Kervaire invariant. It thus follows that:

There exist exotic spheres in all dimensions n = 8k + 2 > 10.

As is explained in [7], many of the 192—periodic families of elements of Theorem 1.2
also are not in the image of J and have trivial Kervaire invariant. Theorem 1.2 therefore
has the following corollary:?

Corollary 1.5 There exist exotic spheres in the following congruence classes of even
dimensions n > 8 modulo 192:

2,6,8,10, 14,18, 20,22, 26,28, 32, 34,40, 42,46, 50, 52, 54, 58, 60, 66, 68,
70,74, 80, 82,90,98,100,102,104,106,110,114,116,118,122,124,128,
130, 136,138,142, 146, 148, 150, 154,156, 162,164,170, 178, 186.

(This accounts for over half of the even dimensions.)

We will prove Theorem 1.2 by first showing (Theorem 6.1) that the subgroup of s tmf
described by Theorem 1.2 is contained in the Hurewicz image. This will be a relatively
straightforward consequence of some v;—periodic computations. The elements of
Theorem 1.2(1) are already established to be in the Hurewicz image by the preceding
discussion, and the elements of (2) are in the Hurewicz image because they are the
images of the elements f1g; 4 ;. We are left to show that the elements of type (3) lift
to r{. This is the main task of this paper.

In [14], Bruner and Rognes give a systematic and careful study of the Adams spectral
sequence for tmf, and in particular they have independently established the Hurewicz
image in many low-dimensional cases. Specifically, they prove Theorem 1.2 for degrees
% < 101 and also show that wk?, w2k, wk*, 2A%k and 4A%v? (in dimensions 105,
110, 125, 130 and 150) are in the Hurewicz image. Also, they use a different technique
(Anderson duality) to prove that the Hurewicz image is contained in the subgroup
of tmfy described in Theorem 1.2.

Our strategy to lift elements from m«tmf to 77 is to use the methods of [7]. We
summarize that strategy here. We recall the following from [7, Proposition 6.1]:

2In fact, the vgz—self-map of Theorem 1.8 which is used to construct the periodic families of Theorem 1.2
also immediately implies the existence of some elements not in the image of the J—homomorphism which
are in the kernel of the tmf~Hurewicz homomorphism, such as the beta elements 83, /3. However, we
will not concern ourselves here with the few additional dimensions such considerations add to the list of
Corollary 1.5.
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Proposition 1.6 [7] Every c4—torsion element x € mytmf is 8—torsion and ¢ Z —torsion.

Let M (2%) denote the cofiber of 2¢, and let M (2, v{ ) denote the cofiber of a v{—self-
map (see Davis and Mahowald [15, Proposition 2.3])

v/ 2H M - M2,
Corollary 1.7 Every c4—torsion element x € m(tmf) lifts to an element
¥ € tmfyy 13 M(8,v})

so that the projection to the top cell maps X to x.

Given a cy—torsion element x € w95 (tmf), Proposition 1.6 implies it lifts to an

element

¥ € tmf, M(8,v})
so that the projection to the top cell maps X to x. We will then show that X lifts to an
element

yemeM(8, vf).
Then the image

yem;

given by projecting j to the top cell is an element whose image under the tmf—Hurewicz
homomorphism is x.

32k

Every c4—torsion element x” € > 1g9,tmf is of the form vy~ x for x € m<19ptmf. We

will prove the following theorem:
Theorem 1.8 There exists a vgz—self—map
v32: 22 M (8, v8) — M(8,v)).
If X e tmf, M (8, vf) is alift of x, and y € w4« M (8, vf) is a lift of X, as in the discussion
above, then the resulting element
v;2k)7 € M (8, vf),

obtained by composing with the k—fold iterate of the vgz—self—map, projects to an
element )’ € 7§ which maps to x’ under the tmf-Hurewicz homomorphism.

As in [7], the analysis above rests on a systematic analysis of the homotopy groups
M8, vf). This will be based on computations using the modified Adams spectral
sequence (MASS). The E,—term of the modified Adams spectral sequence will be
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analyzed in a region near its vanishing line by means of another spectral sequence, the
algebraic tmf resolution.

The work of [7] was hampered by the fact that all of the algebraic tmf resolution
computations were performed on the level of the E£{—term of the algebraic tmf resolution.
In this paper, we will show that the weight spectral sequence, used in the context of
bo resolutions by Lellmann and Mahowald [28] and Beaudry, Behrens, Bhattacharya,
Culver and Xu [4], can be used to analyze the E,—term of the algebraic tmf resolution,
greatly simplifying the computations.

Conventions
¢ Homology will be implicitly taken with mod 2 coefficients.

e We let A4« denote the dual Steenrod algebra, A//A(2)« denote the dual of the
Hopf algebra quotient 4/ A(2), and, for an A,—comodule M (or more generally
an object of the stable homotopy category of A,—comodules; see Hovey [21]),
we let

Ext} (M)
denote the group Extiii (Fy, M).
* Given a Hopf algebroid (B, T") and a comodule M, we will let C:(M') denote

the associated normalized cobar complex.

¢ For a spectrum E, we let E denote its homotopy groups m« E.

Outline of the paper

In Section 2, we recall the modified Adams spectral sequence (MASS), which takes
the form

maSEE* — Exty, (He X ® H(8,0%)) = ma(X A M(8,0}))

for a certain object H (8, vf) in the stable homotopy category of 4x—comodules. We
recall how the E,—term of the MASS can be studied using the algebraic tmf resolution,
which is a spectral sequence that takes the form

SME(M)** = Ext (M)

for any M in the stable category of A.—comodules. We then recall how the E{—term
of the algebraic tmf resolution decomposes as a sum of Ext groups involving tensor

Geometry & Topology, Volume 27 (2023)
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powers of bo Brown—Gitler comodules, and also summarize an inductive method to
compute these Ext groups.

In Section 3, we study the dq—differential in the algebraic tmf resolution for 5, and
introduce a tool, the weight spectral sequence (WSS)

tmf __ WSS tmf
algE1 - E0:>algE2’

which serves as an analog of the May spectral sequence and converges to the E,—term of
the algebraic tmf resolution. The Ey—page of the vyo—localized weight spectral sequence
is identified with the cobar complex of a primitively generated Hopf algebra, and this
allows us to give “names” to the vg—torsion-free classes of g{gE 1. We include many
charts of summands of glrgE 1(F,) corresponding to tensor powers of bo Brown—Gitler
comodules which illustrate this naming convention, and provide the essential data for
the rest of the computations in this paper. Finally, we study the g—local WSS? using
recent work of Bhattacharya, Bobkova and Thomas [10], and show that many classes
are killed in the g—local WSS by d—differentials. This is the key fact we will use to

systematically remove obstructions for lifting classes from tmf, X to 74 X.

In Section 4 we study the structure of the MASS for M (8, vf). We recall the structure
of the MASS for tmf M (8, vf), and we explain how to adapt the Ext charts of Section 3
to give the corresponding computations of ;’ng 1(H (8, vf)). We then explain how to

translate the computations of the g—localized algebraic tmf resolution of Section 3 to
the case of H (8, vf).

Section 5 is dedicated to the proof of Theorem 1.8. We recall the work of Davis,
Mahowald and Rezk, who discovered topological attaching maps between the first two
bo Brown-Gitler spectra which constitute tmf A tmf, which give extra differentials in
the Adams spectral sequence of tmf A tmf that kill some g—torsion-free classes. We
then prove a technical lemma (Lemma 5.5) which lifts differentials from the MASS
for tmf® A M (8, vf) to the MASS for M (8, vf). We prove Theorem 1.8 by listing all
elements in g{gE 1(H (8, vf)) which could detect a nontrivial differential d, (vgz) in the
MASS for M (8, vf), and then we systematically eliminate these possibilities. Most of
these classes are g—torsion-free, and are eliminated in the WSS or by using Lemma 5.5.

In Section 6, we explain how v{—periodic computations give an upper bound on the
Hurewicz image.

3Here, g € EXti{?(Fz) is the element corresponding to the element hg | in the May spectral sequence
which detects k in the Adams spectral sequence for the sphere.
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Section 7 is devoted to showing this upper bound is sharp, by producing lifts of the
remaining elements of m,tmf to the sphere. We begin by identifying multiplicative
generators of the Hurewicz image in dimensions less than 192, so that it suffices for us to
lift these. We then lift these elements by producing elements in the MASS for M (8, vf)
which we show are permanent cycles, and detect elements of 7, M (8, vf) which
project to the desired elements on the top cell. These elements are then propagated to
v; 2_periodic families using the self-map, thus proving Theorem 1.2 in all dimensions.
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2 Preliminaries

The techniques and methods of this paper closely follow those of [7]. In this section
we recall some spectral sequences used in that paper.

The modified Adams spectral sequence

Our computations of .M (8, vf) and tmf, M (8, vf) will be performed using the
modified Adams spectral sequence (MASS). We refer the reader to [7, Section 6] for a
complete account of the construction of the MASS and summarize the form it takes here.
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Let St 4, denote Hovey’s stable homotopy category of Ax—comodules [21]. For objects
M and N of Sty,, we define the group

Ext)} (M, N) =Sty (S' M, N[s))

as a group of maps in the stable homotopy category. Here X! M denotes the /—fold shift
with respect to the internal grading of M, and N [s] denotes the s—fold shift with respect
to the triangulated structure of St4,. This reduces to the usual definition of Ext 4,
when M and N are A4—comodules.

Define H(8) to be the cofiber of the map

3
2.1) 3, [—3] 20 T,
in the stable homotopy category of A.—comodules. Define H (8, vf) € St4, to be the
cofiber
8
2.2) 24 H(8)[-8] = H(8) — H(8,v}).

For a spectrum X, the MASS takes the form
MSESH(M (8, v) A X) = Ext’] (H(8,v}) ® HiX) = m—sM(8,v]) A X.
Recall the following from [7, Proposition 7.1]:

Proposition 2.3 M (8, vf) is a weak homotopy ring spectrum.*

It follows that, if X is a ring spectrum, the MASS above is a spectral sequence of
(nonassociative) algebras.

We recall the following key theorem of Mathew:

Theorem 2.4 (Mathew [34]) We have
Hotmf = A/ A(2)«
as an algebra in Ax—comodules.
Taking X = tmf A Y for some Y and applying a change-of-rings theorem, the MASS
takes the form

mSES (tmfA M (8, v AY) = Extiit(z)* (H(8,v})® HyY) = tmfy,—s(M (8, v})AY).

4By this, we mean a spectrum with a possibly nonassociative product and a two-sided unit in the stable
homotopy category.

Geometry & Topology, Volume 27 (2023)



2774 Mark Behrens, Mark Mahowald and J D Quigley

The algebraic tmf resolution

The E,—page of the MASS for M (8, vf) will be analyzed using an algebraic analog of
the tmf resolution (as in [7, Section 6]).

The (topological) tmf resolution of a space X is the Adams spectral sequence based on
the spectrum tmf:
tme“lv’t = mtmf Atmf A X = 7 X.

Here, tmf is the cofiber of the unit
S — tmf — tmf
and tmf® = tmf"* denotes its s—fold smash power.

The algebraic tmf resolution is an algebraic analog. Namely, let M be an object of the
stable homotopy category of As—comodules and let A//A(2)« denote the cokernel of
the unit

0—>F, > AJAQ)x — AJ/A(2)x — 0

(note that Hytmf = A//A(2)s). The algebraic tmf resolution of M is a spectral
sequence of the form

tmei,tJl (M) — Eth’t

wle Sy (ATARS" ® M) = Ext ™ (M),

bo Brown-Gitler comodules

We recall some material on bo Brown—Gitler comodules. These are 4 4—comodules
which are the homology of the bo Brown—Gitler spectra constructed by [17]. Mahowald
used integral Brown—Gitler spectra to analyze the bo resolution [30]. The bo Brown—
Gitler comodules play a similar role in the algebraic tmf resolution [6; 31; 15; 8; 7].

Endow the mod 2 homology of the connective real K—theory spectrum
Hiy(bo) = AJ/A(1)x = Fa[¢}. 2. 85, ]

with a multiplicative grading by declaring the weight of {; to be

(2.5) wt(g) =271

The i™ bo Brown—Gitler comodule is the subcomodule

bo; = Fy; AJJA(1)x C A//A(1)«

Geometry & Topology, Volume 27 (2023)



The 2—primary Hurewicz image of tmf 27175

spanned by monomials of weight less than or equal to 4i. It is isomorphic as an
Ax—comodule to the homology of the i bo Brown—Gitler spectrum bo;.

The analysis of the E{—page of the algebraic tmf resolution is simplified via the
decomposition of A4(2)«—comodules

AJAQ)« = P =¥bo;
i>0
of [6, Corollary 5.5]. We therefore have a decomposition of the E;—page of the
algebraic tmf resolution for M given by

26) WET(M)= @ Ext’j, (@b, ®---®boi, ® M).

I15eees in>0

For any M, the computation of

EXtiit(z)* (28(i1+"'+i”)@i1 ®---®bo;, @ M)

can be inductively determined from Ext 4(), (@i@k ® M) by means of a set of exact
sequences of A(2)«—comodules, which relate the bo; [6, Section 7] (see also [8]),

27 00— Z¥bo; = boy; — A(2)JA(D)s @tmf;_; — Z8Fbo; | — 0,

(28) 0 — %boj ®boy = boj+1 — AQ2)/A(1)x ® tmf;—; — 0.

Here tmf; is the j t tmf-Brown-Gitler comodule — it is the subcomodule of
Hy(tmf) = AJ/AQ2)x = Fa[¢8, 82,82, L]

spanned by monomials of weight less than or equal to 8.

The exact sequences (2.7) and (2.8) can be reexpressed as resolutions in the stable
homotopy category of A(2).—comodules

8j+9 8j
boyj = A(2)/A(1)x @ tmf; 1 — £¥* bo; 1 - Z%bo;[2],
bozj+1 = A2)JA(1)x ®tmf;_ = =¥ bo; @ boy[l],
STechnically speaking, as is addressed in [6, Section 7], the comodules 4(2) // A (1)« @tmf j—1 in the above
exact sequences have to be given a slightly different A(2)«—comodule structure from the standard one

arising from the tensor product. However, this different comodule structure ends up being Ext—isomorphic
to the standard one. As we are only interested in Ext groups, the reader can safely ignore this subtlety.
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which give rise to spectral sequences

Exti?l)*(tln_fj_l ®M), n :0,
Ext’} ) (2% +%b0;_1 ® M[-1]), n =1,
ppe = | o ey [ = B oz 000
Ext’;(y, (E%bo; ® M), n=2,
2.9) 0, n>2
EXtiit(l)*(m:j_l ®M), n=20,

EP = Extiit(z)*(ESj@j ®bo; ® M), n=1,p = Ext]j,) (bosj1® M).
0, n>1

These spectral sequences have been observed to collapse in low degrees (see [8]) but it

is not known if they collapse in general. They inductively build Ext 4(,), (bo; ® M)

out of Ext 42y, (00®% ® M) and Ext 4y, (tmf; ® M).

3 Analysis of the algebraic tmf resolution

In this section we will compute the d;—differential in the algebraic tmf resolution, and
will introduce a tool, the weight spectral sequence (WSS), which is a variant of the May
spectral sequence that converges to the E,—page of the algebraic tmf resolution.

The d—differential in the algebraic tmf resolution

Our approach to understanding the d;—differential in the algebraic tmf resolution will
be to compute it on vo—torsion-free classes, and then infer its effect on vg—torsion
classes by means of linearity over Ext 4, (F»).

Consider the algebraic BP(2) and algebraic BP resolutions

PP ES = Extyly (AJERIP") = Ext™ (E2).

WESHM = Exty (AJE®") = Ext ™ (Fy).

Here E[2] = E[Qq, O1, O>] and E = E[Q¢, O1, O, ...] denote subalgebras of the
Steenrod algebra, where Q; are the Milnor generators dual to &1 € Ax.

The dq—differential in the algebraic tmf resolution may be studied by means of the

zigzag

tmf g%,%,%  BP(2) ok %% BP %, %, %
3.1) algE1 — algEl <_a1gE1 .
Note that

BP ¥, %.n
algET o =F2[v0,v1,vz,...]®F2[§2,§§,...]®",
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where F,[¢ 12 ¢ % ... ] denotes the cokernel of the unit
Fy — Fo[e, 85, ... ].
The Adams spectral sequences
ag B\ = AE2 (BP ABP") = Clp pp(BP4)
collapse, where CB’"P*BP is the normalized cobar complex for BP«BP, and
§12 € A//_E* detects t; € BP+BP.

We conclude:

Lemma 3.2 The d;—differential in the algebraic BP resolution is the associated graded
of the differential in the cobar complex for BP«BP with respect to Adams filtration.

The weight spectral sequence

Endow the normalized cobar complex
C*(Ax, A%, F2)
with a decreasing filtration by weight by defining
wiaolar |-+ as]) = wt(ar) + - - + wi(as).

Applying Ext4, (F,, —) to the resulting filtered Ax—comodule produces a variant of
the May spectral sequence, which we will call the modified May spectral sequence
(MMSS),6

(3.3) MSESS = Chy , (Fp) = Bxt] ().
Since E° A, is primitively generated, we have
MOSEF = Folhij i > 1, j = 0]
The map tmf — H induces an inclusion
®: Hy(tmf Atmf") < Hy(H A H") = C" (A4, A4, F,).
Under this inclusion, the weight filtration restricts to a decreasing filtration on
Hy(tmf Atmf") 2= A/ A(2)x ® A AQ2)E"

The authors of [29] construct a similar modified May spectral sequence, but with a slightly different
filtration.
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by As—subcomodules. Because the weights of all of the generators of 4// A(2)« are
divisible by 8, we actually work with weights divided by 8. Applying Ext 4(2), (IF2, —)
and taking cohomology, we get the weight spectral sequence (WSS)
YEST = D Ext,, (boi, ® -+ ®boy,) = IEY.
i1 ++ip=w
The WSS serves as an analog of the May spectral sequence for the algebraic tmf

resolution.

The map ® above induces a map of spectral sequences

wss [ W,1,0,¢ ., tmf n,0,t
EO algEO

34 ml lcp*

mmssngJlJ . EXtZii (]FZ)

The vo—localized algebraic tmf resolution

Observe that we have

(3.5) vy VExt 42y, (F2) = Fy v, v}, v3].

Note that c4,c6 € (tmfy)g are detected in the vo—localized ASS by vf and vg v%,
respectively.

‘We recall from [8] that

(3.6) vy ' Extyly) (4//A(2)x) = Falvg, vi, 3¢}, £3]

and that there is an isomorphism

3.7 vy Extuca), (bor) = Falvg™, vf, w361 63" imirsir.

We will now compute the localized Ej—page v, Iwssp, - The following is immediate
from the computation of the cobar differential (modulo terms of higher Adams filtration)
on the elements g“f and Cg, using (3.6), (3.7) and (3.1):

Proposition 3.8 There is an isomorphism of differential graded algebras

vg MCEG T = Pl v, v ® G s sy
where IF;[¢ f ¢ g | is regarded as a primitively generated Hopf algebra.

Corollary 3.9 There is an isomorphism

vy "YSEy =Falvy, vl 031 @ Falhy s, hig. ... hap has.. ]
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Charts

For the convenience of the reader we include some charts of Ext 4(2), (@’1‘ Yfor0<k <3
as well as Ext 4(,), (bo2).

Ext 4(2), (F2) (see Figure 2) All the elements are ¢4 = vf—periodic and vg —periodic.
Exactly one vf—multiple of each element is displayed with the e replaced by a o.
Observe the wedge pattern beginning in # —s = 35. This pattern is infinite, propagated
horizontally by /1, j—multiplication and vertically by v;—multiplication. Here /5 ; is
the name of the generator in the May spectral sequence of bidegree (t — s, ) = (5, 1),
and h3,1 =g.

Ext4(2), (ll)‘f’k )for k=1,2,3 (Figure 3) Every element is vg—periodic. However,
unlike Ext 4(2), (IF2), not every element of these Ext groups is v‘l‘—periodic. Rather, it is
the case that an element x € Ext 4(2), (@?k ) either satisfies v‘l‘x =0oris v‘l‘—periodic.
The vf—periodic elements fit into families which look like shifted and truncated copies
of Ext4(1), (IF2) and are labeled with a o. We have only included the beginning of
these vf—periodic patterns in the chart. The other generators are labeled with a e.
A D indicates a polynomial algebra 5[/, ;].

Ext4(2), (boz) (Figure 4) Via the spectral sequence (2.9), this Ext chart is assembled
out of Ext 4(1), (F2), Ext4(2), (£8bo1) and Ext4(2), (27 F2[—1]).

h; 1—towers

Our computations of the MASS for M (8, vf) will rely on a detailed understanding of
this spectral sequence near its vanishing line. Since M (8, vf) is a type 2 complex, the
Hopkins—Smith periodicity theorem [20] implies that the E,—page of this MASS has a
vanishing line of slope 1/|v,| = %. However, g = h;’l is not nilpotent in the modified
Ext groups Ext4, (H (8, vf)), and /1, ;—multiplication has slope % The goal of this
subsection is to show that many of the /1, —towers in the E|—page of the algebraic tmf
resolution actually kill each other off by the E,—page of the algebraic tmf resolution.
We will then identify specific /1, ;—periodic elements of Ext 4, (IF;) that some of these

remaining /1 j—towers detect.
Consider the quotient Hopf algebra Cy := F»[{3]/(¢ g ) of A(2)«, with

EXtZ’:(Fz) = IFa[v1, ha 1]
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Lemma 3.10 Let C (vg) be the cofiber of the map
vy 20T, [-8] - T,
in the stable homotopy category St 4(z), . For any M € St 4(,), there is an isomorphism
g7 Exty), (M ® C(v5)) = h3 | Bxtc, (M).

Proof Since the element vg € Ext4(2), (IF2) maps to zero in Extc, (IF), it follows that

there is a factorization
F, —— A(2)// Cx
T

C(vg) .
in St 4(2),.. Explicit computation reveals
g Exty(a), (F2) =Fa[v5. v1. hy ]
and it follows that the map
g7ICW) » g 142/ G
induces an isomorphism on Ext 4(,), , and is hence an equivalence. The result follows. O

Corollary 3.11 Forany M € St4(y),, there is a vg —Bockstein spectral sequence

hy | Exte, (M) @ Fa[vd] = ¢ 7! Ext ), (M).

Bhattacharya, Bobkova and Thomas [10] computed the P21 —Margolis homology of
the tmf resolution, and in the process computed the structure of A //A(2)®" as Cy—
comodules. From this one can read off the Ext groups

hyy Exte, (A AQ)Z").
which in turn determines the g—local algebraic tmf resolution by Corollary 3.11 (the
spectral sequence in this corollary will collapse in the cases we consider it).

To state the results of [10], we will need to introduce some notation. The coaction
of Fz[fz]/fg is encoded in the dual action of the algebra E[Q1, P21] on A)/A(2)%".
Define elements

Xij=1® - ®1® {13 ®l®-®1, fi;=18--018 {6 e -0l
—— ——
J J
in A//A(2)®". The weight filtration on A//A(2)s induces a multiweight filtration
on A//A(2)®" indexed by n—tuples of weights. The generators x;,j and f; j have
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multiweight
,...,0, 2172 0,...,0).
\T-J
J
For sets of multi-indices
I={G1, j1)s- G i)y I =G ) G i)}
with I NI =@, let
xrtp € AffAQ2)«

denote the corresponding monomial. The action of the algebra E[Q1, le] on the
IF,—submodule of 4//A(2)®" spanned by such monomials is given by

Q1(X1117) = ) XI—((i0, i} I ULlie.jo)}
V4

1
PY(XIU) = D XI—{lig.jo) o je T Ulliejo)Gier o}
<t/

For an ordered set
J = (1. J1), - (ks Ji))
of multi-indices, let
|J|:=k

denote the number of pairs of indices it contains. Define linearly independent sets of
elements

Tr CAJAQR)E"
inductively as follows. Define
T j) = 1xij 3
For J as above with |J| odd, define
Tr.G.j) =12 Xi,j}zeTs

T7.G.)).",j") =101z - Xi,j)Xi,jr }zeTy ULQ1(2 - Xir jr)Xi,j }zeTy -
Let

Ny CAfAQR)F"
denote the F,—subspace with basis

0175 :={01(2)}zeT;-
While the set 7y depends on the ordering of J, the subspace Ny does not.

Finally, for a set of pairs of indices

S =101 J0)s - Gk Ji)S
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as before, define
XJty = Xiy,jbiy,jy o Xigyjuc Lo jic -

The following is the main theorem of [10]:7

Theorem 3.12 (Bhattacharya, Bobkova and Thomas) As modules over Fz[hfl, v1],
we have

B EXGL, (A AP

= Falh3,]® (FZ[UI]{XJ’ZJ/}J’ & P Nilxstrtinr=o
|J| odd

& P Fllie NJ{xJ/zJ/}mJ/:@),
| J|#0 even

where J and J' range over the subsets of
{G,j):1<i,1<j<n}

and vy acts trivially on Ny for |J| odd. The summand

-1 *, %
hz’] EXtE[Ql,PZI](b_O“ ® Tt ® b_Oln)
is spanned by those monomials of multiweight (8iy,. .., 8iy).

In light of Lemma 3.10 and Corollary 3.11, we may refer to elements of the g—local
algebraic tmf resolution as vgj z, where z is an element of the /1, j-localized Ext groups
described in the theorem above.

Lemma 3.13 The WSS dy—differential on the element

*,%

X111 €8 " Exty,), (bo2)
is given by
dyS(x11t1,1) = Q1(x1,1x1,2) € Extg2), (002?).
Proof We use the map of spectral sequences
WssEO _ g_IWSSE().

"The main theorem of [10] is a computation of P21 —Margolis homology, but the actual content of the paper
is a decomposition of 4 // A(2)« in the stable module category of E[Q1, P21 ]
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By explicit computation of g~! Ext A4(2), (b02), under the map

Extq(2), (b02) — ¢~ ' Exty(2), (bos)
we have
vy 038785 > ha Xyt
In the WSS, we have
3.14) d(‘)"ss(valvgffg)zvalv§[§f,§g].
Again, by explicit computation of g—local Ext groups, under the map
Ext(2), (b0P?) — g7! Exty(a), (bo}?)

we have
—1.2[+8 w4
vy V5[81, 851 ha 1 O1(x1,1X1,2). O

Proposition 3.15 In g~ !VE, all of the h; ;—towers coming from Ext A(2)+ (@?k )
for k > 2 either support nontrivial dy—differentials or are the target of dy—differentials.

Proof By Lemma 3.10 and Theorem 3.12, the /1, ;—towers coming from
Ext4(2), (bo®%)

are supported by the elements 7(q 1)
surjection for k = 2,

(1,k)}- By Lemma 3.13, the WSS dj induces a

.....

dy™: Falhyy, vi, v3lxrat1,1} = Falhy g, v1, v31/07 ® Nyr1y,a1,2))-
For k > 2, observe that
Ttk = Q1(x1,1%1,2)T(1,3),....(1.6) Y Q1(x1,2X1,3)T{(1,1),(1,4),....(1,k)}-
For k > 2 even, the WSS d gives isomorphisms
dy™: Fz[hil, 1, v3]/vF ® x1111,1 Ny(1.2)....(1 k—1))
=5 Folhy 1.1, v81/vT ® O1(x1,1x1,2) Ne(1,3),....(1.6)3-

dy™: Falhs 1, vi, v31/0F ® X120 2 Ny(1,1),(1,3),...(1 k- 1))

=5 Folhy 1. 1. v31/07 ® O1(x1,2%1,3) Ne(1,1),(1,4),...,(1,6)}

and, for k > 2 odd, the WSS dj gives isomorphisms

.....

.....

= Fz[hzi,pvzg] ® Q1(x1,2x1,3) Ni(1,1),(1,4),...,(1,k)}- O
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We shall denote the elements of the Mahowald-Tangora wedge [32] in Ext 4, (F,) by®
v’ihg’lgz, i>0,j>0.
Recall that the Mahowald operator
M = (g2, h3.—)
leads to an infinite collection of wedges
MF*@Wih] | g%) € Exty, (Fy)
with nonzero image in
Extp, (F2) = Ext4(2), (F2)[vs],
where B is the quotient algebra
(3.16) By :=TFslt1. 6.6, Gal/ (68,83, 83.80)
of A [33; 23]. The existence of the element A?g? € Ext 4, (IF,) gives elements
g
Azka(v’Ihéj "g2) € Exty, (F,).
These elements are all linearly independent, since they project to linearly independent
elements of Extp, (IF,).
The following proposition gives the elements of Ext 4(2), that some of the remaining

hy 1—towers in Ext 4(2), detect in the algebraic tmf resolution:

Proposition 3.17 The following table lists, fori > 0,m > 0 and j > 4, an A(2)«—
comodule M, an hj j—tower in g~ 1 Ext A(2). (M), the corresponding hy —tower in
Ext4(2), (M), and an hy 1—tower in Exty, (IF,) that it detects in the algebraic tmf
resolution (assuming the latter is nonzero):

-1
M g Exty), (M) Ext4(2), (M) Exty, (F2)
2m i ,J +8m+8 2m, i, J+8m 2 2m, i, J+8m 2
I, A U1h2,1 A v1h2,1 g A v1h2,1 g
om . j+8m+4 ompJ+8m+a .y 2mp,Jj+8m
ll)l A mhz,l Ql(xl,l) A mhz,l é‘z A mhz,l n
2my,Jj+8m+6 2myJj+8m+1 —2.2¢16 2my.Jj+8m
bo, A mhz’l Q1(x2,1) A mhz,l g(ha,1vy7v3¢,°) A mh2,1 0>
- 2m, i+2pj+8m+11 2m, i+2p J+8m+2 2. —1 2854 2m i ,J+8m 2
A" h2,1 Xp1t1,1 AT h2,1 g (vy 3878 A U1hz,1 Mg

8This notation is slightly misleading, as there are a few wedge elements for which the P operator does not
take the element we are denoting by v’1 x to the element we are denoting by v’1+4x, but we justify this

notation by the fact that the wedge elements map to elements with such names in Ext 4(3), (F2).
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(Note that the notation Q, in the above table refers to the name of the generator of
Ext2i7+7(ﬂ72), and not the Milnor generator Q, € A4.)

Proof The classes corresponding to A2mv’ih’2‘ , are clear, because they are in the
image of the map
EXtA* (Fz) — EXtA(z)* (Fz)

In the case of the classes corresponding to Azmhé‘ 1 and Azmhé‘ 1 @2, we consider
the hé ,—multiples of n and Q5 € Exty, (F») for j > 4:

gn, gt, rn, mn, gzn? cee gQ2’ gCO’ rQZ’ mQZ’ ngZ’

It suffices to show that
n, t, Qi G

are detected in the algebraic tmf resolution by
4 54 5 +4 6 ,,—2,2516 7 .,—2,2¢16
where ga; = ro; = ma; = 0.

Examination of a computer calculation of Ext 4, (A4// A(2)%?) reveals that none of the
elements n, ¢, 0, and Cy are in the image of the map

(3.19) Ext’;* (A A(2)2?) — Bxt’ ().

Since the elements 7, ¢, O, and Cy map to zero in Ext 4(2), (F2), they must therefore
be detected on the 1-line of the algebraic tmf resolution. Examination of the relevant
Ext charts reveals the only possibility is for the elements to be detected by classes of
the form (3.18).

If we consider the class M g € Ext4, (IF,), one can check both that it is not in the image
of (3.19), and that the only class in Ext 4(2), (4// A(2)«) which can detect it is the class

e (vg 'v3¢783) € Exty(a), (boy).
It follows from the multiplicative structure of the wedge and the fact that
geg =vihy 8%,
that the elements v’ihé,lM g? € Exty, (IFy) are detected by
viT2h) 32 e? (vg ' v3EiE3) € Extya), (boo)

fori >0and j > 4. O
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4 The MASS for M(8, v%)

In this and the following sections, we shall use the notation
x[k]
to denote an element of Ext 4(2), (M ® H(8, vf)) detected by an element
X € Exty(2), (M)
on the k—cell of H(8,vY) for k € {0,1,17,18}.

The MASS for tmf, M (8, v})

The computation of Ext 4(2), (H (8, vf)) is depicted in Figure 5. In this figure, solid dots
correspond to classes carried by the “O—cell” of H(8, vf), and open circles correspond
to classes carried by the “l1—cell” of H(S, vf). The large solid circles correspond to
ho—torsion-free classes of Ext 4(2), (IF2) on the O—cell of H (8, vf). The classes with
solid boxes around them support /15 j—towers. Everything is vg—periodic.

Figure 6 depicts the differentials in the MASS for tmf A M (8, vlg) through the same
range; the complete computation of this MASS can be similarly accomplished. An
explanation of how to determine these differentials can be found in [7].

The algebraic tmf resolution for H (8, vf)

The following lemma explains that, in our H (8, vf) computations, we may disregard
terms coming from Ext 4(1), in the sequence of spectral sequences (2.9):

Lemma 4.1 [7, Lemma 8.8] In the algebraic tmf resolution for M = H (8, Uf), the
terms
Ext 4(1), (something)

in (2.9) do not contribute to Exts/it* (H(, vf)) if
s>1@—s)+ 32
Forn >0andi,...,i, > 0, the terms
EXtiit(z)* (@il ®---®boj, ® H(s, v?))

that are the terms in the algebraic tmf resolution for H (8, vf) are in some sense less
complicated than Ext 4(2), (H (8, vf)).
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o

Figure 5: The groups Ext4(2), (H(8,v})).
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I I I I
Figure 6: The MASS for tmf A M (8, vf).
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Figure 7: Ext,(y), (boy ® H(8,v})).
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Most of the features of these computations can already be seen in the computation
of Ext4(2), (bo; ® H (8, vf)), which is displayed in Figure 7. This computation was
performed by taking the computation of Ext (), (boj) (see for example [6]) and
running the long exact sequences in Ext associated to the cofiber sequences

3
23boy[~3] 20> bo; — bo; ® H(S),
8
=2*bo; ® H(8)[~8] —> bo; ® H(8) — bo; ® H(8.v}).
In Figure 7, as before, solid dots represent generators carried by the O—cell of H (8, vf)
and open circles are carried by the 1—cell. Unlike the case of Ext 4(2), (H(8)), there is
vf—torsion in Ext 4(2), (boy ® H(8)). This results in classes in Ext 4(2), (bo; ® H (8, vf))
carried by the 17—cell and the 18—cell of H(8, v?), which are represented by solid

triangles and open triangles, respectively. A box around a generator indicates that it
actually carries a copy of [F5[/1;5 1]. As before, everything is vg—periodic.

One can similarly compute
Exta(), (bof* @ H(8,v}))

for larger values of k& by applying the same method to the corresponding computations
of
Extaca), (bof)

in [6]. We do not bother to record the complete results of these computations for small
values of k, but will freely use them in what follows. The spectral sequences (2.9)
imply these computations control Ext 4(2), (boy).

h, 1—towers in the algebraic tmf resolution for H (8, vf)

Theorem 3.12 has the following implication for the g—local algebraic tmf resolution of
H(8, vf):

WA X, py (AN AQP" ® H(S,v)

=F2[/1§C,1]®(F2[v1]/vf®H(8){XJ/IJ/}J'@ P NroHB V) xstrtinr=o
|J| odd

® @ IF2[1)1]/0%@91\71®H(&Ui;){XJffJ’}JmJ/=@),
| J|#0 even

where J and J' range over the subsets of

{G.j):1<i,1<j<n}.
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This leads to the following twist in the analog of Proposition 3.15:

Proposition 4.2 In g7 '"SEo(H (8, vY)), all of the h, j—towers coming from
Exta(), (bof* @ H(8,v}))

for k > 3 are either the source of a nontrivial dy—differential or the target of a dy—
differential. For k = 2, the h, j—towers

vfhé,l O1(x1,1x1,2)[n]

are killed for e € {0, 1} and n € {0, 1} (but the corresponding towers with n € {17, 18}
are not killed).

Proof Everything is identical to the proof of Proposition 3.15, except that the differ-
entials

dy™ :Falvr, hy g 1/vix a1} ® H®) = Falvr, hy 1 1/vi{ Q1 (x1,1x12)} ® H(8, vf)

now have nontrivial kernel and cokernel. O

We now give elements of Ext 4, (H(8, vf)) which these remaining /4, j—towers detect
in the algebraic tmf resolution. Note that, as pointed out in [33], the Mahowald operator

satisfies
hy M(x) =0,

which implies that, for any x € Ext4_(IF,), there exists a lift
M (x)[1] € Exty, (H(8))

and thus an element M (x)[1] € Ext 4, (H(8, v?)). Furthermore, the element A?> = vg
exists in Ext 4, (H (8, vf)) (see Lemma 5.1 below). We conclude that, for 0 <i <7,

j.k,l >0and e € {0, 1}, the wedge elements
vih] | A M g?le] € Exty, (H(8,v}))
exist, and we see they are linearly independent by mapping to Extp, (H (8, vf)) (where

By is as defined in (3.16)).

Proposition 4.3 The following table lists, form > 0, 0 < i <7, 0 < i’ <5,
Jj=4,ke{0,1,17,18} and €, €’ € {0, 1}, an A(2)x—comodule M, an h, ;—tower in
g ! Ext4(2), (M ®H (8, v?)), the corresponding hy 1 —tower in Ext 4(2), (M ® H (8, vf))
and an h, | —tower in Ext 4, (H (8, vf)) that it detects in the algebraic tmf resolution:
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M g7 Extye,(M®HE.VY)  Extge), (M®HB.vY)  Exta,(H(.vY)

F, APyt * 8] Ayt | g?e] APyt | g?[e]
bor  AMhI*04(x,0)K] Ampd A k) A nfk]
AR (o)) AP g (ha v 03I OK] ARy | Os[K]
. ; 2m i’ +27J+2 o
D02 pzmyiH2p g AT N Ay hd M g2e]
g% (v 'v38763)[e] ’
€ A2mypJj+11 2m €’ 1, J+2 ;.
bo®> vy A hy ATy AT h) M g?e]

O1(ex)[17+e] g2 vy v3lLT. DI +é]

Proof The cases of

NV Ry g, AR nle], AL Qslel, ARy MgPle]
follow immediately from Proposition 3.17 since all of these elements are annihilated
by vg.
The elements

» »
48 € Bxtyy), (bor).  h34°C1® € Bxty(y), (bos)

lift to elements e
W07 + €] € Extyqa), (bor @ H(8,vY),

5510117 + €] € Exty). (bos ® H(8,v)).

(44)

One can explicitly check that the lifts (4.4) are permanent cycles in the algebraic tmf
resolution. Therefore they detect the desired elements

RS \n{17+ €. k) Qa[17 + €] € Ext, (H(8, v})).

Applying case (5) of the geometric boundary theorem [5, Lemma A.4.1] to the triangle

8

H(8,v})[—1]— 24 H(8)[-8] 2> H(8) — H(8,v})
and the differential
/L i42 _ ) —
dy(§ 1332 (g 03Eted)) = vf g e (vg '3l 63))
in the algebraic tmf resolution for £2* H(8)[—8] (3.14), we find that the images of the

elements
iR, M(g%)[e] € Exty, (H(8))
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under the map
Extg4, (H(8)) — Exty, (H(8,v}))

are detected by the elements
rLi42 _
v hyy % (05 V3T G5DI1T + €]

in the algebraic tmf resolution for H (8, vf). a

32 8
5 The v;"—self-map on M (8, v})
We now endeavor to prove Theorem 1.8. We first recall the following lemma:

Lemma 5.1 [7, Lemma 7.6] The element

8,48+8
v§ € Bxtlyip S (H(8,v}))

is a permanent cycle in the algebraic tmf resolution, and gives rise to an element

vs € Bxty; T (H(8,0})).
It follows from the Leibniz rule that vgz persists to the E4—page of the MASS for
M (8, vf). Our task will then be reduced to showing that dr(vgz) =0 forr > 4. We
will do this by identifying the potential targets of such a differential, and show that they

are either the source or target of shorter differentials. This will necessitate lifting certain
differentials from the MASS for tmf A tmf” A M (8, v¥) to the MASS for M (8, v}).

As explained in [8, Section 7.4], work of the second author, Davis and Rezk [31; 15]
implies that the algebraic map

Ext4(2)(2°boy & £'°bos) — Ext(z), (4] A(2)+)
realizes to a map
5.2) tmf A tmf, — tmf A tmf,

where tmf A tmf, is a spectrum built out of tmf A >8bo; and tmf A £1%bo,. They
furthermore show that there is a map

(5.3) 32 tmf — tmf A tmf,,
which geometrically realizes the inclusion of the direct summand (2.9),

EX'[A(Z)* (233]1?2[—1]) — EXtA(z)*(Emll)z) C EXtA(z)*(Egb_Ol ® 216@2).
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The attaching map from tmf A bo, to tmf A bo; in the spectrum tmf A tmf, induces
dz—differentials from the /1, ;—towers in bo, to the /15 j—towers in bo; in the ASS for
tmf A tmf under the map (5.2). Furthermore, there are differentials in the ASSs for
tmf Aboy, tmf Abo, and tmf, which induce differentials in the ASS for tmf Atmf under
the maps (5.2) and (5.3). We wish to study when these differentials (and more generally
differentials in the ASS for tmf A tmf™) lift via the tmf resolution to differentials in the
ASS for the sphere.

To this end we consider the partial totalizations
T" := Tot" (tmf* 1)
of the cosimplicial tmf resolution of the sphere, so that we have
S>~limT "

n
and fiber sequences

S7"tmf A tmf* — T" — 771,
The spectrum 7" is a ring spectrum, and in particular has a unit

S —>T7T".
We let

(5.4) T" =Tot"(4//A(2)E* 1)

denote the corresponding construction in the stable homotopy category of A.—co-
modules. There is a MASS

Exty"(T" @ H8.v})) = T/ M(8.v})

and the algebraic tmf resolution for H (8, vf) truncates to give an algebraic tmf resolu-
tion

@Ext*A’g‘z)*(A//A(z);@" ® H(8,v})) = Exty, (I" ® H(8,vY)).
i=0
The following lemma will be our key to lifting the desired differentials:

Lemma 5.5 Suppose x is an element of Ext 4, (H(8, vf)) which is detected in the
n-line of the algebraic tmf resolution for H (8, Uf) by an element

x" € Exty(a), (AJAQ2)2" ® H(8,v})).
Furthermore, suppose that, in the MASS for tmfAtmf” A M (8, vf), there is a differential

dmaSS(x/) — y/
P
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and that, for 2 <r’ < r, we have
dy"(x) =0
in the MASS for the M (8, v¥). Then either
(1) the differential
Ay (x)
in the ASS for M (8, vf) is detected by y’ in the algebraic tmf resolution; or

(2) the element )’ is the target of a differential in the algebraic tmf resolution for
H(8, vf), or, in the algebraic tmf resolution for T" ® H (8, vf), y' detects an
element of Ext4, (T" ® H(8, vf)) which is zero in ™SE, (T" A M (8, v?)).

Proof Consider the maps of algebraic tmf resolutions and MASSs induced from the
zigzag
M(8,08) 5 T A M(8,v8) <2 S tmf A tmE" A M (8, %),
Define
¥ 1= ax(x) € Exty, (T" ® H(8,v}))

Then X is detected by x, regarded as an element of the algebraic tmf resolution for
T" A M8, vf). In particular, this means that

X = Ba(x")
Therefore, the differential
dmaSS(x/) — y/
,
in the MASS for tmf A tmf” A M (8, vf) maps to a differential

d (%) =y 1= Bx()')
in the MASS for 7" A M (8, v¥). In particular, either

(1) y is nonzero in ™SE, (T" A M (8, vf)) and is detected by ' in the algebraic
tmf resolution for 7" ® H(8,v}), or

(2) either y = 0 in ™E,.(T" A M (8, Uf)) or y’ is killed in the algebraic tmf
resolution for 7" ® H(8, vls).

If the latter is true, then y’ is killed in the algebraic tmf resolution for H (8, vf), since
the algebraic tmf resolution for 7" ® H (8, vf) is a truncation of the algebraic tmf
resolution for H (8, vf).
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If we are in case (2), we are done. If we are in case (1), consider the differential
yi=d™®(x)
in the MASS for M (8, vf) (which is defined by hypothesis). We must have

ax(y) =

Therefore, d}"*(x) is detected by ’ in the algebraic tmf resolution. m|

Remark 5.6 We will primarily be applying Lemma 5.5 to the following two cases:

Casel (x = Azmhil 0,lk]) Suppose that we can prove
3 (A" | Osfk]) = 0
in the MASS for M (8, vf). The element Azmhé 1 Q2[k] is detected by
N0 g (2,105 20361 ©)lk] € Bxtya), (boa @ H(8,v}))

in the algebraic tmf resolution, and it is proven in [8] that, in the ASS for tmf A tmlf,
there is a differential

daSS(Azmh] g(hZIUO vz 16))
= Azmhj g(h2,183) + e(m) A"~ 4h]+20 g(h2,1v5%v381°),

where 1 ifm=2mod4.

0 otherwise.

€(m) = {

Lifting this differential to tmf A tmf A M (8, vf), Lemma 5.5 implies that either the
target of the differential d aSS(Azm hJ 2.1 0,lk]) in the MASS for M (8, v8) is detected by

N5 e (hy 183 k] + €0m) A4 1) 20 g (hy 1vg 20361 ©)[K]
in the algebraic tmf resolution, or
N5 g (hy, 1 83)k] + €0m) A4 1)+ 20 (i, 1ug 203 E{ ©)[K]

is the target of a differential in the algebraic tmf resolution or detects an element of
Exty, (T'® H(S, vS)) which is zero on the E3—page of the MASS for T1 A M (8, vf).

Case2 (x=MA>v ’lhéts[e]foree{o,1}and0§i§4) TheelementMsz’ihéJgS[e]
is detected by
10, —
AZ l+2h]+ 1 2 é‘z)[]
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in the algebraic tmf resolution for H (8, v?), and the map (5.3) implies there is a
differential

i j+10, — j +19 , —
d3 (8020 0g o3 ETEDle) = iR (v '3 EDe]
in the MASS for tmf A tmf A M (8, v%).

Then Lemma 5.5 implies that either d}*** (M sz’ihgts[e]) is detected by

[+3,7+19, —1. 284
Ull h2,1 (vo U2§1§2)[€]

in the algebraic tmf resolution, or v’i+3h£j19(va ! v%@ fé‘ g )[€] is killed in the tmf reso-
lution for H (8, vf) or it detects an element which is zero in the E,—term of the MASS
for TV A M(8, vf). However, the element

M ) T e] € Exty, (H(8,v)))

is nonzero, and is detected by v’1+3h£j19(valv§§f§g)[e] in the algebraic tmf res-
olution for H (8, vf). We conclude that vi+3héj19(v51v§§‘f g)[e] is not killed in
the algebraic tmf resolution for H (8, vf). Since the algebraic tmf resolution for
T'® H(S, vf) is a truncation of the algebraic tmf resolution for H (8, vf), we conclude
that v’1+3h£j19(va 1v§§‘ fé‘g )[€] detects a nontrivial element of the E,—page of the
MASS for T1 A M8, vf). We conclude that

s i Jj+8
d5s (M Aoy 1) le])
is nontrivial in the MASS for M (8, vf), and is detected in the algebraic tmf resolution
i j+19, _
by vi Ry (g w38 e el
Proof of Theorem 1.8 By Proposition 2.3, it suffices to prove that
v3? € Exty, (H(8,v}))

is a permanent cycle in the MASS. Furthermore, since vg € MaSE, (M (8, vf)), the
Leibniz rule implies that vgz eMSE, (M (8, vf)). We therefore are left with eliminating
possible targets of d;nass(vgz) for r > 4.

Suppose that d, (vgz) is nontrivial for r > 4. We successively consider terms in
the algebraic tmf resolution which could detect d, (vgz), and then eliminate these
possibilities one by one.
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The only terms in the algebraic tmf resolution E;—page which can contribute to
Extiiigl-"s(H(S, v¥)) for s > 36 are

. EXtA(z)*(ll)i@s) for 0 <s <6, and

s Exty(), (bo® ®bo,) for 0 <s <2.
Furthermore, @?s only contributes /1, ;—towers in this range for s = 5, 6. We list

these contributions below, except we do not list elements in /1, j—towers coming from

@?s for s > 2 which are zero in the WSS E|—term (see Proposition 4.2). Also, since

vgz is a permanent cycle in the MASS for tmf A M (8, Uf), we can disregard any terms

coming from Ext 4(2), (IF2) (the O-line of the algebraic tmf resolution). Finally, we do
not include any terms which can be eliminated through the application of Case 2 of
Remark 5.6.

We now eliminate these possibilities one by one. We will consider the terms in order
of reverse algebraic tmf filtration.

@?4 In the modified May spectral sequence (3.3), there is a differential

dg"™ (b ph3) = 3
which lifts under the map @, of (3.4) to a nontrivial differential
(G187 16 16D =17 167167167187
in the WSS for [, and this implies a nontrivial differential
dy™ (i AL 167165 18310D) = v ASKRLET 167 167 17 1 6101
in the WSS for H(8, v¥).
ll)fz ® bo, In the cobar complex for [F5[¢ ? ¢ g ], we find
d((67.8311¢7¢3) and  dQT (1913 15415 115 |1}
are linearly independent, and

d(es, e st et g =o.
However,

d(&3e3 1638 =125, 6311880 + ¢3 a3 1188, 631,

The elements are thus eliminated by multiplying the computations above with v~
and lifting them to the top cell of H(8, vf).

24722
vzhz,l
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@?3 Note that

Extl, " T4 (1) = 0.

We conclude that the class

vicoht (vy 'v3¢8¢3) € Extg(a), (b02)

must either support or be the target of a differential in the algebraic tmf resolution,

for otherwise it would give a nonzero element of Extz(l’10+48(1[4'2). However, by

. . . . . 4 —-1.2 4
examination, there are no classes in Ext 4(2), (F2) which can kill v{co/h(vy v5¢ fg‘ )
in the algebraic tmf resolution, so there must be a nontrivial differential

dy(vicohy (vy 'w328e3))

in the algebraic tmf resolution for IF,. Since the target of this differential must be
hq—torsion, there is only one possibility:

dy(vicoh (vg ' v3¢783)) = viATvigT 1¢7 1635,
It follows that we have
dy(vico(vy 'v38763)) = vim 3T |67 185,
This differential lifts to a differential
d(vico(vy 'w3¢TENN]) = vihiv3ET 17 185(1]
in the algebraic tmf resolution for H (8, vf). Multiplying by AS, we have
dy(Avieo(vg w381 eI = A% v3ET €Y | 63110
bo; ® boy There is a differential
do™ (6% =13, 43)
in the WSS for IF, which lifts to a differential
dy™(vih3)18(vg ' v38,%) = vih3) g (vg V3185, 63D

We therefore only have to consider one of the two potential elements. In the modified
May spectral sequence (3.3), there is a differential

dg"™(h2,3) =h13h1 4
which lifts to a differential
Ay (5 =7 16°.
using the map @ of (3.3), and gives a differential

S8y =g edele.
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The elements
v1g(vy 0385 | ) € Exty(z), (bo; ® boy)
and
v1g(vy 133 148 1£1°) € Ext (), (00®* ® bos)

support /15 j—towers which are nontrivial in ¥**E . Therefore, we have a nontrivial
differential

dy* (i3} g (vg 1385 189)) = vihs g (vg ' v3gs 167 1419).
This differential lifts to the top cell of H (8, vf) to give
Y™ (vih3} g (vg 0383 [EI8]) = vih3] g (vg ' v3E3 147 1€ )18
in the WSS for H(8, v¥).

ll)f’z The element

h3 1 Aig (g v3LEY, E5DI18]
detects the element
A*- MPARGeo[18]

in the algebraic tmf resolution for H (8, v?). Regarding this element as an element in
the MASS for tmf A bo%, there is a nontrivial differential

d;nass(hg’lA4U1g(valv§[§§’ é‘;’])[lg]) = h%ﬁmg(valv%[ﬁ’ ;g])[lg]

By applying (—)"=? to the map of tmf-modules (5.2), we may consider the composite

(5.7) tmf A bo? < (tmf A tmf,)" ™% — tmf A tmf?.

The differential above maps to a nontrivial differential between elements of the same
name in the MASS for tmf A tmf2. We wish to apply Lemma 5.5. We must have

A3 (A*- MPARGeo[18]) = 0

in the MASS for M (8, vf), since there are no elements in the algebraic tmf resolution
for H(8, vf) which could detect a target for this differential. Thus Lemma 5.5 implies
that either

dPS(A* - MPAhZeo[18])

is nontrivial and detected by h§41 vlg(val vg[éf, {g])[lS], or

3% vig(vg ' v3gs, E3DI18]
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is killed in the algebraic tmf resolution for H (8, vf), or detects an element which is
killed in the MASS for T2 A M (8, v¥). The only such possibility is for

Ah3 55117]

to detect the source of a d,—differential in the MASS for 72 A M (8, vf) to do such a
killing. Projecting onto the top Moore space of M (8, vf), this would imply

A*h3h &3
detects an element in the algebraic tmf resolution for the sphere which supports a
nontrivial d,—differential in the ASS for the sphere. However, Azhgi ¢ g detects
A? g5 -Ahscq
in the ASS for the sphere, and there is a differential
d3S(A2g° - Ahyey) = d3¥(A2g?) - g - Ahyey = A’h3g?eq - g° - Ahgey.
However, A2h§e0 «Ahycr = 0 in Exty, (F2) [13], so this d3* is zero.

We now turn our attention to the other potential target coming from @?2,

hyly A% (vg v 47, 3DI18).

This element detects

A*g*viha, M g*[0]
in the algebraic tmf resolution for M (8, vf). However, in the ASS for the sphere,
vfhz,l g3 is a dr—cycle, and so there is a differential
A3 (N vShy 1 8%) = d5(A2¢%) Sha 1g° = Mh3gPey vihag® = v]h3% g2,
Applying M (=) = (—, hg, g>) and mapping under the inclusion of the bottom cell
of M (8, vf), we get a nontrivial differential

dy™> (N2g? - vihy Mg [0]) = v{h3? M g*[0].
bo; The element
hiflg(hz,léé‘)

detects
g'n € Exty, (F2)

in the algebraic tmf resolution for IF, (Proposition 3.17). This element can be eliminated
by Case 1 of Remark 5.6, but we can also handle it manually using low-dimensional
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calculations in the ASS for the sphere. There is a differential

d3(mQs) = g’n
in the ASS for the sphere [24], from which it follows that g¥n is zero on the E4—page

of the ASS of the sphere, and hence g®n[0] is zero on the Es—page of the MASS
for M (8, vf).

For the element
RS A g (ha 1G],

we wish to employ Case 1 of Remark 5.6, using the differential
d;f;nass(hfl A g(hy vy 038 O[17]) = héi A g(hy18)[17]
in the MASS for tmf A tmf A M (8, v¥). Note that
hy A% g (ha 10503 O)[17]

detects the element
C// . A2g2[17]

in the algebraic tmf resolution. Observe [25; 13] that we have
dy(C"-N?g?) = C"-dy(A?g?) = g*-C"Ah3eg = g* -0 =0.
It follows that d»(C” - A2g?[17)]) is in the image of the map
Extg, (H(8)) — Exty, (H (8, v})),

but a check of the algebraic tmf resolution for H(8, v?) reveals there are no possible
targets in this bidegree. We therefore have

d,(C" - A*g?[17]) = 0.
Therefore, the hypotheses of Lemma 5.5 are satisfied. It follows that
b A g (ha, 1 EDI1T)

either is killed in the algebraic tmf resolution for H (8, vf), or detects an element in
the MASS which is killed by d3(C” - A2g?[17]), or detects an element which killed by
a d,—differential in the MASS for 71 A M (8, vf). We just need to eliminate this last
possibility.

Any possible source for such a d,—differential would necessarily be detected on the
0-line of the algebraic tmf resolution and would not support a nontrivial d, in the
MASS for tmf A M (8, vf). The only such possibility is

AR
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However, we can express this element as the Hurewicz image of the element
gm-A*-g*[1]
in the MASS for M (8, vf). This element is therefore necessarily a d,—cycle, since it
is a product of dy—cycles.
bo, We begin with the element
h3 At (ha,1v5 2038 O)[18]
which detects the element
A*g0,[18]

in the MASS for M (8, vf). We are in Case 1 of Remark 5.6. An elementary check
using the charts of [25] reveals that the element g Q5 in the ASS for the sphere lifts to
a dy—cycle

g0»[18]

supported by the top cell of H (8, vf). Since A*is a d,—cycle in the MASS for M (8, vf),
we deduce that

A*g 0,[18]
is a dy—cycle. We therefore deduce that
dy** (A*g 0[18])
either is detected by
A g (ha EDIIST+ h34 g (ha, v 203 1®)
in the algebraic tmf resolution for H (8, Uf), or
A*hS g (ha 1 EDI8]+ h3Y g (ha,1vg?v381%)

is killed in the algebraic tmf resolution for H (8, v?) or detects an element which is
killed in the MASS for T'! A M (8, vf). The only possible sources of such algebraic
tmf resolution differentials are wedge elements coming from Ext 4(2), (H (8, vf)), and
we know these all must be permanent cycles in the algebraic tmf resolution because
they detect the corresponding wedge elements of Ext 4 (H (8, vf)). The only elements
of the algebraic tmf resolution which can detect an element which could support a
dy—differential killing

A*hS g (ha 1818+ h3Y g (ha,1vg?v3E1°)
in the MASS for 7' A M (8, vf) are the elements
(5.8) Av{h3[0] and  APvA34[11.
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However, using the map of spectral sequences
MSEXF(TT A M(8, 7)) = ™SE]* (tmf A M(8,v71)),

we can eliminate these possibilities on the basis that the elements (5.8) support nontrivial
d,differentials in the MASS for M (8, v¥).

We are left with eliminating
vih3h (v w3 EOI]

as possibly detecting dg“ass(vgz) in the MASS for M (8, vls). This is the trickiest
obstruction to eliminate. In the MASS for tmf A tmf A M (8, v}), there is a differential

dy™ (Nv1h37% (vg ' 3EED]) = w3 (vg 'w3ET e
The problem is that, in the WSS for H (8, vf), there is a nontrivial differential

dy™ (80 3% (v "3 6T EDITD = A%vih3% (v v g E3DIL-

Sublemma 5.9 The element vg’z is a permanent cycle in the MASS for T1 A M (8, vf).

bo; h%,llg(hZ,l;;)[O]

h3% A2g(hy 1 EHI17]

h3 A g (ha,1 &1 0)[18]

vin3! (v 'w2EE e

bo®? h3 | Atvyg(vg 1 v2[es . CAD18]
hi% A2 g (vg 2[ed, ¢S]

vih3! g (vy ' v3lEs, E3DI18]

vih3! g vy w3[Es, E3DI18]

boj VA (2E8 | ¢8| Eh1]

vihi¥ g (vg?vslet, 6311 EFE18]

boP2 ®@boy vihi% g(ugv (et 1¢5ed |8+ E8ed 18
vih3® g(ug2useses | (65, E3D18]

bot viAShIEE 67 163 1630

00,

bo,

Table 1: List of potential targets of d**(v3?) for r > 4.
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Proof The elements of the algebraic tmf resolution which could possibly detect the
target of a differential
A W33, =4,

in the MASS for 7! A M(8, vf) consist of those terms in Table 1 coming from bo;
and bo,.

Using (5.3), there is a map
¥ mf A M(8,v}) — 27 tmf A tmf — T'!
and we therefore have a differential
A5 (Avh32 (vg  vRETEDIND) = vihs ! (vg w3 g )]

in the MASS for 7! A M (8, v?). Therefore, vfh;’ll (vo_1 v%(fzg)[l] cannot be the target
of a differential d‘s"ass(vgz) in the MASS for 71 A M (8, vf).

Our previous arguments eliminate all the other possibilities. |

Suppose now for the purpose of generating a contradiction that the differential
dmass (U 3 2)
5 2

in the MASS for M (8, vf) is nontrivial and detected by vlzhg,l1 (v(j1 v%{ffg)[l] in the
algebraic tmf resolution for H (8, vf). Consider the fiber sequence

S72mf? A M(8.0%) — M8, v%) — T' A M8,08) L5 S~ Ttmf?.

We have proven that v;z exists in n192T1 AM(S, vf), and, because our assumption
implies that vgz does not lift to w19, M (8, vf), we must have

0 # (v3%) € 191 2 tmf> A M (8, 0}).

Sublemma 5.10 There exists a choice of vgz empoa T A M8, vf) such that 8(1);2)
has modified Adams filtration 34.

Proof Let X denote the k™ modified Adams cover of X —so that the MASS
for X %) is the truncation of the MASS for X obtained by only considering terms in
massE;J(X ) for s > k —and let X% denote the cofiber

X(k+1) — X — X(k)
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Then we have fiber sequences
M@, vy = (TP AMB,v)) gy = (X7 Htmf> A M(8,0})) (k-2

Define M (k) to be the homotopy pullback

~

M(k) — > T! AM(S, vf)
M(8, vf)(k) —_— (T1 AN M(8, vf))(k)

Then the algebraic tmf resolution for M (k) 1s the truncation of the algebraic tmf
resolution for M (8, vls) obtained by omitting, for n > 2, all terms of

Ext4(2), (boj; ® -+ ®bo;, ® H(8,v}))

of cohomological degree greater than k — n. It follows from the map of algebraic tmf
resolutions and MASSs associated to the map

M(& U?) — M(k)
that there is a differential
47 0f) = o3 05 I

in the MASS for M, (k)- This differential is nontrivial in the MASS for M (36), because
it is nontrivial in the MASS for M (8, vf), and any intervening differentials killing
the target in the algebraic tmf resolution or MASS for M (36) would lift to M (8, vf)
because the spectral sequences are isomorphic in the relevant range. The same is not
true in the case of M (35)» Where

dy™ (N1 h3% (vg ' 3ETEN]) = 0
and therefore szlhgzl (v(j1 vgfffg)[l] persists to the E,—term of the MASS
A3 (NP h3? (v 3TN = vih3) (vg 03 E T eI

Therefore, the proof of Sublemma 5.9 goes through with 71 A M (8, vf) replaced
by M35y to show that there exists an element

—_—~

32 7
v, S 7T192M(35)
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which is detected by v;z in the MASS. Consider the diagram

>~ limf?

] o

Mzey —— T' AM(8,0}) — (=7 'tmf? A M(8,v8)) 34)

| |

Mizsy —— TP A M(8,0%) — (=~"mf2 A M(8,v8)) (33

—~

where the rows are cofiber sequences. The element v;z € 71192]\7(3 5) maps to an
element vgz eTAMS, vf) with

3" (v3%) = 0.

However, since d;“ass(vgz) is nontrivial in the MASS for M(%), the element vgz €
m19o TV A M8, vf) cannot lift to M(3¢), and therefore

¥ (v3%) #£0.

It follows that 8(v;2) has modified Adams filtration 34. |

However, we have:

Sublemma 5.11 There are no elements of w191 X~ 2tmf> A M (8, vf) of modified
Adams filtration 34.

Proof The only possible elements in the algebraic tmf resolution for tmf? A M (8, vf)
which could contribute to modified Adams filtration 34 in this degree are

(5.12) APvih3? (vg 3187, E3DI1] € Extaa), (o ® H (8, v}))

and the elements of Table 1 of algebraic tmf filtration greater than 1 in the appropriate
modified Adams filtration. However, the previous arguments eliminate all of the
candidates coming from Table 1, so we are left with eliminating (5.12). We wish to lift
the differential

dgna“(A6v1hg,1 (valvg[é‘f, é‘g])[]]) = szlh%’zl (valvg[é'?» f;])[l]

in the MASS for tmf Atmf? A M (8, v¥) to a differential in the MASS for tmf2 A M (8, v¥).
We therefore must argue that

d;na“(A%thJ (valvg[g“f, C;])[l]) =0
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in the MASS for tmf? A M (8, vf). We will therefore argue there are no elements in the
algebraic tmf resolution for tmf2 A M (8, vf) which could detect the target of such a .
Ignoring any possibilities which are eliminated by Proposition 4.2, the only possibilities
r
- Avthyg 3T 1187 63 ASuihgEE 1167, 631167 1 61O
ASvuthyvg 'o3le} G311 TN, ASuihged |67 18T, 6311 ¢TT0],
Auhgley I 16T 161101 ASuthget 167 167 1167 63000,
However, these are killed by the respective WSS differentials
do™ Aihivg vyly [5G d ™ ACVERGET €8y 167 1¢710].
dy™ Avihivg 3G 1G] dg™ ATuihgly 167 1¢783 1¢710]
dy™ ATRGETE 167 1EP11ET10),  dg™ ASuihgey 67 16T 16765101, O

Thus we have arrived at a contradiction, as we have produced an element of modified
Adams filtration 34, and subsequently showed no such elements exist. We conclude that
our supposition, that the differential d gnass(v;z) in the MASS for M (8, vf) is nontrivial

2h31

and detected by vih;,

(v(;1 v%{ffg)[l] in the algebraic tmf resolution, is false. m|

6 Determination of elements not in the tmf Hurewicz image

Theorem 6.1 The elements of tmf, not in the subgroup described in Theorem 1.2 are
not in the Hurewicz image.

We first recall some well-known K-theory computations. Recall that 7,KO is given
by the v?—periodic pattern

n? v

n nvy

1 2v% 2vf

CH
Let
MQ2%°) = h_r)n M(2")

4

denote the Moore spectrum for Z/2%°.
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Consider the diagram of cofiber sequences

S~1KO A M(2) —2— KO —2 5 KO — 2+ KO A M(2)
(6.2) -2—1l H Iz—l Iz—l
=7IKO A M(2%) —— KO KOg —— KO A M(2%)
o

The groups KO, M (2) are well known to be given by the v;‘—periodic pattern

276
7

=2
/02111 -4
7/ 77 v]

7” s/
ﬁ é/ ﬁz 7]1_) ? é/ Uil'ﬁz

_ 7 L

1 V)
where we denote lifts of elements of KO, along the map p of diagram (6.2) with a
tilde, and the images of the map (- ) with a bar. It then follows easily from the map of
long exact sequences coming from the above diagram that KO, M (2°°) is given by the
vf—periodic pattern

5-1 72 214 76

where again we denote lifts over the map p with a tilde, and images under the map ()
with a bar. The infinite sequences of dots going down represent the elements 2~/ in

7.]2%° = Q/Zy).
Proof of Theorem 6.1 Recall [27, Corollary 3] that we have an equivalence
¢ 'tmf ~ KO[; ],

1

where j~! = A /c3. Applying 7 to this equivalence, we have a commutative diagram
J 4+ Applymng q g

S — KO

|

tmf —— c4_1tmf7> KO[j ]
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Consider the diagram

xS 2 i1 M(2%®) —— KOy M(2%)

i
hl hl \
tmfy ¢ tmfyp M(2%®) —2 ¢; tmfy g M (2%°) == KO, 41 M (2%)[j ]
14
(:4_1tmf,.<

Suppose that x € tmf- o has nontrivial image in L(x) € c;ltmf* and that x = ().
Since y is torsion, it lifts over p to an element

The commutativity of the diagram implies that

0# L(x)eIm(p'oi)
and this implies that
L(x)e{ckn 1k=0,1€{1,2}}.

Now consider elements of the form
x =aAky e tmf

with & # 0 mod 8. Suppose that x = /1(y). Lift y to an element
J € Muy 1 M(2%).

Then we have - -
Lh(y) = %OtAkU% = %avll2k+2j_k 40,
But the commutativity of the diagram implies that L/(y) is in the image of i, which

implies that k£ = 0. m|

7 Lifting the remaining elements of tmf, to x}

Multiplicative generators of the Hurewicz image below the 192-stem

In this section, we determine a set of elements which multiplicatively generate the tmf
Hurewicz image below the 192—stem. The results in this subsection drastically reduce
the number of classes which we must lift in the sequel.
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Lemma 7.1 The Hurewicz map S — tmf is a map of ring spectra. In particular, it
preserves multiplication.

Corollary 7.2 Suppose « = By is a product of elements f,y € m«(tmf) with lifts
B,V € m«(S). Then By € m+(S) must be a lift of «.

With this in mind, it suffices to find a subset of the Hurewicz image which generates
the entire Hurewicz image up to the 192—stem under products. Our desired generating
subset is given in Corollary 7.16. We will obtain our generating set by listing generators
in lemmas and then recording their products in corollaries, until we have exhausted the
tmf Hurewicz image up to stem 192.

Lemma 7.3 The classes n € m1(tmf), v € m3(tmf), € € mg(tmf), k¥ € m4(tmf),
K € myo(tmf), u € m39(tmf) and w € 745 (tmf) are in the Hurewicz image.

Proof The elements 7, v, €, k, k&, u and w are all well-known elements of 73, detected
in the Adams spectral sequence by /1, hy, co, do, g, Ah1dy and Ahyg [22, Table 8].
These elements have nontrivial images under the map of Adams spectral sequences
induced by the unit map S — tmf. The lemma is therefore somewhat tautological, as
the corresponding elements in tmf were defined in Section 1 to be the Hurewicz images
of these elements. O

Lemma 7.4 The class g € 3, (tmf) is in the Hurewicz image.
Proof See the proof of Lemma 7.18(1). O

Corollary 7.5 The classes n?> € m,(tmf), v? € mg(tmf), v? = € € mo(tmf), kn €
m15(tmf), kv € 17 (tmf), Kn € 721 (tmf), Kn? = K€ € ma, (tmf), Ke = k2 € mag(tmf),
qn € ms3(tmf), Kk € mw34(tmf), Kkn € m35(tmf), K2 € my0(tmf), K2y € w4y (tmf),
2n% =3 € 45 (tmf), wn € w46 (tmf), Kq € 755 (tmf), Kgn € w53 (tmf), K2k € 754 (tmf),
Ku € mso(tmf), k3 € mgo(tmf), Kw € mgs(tmf), kwn € mee(tmf), k* € wgo(tmf),
K2w € mgs(tmf), w? € moo(tmf), K7 € 190 (tmf), K3 w € 115 (tmf), kw? € 7110 (tmf),
K*w € 5 (tmf) and k>w? € 730 (tmf) are in the Hurewicz image.

Lemma 7.6 The classes {VA?}v € ms4(tmf), {vA2}k € mgs(tmf) and {n?>A?}k €
770 (tmf) are in the Hurewicz image.

Proof See Lemma 7.21. O

Corollary 7.7 The classes {vA2}v? € ws7(tmf) and {vA?}kv € mgg(tmf) are in the
Hurewicz image.
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Lemma 7.8 The classes {vA*}v € 19, (tmf), {e A*} € 194 (tmf), {KA*} € 77110 (tmf),
2A*K € 1 16(tmf) and {nA*}k € 1 17(tmf) are in the Hurewicz image.

Proof See Lemmas 7.22 and 7.23. O

Corollary 7.9 The classes {e A*}n € mos(tmf), {kA*}n € my11(tmf), {kA*}V €
w113 (tmf), {kA*}v? € 1116 (tmf), {nA*}in € 7115 (tmf), {kA*}ic € 7124(tmf), {kA*}ic €
m130(tmf), {kA*}cn € 7131 (tmf), {nA*}k? € 7137 (tmf) and {nA*}k*n € 735 (tmf)
are in the Hurewicz image.

Lemma 7.10 The class {gA*} € 1,3 (tmf) is in the Hurewicz image.
Proof See Lemma 7.24. |

Corollary 7.11 The classes {gA*}n € mia9(tmf), {gA*}k = wnA* € 14 (tmf),
{gAMYk € mi45(tmf), {gA*}kn € wi49(tmf) and {gA*}kn? € mys0(tmf) are in the
Hurewicz image.

Lemma 7.12 The class A*u € my35(tmf) is in the Hurewicz image.
Proof See Lemma 7.25. |

Corollary 7.13 The classes A*un € my36(tmf) and A*uk € my55(tmf) are in the
Hurewicz image.

Lemma 7.14 The classes {vA®}v € my5o(tmf) and {vA®}k € 714 (tmf) are in the
Hurewicz image.

Proof See Lemma 7.26. O

Corollary 7.15 The classes {vA®}v? € 7153, {vAS W3 € 7156, {VAS}kn) € 7165 (tmf)
and {vA®}kv € 1y ¢4(tmf) are in the Hurewicz image.

Thus our calculation of the Hurewicz image up to dimension 192 has been reduced to
showing that the following list of elements is in the Hurewicz image:

Corollary 7.16 Up to dimension 192, the Hurewicz image is generated under multipli-

cation by

v, e, k.5, qu,w, VA2, {vAZ e, {n* AP}, (v A%y, {e A}, (e A'), 2A%,
A, (gAY, Atu, v Ay, (A},
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Lifting generators

We will now describe our method for lifting generators. Given an element x € tmfy, we
want to lift it to an element y € 7§. To this end, we consider the diagram of (M)ASSs

Ext(2), (H(8,v%)) tmfyt 15 M (8, v)
Extq, (H(8,v%)) Tar18M (8, vF)
|
Ext 4(2), (F2) tmf,
/
Ext, (F5) v

First, we identify an element
x' e Ext4(2), (F2)
which detects the element x in the ASS for tmf,, and then we identify an element
%' € Exty(z), (H(8,v}))

which maps to it. This element X’ can be regarded as an element of the O-line of the
algebraic tmf resolution for Ext 4, (H (8, vf)). We will show that the element X’ is a
permanent cycle in the algebraic tmf resolution, and thus lifts to an element

7' € Extg, (H(8,vY)).

We will then show that the element ' is a permanent cycle in the MASS for M (8, v?),
and hence detects an element

yemeM(8, vf).

Let y € r} be the projection of ¥ to the top cell. It then follows that the image of y in
tmf,.< equals x, modulo terms of higher Adams filtration (AF). Furthermore, using the
2 2_self-map on M (8, v ) we deduce that the element

32ky € mM(8, vg)

projects on the top cell to an element v32k y € w3 whose image in tmfy is A8k x
modulo terms of higher Adams filtration. Finally, Theorem 6.1 eliminates the potential

Geometry & Topology, Volume 27 (2023)



The 2—primary Hurewicz image of tmf 2817

ambiguity caused by elements of higher Adams filtration, since the elements of higher
Adams filtration are vf—periodic.

We will show all of the generators of Corollary 7.16 except for 5, v and € actually
come from the top cell of M (8, vf), and thus vgz—periodicity extends our work below
dimension 192 to all dimensions. It turns out that v2 and € do not come from the top
cell of M (8, vf). In order to show that the elements

Agkvz, A8ke e Txtmf
are in the Hurewicz image for k > 0, we will instead show that A%v? and A%e come

from the top cell of M (8, vf) (Lemma 7.27).

Lemma 7.17 The following classes lift to the top cell of M (8, vf):

(1) Kk € m14(tmf).
(2) « € my(tmf).

Proof We will check that each element lifts using the AHSS:

(1) Since « is 2—torsion (and thus 8—torsion), it lifts to «[1] € 715(M(8)). Inspection
of [25, page 3] in stems 31 and 32 and AF > 12 reveals that there are no classes which
could detect vf/c[l]. Therefore k[1] lifts to «[18] € w3, (M (8, vf)).

(2) Since k is 8—torsion, it lifts to x[1] € w1 (M (8)). Inspection of [25, page 3] in
stems 36 and 37 and AF > 12 reveals that there are no classes which could detect va[l].
Therefore k[1] lifts to k[18] € mw35(M (8, vf)). m|

Lemma 7.18 The following classes lift to the top cell of M (8, vf):

(1) g € m3;(tmf).

(2) u € m39(tmf).

(3) w € mys5(tmf).
Proof We will check that each element lifts using the Atiyah—Hirzebruch spectral
sequence (AHSS).

(1) We begin with ¢ € 73, (tmf), which we will define to be the unique nontrivial
c4—torsion class detected by the element

4 7,7+32
V5o € EXtA(Z)* ()
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in the ASS for tmf. The element vjco does not lift to Ext4, . Nevertheless, we claim
that there is an element® § € 3, detected by the element

Ahyhy € Ext$ 22 (F,)

in the ASS for the sphere, which maps to ¢ under the tmf Hurewicz homomorphism.
Our strategy will be to argue that ¢ and ¢ lift to

gl18] € wsoM(8,v%) and ¢[18] € tmfso M (8, v}),

respectively, and that the element which detects ¢[18] in the MASS for M (8, vf) maps
to the element which detects ¢[18] in the MASS for tmf A M (8, vf) under the map

(7.19) Extg4, (H(8,v})) — Ext4(2), (H(8,v})).

Inspection of [25, page 3] in stem 32 and AF > 7 reveals that g is 2—torsion (and thus
8—torsion), so ¢ lifts to g[1] € w33 (M (8)). Inspection of [25, page 3] in stems 48 and 49
and AF > 14 reveals that there are no classes which could detect vfé[l]. Therefore g[1]
lifts to g[18] € wso(M (8, vf)). A similar but easier analysis reveals that the lift ¢[18]
exists.

The elements Ahhs € Exty, (F,) and vg co € Ext 4(2), (IF2) are ho—torsion, and hence
lift to elements

Ahyhs1] € Exta, (H(8)),  vycoll] € Exta), (H(8))

which detect g[1] € w33 M (8) and ¢[1] € tmf;3 M (8), respectively, in the MASS. To
identify the elements which detect ¢[18] and ¢[18] in the MASS, we make use of the
geometric boundary theorem [5, Appendix A].!® The differentials

d3(vha,1g°(1]) = vi Ahshy[1],  da(viha18%[1]) = viv3co[l]
in the MASSs for M (8) and tmf A M (8), respectively, imply that §[18] € 750 M (8, vf)
and ¢[18] € tmfso M (8, vf) are detected by
vihy,18°[1] € Exty, (H(8,v})), viha1g%[1] € Extya), (H(8,0}))

in the MASSs for M (8, vf) and tmf A M (8, v?), respectively, and the former maps to
the latter under the map (7.19).

The element we are calling § € ng , is traditionally called ¢, but we add the tilde to distinguish it from
the element we are calling ¢ in 73, tmf.

10We are specifically using case (5) of the geometric boundary theorem since the relevant class (denoted
by p«(p) in the theorem statement) is a permanent cycle. We will be using this argument repeatedly in
subsequent proofs in this section, and for brevity will simply say “by the geometric boundary theorem ...”
in these subsequent instances.
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(2) Since u € m3qtmf is detected by an element of Ext 4(,), in the image of the map
(7.20) Ext4, (F,) — Exty4 2)« (),

we immediately see that the element u € m39(S) maps to it. We are left with lifting
u € m3, to the top cell of M(8, vf). Inspection of [25, page 3] in stem 39 and
AF > 10 reveals that u is 2—torsion (and thus 8—torsion), so u lifts to u[1] € m40(M (8)).
Inspection of [25, page 3] in stems 55 and 56 and AF > 17 reveals that there are no
classes which could detect vfu[l]. Therefore u[1] lifts to u[18] € w57 (M (8, vf)).

(3) The element w € m4stmf is detected by an element which is in the image of the
map (7.20), and thus we deduce that w € 745(S) maps to it. A similar argument to the
case above shows that w lifts to w[18] € g3 (M (8, vf)). |

Lemma 7.21 The following classes lift to the top cell of M (8, vf):

(1) A*V? € ms4(tmf).

(2) A*kv € mgs(tmf).

(3) A*n’k € mqo(tmf).
Proof We follow the proof of [7, Theorem 11.1] (which builds on [7, Example 9.5
and Proposition 10.1]).
(1) We begin with A2v? € 754 (tmf). This class lifts to an element

A?v?[1] € tmfss (M (8))

which is detected by
vih3[1] € Ext) 2 (H(8))
in the MASS for tmf A M (8). Let
A?v?[18] € tmf, (M (8, v}))
be a lift of A>v2[1]. In the MASS for tmf A M (8), there is a differential

dy (3 vihaho[1]) = v3uiA3[1].

Since véov;‘hzho[l] is a permanent cycle in the MASS for tmf A M (8, vls), it follows
from the geometric boundary theorem that A2v2[18] is detected by v%ov?hzho[l] in
the MASS for tmf A M (8, vf). In particular, we see that AZv2[18] has modified Adams
filtration (MAF) 18 and stem 72.
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We now check that véov;‘hzho[l] is a permanent cycle in the algebraic tmf resolution
for H(8, v?). Its relative position!! is # —s = 65 and AF = 17, its relative position
in Ext 4(2), (@?2 ® H(8, vls)) is t —s = 58 and AF = 16, and its relative position in
Ext4(2). (13_0?3 ® H(8, vf)) is t —s = 51 and AF = 15, the last of which lies above
the vanishing line. Inspection of the relevant charts shows that véovi‘hzho[l] cannot
support a nontrivial d;—differential since the target bidegrees are zero. Therefore
véov‘l‘hzho[l] is a permanent cycle in the algebraic tmf resolution for H (8, vf) and
therefore it detects an element {véov?hzho[l]} in Ext 4, (H(8, vf)).

Finally, inspection of the same algebraic tmf resolution charts reveals that there are
no possible targets for a nontrivial differential supported by {véovfhzho[l]} in the
MASS for M (8, vf). Therefore {véovfhzho[l]} is a permanent cycle which detects a
lift of A%v2.

(2) The class A%kv € mgs(tmf) lifts to an element

A%k v[1] € tmfgg (M (8))
which is detected by

v8hadol1] € Extf(’;)iHS(H(S))

in the MASS for tmf A M (8). Lift A%k v[1] to an element
A?kcv[18] € tmfg3 (M (8, vY)).
In the MASS for tmf A M (8), there is a differential
da(vy°vidoho[1]) = v3v¥h,dy[1].

By the geometric boundary theorem, vglcv[l 8] is detected by v%o v;‘doho[l] in the MASS
for tmf A M (8, vf). In particular, we see that A%« v[18] has MAF 21 and stem 83.

We now check that véov;‘doho[l] is a permanent cycle in the algebraic tmf resolution for
H(8,v}). Its relative position in Ext 4(2), (bo; ® H(8,v})) is # —s = 76 and AF = 20,
its relative position in Ext 4(2), (@?2 ® H(8, vls)) ist—s =69 and AF = 19, and its
relative position in ExtA(z)*(@?3 ® H(8, vlg)) is t —s = 62 and AF = 18, the last of
which has targets only above the vanishing line. Inspection of the relevant charts shows

1 we will say that x € Ext4(2), (H(8, vf)) has relative position (t — s, s) in Ext4(2),. (boy ® H (8, vf)) if
the image of a differential supported by x in the algebraic tmf resolution lies in Extil"zzl)’i (bo;y ® H(8, vf)),
and the image of a differential supported by x in the MASS could be detected in the algebraic tmf
resolution by an element in Extff(;il*_r +1 (boy ® H(8, vf)). In other words, if you were to pretend x is
an element in Extii’ 2), (bo;y ® H(8, vf)), then d,—differentials in the algebraic tmf resolution “look” like

Adams d’s, and d,—differentials in the MASS “look” like Adams d, ’s.
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that véov;‘doho[l] cannot support a nontrivial d;—differential since the target bidegrees
are zero. Therefore v%ov;‘doho[l] is a permanent cycle in the algebraic tmf resolution
for H(8, vf) and detects an element {v%ovfdoho[l]} in Ext 4, (H(8, vf)).

Finally, inspection of the same charts reveals that there are no possible targets for a non-
trivial differential supported by {v%ov;‘doho[l]} in the MASS for M (8, vf). Therefore
{v%ov;‘doho[l]} is a permanent cycle.

(3) The class A?n?k € m70(tmf) lifts to an element

A*n*[1] € tmfy; (M (8))
which is detected by
g2h [l e Ext}f(’;)iﬂﬁ(H(S))

in the MASS for tmf A M (8). Lift A>5?k[1] to an element
A?n*K[18] € tmfgg (M (8, vY)).
In the MASS for tmf A M (8), there is a differential
dy (v3vidoeo[1]) = g*vih3 | [1].
By the geometric boundary theorem, A25?i[18] is detected by v§ vfdoeo[l] in the MASS
for tmf A M (8, vf). In particular, we see that A?;?«[18] has MAF 24 and stem 88.

We now check that vgvf'do eo[1] is a permanent cycle in the algebraic tmf resolution for
H(8, vf). Its relative position in Ext 4(2), (bo; ® H (8, v?)) ist—s =81 and AF =23
and its relative position in Ext 4(2), (b_O?2 ® H(8, vf)) ist —s = 74 and AF = 22, the
latter of which lies above the vanishing line. Inspection of the relevant charts shows
that vg v;‘doeo[l] cannot support a nontrivial differential in the algebraic tmf resolution
for H(8, vf) since the target bidegrees are zero. Therefore vgvfdoeo[l] is a permanent
cycle in the algebraic tmf resolution for H (8, vf) and therefore lifts to an element
{vgv;‘doeo[l]} in Ext 4, (H(8, vf)).

Finally, inspection of the same charts reveals that there are no possible targets for a
nontrivial differential supported by {vég vfdo ep[1]} in the MASS for M (8, vf). Therefore
{vgv?doeo[l]} is a permanent cycle in the MASS for M (8, vf). |
Lemma 7.22 The following classes lift to the top cell of M (8, vf):

(D A2 e ]T]()z(tmf), A*e € n104(tmf), A%k € mlo(tmf).

(2) A*2K € mq1¢(tmf).
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Proof (1) These classes were lifted in [7, Theorem 11.1].
(2) The class A*2k € 116 (tmf) lifts to an element

A*2K([1] € tmf; 17 (M (8))
which is detected by

vyShogll] € Ext’y) T (H(8))

in the MASS for tmf A M (8). Lift A*2k[1] to an element
A*2K[18] € tmfy34(M (8, vY)).
In the MASS for tmf A M (8), there is a differential
dy(va¥vidohy[1]) = vi®vlhogll].

By the geometric boundary theorem, A*2k[18] is detected by v%s vfdohz[l] in the MASS
for tmf A M (8, v?). In particular, we see that A*2i[18] has MAF 29 and stem 134.

We now check that v; 8 v;‘dohz[l] is a permanent cycle in the algebraic tmf resolution for
H(8,v}). Its relative position in Ext 4(2), (boy ® H(8,vY)) is r —s = 127 and AF = 28,
its relative position in ExtA(z)*(b_O?2 ® H(8, vf)) is t —s = 120 and AF = 27, and
its relative position in Ext,‘l(z)*(li)i@3 ® H(8, vf)) is t —s = 113 and AF = 26, the
last of which lies above the vanishing line. Inspection of the relevant charts shows
that vé62E[18] cannot support a nontrivial d;—differential since the target bidegrees
are zero. Therefore v562E[18] is a permanent cycle in the algebraic tmf resolution for
H(S, Uf) and lifts to an element v;62E[18] in Ext 4, (H(8, vf)).

Finally, inspection of the same charts reveals that there are no possible targets for a
nontrivial differential supported by v562E[1 8] in the MASS for M (8, vf). Therefore
v562E[18] is a permanent cycle. m|

Contrary to the previous cases, there are several potential obstructions to lifting A*kn €
7117(tmf) to the top cell of M (8, v?) which are tricky to resolve. However, since this
element is 2—torsion and v;‘—torsion, we may instead attempt to lift it to the top cell of
the generalized Moore spectrum M (2, vf) of [6], where the potential obstructions are
much simpler to analyze. It then follows from the fact that the composite

And
S8MQ.vh) 2 M8, 08) > 518

is projection onto the top cell of M (2, vf) that A*xn does lift to the top cell of M (8, vf).

Geometry & Topology, Volume 27 (2023)



The 2—primary Hurewicz image of tmf 2823

Lemma 7.23 The class A*in € 17 (tmf) lifts to the top cell of M (2, vf).

Proof The class A*ni € mry17(tmf) lifts to an element
A*ni[1] € tmfy15(M(2))
which is detected by
U;6h1g[1] c EXt21’1 18421 (H(2))
in the MASS for tmf A M (2). Lift A*ni[1] to an element
A*ni[10] € tmfy27(M (2, v})).
In the MASS for tmf A M (2), there is a differential
d3(v3°h3[1]) = vy SvTh g[1].

It follows from the geometric boundary theorem that A*ni[10] is detected by v%ohg[l]
in the MASS for tmf A M (2, vf). In particular, we see that A*nk[10] has MAF 24 and
stem 127.

We now check that v%ohé[l] is a permanent cycle in the algebraic tmf resolution for
H(2, vf). Its relative position in Ext 4(2), (boy ® H(2, v;‘)) ist—s =120 and AF =23,
its relative position in Ext 4(2), (@?2 ® H(2, vf)) ist—s =113 and AF =22, and its
relative position in Ext 4(2), (@?3 ® H(2, v‘f)) ist —s =106 and AF = 21. Inspection
of the relevant charts [6, Figures 6.4—6.5] shows that there is potentially a nontrivial

differential
dy (v3°h3[1]) = x119,24,

in the algebraic tmf resolution, where

X119,24 € EXt?(’zl)ingM(@l ® H(2,v7)),

2
2

(compare with the proof of [7, Proposition 10.1]). Therefore v%ohg[l] is a permanent

but, since v%oh [1] is v%6—divisible and x119,24 is not, this differential cannot occur

cycle in the algebraic tmf resolution for H (2, v‘f) and therefore lifts to an element
{v3°h2[1]} in Extg, (H(2,v})).

Finally, inspection of the same charts reveals that there are no possible nontrivial
differentials supported by {v%ohg[l]} in the MASS for M (2, v;‘). Therefore {v%ohg[l]}
is a permanent cycle in the MASS for M (2, v‘l‘). m|

Lemma 7.24 The class A*q € 15 (tmf) lifts to the top cell of M (8, v}).

Proof The class A*g € ;55 (tmf) lifts to an element

A*q[1] € tmf9(M (8))
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which is detected by
v30co[1] € Ext’y T2 (H(3))
in the MASS for tmf A M (8). Lift A*g[1] to an element
A*q[18] € tmfy46(M (8, v})).
In the MASS for tmf A M (8), there is a differential

ds(v,°g%h5,1v3[1]) = v3%Sco[1].

By the geometric boundary theorem, A*g[18] is detected by vé6 gzhzylv%[l] in the
MASS for tmf A M (8, vf). In particular, we see that A*¢[18] has MAF 29 and stem 146.

We now check that U;6 g2h2,1 vf[l] is a permanent cycle in the algebraic tmf resolution
for H (8, vf). Its relative position in Ext4(,), (boy ® H(8, vf)) ist—s =139 and
AF = 28, its relative position in Ext 4(2), (b0®* ® H (8, v¥)) ist —s = 132 and AF =27,
and its relative position in ExtA(z)*(@i@z’ ® H(8, v?)) is t —s = 125 and AF = 26.

The proof of Lemma 7.18(1) implies that the element
g%hy 1v3[1] € Ext4(), (H (8, v%))

is a permanent cycle in the algebraic tmf resolution for H (8, vf). It follows from
Lemma 5.1 that
U56g2h2,1vf[1]

is a permanent cycle in the algebraic tmf resolution for H (8, vf), and detects an element
0% {8%h2, 10 {1]} € Exta, (H(8.v1)
which persists to the E3—page of the MASS for M (8, v?).

The only possibility for this element to support a nontrivial MASS differential is for it
to support a d;—differential whose target to by detected by the element

vihy’ (vg 'W3[EY. E3DI18] € Ext gz, (boP? ® H(8.vY))
in the algebraic tmf resolution for H (8, vf).

We wish to use Lemma 5.5 to argue that the element vlh?l (vy 1 v%[{ f {g DI18] detects

an element in Ext4, (H (8, vf)) which is zero in the E3;—page of the MASS. In the
MASS for bof A M8, v?), there is a differential

dy (05 hy% (vg '3 [8T, E3DII8]) = vihy)y (v ' v31EY E3DI1S].
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Using the map
2 8tmf A bof A M (8, v¥) — tmf Atmf* A M (8, v])
we get the same differential in the MASS for tmf Atmf2 A M (8, v¥). By Proposition 4.3,

8,10 (,—1,2
the element UZhZ’l(v0 v;

tion for H (8, v?), detecting the element

A*v8 M (g)[1] € Exty, (H(8,v})).

[¢ f ¢ g D[18] is a permanent cycle in the algebraic tmf resolu-

Therefore the hypotheses of Lemma 5.5 are satisfied, and we deduce that

vihyy (vg ' 3[8T, 3DI18]
detects an element which is zero in the E3;—page of the MASS, and hence cannot be
the target of a nontrivial d3—differential in the MASS. O

Lemma 7.25 The class A*u € 7135 (tmf) lifts to the top cell of M (8, vf).

Proof The class A*u € my35(tmf) lifts to an element

A*ull] € tmfy36(M(8))
which is detected by
vySvxas(l] € Bxt’y O T (H(8))
in the MASS for tmf A M (8). Lift A*u[1] to an element
A*u[18] € tmfys3(M (8, vY)).
There is a differential in the MASS for tmf A M (8),

da(v3vih3  g2[1]) = vi®u]Ox3s[1],

50, by the geometric boundary theorem, A*u[18] is detected by v;%fh% . g?[1] in the
MASS for tmf A M (8, vls). In particular, A*u[18] has MAF 31 and stem 153.

We now check that v;%fh%’lgz[l] is a permanent cycle in the algebraic tmf resolution
for H(8, vf). Note that vfh% 1g2[1] detects u[18] in the MASS for tmf A M (8, v?). In
Lemma 7.18, we established ‘that u[18] lifts to M (8, vf), and therefore vfh% 1gz[l] is
a permanent cycle in the algebraic tmf resolution and it detects a permaneni cycle in
the MASS for M (8, vls). It follows from Lemma 5.1 that

16,32 2
v, v1h2’1g [1]
is a permanent cycle in the algebraic tmf resolution and detects an element

v {vih3 1 g°[1]} € Exty, (H(8.v})).
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Inspection of the relevant charts shows that the only possible nontrivial MASS differ-
entials supported by this element would be

dy(v3° - {vih3  g*[11}) = {3hy° E3[18]}.
However, we have

dy(v® - {v3h3 1 g*[11}) =0,

since it is a product of dp—cycles. a

Lemma 7.26 The following classes lift to the top cell of M (8, vf):
(1) ASv? € my50(tmf).
(2) Abkv € w6 (tmf).

Proof (1) The class A%v? € 50 (tmf) lifts to an element

ASv?[1] € tmfy 51 (M (8))

which is detected by

v3*h3ll] € ExCy) TR (H(8))
in the MASS for tmf A M (8). Lift ASv2[1] to an element

ASV2[18] € tmf 65 (M (8, v})).
In the MASS for tmf A M (8), there is a differential

dy (V3% haho[1]) = v3*viA3(1].

By the geometric boundary theorem, A%v2[18] is detected by v26v;‘h2h0[1] in the MASS
for tmf A M (8, vf). In particular, we see that A°v2[18] has MAF 34 and stem 168.

In Lemma 7.21(1), we showed that véovfh 2ho[1] is a permanent cycle in the algebraic
tmf resolution, detecting an element

{0,  hahol1]} € Extq, (H(8.v}))

in the algebraic tmf resolution for H(8, vf). By Lemma 5.1, this is also true of

v3%vhaho[l].

Lemma 5.1 implies that dz(v ) = 0 in the MASS for M (8, vg) By Lemma 7.21(1),
it follows that
da (3% - {v3%vThaho[1]}) = 0.

Inspection of the algebraic tmf resolution charts reveals that there are no possible targets
of a longer MASS differential supported by v26 {v10 4h 2ho[1]}-
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(2) The class A®kv € 714 (tmf) lifts to an element

A%k v[1] € tmfy (M (8))
which is detected by
v¥dohsy[1] € Extf;(’;)il“l (H(8))

in the MASS for tmf A M (8). Lift AS«v[1] to an element
ASkcv[18] € tmfy79(M (8, vY)).
In the MASS for tmf A M (8), there is a differential
da (30T hodo[1]) = v3*vdhydp[1].

By the geometric boundary theorem, ASkv[18] is detected by v§6v‘1‘h0d0[1] in the
MASS for tmf A M (8, v?). In particular, we see that A®xv[18] has MAF 37 and
stem 179.

We showed in Lemma 7.21 that véovfhodo[l] is a permanent cycle in the algebraic
tmf resolution. By Lemma 5.1, it follows that v%%i‘hodo[l] is a permanent cycle in
the algebraic tmf resolution for H (8, vf) and lifts to an element {v%%fhodo[l]} in
Exty4, (H(8,v})).

Finally, inspection of the algebraic tmf resolution charts reveals that there are no pos-
sible nontrivial differentials on {v%ﬁvfhodo[l]} in the MASS for M (8, vf). Therefore
{v%%fhodo[l]} is a permanent cycle. a

Lemma 7.27 The classes A8v? € miggtmf and A8e € mygotmf lift to the top cell of
M8, v}).
Proof The classes A8v? € my9g(tmf) and Ade € m,otmf lift to elements
ABV2[1] € tmfy99(M (8)), ABe[l] € tmfag; (M(8))
which are detected by
v32h3[1] e ExtiG(’zl)igHG(H(S)), v32¢o[l] € Extfj{jﬁ””(}]@))

in the MASS for tmf A M (8). Lift A8v?[1] and A8¢[1] to elements

ABV2[18] € tmfy o (M (8,v8)),  ABe[18] € tmfy (M (8, vY)).
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In the MASS for tmf A M (8), there are differentials
da(v32vthohava[1]) = v32uih3[1],  d3(v3*vieo[l]) = v3*vico[l].

By the geometric boundary theorem, A%v?[18] is detected by v;“ v‘l‘hghz[l] and A3¢[18]
is detected by vgzv;‘eo[l] in the MASS for tmf A M (8, vf).

In [7, Theorem 11.1] the classes A*v2[18] € 120 M (8, vf) and A*e[18] €22 M (8, vf)
were produced by showing that the elements

vi8vtnon,y[1] € ExtiG(’zl)iOJr%(H(S, v8)),  wvivteo[l] € Ex tiﬁ(’;)i”%(H(s, I5))
detect via the algebraic tmf resolution elements
vyt vihoh[11} € Ext120T20(H(8,08)),  {v3%viel1]} e Ext) 122720 (H (8, v})),
which are permanent cycles in the MASS for M (8, vf).

Since the element v%6 € Exty, (H(8, vf)) is the square of the element vg, we have
d> (vé6) = 0. We deduce that the elements

v3S- (itvfhoha[1]} € Ext’0 20T 20 (H (8, v)),
vl® - {uibuteo[l]} € ExC2E 12220 (H (8, v})

persist to the E3;—page of the MASS for M (8, vf). If we can show they are permanent
cycles, we are done.

We begin with {v34 4h0h2[1]} Examination of the algebraic tmf resolution for
M8, vf) reveals that the only possibility of a nontrivial differential in the MASS
supported by this element would be a d4 ({vg“v;‘hoh »>[1]}), which would be detected
by

h3?v1vg 'w31EY. E31118] € Exty(a), (boP? ® H(8,v})).

In the MASS for tmf A bof2 there is a differential
dy™ (N h3 v '3 [e] . G318 = A3’ vivg '3 [eT. G318,

Using the map (5.7) we deduce that there is a corresponding differential in the MASS
for tmf A tmf"2. The elements

h3%vivg w367 GM8L APhSY vivg T u3lgy, §R118]
respectively detect

vih3 Mg?[1] € Exty, (H(8.v})), A*v{hyY Mg?[1] € Exty, (H(8.vY))
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in the algebraic tmf resolution for M (8, vf). We therefore deduce from Lemma 5.5
that v] 723 M g?[1] is killed by

dy™S (AP hyY M g?[1])

in the MASS for M (8, vf). Therefore it cannot be the target of a nontrivial d;™*.

We now consider {vgzv‘l‘eo[l]}. Examination of the algebraic tmf resolution for

M (8, vf) reveals that the only possibility of a nontrivial differential in the MASS
supported by this element would be a d4 ({vgzvfeo[l]}), which would be detected by

N h38 £3118] € Exta), (boy ® H(8,v}))

in the algebraic tmf resolution for M (8, vf). To eliminate this possibility we wish to
employ Case 1 of Remark 5.6, using the differential

A5 (A2h3% g 0361 118) = AP £3]18]

in the MASS for tmf A tmf A M (8, vf). The element Azhésl vgz v§§116[18] detects the
element

Ahy® 02[18] € Ext 4, (H(8,v}))

in the algebraic tmf resolution for M (8, vf). We just need to check that there is no
possibility for A2k ;’91 0>[18] to support a nontrivial d;*** in the MASS for M (8, vf).
However, examination of the algebraic tmf resolution for M (8, vf) reveals there are
no classes which could detect the target of such a nontrivial d'**. O
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Hamiltonian no-torsion

MARCELO S ATALLAH
EGOR SHELUKHIN

In 2002, Polterovich established that on closed aspherical symplectic manifolds,
Hamiltonian diffeomorphisms of finite order, also called Hamiltonian torsion, must
be trivial. We prove the first higher-dimensional Hamiltonian no-torsion theorems
beyond that of Polterovich, by considering the dynamical aspects of the problem.
Our results are threefold.

First, we show that closed symplectic Calabi—Yau and negative monotone symplectic
manifolds admit no Hamiltonian torsion. A key role is played by a new notion of a
Hamiltonian diffeomorphism with nonisolated fixed points.

Second, going beyond topological constraints by means of Smith theory in filtered
Floer homology, barcodes and quantum Steenrod powers, we prove that every closed
positive monotone symplectic manifold admitting Hamiltonian torsion is geomet-
rically uniruled by pseudoholomorphic spheres. In fact, we produce nontrivial
homological counts of such curves, answering a close variant of Problem 24 from
the introductory monograph of McDuff and Salamon. This provides additional
no-torsion results and obstructions to Hamiltonian actions of compact Lie groups,
related to a celebrated result of McDuff from 2009, and lattices such as SL(k, Z)
for k > 2. We also prove that there is no Hamiltonian torsion diffeomorphism with
noncontractible orbits.

Third, by defining a new invariant of a Hamiltonian diffeomorphism, we prove a
first nontrivial symplectic analogue of Newman’s 1931 theorem on finite groups
of transformations. Namely, for each monotone symplectic manifold there exists a
neighborhood of the identity in the Hamiltonian group endowed with Hofer’s metric
or Viterbo’s spectral metric that contains no finite subgroups.

37]11, 53D22, 53D40; 57R17, 57S17
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1 Introduction and main results

1.1 Introduction

The question of the existence of finite group actions on manifolds has been of interest
in topology for a long time. It was in order to study this question that P A Smith [99]
developed in the 1930s what is now called Smith theory for cohomology with [,
coefficients in the context of continuous actions of finite p-groups. We refer the reader
to Borel [4], Bredon [5], Floyd [25] and Hsiang [45] for references on Smith theory.

Quite a lot of progress regarding this question has been obtained in low-dimensional
topology (see for example Morgan [62]) and in smooth topology in arbitrary dimension
(see for example Mundet i Riera [78]). As a first easy example, we remark that it is not
hard to classify finite group actions on closed surfaces. Further progress was made in
low-dimensional symplectic topology (Chen and Kwasik [10]) ruling out symplectic
finite group actions acting trivially on homology on certain symplectic Calabi—Yau
4-manifolds (see also Wu and Liu [109]) by means of tools such as Seiberg—Witten
theory, which are available only in dimension four.

In higher-dimensional symplectic topology,! while the existence of general symplectic
finite group actions has to the best of our knowledge not been ruled out in any given set-
ting,? it was shown by Polterovich [72] that nontrivial Hamiltonian finite group actions,
which we refer to as Hamiltonian torsion, on symplectically aspherical manifolds do not
exist. Essentially, the only other constraints on symplectic and Hamiltonian finite group
actions in higher dimensions were obtained by Mundet i Riera [77], showing, roughly
speaking, that finite groups acting in a Hamiltonian way (or symplectically in the simply
connected case) must be approximately abelian: specifically, they satisfy the Jordan
property. In turn, abelian Hamiltonian finite group actions do exist on closed symplectic
manifolds such as toric varieties, which tend to have a lot of pseudoholomorphic curves.
These developments, as well as further results that we describe below, have motivated
Problem 24 from the list of problems that are “appealing in their own right and central
to symplectic topology” in the monograph [59] of McDuff and Salamon. This problem
seeks obstructions to the existence of Hamiltonian torsion related to the scarcity of
pseudoholomorphic curves in the manifold. One of the goals of this paper is to produce
a solution to a close version of Problem 24, proving a result which is, in a way, stronger.

IThat is, in dimension 27 > 6.
28ee Section 1.2.4, however.
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Another goal is to study the metric rigidity properties of Hamiltonian torsion, also
alluded to in the presentation of this problem. Finally, we prove a topological rigidity
result: all periodic orbits of a Hamiltonian isotopy whose time-one map is torsion must
be contractible.

To motivate Problem 24 further, and to introduce a few important notions, we add that
Hamiltonian actions of cyclic groups on rational ruled symplectic 4—manifolds — that is,
symplectic S?—bundles over S — were recently shown to be induced by S!'-actions;
see Chen [9] and Chiang and Kessler [11]. However, this is false for general symplectic
4-manifolds; see Remark 7. The strongest restriction to date on manifolds admitting
nontrivial Hamiltonian S'—actions was obtained by McDuff [57], who showed that
all such manifolds must be uniruled, in the sense that at least one genus-zero k—point
Gromov—Witten invariant for k& > 3 involving the point class must not vanish. Of
course, rational ruled symplectic 4-manifolds satisfy this condition, with k = 3: they
are strongly uniruled. Either condition implies that these manifolds are geometrically
uniruled: for each w—compatible almost complex structure J and each point p € M,
there is a J—holomorphic sphere’ passing through p. Finally, in Shelukhin [93] a new
notion of uniruledness, [F,—Steenrod uniruledness, was introduced for p = 2, and was
generalized to odd primes p > 2 by work in progress of Shelukhin and Wilkins [97];
the quantum Steenrod p™ power of the cohomology class Poincaré dual to the point
class is defined and deformed in the sense of not coinciding with the classical Steenrod
p" power. This notion similarly implies geometric uniruledness. It is currently not
known whether it implies uniruledness in the sense of McDuff, but it is expected to
do so; see Seidel [91] and Seidel and Wilkins [92] for first steps in this direction.

This paper proves the first higher-dimensional Hamiltonian no-torsion results since that
of Polterovich, which hold beyond the symplectically aspherical case. Firstly, we prove
that, in addition to symplectically aspherical manifolds, symplectically Calabi—Yau
and negative monotone symplectic manifolds do not admit Hamiltonian torsion. An
elementary argument then shows that if a closed symplectic manifold M admits Hamil-
tonian torsion, then it has a spherical homology class A such that {c¢{(TM), A) >0
and {[w], A) > 0; see Corollary 2. Our results have a similar flavor to the result of
McDuff for S!-actions: indeed, negative monotone and Calabi—Yau manifolds are not
geometrically uniruled, and neither are the symplectically aspherical ones.

3This is a smooth map u: CP' > M satisfying Du o j = J o Du for the standard complex structure j

on CP!. Such spheres and their significance in symplectic topology were discovered by Gromov [38]. We
refer to McDuff and Salamon [58] for a detailed modern description of this notion.
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Going far beyond topological restrictions, we further study restrictions on Hamiltonian
torsion in the (positive) monotone case. Using recently discovered techniques, we show
that in this case the existence of nontrivial Hamiltonian torsion implies IF,—Steenrod
uniruledness for certain primes p, and hence geometric uniruledness. This again fits
well with the result of McDuff and in fact provides a partial solution to Problem 24
from the monograph [59] of McDuff and Salamon. Studying the properties of the
quantum Steenrod operations and their relation to Gromov—Witten invariants further —
see Seidel and Wilkins [92] and Wilkins [106; 107] for first inroads in this direction —
might show that our solution is in fact quite complete. Furthermore, we are tempted to
conjecture the following analogue of the result of McDuff.

Conjecture 1 Each closed symplectic manifold with nontrivial Hamiltonian torsion
must be uniruled.

Before addressing further results on the metric properties of Hamiltonian torsion
diffeomorphisms when they exist in the monotone case, we comment on our methods
of proof. The main general idea of the paper is to treat such a diffeomorphism as a
Hamiltonian dynamical system, despite the fact that it exhibits very simple periodic
dynamics. Indeed, quite paradoxically, studying its asymptotic behavior for large
iterations is effective, as it yields new topological and Floer-theoretical properties of
such diffeomorphisms.

Curiously enough, on a more technical level, our arguments involve a recently discov-
ered analogue of Smith theory in filtered Hamiltonian Floer homology (see Seidel [90],
Shelukhin [95] and Shelukhin and Zhao [98]), and related notions of quantum Steenrod
powers (see Shelukhin and Wilkins [97] and Wilkins [106; 107]). Previously these
methods were applied to questions of existence of infinitely many periodic points
(see again Shelukhin and Wilkins [97] and Shelukhin [95]) and, more restrictively, of
obstructions on manifolds to admit Hamiltonian pseudorotations (see Shelukhin [93; 94]
and Cineli, Ginzburg and Giirel [7]). In fact, a more precise general theme of this paper
is that a Hamiltonian diffeomorphism of finite order behaves in many senses like a
counterexample to the Conley conjecture. For instance, the statement of Corollary 2 is
analogous to that of [36, Theorem 1.1] that provides the most general setting wherein
the Conley conjecture is known to hold.

Our third and last series of results studies the metric rigidity of Hamiltonian torsion and
related maps. We start by proving that the spectral norm (see Oh [65], Schwarz [86]
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and Viterbo [104]) of a Hamiltonian torsion element ¢ of order k on a closed rational
symplectic manifold (ie a manifold for which ([w], 7w, (M)) = p-Z with p > 0) satisfies
y(¢) = p/ k, and as an immediate consequence, the same estimate applies for the Hofer
norm (see Hofer [40] and Lalonde and McDuff [51]).

More importantly, in our final main result, we prove that in the monotone case, given
¢ € Ham(M, w) \ {id} of order k, ie with ¢¥ = id, there exists m € Z/kZ such that

) RS

This last result should be considered a Hamiltonian analogue of the celebrated result
of Newman [63] (see also Dress [16] and Smith [100]), the C%—distance having been
replaced by the spectral distance. Moreover we prove the stronger statement that if
k is prime, then y (¢™) > p|k/2]/k for a certain m € Z/kZ, and provide a similar
statement in the context of Hamiltonian pseudorotations.

The bound (1) can further be seen to imply Newman’s result in a special case, as
follows. By Shelukhin [96, Theorem C] (see also Kawamoto [47]), when M = CP"
is the complex projective space with the standard symplectic form normalized so that
CP! has area 1, there is a constant ¢,, depending only on the dimension, such that for
all ¢ € Ham(M, w), the usual C°—distance of ¢ to the identity satisfies

dco(.id) > cpy ().

Hence, if ¢ is of finite order, then by (1) there exists m € Z such that
c
dco(o™,id) > ?”

It would be very interesting to see if the results of this paper can be extended to
the case of Hamiltonian homeomorphisms, as defined in Buhovsky, Humiliere and
Seyfaddini [6]. This generalization does not seem to be straightforward because we use
the properties of the linearization of the Hamiltonian diffeomorphism at its fixed points,
as well as Smith theory in filtered Floer homology, which is not in general stable in the
C°—topology.

We close the introduction by noting that we expect that our results in the monotone
case should extend to the semipositive case, once the relevant results of [95] and [97]
have been generalized to the requisite setting. Since these generalizations would not
considerably differ, in a conceptual way, from the arguments presented in this paper,
but would necessitate more lengthy technical proofs, we defer their investigation to
further publications.
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1.2 Main results

We start with the following theorem of Polterovich [72], originally stated in the case
where (M) = 0. For the reader’s convenience we include its proof in Section 5.4.

Theorem A (Polterovich) Let (M, w) be a closed symplectically aspherical sym-
plectic manifold. If G is a finite group, then each homomorphism G — Ham(M, w) is
trivial.

In this paper we prove a number of additional “no-torsion” theorems of this kind,
going beyond the symplectically aspherical case, and study the metric properties of
Hamiltonian diffeomorphisms of finite order when such obstructions do not hold. Our
conditions on the manifold that imply the absence of Hamiltonian torsion are of two
kinds: the first is purely topological, and the second, perhaps more surprisingly, is in
terms of pseudoholomorphic curves.

1.2.1 Topological conditions The first set of results of this paper is as follows.

Theorem B Let (M, w) be a closed negative monotone or closed symplectically
Calabi—Yau symplectic manifold. If G is a finite group, then each homomorphism
G — Ham(M, w) is trivial.

A simple exercise in linear algebra shows that the class of manifolds, which we call
symplectically nonpositive, covered by Theorems A and B can be described concisely
as those closed symplectic manifolds (M, @) for which

(lw], A) - (c1(TM), A) <0 forall A€ my(M).
In other words, the following holds.
Corollary 2 If a closed symplectic manitold (M, ) admits a nontrivial homomor-
phism G — Ham(M, w) from a finite group, then there exists an A € w,(M) such that
(w], A) > 0 and {c;(TM), A) > 0.
For details of this implication see [36, Proof of Theorem 4.1].

Theorem B follows directly from Theorems C and D below. These two steps essentially
generalize the notion of a perfect Hamiltonian diffeomorphism, ie one that has a finite
number of contractible periodic points of all periods, to the case of compact path-
connected isolated sets of fixed points. We call such an isolated set of fixed points
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of ¢ € Ham(M, w) a generalized fixed point of ¢. Recall that a fixed point x of a
Hamiltonian diffeomorphism ¢ = ¢}q is called contractible whenever the homotopy
class a(x, ¢) of the path a(x, H) = {¢};(x)} for a Hamiltonian H generating ¢ is
trivial. This class does not depend on the choice of Hamiltonian, by a classical argument
in Floer theory. We call a generalized fixed point F of ¢ contractible if all fixed points
x € F are contractible. We denote by .# the generalized periodic orbit, consisting
of all w(x, H) for x € F, corresponding to the generalized fixed point F. This is
a subset of the free loop space LM of M. If F is contractible, we show that there
exists a capping .Z of .Z, which is a lift of .% to a suitable cover of the connected
component Ly M of the loop space consisting of contractible loops. Finally, and
crucially, we introduce the following notion: we call a generalized fixed point %
index-constant if the mean-index A(H, X) for X € .Z is constant as a function of X € .7
(which is in turn determined by x € F and the capping .Z). We refer to Section 2.1.3
for the definition of the mean-index.

We call ¢ € Ham(M, w) a generalized perfect Hamiltonian diffeomorphism if there
exists a sequence k; — oo of iterations satisfying the following two properties: first,
it contains a subsequence /; = kj, with /; | /;4 for all i; second, for all j € Z~( the
diffeomorphism (])kf has only a finite set, which does not depend on j, of contractible
generalized fixed points, which are all index-constant.

Finally, we call a diffeomorphism ¢ with a finite number of (contractible) generalized
fixed points weakly nondegenerate if for each (contractible) fixed point x of ¢, the
spectrum of the differential D(¢)x at x contains points different from 1 € C. Using the
existence of w—compatible almost complex structures invariant under a Hamiltonian
diffeomorphism of finite order, we prove the following structural result.

Theorem C Let (M, w) be a closed symplectic manifold. Then a torsion Hamiltonian
diffeomorphism ¢ € Ham(M, w) is a weakly nondegenerate generalized perfect Hamil-
tonian diffeomorphism. In fact, it is Floer—-Morse—Bott and its generalized fixed points
are symplectic submanifolds.

While we do not require this for Theorem C, for most of our applications it is sufficient
to assume that ¢ is p—torsion for a prime p, that is, ¢p? = id.

Following the index arguments of Salamon and Zehnder [84], and their generalization
due to Ginzburg and Giirel [34], we prove the following obstruction to the existence of
weakly nondegenerate generalized perfect Hamiltonian diffeomorphisms.
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Theorem D Let a closed symplectic manifold (M, @) be negative monotone or sym-
plectically Calabi—Yau. Then (M, w) does not admit weakly nondegenerate generalized
perfect Hamiltonian diffeomorphisms.

Together with Theorem C, Theorem D immediately implies Theorem B. In fact, in view
of Cauchy’s theorem for finite groups, to rule out all Hamiltonian finite group actions it
is sufficient to rule out all Hamiltonian torsion of prime order. One can say that, almost
paradoxically, we use the large-time asymptotic behavior of our Hamiltonian system to
study its periodic dynamics! This is the main general idea of this paper.

As easy examples show, generalized perfect Hamiltonian diffeomorphisms do indeed
exist on the manifolds of Theorem D if one drops the weak nondegeneracy assumption.
For example, one can take 72 = S x S, where S! = R/Z, to be the standard torus
with (x, y) denoting a general point, and wg; = dx A dy the standard symplectic form,
and pick ¢ € Ham(7T'?, w) given by ¢ = ¢§1 for t > 0, with H € C*®°(T?,R) given
by H(x, y) = cos(2my). It is easy to see that the set of contractible periodic points
of ¢ consists precisely of the two isolated sets {y = 0} and { y = %}

1.2.2 Conditions in terms of pseudoholomorphic curves Our second set of results
deals with the class of monotone symplectic manifolds. It is evident that far more than
topological conditions is necessary to rule out Hamiltonian torsion in this case, since
each Hamiltonian S '—manifold, such as CP” for example, admits Hamiltonian torsion.
We formulate our restriction on the existence of Hamiltonian torsion geometrically
as follows. For an w—compatible almost complex structure J on a closed symplectic
manifold (M, w), we say that the manifold is geometrically uniruled if for each point
p € M, there exists a nonconstant J—holomorphic sphere u: CP! — M such that
p €im(u).

Theorem E Let (M, w) be a closed monotone symplectic manifold that is not geo-
metrically uniruled for some w—compatible almost complex structure J. Then each
homomorphism G — Ham(M, w), where G is a finite group, is trivial.

This is a corollary of the following more precise result involving the quantum Steenrod
power operations.

Theorem F Let (M, w) be a closed monotone symplectic manifold that admits a
Hamiltonian diffeomorphism of order d > 1. Then the p™ quantum Steenrod power of
the cohomology class 1 € H*" (M ; IFp) Poincaré dual to the point class is deformed
for all primes p coprime to d.
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Theorem F follows directly from Theorems G and I below.

Theorems E and F provide an obstruction to the existence of Hamiltonian diffeomor-
phisms of finite order in terms of pseudoholomorphic curves. The existence of an
obstruction of this type was conjectured by McDuff and Salamon, and publicized as
Problem 24 in their introductory monograph [59]. Therefore we provide a solution to a
reasonable variant of this problem. Indeed, further investigations into the enumerative
nature of quantum Steenrod operations might prove that our solution is in fact complete
in the framework of monotone symplectic manifolds. Such investigations were initiated
in Seidel and Wilkins [92] and Wilkins [106; 107].

In particular, in the special case where (M, w) has minimal Chern number N =n+-1, we
deduce from Theorem F and the work of Seidel and Wilkins [92], as in Shelukhin [93],
that nontrivial Hamiltonian torsion implies that the quantum product [pt] * [pt] does not
vanish. This means that the manifold is strongly rationally connected: it implies strong
uniruledness, and moreover that for each pair of distinct points pq, p, in M, and each
w—compatible almost complex structure J, there exists a J—holomorphic sphere in M
passing through p; and p,.

As mentioned above, the proof of Theorem F relies on two steps: Theorems G and 1.
These steps are aimed at showing that torsion Hamiltonian diffeomorphisms of closed
monotone symplectic manifolds, which by Theorem C are generalized perfect and
weakly nondegenerate, are moreover homologically minimal in the following sense.
To formulate it precisely, we first discuss a useful technical notion.

Let K be a coefficient field. For a generalized fixed point F of a Hamiltonian diffeo-
morphism 1/, we define a generalized version HF'°°(yr, F) of local Floer homology.
Such notions date back to the original work of Floer [24; 23] and have been revisited a
number of times: for example by Pozniak in [76]. It is naturally Z /2Z—graded.*

We call a Hamiltonian diffeomorphism a generalized K pseudorotation with the se-
quence k; if it is generalized perfect with the sequence k; and, further, HF'°° (v, F) # 0
for all F € o (Fix(y)) and the homological count

NW.K):= Y dimg HF" (. F)
FemoFix(¥))

of generalized fixed points of ¥ = ¢&/ satisfies
N, K) =dimg He(M;K) forall j € Z~y.

4We also define a Z—graded version for a capped generalized 1—periodic point .Z lifting F.
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We recall that usually an [F, pseudorotation is defined analogously, with the sequence
kj = p’/~1, and with the additional hypothesis that each F € o (Fix(v)) for ¥ = ¢kf
consists of a single point. Unless otherwise stated, a generalized ¥, pseudorotation
will be considered with the sequence k; = pl1.

In view of the discussion in Shelukhin [95; 96], this homological minimality for a
Hamiltonian diffeomorphism i with a finite number of generalized fixed points is
equivalent to the absence of finite bars in the barcode B(y/) of ¥, a notion of recent
interest in symplectic topology; see eg Kislev and Shelukhin [48], Polterovich and
Shelukhin [74], Polterovich, Shelukhin and Stojisavljevi¢ [75] and Shelukhin [95; 96].
It also implies the equality

Spec® (F; K) = Spec'*(F; K)

between two homologically defined subsets of the spectrum associated to a Hamiltonian
F € generating ¥. Recall that the spectrum Spec(F') of F is the set of critical values
of the action functional of F. For a coefficient field K, there is a nested sequence of
subsets

Spec® (F; K) C Spec'™(F:K) C Spec(F).

Here the essential spectrum Spec®*(F; K) is the set of values of all spectral invariants
associated to F, in other words the set of starting points of infinite bars in the barcode
of F. The visible spectrum Spec'(F;K) is the set of action values of capped (gener-
alized) periodic orbits of F' that have nonzero local Floer homology, in other words
the set of endpoints of all bars in the barcode. It is not hard to modify the definitions
of the two homological spectra to include multiplicities, in which case their equality
would be equivalent to homological minimality.

The first step in the proof of Theorem F, which is nontrivial and uses Smith theory in
filtered Floer homology (cf [95; 98]), is the following reduction.
Theorem G Let (M, w) be a closed monotone symplectic manifold. Suppose that

¢ € Ham(M, w) is a Hamiltonian diffeomorphism of prime order ¢ > 2. Then:

(i) For each prime p different from ¢, the g—torsion diffeomorphism ¢ is a weakly
nondegenerate generalized pseudorotation over [, with the sequence k; given
by the monotone increasing ordering of the set

{k € Z>o |k # 0 (mod g)}.
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(i) Moreover, for each Hamiltonian H generating ¢, and each coefficient field K of
characteristic p coprime to q, we have
Spec®(H; K) = Spec"s(H; K),
and for all k coprime to g, we have
SpecS(H®): Q) = k - Spec*(H; Q) + p- Z.
(iii) Finally, part (i) holds also for p = q, and in part (ii), equalities
Spec®S(H; K) = Spec**(H; K),
SpeceSS(H(k); K) =k -Spec®™ (H;K) + p- Z
hold with arbitrary coefficient field K, and moreover,

Spec's(H:;K) = Spec(H).

The proof of Theorem G appears in Section 5.9. For the moment, we briefly explain
the approach used to prove Theorem G(i). Following the main theme of the proof
of Theorem C, we use information about large iterations of H to study the periodic
Hamiltonian diffeomorphism ¢ = ¢>}{ that it generates. More precisely, let ¥ = ¢k with
k coprime to g. Combining the theory of barcodes of Hamiltonian diffeomorphisms
(see Proposition 23), and Smith-type inequalities in filtered Floer homology (see
Theorem N), we observe that for the bar-lengths

B1(Y,Fp) <+ < Bg(y.F,) (¥, Fp)
of ¥, we have the following inequality. Set

ﬁtot(w, ]Fp) = /31 (W’ IFp) +- ,BK(w,IFp)(Wa Fp)
to be the total bar-length of . Then

Bot(WP" [ Fp) = p™ - Bron(¥, Fp).

However, B (VP [F,) is bounded, since it can take at most ¢ — 1 values. This implies

:Btot(Wv Fp) =0,

which in turn implies part (i), by the theory of barcodes; see Proposition 23.

Remark 3 We separate part (iii) of Theorem G because it requires a different proof, re-
lying on Proposition 5 below. The first statement of part (iii) is obtained via Proposition 5
by classical Smith theory combined with the classical homological Arnol’d conjecture,
outlined in Chiang and Kessler [11, Remark 7.1] with details for p = 2. One could
also obtain this statement by a suitable generalization of Theorem N on Smith theory
in filtered Floer homology, which is, however, out of the scope of this paper.
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Remark 4 When the order ¢ is not prime, a version of Theorem G still holds. We leave
its somewhat lengthier formulation to the interested reader, since we do not require it
for our arguments, only observing that part (i) holds under the assumption that p does
not divide ¢, and the sequence of iterations is given by {k € Z~¢ | gcd(k,q) = 1} and
part (ii) holds as stated.

The following statement is a key component of the proof of Theorem G(iii). It relies
on the generalization of the Morse-Bott theory of Pozniak [76, Theorem 3.4.11] to the
situation with signs and orientations, as in for example Schmaschke [85, Chapter 9],
Fukaya, Oh, Ohta and Ono [28, Chapter 8], or Wehrheim and Woodward [105]. How-
ever, it is not entirely straightforward, because as classical examples show, it is false
in the general Floer—Morse—Bott situation, while in our case it holds because of the
existence of special w—compatible almost complex structures adapted to the situation.

Proposition 5 Let (M, w) be a closed symplectic manifold, and ¢ € Ham(M, w)
a Hamiltonian ditfeomorphism of finite order d > 2. Let F be a path-connected
component of the fixed-point set of ¢. Finally, let R be a commutative unital ring.
Then the local Floer homology of ¢ at F with coefficients in R satisfies

HF'(¢, F) = H(F; R).

The proof of Theorem G has the following by-product, which is a new analogue, for
Hamiltonian torsion, of the classical consequence of Floer theory, whereby the map
w1 (Ham(M, w)) — m1(M) is trivial.

Theorem H Let (M, w) be a closed monotone symplectic manifold, and let ¢ in
Ham(M, w) be a Hamiltonian diffeomorphism of finite order. Then all the fixed points
of ¢ are contractible.

The second step in the argument proving Theorem F is the following statement. It
essentially follows the arguments of Shelukhin [94] and Shelukhin and Wilkins [97].

Theorem I Let (M, w) be a closed monotone symplectic manifold that admits a
weakly nondegenerate generalized ¥, pseudorotation for a prime p > 2. Then the
p™ quantum Steenrod power of the cohomology class . € H*"(M ; [Fp) Poincaré dual
to the point class is deformed.

Theorems G and I immediately imply Theorem F and therefore, by a Gromov compact-
ness argument, Theorem E.
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1.2.3 Applications to actions of Lie groups and lattices To conclude the discussion
of our first two sets of results, we discuss their implications to the question of existence
of Hamiltonian actions of possibly disconnected Lie groups, and lattices in Lie groups,
on closed symplectic manifolds.

A well-known result of Delzant [15] (see [73] for an alternative argument) implies
that a simple Lie group can only act nontrivially on a closed symplectic manifold if
it is compact. A compact zero-dimensional Lie group is finite, whence Theorems B
and E provide topological and geometrical obstructions to their actions. The identity
component K of a compact Lie group K of positive dimension is a compact connected
Lie group of positive dimension, and as such admits a maximal torus 7" = (S 1k
of positive dimension, whose conjugates cover the whole group K. Therefore, the
absence of Hamiltonian torsion, as in Theorems A, B, E and F, implies that a nontrivial
K-—action yields a nontrivial Ky—action, since otherwise it would factor through K/ Ky,
which is finite. This in turn yields a nontrivial 7'—action and a fortiori a nontrivial
S1_action. A celebrated result of McDuff [57] then shows that nontrivial S!—actions
imply uniruledness in the sense of k—point genus-zero Gromov—Witten invariants, and
hence geometric uniruledness. We therefore obtain the following result.

Corollary 6 Let (M,w) be a closed positive monotone symplectic manifold that
is not geometrically uniruled, or a negative monotone or symplectically Calabi—Yau
symplectic manifold. Then each homomorphism K — Ham(M, w) for a compact Lie
group K must be trivial.

Moreover, by a simple continuity argument, a nontrivial continuous S !—action implies
a nontrivial Z / pZ—action for each prime p. Therefore Theorems B and E imply the
above corollary for symplectically aspherical, symplectically Calabi—Yau, negative
monotone, or monotone symplectic manifolds directly, without relying on the result
of McDuff. Moreover, Theorem F also implies that if a positive monotone symplectic
manifold admits a nontrivial Hamiltonian S '—action, it must be F p—Steenrod uniruled
for all primes p. It is seen from examples due to Seidel and Wilkins [92] that there exist
closed monotone symplectic manifolds that are uniruled in the sense of Gromov—Witten
invariants, and yet not [F,—Steenrod uniruled for certain primes p. More precisely, the
monotone blowup M of CPP? at 6 points is not F,—Steenrod uniruled, but is evidently
uniruled in the Gromov—Witten sense.

The following discussion shows that for a certain nonmonotone 6—point blowup of
CP? there exists a Hamiltonian involution that cannot be inscribed into an S'-action.
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Note that [92, Example 1.7] and Theorem F imply that the monotone blowup M admits
no Hamiltonian torsion of order other than 2. It would be interesting to construct a
nontrivial Hamiltonian involution of M or prove that it does not exist.

Remark 7 In [12], Chiang and Kessler gave an example of a symplectic involution,
ie ¢ € Symp(M,) such that ¢2 = id, of a certain nonmonotone 6—point blowup M
of the standard (C]P’z, with blowup sizes %, %, %, %, %, %. This involution belongs
to the symplectic Torelli group Symph (My) of symplectomorphisms acting trivially
on homology, and has the property that it does not belong to any S!—subgroup of
Ham(M,). Li, Li and Wu [53] showed in particular that the mapping-class group
o Symph (M) is isomorphic to the quotient Gg = P¢(S?)/Z of the spherical pure
braid group Pg(S?) on 6 strands by its center Z == 7 /27. It is well known that G¢ has
no torsion; see Gonzalez-Meneses [37] for a beautiful account of related subjects. This
implies that ¢ € Symp, (M) = Ham(M,), showing that ¢ is a Hamiltonian involution

that does not belong to any S '—subgroup.

We note that McDuff’s theorem was proven by showing that certain loops of Hamiltonian
diffeomorphisms in a blow-up of the manifold are nontrivial, and detectable by Seidel’s
representation [87]. It would be interesting to investigate the existence of nontrivial
Hamiltonian loops associated to Hamiltonian diffeomorphisms of finite order. For a
Hamiltonian H generating ¢ € Ham(M, w) of order d, the Hamiltonian H @) generates

a loop homotopic to {(¢§{)d}. The noncontractibility of this loop is not obvious since

3
t2m/
contractible in Ham(S?2, wg), while the loop {¢* fdor /3} is contractible therein, yet

for a rotation ¢, /3 of S 2 by angle 277/3 about the z—axis, the loop {¢ 3} is not

D—47)3 = G27)3-

Finally we can argue, following the work of Polterovich [72] on the Hamiltonian
Zimmer conjecture, that SL(k, Z) for k > 2 has no nontrivial Hamiltonian actions on
symplectically aspherical, symplectically Calabi—Yau, negative monotone, or monotone
and not geometrically uniruled closed symplectic manifolds. Indeed, it is well known
that SL(k, Z) for k > 2 is generated by elements of finite order. We remark, however,
that the case of finite-index subgroups of SL(k, Z) with k > 3 is much more difficult
and seems to be currently out of reach of our methods.

1.2.4 Symplectic actions It makes sense to study finite group actions by more general
symplectic diffeomorphisms than Hamiltonian ones. In particular, a classical statement
in the topology of hyperbolic surfaces is that diffeomorphisms of finite order cannot be
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isotopic to the identity. Further progress in this direction was made in low-dimensional
symplectic topology; see Chen [9], Chen and Kwasik [10] and Wu and Liu [109]. In
this section we collect remarks and results in the higher-dimensional setting.

Let us denote by Symp(M, w) the group of diffeomorphisms preserving the symplec-
tic form, and by Symp,(M, w) its identity component. Of course Ham(M, ) is a
subgroup of Symp, (M, w).

We first make the observation that if Ham(M, w) and Symp (M, w) coincide, Hamil-
tonian no-torsion theorems yield no-torsion theorems for elements of Symp, (M, w).
Let I, C H'(M,R) be the well-known flux group, defined as the image of the map
Flux: 771 (Symp(M, w)) — H'(M,R) given by integrating w over the two-cycle traced
by a loop of symplectomorphisms applied to one-cycles. It is a finitely generated
abelian group. The exact sequence

1 - Ham(M, w) — Sympy(M, w) — HY(M,R)/T, — 1

therefore implies that Ham(M, w) = Sympy(M, w) if and only if H!'(M,R) = 0.
Second, following Polterovich [72, Example 1.3.C], by the same exact sequence we
note that whenever I, = 0, all torsion elements in Symp,(M, ) must in fact be
Hamiltonian. By a result of McDuff [56, Theorem 1], this happens for homologically
monotone and negative monotone symplectic manifolds, ie when [w] =k - ¢; (T M)
for some « # 0 as elements of H 2 (M, R). By a result of Kedra [49], this also holds
for closed symplectically aspherical manifolds (M, w), ie when [w] = 0 on 7,(M),
of nonvanishing Euler characteristic or when the center of 1 (M) is trivial; see also
Kedra, Kotschick and Morita [50].

We expect that the methods developed in this paper will yield new results on torsion in

symplectomorphism groups and plan to investigate this in a further publication.

1.2.5 Metric properties Our third and final set of results studies the metric properties
of Hamiltonian torsion diffeomorphisms, in cases that are not ruled out by our previous
arguments, for example on CP”.

Recall that the spectral pseudonorm of a Hamiltonian H € C*®°(S! x M, R) on a closed
symplectic manifold (M, w) is defined in terms of Hamiltonian spectral invariants as

y(H) = c(M], H) +c((M], H),
and the spectral norm of ¢ € Ham(M, ) is set as

y@) = inf y(H).

H
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We refer to Section 2 for a more in-depth discussion of this interesting notion, remarking
for now that this is a conjugation-invariant and nondegenerate norm on Ham(M, w),
yielding a bi-invariant metric

dy(f.8)=v(ef™").
This was shown in large generality in Oh [65], Schwarz [86] and Viterbo [104].

Furthermore, whenever defined, y (¢) provides a lower bound on the celebrated Hofer
distance dyofer(¢,id), defined as

1
d ,id) = inf H(t,—)—min H(t,—) dt;
i) = ot /O s H(t,~) ~min H(t, )

see Hofer [40] and Lalonde and McDuff [51]. Finally in Buhovsky, Humiliére and
Seyfaddini [6], Kawamoto [47] and Shelukhin [96] it was shown, in various degrees of
generality, that ¥ (¢) is bounded by the C%—distance d0 (¢, id) of ¢ to the identity, at
least in a small d-o—neighborhood of the identity.

These and numerous other recent results show that the spectral norm y is an important
measure of a Hamiltonian diffeomorphism. Here, we provide lower bounds on y (¢),
under the assumption that ¢ is of finite order. Our first result is relatively general
and quite straightforward, and follows essentially from the homogeneity of the action
functional under iteration. However, it underlines the fact that the finite order condition
implies certain metric rigidity.

Theorem J Let (M, w) be a closed rational symplectic manifold, with rationality
constant p > 0, ie ([w], w2 (M)) = p- Z. Suppose that ¢ € Ham(M, w) is a nontrivial
Hamiltonian diffeomorphism of order d, ie $? = id. Then y(¢) > p/d.

As a further consequence of Theorem G, which requires considerably more complex
methods, we obtain the following analogue of Newman’s theorem for the spectral
norm of Hamiltonian torsion elements. This result is the first nontrivial result of
its kind in symplectic topology, and is implicitly conjectured in the formulation of
[59, Problem 24].

Theorem K Let (M, w) be a closed monotone symplectic manifold of rationality
constant p > 0. Consider a Hamiltonian diffeomorphism ¢ € Ham(M, w) of order
d > 1. Then there exists m € 7 /d7Z such that

y(e™) =

WD
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Here the coefficients are in an arbitrary field K. In fact, if d = p is prime, we prove
the stronger statement that there exists m € 7./ pZ such that

pr/J
P

y(9") =z ———

The key notion in the proof of this result is a new invariant of a Hamiltonian diffeomor-
phism ¢ € Ham(M, w), which we call the spectral length (¢, K) of ¢ with coefficients
in a field K. It is defined as the minimal diameter of Spec®*(H;K) N I over intervals
I = (a—p,a] C R of length p, where H is a Hamiltonian with ¢ }I = ¢. In particular,
we show that this minimum does not depend on the choice of the Hamiltonian H. We
show the key property that /(¢, K) < y (¢, K) and that, in our case, the spectral length
behaves in a controlled way with respect to iterations. By a combinatorial analysis of
our situation we consequently deduce Theorem K. We expect /(¢, K) to have additional
applications in quantitative symplectic topology, which we plan to investigate.

Theorem K is generally speaking sharp, as can be seen from the rotation ¢ of S2 by
27/3 about the z—axis. In this case ¢* = id and y(¢) = y(¢?) = (¢~ ') = p/3,
where p is the area of the sphere. Observe moreover that the lower bound in Theorem K
does not depend on the order of ¢. In particular if d = 2, then Theorem J gives the
stronger lower bound ¥ (¢) > p/2, which is again sharp for the w—rotation of S2 about
the z—axis. We recall that Newman’s theorem is a directly analogous assertion, but for
the C%—distance to the identity, in the setting of homeomorphisms of smooth manifolds.
In contrast to our result, the constant in Newman’s theorem is not explicit.

Finally, we remark that analogous statements hold for generalized IF,, pseudorotations ¢
with sufficiently large admissible sequences. For example, for the sequence kj = pl1,
we get the lower bound y(¢%) > p/(p + 1) for some j € Z~,, which is saturated
by the rotation of S2 by 27/(p + 1) about the z—axis. For the sequence k; = j, we
obtain the following lower bound, which is saturated by any 27 —rotation on S2 about
the z—axis, where 6 &€ Q.

Theorem L. Let ¢ € Ham(M, w) be a generalized K pseudorotation with sequence
kj = j on a closed monotone symplectic manifold (M, w) with rationality constant p.
Then

sup y(¢h) >

P
J€Z>o 2

the coefficients being taken in K.
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This result is new in this generality even for strongly nondegenerate pseudorotations.
Moreover, Theorem L applies to irrational elements of effective Hamiltonian S'—
actions, and Theorem K applies to rational elements. In particular, by considering
the element [3] € S = R/Z, we obtain that the Hofer length of such a Hamiltonian
S1_action is at least p. In the case of semifree S !—actions, this lower bound can be
deduced from McDuff and Slimowitz [60], where it is also proven that the S I_action
is Hofer length-minimizing among Hamiltonian loops in the same free homotopy class.
Our results do not prove such homotopical minimality. However, they do apply in the
case where the action is not semifree, where no such results are known. In fact such
Hamiltonian loops may well be nullhomotopic; see also Karshon and Pearl [46] for
more general shortening results in this case. Finally, we observe that in the special
case where (M, w) is a complex projective space, a similar result to Theorem L can be
obtained in a different way by following the methods of Ginzburg and Giirel [35].

2 Preliminary material

2.1 Basic setup

In this section, we recall established aspects of the theory of Hamiltonian diffeo-
morphisms on symplectic manifolds. Throughout the article, (M, ) denotes a 2n—
dimensional closed symplectic manifold.

Definition8 (monotone, negative monotone and symplectically Calabi—Yau) Suppose
that the cohomology class of the symplectic form w is proportional to the first Chern
class, ie

[w]=k-c1(TM)
for some k # 0, on the image HZS (M ; Z) of the Hurewicz map m,(M) — H,(M ;7).
If k <0 we call (M, w) negative monotone, and if k > 0 we call it (positive) monotone.

If the first Chern class ¢; (7'M') vanishes on the image of the Hurewicz map, we say
that (M, w) is symplectically Calabi—Yau.

The symplectic manifold (M, w) is called rational whenever P, = ([w], Hf (M ;7))
is a discrete subgroup of R. If P, # 0, then P, = p-Z for p > 0, which we call the
rationality constant of (M, ). If Py, = 0 we call (M, ) symplectically aspherical.’
3In the literature the additional condition {¢; (T M), HZS (M ;Z)) = 0, which we do not require, is often

imposed. This condition allows one to introduce a Z—grading on the Floer complex, which we do not
require once Py = 0.
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Finally we recall that the minimal Chern number of (M, w) is the index
N =Ny =[Z:1]

in Z of the subgroup I = im(cl(TM): (M) — Z). Namely, [Z : 1] =|Z/ ]| is the
cardinality of the quotient group Z /1.

2.1.1 Hamiltonian isotopies and diffeomorphisms We next consider normalized
1-periodic Hamiltonian functions H € H C C®(S! x M, R), where H is the space
of Hamiltonians normalized so that H (¢, —) has zero w"—mean for all ¢ € [0, 1]. For
each H € H we have the corresponding time-dependent vector field X ;{ defined by
the relation w(X%,,-) = —dH;. In particular, to each Hamiltonian function we can
associate a Hamiltonian isotopy {¢}I} induced by X }{ and its time-one map ¢g = ¢ }q
We omit the H from this notation whenever it is clear from context. Such maps ¢z are
called Hamiltonian diffeomorphisms and they form a group denoted by Ham(M, ).

For a Hamiltonian diffeomorphism ¢ € Ham(M, w), we denote the set of its contractible
fixed points by Fix(¢). Contractible means the homotopy class «(x, ¢) of the path
a(x, H) = {¢}; (x)} for a Hamiltonian H € #{ generating ¢ is trivial. This class does
not depend on the choice of Hamiltonian, by a classical argument in Floer theory. We
write x®) for the image of x € Fix(¢) under the inclusion Fix(¢) C Fix(¢k).

We denote by H®) € C°(S! x M, R) the k' iteration of a Hamiltonian function H,
given by H® (¢, x) = kH (kt, x). Note that g = ¢]1§I. There is a bijective corre-
spondence between Fix(¢g ) and contractible 1—periodic orbits of the isotopy {¢1tﬂl}’
thus for x € Fix(¢g), we denote by x(¢) the 1-periodic orbit given by x(¢) = ¢}{ (%)
and, similarly, by x® (¢) the 1-periodic orbit given by x®) (¢) = e (x )y,

2.1.2 The Hamiltonian action functional Let x:S! — M be a contractible loop. It
is then possible to extend this map to a capping of x, namely, a map X: D> — M such
that X|q1 = x. Let LM denote the space of contractible loops in M and consider the
equivalence relation on capped loops given by

x,x)~(,y) = x=y and X#(—Yy) € ker([w]) Nker(cy),

where X # (—y) stands for gluing the disks along their boundaries with the orienta-
tion of y reversed. Here ker(Jw]) and ker(c;) denote the kernels of the homomor-
phisms HZS (M;Z) — R induced by [w] and ¢1(T'M). The quotient space ZptM
of capped loops by the above equivalence relation is a covering of LM with the
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group of deck transformations isomorphic to T' = H3 (M ; Z)/ (ker([]) Nker(cy)).
Note that if (M, w) is positive or negative monotone or symplectically Calabi—Yau,
then ker(Jw]) Nker(c;) = ker([w]), whence ' = Hﬁg (M ; Z)/ ker(Jw]). Note also that
I' = m5(M)/(ker(fw]') Nker(c})), where the maps [w],¢|: m2(M) — R are the
compositions of [w] and ¢; with the Hurewicz homomorphism 7, (M) — HZS (M 7).
We write (x, X), or simply X, for the equivalence class of the capped loop. With this
notation, to each A € I we associate the deck transformation sending a capped loop X
to X # A. We define the Hamiltonian action functional Ag : ZptM — R of a 1-periodic
Hamiltonian H by

1
AH()?)zfo H(t,x(t))dt—/_a).

Observe that the critical points of the Hamiltonian action functional are exactly (x, X)
for x a contractible 1-periodic orbit satisfying the equation x'(¢) = X It{ (x(2)). We
denote by O(H) the set of such orbits, and by O(H) the set of critical points of Agr. The
action spectrum of H is defined as Spec(H) = Ag (O(H)). We remark, following [86],
that in the rational case the action spectrum is a closed nowhere-dense subset of R. In
addition, if 4 € T" then

AH(f#A>=AH(f)—/Aw,

and for X, the k™ iteration of X with the naturally inherited capping, we have

Aproo (39 = kAg ().

Definition 9 (nondegenerate and weakly nondegenerate orbits) A 1-periodic orbit x
of H is called nondegenerate if 1 is not an eigenvalue of the linearized time-one map
D(¢11{) x(0) at x(0). We call x weakly nondegenerate if there exists at least one eigen-
value of D(¢ }1) x(0) different from 1. We say that a Hamiltonian H is nondegenerate
(resp. weakly nondegenerate) if all its 1—periodic orbits are nondegenerate (resp. weakly
nondegenerate).

The nondegeneracy of an orbit x of H is equivalent to

graph(¢p) = {(x.¢u (x)) | x € M}

intersecting the diagonal A s C M x M transversely at (x(0), x(0)). Following [84],
for any Hamiltonian H and ¢ > 0, there exists a nondegenerate Hamiltonian H’
satisfying | H — H'|| -2 < €. This fact is key in the definition of filtered Floer homology
of degenerate Hamiltonians and for local Floer homology.
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2.1.3 Mean-index and the Conley—Zehnder index Following [84; 34], the mean-
index A(H, X) of a capped orbit X of a possibly degenerate Hamiltonian H is a real
number measuring the sum of the angles swept by certain eigenvalues of {D(¢}I) x(0)}
lying on the unit circle. Here a trivialization induced by the capping is used in order
to view {D(¢1tq) x()y as a path in Sp(2n,R). One can show that for the time-one
map ¢ = ¢y generated by the Hamiltonian /, the mean-index depends only on the
class 5 of {¢}I} t€[0,1] in the universal cover ﬁar/n(M , ), making the notation A((Z , X)
suitable. In addition, the mean-index depends continuously on 5 in the C !—topology
and on the capped orbit, and it behaves well with iterations,

AP 30 =k - A, X).

Meanwhile, the Conley—Zehnder index CZ( H, X) of a nondegenerate capped 1—periodic
orbit X is integer-valued, and roughly measures the winding number of the abovemen-
tioned eigenvalues. Once again, the index only depends on (5, so we can also write
CZ(H,Xx) = CZ@, X). We shall use the same normalization as in [34], namely,
CZ(H,x) = n if x is a nondegenerate maximum of an autonomous Hamiltonian H
with small Hessian and X is the constant capping. We shall omit the H or (; in the
notation when it is clear from the context. We remark that for an element 4 € I',

AX#A)=AX)—2(ci1(TM),A) and CZ(x#A)=CZ(x)—2(c1(TM), A).
Also, in the case that X is nondegenerate, we have
2) |A(X) —CZ(X)| < n.

Following [79; 73; 18], we observe that a version of the Conley—Zehnder index can
be defined even in the case where the capped orbit is degenerate. It is called the
Robbin-Salamon index, and it coincides with the usual Conley—Zehnder index in the
nondegenerate case. Furthermore, we note that the mean-index can be equivalently
defined by

3) A($ H.X)= k1l)n;o % CZ(‘FE ’ )—C(k))’

where we are slightly abusing notation in the sense that CZ here means the Robbin—
Salamon index so as to include the degenerate case. The limit in (3) exists, as the
Robbin-Salamon index is a quasimorphism CZ: §f)(2n, R) — R; see eg [14] and
[18, Section 3.3.4]. In particular, as can be seen directly from its definition in [84],
the mean-index is induced by a homogeneous quasimorphism A: §f)(2n, R) — R.
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Moreover, this map is continuous, and satisfies the additivity property
A(PY) = A(DP) + A(Y)
for all ® € 1 (Sp(2n,R)) C Sp(2n,R) and all ¥ € Sp(2n, R).

2.2 Floer theory

Floer theory was first introduced by A Floer [21; 22; 23] as a generalization of the Morse—
Novikov homology for the Hamiltonian action functional defined above. We refer
to [67] for details on the constructions described in this subsection, and to [1; 88; 110]
for a discussion of canonical orientations.

2.2.1 Filtered and total Floer homology We review the construction of filtered
Floer homology in order to recall some basic properties and set notation.

Let H be a nondegenerate 1—periodic Hamiltonian on a rational symplectic manifold
(M,®) and K a fixed base field. For a € R\Spec(H) and {J; € T(M,w)},cq1 a
generic loop of w—compatible almost complex structures, set

CFy(H; J)<¢ = {Z hx ¥ | ¥ € O(H), CZ(%) =k, Az € K, Ap (%) < a},

where #{Ax # 0 | Ag(X) > ¢} < oo for every ¢ € R. Intuitively, it is the vector
space over K generated by the critical points of the Hamiltonian action functional
of filtration level < a. The graded K—vector space CF«(H, J)=? is endowed with
the Floer differential dg. s, which is defined as the signed count of isolated solutions
(quotiented out by the R—action) of the asymptotic boundary value problem on maps
u:R x S! — M defined by the negative gradient of Ag; see [83; 84]. In other words,
the boundary operator counts the finite-energy solutions to the Floer equation,

3 ) du ||*
8—Z+Jt(u)(a—z‘—xg,(u))=o such that E(u)=/R/Sl a_: dt ds < oo,

which converge as s tends to +00 to periodic orbits x_ and x4 such that the capping

X_#u is equivalent to X+ and CZ(x_) — CZ(x+) = 1. In this case the Floer trajectory
u satisfies E(u) = Ag(x-) — Ag(x4+). We thus obtain the filtered Floer chain
complex (CF«(H; J)=?, dg.y), which is a subcomplex of the total Floer chain complex
(corresponding to ¢ = 400). Furthermore, for an interval I = (a, b) with a < b and
a,b € (R\ Spec(H)) U{+oo}, we define the Floer complex in the action window I as
the quotient complex

CF«(H; J)! = CF(H; J)<b /CF.(H: J)<C,
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where CF4(H; J)=~° = 0. The resulting homology of this complex HFx(H)! is the
Floer homology of H in the action window I and it is independent of the generic choice
of almost complex structure J. So the (total) Floer homology of H can be obtained
by setting a = —oo and b = +o00. We note that in the positive and negative monotone
case CF«(H; J) is naturally a module over the Novikov field Ag = K[[¢ ', g] with ¢

1

a variable of degree 2N . Indeed we define g~ - X = X # A for Ay the generator of I"

with (c{(TM), Ag) = N, and extend it to a module structure in the natural way. In
the Calabi—Yau case, CF«(H; J) is a module over the Novikov field

AR o = {Za,’T)‘i ‘ a; €K, Aj € Py, Aj — OO}

While we shall not use it in the paper, we remark that in the general case, it is a module
over the Novikov field

A]K,w,cl = {Z ai TA[

Observe that by interpolating between distinct Hamiltonians through generic families

4 €K, A; €T, w(A;) — oo}.

and writing the Floer continuation map, where the Hamiltonian perturbation term
and the almost complex structure depend on the R—coordinate, one can show that
HF . (H) does not depend on the Hamiltonian, and HF4(H)! depends only on the
homotopy class of {¢%,}e[o,1] in the universal cover %(M , w) of the Hamiltonian
group Ham(M, w). Also, when M is rational the above construction extends by a
standard continuity argument to degenerate Hamiltonians.

Remark 10 Theorems B, D and J partially deal with negative monotone or general
spherically rational symplectic manifolds. It is important to emphasize that for our
arguments to apply to this case in full generality, we must make use of the machinery
of virtual cycles to guarantee that the Floer differential is well defined. In this case,
the ground field K should be of characteristic zero. Our arguments are not sensitive
to the specific approach to questions of transversality. We refer to [33; 55; 28; 80]
for early works on the subject, subsequently augmented in [32, Chapters 15-20; 31,
Section 9; 30, Section 8; 29, Section 19]. We refer to [32, Chapter 1.4] for an overview
of other approaches to virtual fundamental cycles. This includes the theory of polyfolds
initiated in [42; 43; 44]; see [20] for a recent survey. We also note that [69] provides
foundations of Hamiltonian Floer theory in full generality. Furthermore, we mention
the following cases where classical transversality techniques are applicable. First, if
(M, w) is a semipositive® symplectic manifold — that is, if (M, w) is symplectically

The terminology “weakly monotone” also appears in the literature for the same notion.
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aspherical, symplectically Calabi—Yau, positive monotone, or if the minimal Chern
number of (M, w) is N > n—2 — then classical transversality applies by [41]. Second,
if the manifold is homologically rational, ie the symplectic form can be scaled so that
all of its periods are integers, then classical transversality applies by [8] following [13].

2.2.2 The irrational case In this paper we also consider the case in which the
manifold M is symplectically Calabi—Yau, which includes the possibility of it being
irrational. In this case we have to work a little harder if H is degenerate since the
continuation argument above does not work as before, as nonspectral a, b for H do
not necessarily remain nonspectral even for arbitrarily small perturbations H; of H.
Moreover, the resulting homology groups depend on the choice of nondegenerate
perturbation H;. We shall follow [39] to work around this issue.

For a fixed Hamiltonian H and action window I = (a, b) with a < b, where a,b €
(R \ Spec(H)) U {00}, consider the set of nondegenerate perturbations H whose
action spectra do not include ¢ and b and H < H,ie H (t,x) < H (t,x) forall x e M
and ¢ € S'. Note that such perturbations H of a mean-normalized H will in general
not be mean-normalized. However, this does not present an issue for our purposes.
Observe that < induces a partial order in the set of perturbations. In addition, by
considering a monotone decreasing homotopy H® from H® to H!, one obtains an
induced homomorphism between the Floer homology groups. These give rise to
continuation maps HF«(H')! — HF +(H")! whenever H” < H'. Therefore, we can
define the filtered Floer homology of H by taking the direct limit

HF«(H)! = lim HF .(H')"

over the homology groups of the perturbations satisfying the aforementioned conditions.
We remark that in the case where H is nondegenerate or M is rational, this definition
coincides with the usual filtered Floer homology groups.

2.2.3 Local Floer homology In this section we shall follow [34] in order to briefly
review the construction of the local Floer homology of a Hamiltonian H at a capping X
of an isolated 1—periodic orbit x.

Since X is isolated we can find an isolating neighborhood U of x in the extended
phase-space S! x M whose closure does not intersect the image {(z, y(¢))} tefo,1] of
any other orbit y of H. For a sufficiently C >—small nondegenerate perturbation H’
of H, the orbit x splits into finitely many 1—periodic orbits O(H’, x) of H’, which
are contained in U and whose cappings are inherited from X. We denote by O(H’, X)
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the capped 1—periodic orbits X splits into. Moreover, we can also guarantee that any
Floer trajectory and any broken trajectory between capped orbits in O(H’, X) are
contained in U. For a base field K we consider the vector space CF«(H, X) generated
by O(H’,X), which by the above observation naturally inherits a Floer differential
and a grading by the Conley—Zehnder index. The homology of this chain complex
is independent of the choice of the perturbation H’ once it is close enough to H,
and it is called the local Floer homology of H at X; it is denoted by HF'(H, X).
This group depends only on the class (; of {qﬁ%} in the universal cover I:I-a\r/n(M , W),
and the capped orbit Xx. Namely, homotopic paths have choices of cappings of orbits
corresponding to a fixed point x € Fix(¢) in bijection, and the corresponding groups
are canonically isomorphic. Hence we write HF'(H, X) = HF'*(¢, X). If we ignore
the Z—grading, then the group depends only on ¢ = ¢}q and x € Fix(¢). In this case,
we write HF'*°(¢, x) for the corresponding local homology group, which is naturally
only Z/(2)—graded.

Let X be a capped 1-—periodic orbit of a Hamiltonian H. We define the support
of HF'*(H,X) to be the collection of integers k such that HF}?C(H, X) # 0. By
the continuity of the mean-index and by equation (2), it follows that HF'(H, X) is
supported in the interval [A(X) — n, A(X) + n]. One can show that if x is weakly
nondegenerate then HF'°(H, ¥) is actually supported in (A(X) —n, A(X) +n). We
shall explore the idea behind the proof of this second fact later as we use the same
argument to prove a similar claim in slightly greater generality. Namely, we extend it
to an isolated compact path-connected family of contractible fixed points.

2.3 Quantum homology and PSS isomorphism

In the present section we describe the quantum homology of a symplectic manifold. It
might be helpful to think of it as the Hamiltonian Floer homology in the case where
the Hamiltonian is a C2—small time-independent Morse function. Alternatively, one
may consider it as the cascade approach [26] to Morse homology for the unperturbed
symplectic area functional on the space EptM . For a more detailed exposition of these
subjects we refer to [52; 67; 89].

2.3.1 Quantum homology Fix a ground field K. Consider the Novikov field A =
Ak =K[g™', g] of (M, w) in the positive and negative monotone cases, where deg(q) =
2N and A = Ak, in the Calabi—Yau case. We set

QH(M) = QH(M.K) = H«(M: A)
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as a A—module. This module has the structure of a graded-commutative unital algebra
over Ag whose product, denoted by *, is defined in terms of 3—point genus-zero
Gromov—Witten invariants [54; 58; 81; 82; 108]. It can be thought of as a deformation
of the usual intersection product on homology. As in the classical homology algebra,
the unit for this quantum product is the fundamental class [M] of M .

2.3.2 Piunikhin—Salamon-Schwarz isomorphism Under our conventions for the
Conley—Zehnder index, one obtains a map

PSS: QHy (M) — HF y—(H)

by counting (for generic auxiliary data) certain isolated configurations. More precisely,
the configurations considered consist of negative gradient trajectories y : (—oo, 0] = M
of a generic Morse—Smale pair’ incident at y(0) with the asymptotic limg—, oo %(s, - )
of amap u: R xS! — M of finite energy, satisfying the Floer equation
e+t (G = Xew) =0

for (s,1) € R x S! and K(s,t) € C®°(M,R) a small perturbation of B(s)H, such that
K(s,t) = B(s)H; for s < —1 and for s > +1. Here : R — [0, 1] is a smooth function
satisfying B(s) = 0 for s < —1 and B(s) = 1 for s > +1. This map produces an
isomorphism of Ag-modules, which intertwines the quantum product on QH (M)
with the pair-of-pants product on Hamiltonian Floer homology. This map is called the
Piunikhin—Salamon—Schwarz isomorphism.

2.4 Spectral invariants in Floer theory

We review the theory of spectral invariants following the works of [73; 34; 67], which
contain a more exhaustive list of properties and finer details of the construction.

Let (M, w) be a closed symplectic manifold, H a generic Hamiltonian and {J;},cq1 a
loop of w—compatible almost complex structures. For a € R \ Spec(H), the inclusion
of the filtered Floer complex into the total complex induces a homomorphism

iq: HF(H)<% — HF(H).

"That is, a Morse function f € C° (M, R) and Riemannian metric g on M, satisfying the Morse—Smale
condition.
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For each apy € QHy (M) \ {0}, using the PSS isomorphism QHy(M) = HF «—,(H)
we then define
c(apr, H) = inf{a € R | PSS(apr) € im(iy)}.

It is not hard to see that the spectral invariants do not depend on the choice of an almost
complex structure. In addition, for H € H the spectral invariant c(cps, H) depends
only on the class ¢ g of {¢%;} in the universal cover ﬁa;n(M , w); consequently, we
also denote it by c(apr, o) = (o, H).

Definition 11 (non-Archimedean valuation) Let A be a field. A non-Archimedean
valuation on A is a function v: A — R U {+o00} such that
(1) v(x) =+ocif and only if x =0,

(i) v(xy)=v(x)+v(y) forall x,y € A,

(iii)) v(x + y) = min{v(x),v(y)} forall x, y € A.
The Novikov field Agx = K[g~', g] possesses a non-Archimedean valuation

v:Ag = RU{+o0}

given by setting v(0) = +o0 and
) v(Yasq7) = —maxt; | a; # 0},
Spectral invariants enjoy a wealth of useful properties, established by Schwarz [86],
Viterbo [104], Oh [58; 64; 66] and generalized by Usher [101; 102], all of which
hold for closed rational symplectic manifolds, using the machinery of virtual cycles as

discussed in Remark 10 if necessary. We summarize some of the relevant properties
for our purposes:

(i) Spectrality For each apy € QH(M)\ {0} and H € H,
c(anr. r) € Spec(H).
(ii) Stability For any H,G € H and apy € QH(M) \ {0},
1 1
/ min(H; — G) dt < c(apy, o) —clany, o) < / max(H; — Gy) dt.
o M 0o M
(iii) Triangle inequality For any H,G € 7 and apr, a0y, € QH(M) \ {0},

cloan * . drdG) < clam. dm) +c(@h. da).
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(iv) Value at identity For every aps € QH(M) \ {0},

cla.id) = —p-vianr).
where p is the rationality constant of (M, w) and v is as in (4).

(v) Novikov action For all H € H, apr € QH(M) and A € Ag,
c(haps, H) =c(ap, H)—p-v(A).
(vi) Non-Archimedean property For all aps, o), € QH(M),
c(ay + oy H) <max{c(ay, H), c(ay,, H)}.

By the continuity property, the spectral invariants are defined for all H € H, and
all the above listed properties apply in this generality. Further, we observe that for
apr € QH(M) satisfying apr * apr = apy, the triangle inequality for the spectral
invariants implies

clanr, drao) = clanr, §) <k -clanr, ¢m).

2.4.1 Spectral norm For a Hamiltonian H € #H, we define its spectral pseudonorm by

(5) y(H) = c((M],¢m) +c(M], ¢ 7),

where H is the Hamiltonian function H (7, x) = —H (1 —¢, x). A result of [65; 86; 104]
shows that
y@) = inf y(H)

H
defines a nondegenerate norm y : Ham(M, w) — R and yields a bi-invariant distance

Y@, ¢') =y (¢'¢™"). We call y(¢) the spectral norm of ¢ and y (¢, ¢') the spectral
distance between ¢ and ¢’.

2.4.2 Carrier of the spectral invariant In this section we review the definition of
carriers of the spectral invariant, mainly following [34]. We observe that while we
are going to introduce the notion of carriers specifically for the fundamental class
[M]e QH(M), it can be done so for any nontrivial quantum homology class .

First, we fix aps = [M] and write ¢(H) = c(;ﬁH) = c([M], <;H)- Observe that in the
case of a nondegenerate Hamiltonian H, we have

c(¢pm) = inf{Ay (o) | 0 € CF,(H), PSS((M]) = [0]},

where A (0) = max{Ag (X) | Ax # 0} for 0 = )_ AxX. That is, it is the maximum
action of a capped orbit X entering o € CF,(H). By the spectrality property of spectral
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invariants, the infimum is obtained. Consequently, there exists a cycle o satisfying
[0] = PSS({M]) such that Ag (X) = c¢(¢ ) for an orbit X entering 0. We call X the
carrier of the spectral invariant and observe that in order to guarantee its uniqueness,
all the 1—periodic orbits of H need to have distinct action values. In order to generalize
the notion of carriers to the case where H is degenerate and has isolated orbits, we first
recall that for each C2?—small nondegenerate perturbation H’, every capped 1—periodic
orbit X splits into several nondegenerate 1—periodic orbits O(H’, X), with their capping
inherited from X.

Definition 12 (carrier of degenerate H with isolated orbits) A capped 1—periodic
orbit X is said to be a carrier of the spectral invariant if there exists a sequence { H ]2}
of nondegenerate perturbations C?—converging to H such that for each k, one of the
orbits in O(H, , X) is a carrier of the spectral invariant for HIQ. A uncapped orbit is
said to be a carrier if it becomes one for a suitable capping.

As in the nondegenerate case, the uniqueness of the carrier follows from all the
I—periodic orbits having distinct action values. In this case, the carrier becomes
independent of the choice of sequence { H. ,i}. In addition, the definition of a carrier and
the continuity of the action functional and of the mean-index readily yield

c(pm)=Ap(¥) and 0=<A(¢pm,¥) <2n,

where the inequalities can be made strict in the case where the orbit x is weakly
nondegenerate. In [34] the following result was obtained.

Lemma 13 Suppose H only has isolated 1—periodic orbits, and let X be a carrier of
the spectral invariant of the fundamental class. Then HF\*°(H, X) # 0.

In Section 3.1.2 below, we generalize this statement to the case of isolated path-

connected sets of periodic orbits, and also to arbitrary quantum homology classes.

3 Isolated connected sets of periodic points

3.1 Generalized perfect Hamiltonians

Recall that a Hamiltonian H is called perfect if it has a finite number of contractible
periodic points of all periods. We consider the more general condition where H has
finitely many isolated path-connected families of periodic orbits, which in turn implies
that Fix(¢ ) is composed of finitely many isolated path-connected sets.
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Definition 14 A Hamiltonian diffeomorphism ¢ € Ham(M, w) is generalized perfect
whenever the following conditions are met:

(1) Fix(¢) has finitely many isolated compact path-connected components.

(i) There exists a sequence of integers k; — oo which contains a subsequence
li = kj, with [; | [;4 for all 7, and for which Fix(¢¥i) = Fix(¢) for all ;.

(iii) For each isolated path-connected component F of Fix(¢), and for all i, the
mean-index A(H®) x*)) where x € F and X € .Z, is a constant function of
x € F. We denote this constant by A(H*) Z&i)y,

An isolated path-connected component F C Fix(¢) can be thought of as, and is indeed
called in this paper, a generalized fixed point. In this section we slightly generalize
some of the theory discussed in Section 2, allowing us to treat generalized perfect
Hamiltonians. We observe that the third condition in Definition 14 is not vacuous:
indeed, one can construct an example of a generalized fixed point F where the mean-
index is not a constant function of x € F, by means of the Hamiltonian suspension
construction [71, Section 3.1] applied to an appropriate contractible Hamiltonian loop
of S2. However, as stated in Theorem C, a p—torsion Hamiltonian diffeomorphism is
weakly nondegenerate generalized perfect: in particular, the mean-index is constant on
each generalized fixed point.

3.1.1 Lifts of generalized 1-periodic orbits Let (M, ) be a closed symplectic
manifold and H a Hamiltonian function generating a Hamiltonian diffeomorphism ¢z
on M whose set of contractible fixed points consists of a finite number of path-connected
components. Denote the path-connected components of Fix(¢g) by Fi,..., Fm. For
each j and each x € F;, there is a corresponding contractible loop x () = d)}i (x), thus
to each isolated fixed-point set F; we can associate a subset .%; of the space Ly M of
all contractible loops in M . It is natural to ask whether the generalized orbits .%; lift to
the I'—cover ZptM in a suitable manner, namely, if the preimage under the projection
Pr: ZptM — LM is composed of isolated path-connected “copies” of .%;. We show
that the lift exists, and we denote by .7 j a particular lift of .%;. This is analogous to a
capping of an orbit in the case of a usual Hamiltonian.

Consider the set .7 C L M associated to F € mo(Fix(¢pp)) and let i : F — LM be
the natural inclusion map. Formally, we are asking when, given a loop x¢ € .% and
Xo € Pr 1 ({xo}), a lift of i exists: namely, a unique map f:.% — ZptM such that
f(x9) = X¢ and Pro f =i. From the theory of covering spaces, the existence of the
lift is equivalent to ix (71 (Z, x¢)) C Pr« (i (ZptM, X0))-
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Proposition 15 Let (M, w) be a symplectic manifold in one of the three classes
considered in this paper, and ¢z a generalized perfect Hamiltonian diffeomorphism.
Then each generalized orbit # can be lifted to .Z in a unique manner specified by a
loop x¢ € .Z and an element in its fiber Xo € Pr=!(x).

Proof Let y be aloop in .# such that yy = xo. We show that we can find a loop ¥ in
ZptM such that i o y = Pro ¥, which implies the claim of the theorem. We build ¥ in
a natural way by defining the capping at y; to be given by gluing the “cylinder” given
by traversing the loop y from 0 to s to the capping X¢. To see that the capped orbits
and y; are equivalent in ZptM , we show that

©) / V=0
T2

for every loop y in .%. We can then guarantee the existence of a lift. Equation (6) follows
from the continuity of Ag and the fact that Spec(H) has zero measure in R. Indeed,
Ag (¥s) = Ag (3o) for every s, otherwise, the fact that ¥ is a critical point for each s
would imply that Ag (Ug<;<g )7}) is a positive measure subset of Spec(H ). Finally,
Ag (1) = Ag (7)) amounts to fulfilling the sufficient condition given by equation (6).
Therefore for the three classes we consider, the proof is complete since in this case
I' =@ (M) / ker(Jw]) and hence it is only necessary to verify (6). Alternatively, one
can prove that ([72], y*(c1)) = 0 directly, by replacing y with amap y;: S? — M with
(T?]. y*(c1)) = ([S?], ¥; (c1)), which vanishes by our assumption on the manifold
and (6). O

3.1.2 Generalized local Floer homology In this section, we define a version of
local Floer homology for a generalized capped orbit .#Z C ZptM of a 1-periodic
Hamiltonian H in a way that is closely related to what was done in [61; 34]. The only
differences are that we are beyond the symplectically aspherical case and we are dealing
with path-connected components of Fix(¢g) instead of isolated points. The proofs
of [61] used to define the local Floer homology are valid in this case with nearly no
modifications. The notion of local Floer homology in a more general setting goes back to
the original work of Floer [24; 23] and has been revisited a number of times, for example
in the work of Pozniak [76]. The main ingredients of the construction are as follows.

For each F € m(Fix(¢g)), we can find an isolating neighborhood Ur of the corre-
sponding generalized 1—periodic orbit . in the extended phase-space S! x M, ie

{(t,9%(x)) [t €S, x e F} C Up.
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Moreover, we can choose this collection of neighborhoods to be pairwise disjoint: Ux is
disjoint from Uz for each pair of distinct generalized fixed points F and F’. Such an
open set Ur in the extended phase-space can be constructed, using the isotopy d)},,
from an open neighborhood of F in M. Hence by a slight abuse of notation we think
of Ur as a neighborhood of F in M.

Now there exists an € > 0 small enough that for any nondegenerate Hamiltonian
perturbation H’ satisfying ||H — H'||c2 < €, the set of orbits O(H',.#) which .#
splits into is contained in Uz, and so is every (broken) Floer trajectory connecting
any such two orbits; see Lemma 21. We can now consider the complex CFy(H', %)
over a ground field K generated by the capped 1—periodic orbits O(H’,.%) which .Z
splits into, where the cappings are naturally produced from the specific lift .77. One can
see that this complex is graded by the Conley—Zehnder index and has a well-defined
differential. By a standard continuation argument, one can show that the homology of
this complex is independent of the nondegenerate perturbation (once it is small enough)
and of the choice of almost complex structure. We refer to the resulting homology as
the local Floer homology of H at .Z, and denote it by HF'%(H,.7). Write
A™(H,Z)=min A(H,X) and A™ (H,%)=max A(H,X)

XE€F XE€F

for the minimum and maximum of the mean-indices A(H, X) for X € .Z.

We claim that if .% is a family of weakly nondegenerate orbits, then the support of
HF'°(H,.7) satisfies

(7) Supp(HF'**(H, 7)) C (A™™(H,Z) —n, A"*(H, F) +n).

In fact, by a simple argument following from the continuity of the mean-index and
inequality (2), one obtains that Supp(HF'*°(H, .7)) satisfies the nonstrict version
of (7). In order to obtain the strict inequalities, we use the assumption that F is weakly
nondegenerate, and its compactness, to argue as in [84]. In the situation where the
Hamiltonian is generalized perfect, we obtain the following.

Lemma 16 Suppose H is a weakly nondegenerate generalized perfect Hamiltonian
and let .Z be a generalized capped orbit of H. Then HF'*°(H, .7) is supported in the
open interval (A(H, ) —n, A(H, Z) + n).

Furthermore, the notion of action carriers discussed in Section 2.4 remains valid in
this generalized setting by altering isolated fixed points to generalized fixed points in
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Definition 12. Thus, the spectral invariant ¢([M ], H) is carried by a capped generalized
periodic orbit .Z of H. In this case, we have the following generalization of Lemma 13,
whose proof, once Lemma 21 below is taken into account, follows just as in [34].

Lemma 17 Suppose H has only a finite number of generalized fixed points, and
let .7 be a carrier of the spectral invariant of the fundamental class. In this case
HF'(H,.7) # 0.

Remark 18 Consider F € m(Fix(¢)) and .# C L, M the associated generalized

1—periodic orbit. We remark that different choices of lifts . result in isomorphic local
Floer homology groups, with a shift in index given by an integer multiple of 2N . In
particular, if 4 € I', then

HF(H, F#A) = HF)$ ) . crapy.a)(H. 7),

where .Z # A denotes the unique choice of lift containing the capped orbit X # A for
X € F and X € .Z. From this discussion, we conclude that dimg HF'*°(H, .Z) does
not depend on the capping of .%. Hence, the notation dimg HF'"°(H, F) is justified
in this case. Furthermore, when (M, w) is symplectically Calabi—Yau the local Floer
homology does not depend on the choice of lift, thus we denote it by HF'*(H, F).
This is analogous to the effect of recapping on local Floer homology in the case of
isolated fixed points.

We shall require a slightly more general statement about carriers of quantum homology
classes. The definition of a carrier .Z of a quantum homology class aps € QH (M) is
the same as for the fundamental class, with [M] replaced by as. We then have the
following result.

Lemma 19 Let apr € QHy (M)\{0} be a homogeneous element of degree k. Suppose
H has only finitely many (contractible) generalized fixed points and let .7 be a carrier
of the spectral invariant of aps. Then HF }?ﬁn (H,Z)#0.

In fact a stronger result is true, of which this statement is a direct consequence. It
was proven as [93, Theorem D] in the context of ‘f’llﬁl with isolated fixed points, but its
proof adapts essentially immediately to the context of a finite number of (contractible)
generalized fixed points. Indeed, our case differs from the one in [93] by replacing
fixed points by generalized fixed points everywhere, hence the only technical difference
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consists in establishing Lemma 21. We recall that the proof relies on homological
perturbation techniques, starting from the decomposition of Section 3.1.4. It constitutes
a Novikov-field version of the canonical AO—complexes from [95]. The goal of these
arguments is to introduce a new complex which calculates the same total homology
but replaces each local Floer complex CF'°(H,.7), which depends on a sufficiently
C?—small perturbation H; of H, by its homology HF'*(H,.7). This is the local
Floer homology of H at.7, which does not depend on H;. Note that since we work
over a field, CF'%(H,.7) is chain-homotopy equivalent to HF'°(H,.7) with the zero
differential. The complex obtained from the Floer complex of Hj in this way computes
the same total homology, as desired, but is also strict in the sense of strictly decreasing
a natural filtration. Furthermore, it allows us to compute directly the filtered Floer
homology of H.

Theorem M Let (M, w) be a closed symplectic manifold which is positive or negative
monotone. Consider the class 5 € I:I;r/n(M , w) of the Hamiltonian low {¢}1} tefo,1] of
H e H, with Fix(¢ IILI) consisting of a finite number of generalized fixed points. Let K
be a ground field which is arbitrary in the positive monotone case and of characteristic
zero in the negative monotone case. Then there is a filtered homotopy-canonical
complex (C(H), dgr) over the Novikov field Ak on the action-completion of

P HF< (4. 7).
the sum running over all capped generalized 1—periodic orbits . € 5(H ). Specit-
ically, C(H) consists of infinite sums x = )_y; where y; € HFI,,?C@, Fi) with
A (7)) =25 —c0. The complex (C(H), dg) is free and graded over Ak, and is

strict, ie Ag (dg (y)) < Ag (y) for all y € C(H), with respect to the non-Archimedean
action-filtration Ay on C(H), defined by

® Ag (Z )\jJ’j) =max{—v(A;)) +Ag(¥))}, Ar(j)= A (Zi))-

Here {y;} is a Ax—basis of C(H) that is determined by {y; | i(j) =i} being a basis
of HFL?C(&, Z1), where Fix(¢) = {F;} and for each i, .Z; is a choice of a lift of the
generalized 1—periodic orbit .%; corresponding to F; to a capped generalized periodic
orbit in O(H). Furthermore, for all a € R \ Spec(H), the filtered homology HF (H)<@
is given by HF(C (H)=%), where C(H)<? = (Ag)~! (—00, a). In particular,

HF(H) = H(C(H),dy) ~ QH(M: Ag).

Moreover, for all a < b with a,b € (R \ Spec(H)) U {0}, the comparison map
HF(H)<% — HF(H)<" is induced by the inclusion C(H)<% — C(H)<b.
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Definition 20 (visible spectrum) We define the visible spectrum of a Hamiltonian

function H as .
Spec'™(H) = {Ay (Z) | HFY*(H, 7) # 0},

where Ag(.Z) denotes the action of any capped orbit X € .Z for a lift .7 associ-
ated to a generalized fixed point F C Fix(¢g). Indeed, an argument similar to the
proof of Proposition 15 shows that the restriction Ag| 5 is constant. It is clear that
Spec'S(H) C Spec(H). In the context of barcodes (see Section 3.1.5), the visible
spectrum corresponds to the endpoints of all bars of the barcode B(H) associated to
the filtered Floer homology of H.

3.1.3 Crossing energy We show that for a C >—small perturbation H’ of a generalized
perfect Hamiltonian H on a closed symplectic manifold (M, w), every Floer trajectory u
connecting orbits of H’ contained in distinct isolating neighborhoods has energy
bounded below by a constant independent of the perturbation. This is an important
technical step.

Lemma 21 There exist § > 0 and € > 0 such that for every nondegenerate perturbation
H' of H satistying || H — H'||c2 < €, every orbit in O(H', .7}) is contained in UF; for
j =1,...,m, every Floer trajectory u connecting capped orbits in distinct isolating
neighborhoods satisfies E(u) > &, and every Floer trajectory connecting capped orbits
in the same O(H', 7 ) is contained in U 7;. Finally, if (M, w) is rational, every Floer
trajectory u connecting capped orbits in O(H', 7 ;), O(H', 7 %), for different cappings
Fj, 3“; of the same .%j, has energy E(u) > p/2.

Proof Suppose there exists a sequence of nondegenerate Hamiltonians { H ,;} that
C?—converges to H, and a sequence of Floer trajectories uy of H, ,i connecting orbits
in distinct isolating neighborhoods such that E(u;) — 0. Since H has finitely many
generalized fixed points, we may suppose without loss of generality that all the Floer
trajectories uy connect orbits in Ux to orbits in Uz, where F, F' € mo(Fix(¢g)) are
distinct.

By a compactness result of [19], and arguing as in [61], we obtain the existence of a
Floer trajectory u of H connecting an orbit in Ur to an orbit in Uz such that £(u) = 0.
Thus,
du du

— =0 and — =X},
ds me o TH

which, in turn, implies that for each s, the loop us = u(s, -) is a 1-periodic orbit of H.
This contradicts the fact that the generalized fixed points of H are isolated.

Geometry & Topology, Volume 27 (2023)



2868 Marcelo S Atallah and Egor Shelukhin

Note that in the above argument, if for each k, uj connects orbits in the same Ux; but is
not contained in Ug;, then for k sufficiently large, E (i) > § again. Indeed, otherwise
we would again reach a contradiction by a compactness argument. However, if now
uy connects orbits in the same O(H,,,.7 ), then its energy, given by the difference of
actions of its two asymptotic capped orbits, tends to zero as k — oo. We conclude that
uj, must be contained in Uz; for all k sufficiently large.

Finally, we remark that if u; connects orbits in O(H,,.#;) and in O(H, , 7 }), where
F j and F ; are different cappings of .%;, then, if the symplectic manifold is rational,
E(up) = p—o(l)ask — oo. |

3.1.4 Decomposition of Floer differential An important feature related to local
Floer homology concerns the decomposition of the full differential defined on the
complex CF4(H') into the sum of local differentials of complexes CF'*°(H,.Z) —
for all the different lifts of the finitely many generalized fixed points —and into
an additional component we shall call D. Note that here, H' is a nondegenerate
Hamiltonian C?—close enough to H in the aforementioned sense. Namely, for each
chain o € CF«(H'), we have

9 do = Z 534:0 + Do,

where 597 represents an extension of the local differential of the complex CF'°°(H,.7)
obtained by setting 5/;)_6 = 0 for every capped orbit which does not belong O(H’, 7).
Loosely speaking, D only “counts” Floer trajectories connecting orbits contained in
disjoint isolating open sets Ur.

Remark 22 Suppose that ¢ is a chain in the complex CF4(H’) and Z is an orbit
entering Do. Naturally, there exists 0 < k < m such that Z € CF(H,.Z}) for a
particular lift of .7, and a Floer trajectory u connecting an orbit y € CF«(H,.Z]) to
z for [ # k (and a particular lift of .%;). We then obtain

(10) Anr (D) = A () — E(u) < A (5) =8,
where the first equality comes from the fact that the energy of a Floer trajectory

connecting two capped orbits is equal to their action difference, and the § comes from
the uniform lower bound for the crossing energy from Lemma 21. In other words,

.AH/(DX) < AH/(X) -4
for all x # 0 in CF«(H').

3.1.5 Barcodes of Hamiltonian diffeomorphisms The proof of Theorem G uses
notions and results regarding barcodes of Hamiltonian diffeomorphisms, in the case
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where they have a finite number of contractible generalized fixed points. Hitherto, this
theory was developed mostly for the case where the generalized fixed points are in fact
points, yet given Lemma 21, all relevant results generalize to our situation. In the next
section we describe the main Smith-type inequality regarding the behavior of barcodes
under iteration.

We will summarize the properties necessary for us, and refer to [74; 75; 103; 48; 96; 95]
for further discussion of this notion, in the context of continuity in the Hofer distance
and the spectral distance in particular. For convenience, we work in the setting of
monotone symplectic manifolds, yet natural analogues of various statements exist in
the semipositive, rational and general settings.

Proposition 23 Let (M, w) be a monotone symplectic manifold with P, = p-Z, and
consider ¢ € Ham(M, w) with Fix(¢) consisting of a finite number of generalized
fixed points. Let K be a coefficient field. Let H be a Hamiltonian generating ¢. Then
Spec(H) C R is a discrete subset, and there exists a countable collection

B(H) = B(H;K) = {({;, m;)}iez,

called the barcode of H with coefficients in K, of intervals I; in R of the form
I; = (aj, bj] or I; = (a;, 0), called bars with multiplicities m; € Z~, such that the
following properties hold:

(1) The group p-Z acts on B(H) in the sense that for all k € Z and all (I, m) € B,
we have (I + pk,m) € B.

(ii) For each window J = (a,b) in R with a, b & Spec(H), only a finite number of
intervals I with (I, m) € BB have endpoints in J . Furthermore,

dimg HF(H) = Y m,
(I,m)eB(H)
#oINJ =1
where for an interval I = (a, b], we set dI = {a, b}, and for I = (a, c0), we set
I = {a}.
(iii) Fora € Spec(H) and € > 0 sufficiently small that (a—¢, a+€)NSpec(H) = {a},
we have
dimg HF(H)“™T9 = %" m,
(I,m)eB(H)
aedl
dimg HF(H)“"%*t9 = " dimg HF'*(H. 7).
A(F)=a
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There are K(¢,K) orbits of finite bars counted with multiplicity, and B(K)
orbits of infinite bars counted with multiplicity, under the p - Z: action on B(H).
These numbers satisty

B(K) = dimg Hy«(M;K) and N(¢,K)=2K($,K)+ B(K),
where
N($.K) = dimg HF'**(¢. F)

is the homological count of the fixed points of ¢, the sum running over all the
set o (Fix(¢)) of its generalized fixed points.

To each orbit [(I,m)], with I = (a, b], of finite bars, there corresponds a bar-
length |I| = b — a, counted with multiplicity m. There are hence K(¢,K)
bar-lengths corresponding to the orbits of finite bars,

0<B1(¢.K) <+ < Br(p.x)(9.K),

which depend only on ¢. We call

B(9.K) = Bk(s.x) (¢ . K)
the boundary-depth of ¢, and

Bald.K)= Y Bi(@.K)
1<j<K(¢,K)
its total bar-length.

Each spectral invariant c(«, H) € Spec(H) for o € QH, (M) \ {0} is a starting
point of an infinite bar in B(H), and each such starting point is given by a
spectral invariant.3

If H' is another Hamiltonian generating ¢, then B(H') = B(H)|c] for a certain
constant ¢ € R, where B(H)[c] = {(I; — ¢, m;) }iez.

If K is a field extension of F and H is a Hamiltonian, then B(H;K) = B(H;F).
In particular, B(H;K) = B(H;F) if char(K) = p, and B(H;K) = B(H; Q)
if char(K) = 0.

81n fact, representatives for the set of orbits of infinite bars counting with multiplicity, can be obtained
as spectral invariants of an orthogonal basis of Q Hsx (M) over the Novikov field A, with respect to the
non-Archimedean filtration /g (—) = ¢(—, H). As we shall not require this stronger statement, we refer to
[95; 96] for a discussion of the relevant notions.
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3.1.6 Smith theory in filtered Floer homology One of the fundamental results
of [95] is the following Smith-type inequality, that readily adapts to our setting by
Lemma 21 and its generalization to the situation of branched covers of the cylinder as
in [98, Proposition 9]. We refer to [95, Theorem D] for a detailed argument in the case
of isolated fixed points, and observe that our generalization below is formulated in such
a way that the same proof applies verbatim, by replacing fixed points by generalized
fixed points everywhere.

Theorem N Let (M, w) be a monotone symplectic manifold, p a prime number,
and ¢ € Ham(M, w) with Fix(¢) and Fix(¢?) each consisting of a finite number of
generalized fixed points, and such that the natural inclusion Fix(¢) — Fix(¢?) restricts
to a homeomorphism from each generalized fixed point F of ¢ to a generalized fixed
point of ¢, which we denote by 7). Then

Brot(¢?, IFp) > p - B, Fp).

This inequality will be the key component in the proof of Theorem G.

A somewhat simpler statement than Theorem N is the Smith inequality in generalized
local Floer homology, whose proof is precisely as in [98] together with the crossing
energy argument of Lemma 21.

Proposition 24 Let (M, w) be a closed symplectic manifold, p a prime number and
¢ € Ham(M, w). Suppose that Fix(¢) and Fix(¢?) each consist of a finite number of
generalized fixed points. Let F be a generalized fixed point of ¢, such that the natural
inclusion Fix(¢) — Fix(¢?) restricted to F is a homeomorphism onto FP). Then

dimp, HF (¢, F) < dimg, HF'*(¢7, F(P)).

3.1.7 Quantum Steenrod operations Quantum Steenrod operations are remarkable
algebraic maps

OStp: QH™ (M Fp) — QH™ (M Fp)[u(0)

for p a prime number, u a formal variable of degree 2, and 6 a formal variable of
degree 1. As is the usual quantum product, QSt, is essentially defined by certain
counts of configurations consisting of holomorphic curves in M incident with negative
gradient trajectories of Morse functions in M . The main difference is that QSt, uses
p input and 1 output trajectories, and the counts are carried out in families parametrized
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by the classifying space B(Z/pZ) of Z/ pZ. The investigation of the enumerative
significance of these counts, in terms of various Gromov—Witten invariants, and its
implications for mirror symmetry was started in [91; 92].

These operations were first proposed by Fukaya [27], and were formally introduced
for p = 2 by Wilkins in [106]. They were then studied in [107] in relation to the
equivariant pair-of-pants product of Seidel [90]. For a definition for p > 2 odd, see
[91; 97]. The significance of quantum Steenrod operations in Hamiltonian dynamics
was first observed in [93], and was further investigated in [7; 94; 97]. While for the
moment these operations are defined in the setting of monotone symplectic manifolds,
it is expected that they will be generalized to the semipositive (also called weakly
monotone) setting.

One particular property of quantum Steenrod operations that we use in this paper, which
was first observed in [93] for p = 2, and proved in [97] for p > 2, is that whenever

(11) OStp (1) # uP~"p,

where € H*"(M ; IFp) is the cohomology class Poincaré dual to the point class, the
symplectic manifold (M, w) is geometrically uniruled: for each w—compatible almost
complex structure J on M, and each point x € M, there exists a J—holomorphic
sphere u: CP! — M such that x € im(x). Hence, we call a (monotone) symplectic
manifold IF,—Steenrod uniruled if condition (11) holds. The algebraic significance of
this condition is that 2 (P~D" = Sty (), where Sty is the (slightly reformulated) total
Steenrod p™ power of the class p, and in general,

OSt, = St, + 0(q),

where O(gq) is a collection of terms involving the quantum variable ¢ to power at least 1.
These terms correspond to configurations involving J—-holomorphic spheres of positive
symplectic area, hence condition (11) means that the quantum Steenrod power of the
point cohomology class is deformed by holomorphic spheres.

3.2 Floer cohomology

At times it shall be convenient to work with Floer cohomology and quantum cohomology
of closed symplectic manifolds, instead of homology. All the preliminary results above
adapt naturally to this setting. In fact, we may define

CF*(H,J) = CF,_«(H,J),
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where H(t,x) = —H(l1 —t,x), J;(x) = Ji—;(x). The usual action functional Ag on
the left-hand side takes the form (—.Az) on the right-hand side. Note that hereby the
cohomological differential increases the filtration, the triangle inequality for spectral
invariants has the opposite inequality, and infinite bars in the barcode are of the form
(—o00, b). Local Floer cohomology is defined in the same way as for homology. Action
carriers, and contribution to local Floer cohomology hold similarly: c(u, H) for
w € QH*" (M) is carried by a capped generalized periodic orbit .7 of H if, in the
same sense as for homology, .Z is a lowest action term in a highest minimal action
representative of the image PSSy (1) of i under the PSS isomorphism [70] from the
quantum cohomology QH* (M) — HF*™"(H) to the filtered Floer cohomology of
the Hamiltonian H. For (M, w) rational, in particular monotone, for each nonzero
class u € QH*(M), and for H € H with #5 (Fix(q&}i)) < 00, we have that c(u, H) is
carried by at least one generalized capped 1—periodic orbit .# of H. Furthermore, if ©
is a homogeneous class of degree k, and .Z carries ¢(u, H), then HFK"(H, Z) # 0.

loc
We refer to [52] for further discussion of the comparison between Floer homology and
Floer cohomology.

4 Cluster structure of the essential spectrum

Definition 25 (essential spectrum) We define the essential spectrum of a Hamiltonian
function H as
Spec®™(H) = {c(a. H) | @ € QHA (M) \ {0}}.

Observe that the spectrality property of the spectral invariants is equivalent to the
inclusion Spec®™*(H) C Spec(H). In fact, Lemma 19 implies that Spec®*(H) C
Spec'™*(H) for Hamiltonian diffeomorphisms with a finite number of (contractible)
generalized fixed points. In the context of barcodes (see Section 3.1.5), the essential
spectrum corresponds to the endpoints of infinite bars of the barcode B(H) associated
to the filtered Floer homology of H.

We next show that whenever y(H) < p, the essential spectrum has a cluster structure
determined by the subset produced by quantum homology classes of valuation 0.

Proposition 26 Suppose M is a monotone symplectic manifold and H a Hamiltonian
function on M . Then

0= c(Mlém)—cle.dm) <y(H)
for all « € QH (M) such that v(«) = 0, including all « € Hy (M) C QH(M).
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Proof By the triangle inequality and the value at identity properties of the spectral
invariant,

clo.pp) =cla*[M]iddg) < c(a.id) +c(M].g) = c(M].$x)
for all @ € QH (M) such that v(e) = 0. In addition,
0=c(e.id) = c(a*[M].¢udg) < cle.¢r) +c(M].¢ ).
Combining both inequalities we obtain
0<c(M).dr)—cle.¢u) <c(M).u)+c(M].¢g) =y(H),

which concludes the proof of the proposition. a

Proposition 27 Let M be a monotone symplectic manifold with rationality constant
p >0, let H be a Hamiltonian function on M with y(H) < p and let « € QH(M).
Then

c(M1.dm)~p <cle.dn) < c(M].én)

if, and only if, v(a) = 0.

Proof If v(a) = 0, then Proposition 26 and the hypothesis that y (H) < p imply that

(M) —p<cla,pm) <c(M],¢nm).

Conversely, let xq,...,xp be a homogeneous basis of Hx(M) C QH (M) and write
c = c([M],q;H). Then, by Proposition 26, we have ¢(xy, ggH) € (¢ — p,c] for all
1 <k < B. Also, for ¢/ € Ak, the equality c(q’ x., $H) = c(xg, $H) + jp implies
that c(q” xy, (};H) & (¢ — p,c] for all j # 0. Thus, if c(a, g;H) € (¢ — p, c] for

o =AXp = Zajqjxk,
where A € A, the non-Archimedean property of the spectral invariant imposes that

o =aogxy + Zajquk,
j<O0
which in turn implies v(«) = 0. In general, « € QH (M) is of the form ) Ajxy, where
A=) a](.k)qj . Consequently, if c(«, 5 H) € (¢ — p,c], we may argue as before to

conclude
(12) o= Z(ag")xk +>° aj(.k)qjxk).
k j<0
Thus, v(e) = 0, which concludes the proof of the claim. |
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Remark 28 The above propositions are valid, albeit with minor modifications to the
proofs, in the more general case where M is only assumed to be rational. If M is
negative monotone, then the base field K is required to be of characteristic zero; see
Remark 10.

Let ¢ € Ham(M, w), and suppose y(¢) < p. We can, therefore, find a Hamiltonian
function H generating ¢ such that y(H) < p. Our goal is to extract information from
the cluster structure of H in order to bound y(¢) from below. First we set notation.
Put S}, =R/p-Z and, fora € R, let [a] € S }) be its equivalence class. For 6 € S!, define

Iy ={(a—p.al|a eR, [a] = 6].

Note that the intervals in Iy are disjoint and their union covers the real line. In addition,
observe that, modulo p - Z, the set Spec®*(H) N1 does not depend on the interval
IeTy.

Definition 29 (spectral length) We define the 8—parsed spectral length of H as
[(H, Ty) = diam(Spec®*(H) N1) = sup{|la —b| | a,b € Spec*>* (H) N1},
where I € T} is arbitrary. For I'y = Ij.a,m)) we call [(H, T'y) the fundamental
length of H. Finally, we define the spectral length of ¢ € Ham(M, w) as

(13) I(¢) = inf{l(H.Tp) | 6 €S},

where H is any Hamiltonian function generating ¢. The right-hand side of (13) does not
depend on the choice of Hamiltonian: indeed, if H' is another Hamiltonian generating ¢,
then Spec®*(H') = Spec®*(H) + ¢ for a certain ¢ € R by Proposition 23(vii). (Another
proof using Seidel elements is also possible.)

Remark 30 The following alternative definition of /(¢) helps calculate it in examples.
Setm:R — S}) for the natural projection: 7 (a) = [a]. The image 7 (Spec®*(H)) C S},
is then a finite set. Hence its complement consists of a finite number of open intervals
{K; };”zl. In terms of these intervals,

l(¢)=p—mjaX|Kj|,

where for an interval K in S}) we denote by | K| the length of K with respect to the
standard metric. Yet again, we may reformulate /(¢) more intuitively as the smallest
length of an interval containing 7 (Spec®*(H)), that is,

I(¢) = inf{| L[| L D m(Spec™ (H))}.

the infimum running over intervals L in S}).
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Remark 31 We can also define an a priori larger invariant /’(¢) > [(¢) of ¢ by
I'(¢) = inf I(H,Tg).
=9
However, we find /(¢) more convenient for this paper.

Lemma 32 The fundamental length of a Hamiltonian H satisfies
[(H,Ty) <y(H).

If, in addition, y (H) < p, then we have equality, ie
I[(H,Tg) =y (H).

Proof By definition the 6—parsed spectral length of H is bounded above by p for
any choice of 6 € S!; in particular, /(H, ) < p. Thus, we need only to consider the
case where y(H) < p. Equation (12) in the proof of Proposition 27, or alternatively
Proposition 23(vi), implies that #{Spec®**(H) N1} < oo for I € T'gy and hence for I € Ty
for any 6 € S}). Thus by Proposition 27 the fundamental length of H is given by

Z(H7 FH) = C([M], H) _c(amin,Ha H)s

where omin, g € QH (M) has zero valuation. Consequently, Proposition 26 implies that
[(H,T'g) <y(H). To prove equality, we observe that by the Poincaré duality property
of spectral invariants (see [68; 17]) and the fact that the set Spec®™*(H) N1 is finite,
there exists B € QH(M) \ {0} such that ¢(8, H) = —c([M], H). By adding y (H) to
both sides of the equality we obtain ¢(8, H) + y(H) = c([M], H), which implies

c((M]. H) —p <c(B. H) = c((M]. H).

Therefore, y (H) < [(H, T'g), which gives us the claimed equality. |
Lemma 33 Let ¢ be a Hamiltonian diffeomorphism. Then, [(¢) < y(¢).

Proof Let H be any Hamiltonian function that generates ¢. By definition /(H, [y) < p
for every 6 € S!; in particular, we have /(¢) < p. Hence, if y(¢) > p, the desired
inequality holds trivially. Therefore, we may suppose that y(¢) < p, in which case we
may take H such that y (H) < p. Consequently, Lemma 32 implies /[(H, 'y ) = y (H);
in particular, we have that /(¢) < y(H). If H' is any other Hamiltonian function
generating ¢, with y(H') < y(H), the same argument implies /(¢) < y(H’). Thus,
we conclude that /(¢) < y(¢). |
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Remark 34 Lemma 32 immediately implies that if y(¢) < p, then I’(¢) = y(¢). It
is not clear that the same holds for /(¢). However, we can prove that if y(¢) < p/2,
then /(¢) = y(¢). Indeed, if y(H) < y(¢p) + € < p/2, by Lemma 32 we have
I(H,Ty) = y(H) < p/2. However, this implies that for arbitrary 6§ € S!, either
[(H,Ty) = I(H,Tx), if the partitions of Spec®*(H) into clusters corresponding to
'y and Ty coincide, or [(H,Ty) > p—I(H,Ty) > p/2 > I[(H, Ty), if they do not.
Hence, by taking the infima, /(¢) = y(¢).

Lemma 35 Let ¢ be a generalized Hamiltonian K pseudorotation with sequence
kj = j and take a Hamiltonian H generating ¢. Suppose that all the distances between
pairs of points in Spec®*(H) are rational multiples of p. Then there exists a positive
integer m such that y (¢™) > p.

Proof Fix the base coefficient field K for all homological notions in the proof. We can
suppose ¥ (¢) < p, otherwise the implication of the theorem would be true for m = 1.
Furthermore, we note that the hypothesis of the theorem is independent of the choice
of Hamiltonian function; thus, we may suppose that y (H) < p, which by Lemma 32,
implies /(H, Ty) = y(H). Hence, we have a cluster structure determined by finitely
many values of the essential spectrum of H belonging to the interval

lg = (c(M], H) = p,c((M], H)].
Thus, setting
Spec®™*(H) N1y = {c1,....cB},

by the hypothesis of the proposition we have

0
¢i=¢j=72p€p-QN(=p.p)
ij

for all i # j. Note that any pair of points ¢, § € Spec®(H) are of the form o = ¢; +kp
and B = ¢j + [p for integers / and k. Thus their difference is of the form

i
(14) a—ﬁ:(iﬂk—l))p.
bjj
Now, let m be the integer given by [ [; - j bij. The facts that
Fix(¢™) = Fix(¢), Spec™(H) = Spec"*(H) and HF'“(¢" , 7*)y £ 0
for all generalized fixed points F of ¢ imply

(15) Spec® (H™) = m - Spec®*(H) + p- Z.
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As a consequence of equations (14) and (15) and the definition of m, we have that
Spec®(H™) = p.7Z + ¢ for a suitable constant ¢ € R. Hence, /(F,T) = 0 for
any Hamiltonian F generating ¢ and 6 € S}). If y(F) < p, then by Lemma 32
y(F) = [(F,T'r) = 0, which is absurd since this would imply ¢ = id. Hence
y(@™) = p. m

5 Proofs

5.1 Proof of Theorem C

Let (M, w) be a closed symplectic manifold and consider a nontrivial ¢ € Ham(M, w)
such that ¢? = id for an integer® p. We can construct a Riemannian metric (-, -)
which is invariant under the action of the group

G={id, ¢,...,¢P7 1},

a fact that is true for any compact Lie group G. In other words, ¢ is an isometry with
respect to this metric. We first show that Fix(¢) is composed of finitely many isolated
path-connected components.

Let x € F C Fix(¢), where F is the path-connected component of x. We claim that there
exists a neighborhood of x which does not intersect any other connected component
of Fix(¢). Suppose the contrary. Then x would be a limit point of Fix(¢) \ F. In
particular, if B¢(x) is a normal ball of radius € around x, then there exists a point
y € Be(x) N (Fix(¢p) \ F) and we can consider the unique minimizing geodesic y
given by the exponential map, satisfying y(0) = x and y (1) = y. However, ¢ is an
isometry so we have that ¥ = ¢ o y is also a minimizing geodesic satisfying 3 (0) = x
and ¥ (1) = y, hence by uniqueness we must have Image(y) C Fix(F), contradicting
the fact that y was in a distinct path-connected component. Since F is compact we can
choose the radius € of the normal ball uniformly so that F is in fact isolated, which
by the compactness of M implies that there are only finitely many path-connected
components.

Furthermore, if k is coprime to p then we have Fix(¢*) = Fix(¢). In fact, since p and
k are relatively prime there exist integers aj and by such that aik + by p = 1. Thus,

= ¢akk+bk17 — ¢akk¢bkp — ¢akk.

9While we do not use it in this proof, it might help the reader to first assume that p is a prime.
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So if x is a fixed point of ¢* then the above equality shows that x is also a fixed
point of ¢. Conversely, if x is a fixed point of ¢ it is clearly a fixed point for any
of its iterations. Finally, the same argument shows that if x is contractible as a fixed
point of ¢* it is also contractible as a fixed point of ¢, and vice versa. Therefore

Fix(¢¥) = Fix(¢).

To show that ¢ is weakly nondegenerate we utilize the fact if M is connected and
S €lso(M,(-,-)) is such that f(x) = x and D(f)x = idr, p for a point x € M,
then f = idas. This can be proven by considering the nonempty closed set

S={yreM|f(y)=y. D(f)y=idr,m}

and noting that the existence of normal balls implies that S is also open. Applied to
our context, we must then show that for every x € Fix(¢), D(¢)x must have at least
one eigenvalue different from 1, otherwise ¢ would have to be trivial. One way to see
this is by noting that as D(¢)x € Sp,,(Tx M) is an element of finite order, its Jordan
form is diagonal, hence it is trivial if and only if all its eigenvalues are equal to 1.

A slight modification of the above arguments, which amounts to the slice theorem
[2, Theorem 1.2.1], shows first that each connected component F of the fixed-point set
of ¢ is a closed connected submanifold of M (and hence is path-connected). Moreover,
for each F and x € F, ker(D(¢)x —idr, pr) = TxF, which is to say that the graph of ¢
intersects the diagonal A C M x M ™ cleanly. In other words, ¢ is a Floer—Morse—Bott
Hamiltonian diffeomorphism.

Finally, to prove that for a generalized fixed point F of ¢, and capping .7 of its
corresponding generalized periodic orbit .7, the mean-index A(H, X) is constant as
a function of x € F, we argue as follows. We shall prove that for a fixed x¢ € F,
the function f: F — R, given by f(x) = A(H,X) — A(H, Xy), has integer values.
By continuity of the mean-index this implies that f is identically constant, and as
f(xg) =0, it is identically zero. This shows the required statement.

First we prove that f has integer values. Similarly to the case of a Riemannian metric,
by [59, Proposition 2.5.6] we can find an w—compatible almost complex structure J
on M that is preserved by ¢. This allows us to consider D(¢)x € Sp,,,(Tx M) for
all x € F a unitary matrix, which has diagonal Jordan form, and is determined up to
conjugation by its spectrum with geometric multiplicities. Furthermore its spectrum lies
in the finite set pp C C of p™ roots of unity. Therefore by continuity of the spectrum in
the operator norm, which holds for normal and hence for unitary matrices in particular,
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the spectrum of D(¢)x does not depend on x € F, and all D(¢), for x € F are
conjugate by appropriate unitary isomorphisms. Therefore D(¢)x and D(¢)x, can be
connected to the identity by conjugate paths, which therefore have equal mean-indices.
Now, as the paths obtained from D(¢%,)x and D(¢%)x, by means of the cappings
differ from these conjugate paths by suitable loops ® and @ in the symplectic group,
we obtain that f(x) = A(H,X) — A(H, Xg) = A(DP) — A(Dy) € Z.

Finally, observe that with D(¢)x being (wy, Jx)—unitary, TxF is Jy—invariant, and
the tangent space T M splits as a symplectic direct sum Tx.F @ Ny, where N is
the normal bundle to F at x (in fact this splitting can be obtained by taking Ny to
be the Hermitian orthogonal complement of 7, F). In particular, F is a symplectic
submanifold of (M, w).

Hence, the above discussion shows that ¢ is generalized perfect with sequence k; being
the monotone-increasing ordering of the set

{k € Zsq | ged(k, p) =1}, ad

Remark 36 We have just seen that a p—torsion Hamiltonian diffeomorphism ¢ is
weakly nondegenerate generalized perfect. In our setting it is enough to consider the
case where ¢ has prime order. In fact, if ¢ has order d > 2 and / is a prime that
divides d, ie there is an integer m such that d = /m, we consider the Hamiltonian
diffeomorphism ¥ = ¢™, which, in turn, has prime order. Equivalently, by Cauchy’s
theorem, if G is a finite group then for every prime p dividing its order there exists an
element of order p.

5.2 Proof of Proposition 5
We first observe that by the universal coefficient formula, it is sufficient to prove the
statement for R = Z.

Now from [85, Chapter 9 and the proof of Theorem 2.3.2] as well as the translation of
[76, Theorem 3.4.11] from the setting of Lagrangian clean intersections to the Floer—
Morse—Bott Hamiltonian setting [3, Theorem 5.2.2] by means of the graph construction,
it is direct to see that there is an isomorphism

HF(¢, F) = H(F: O x4, Z)

of the local Floer homology and the homology of F with coefficients in a Z-local
system O x 41 Z, with structure group {£1} = 7Z /27, associated to a double cover O
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of F that we describe below. It is the goal of the proof to show that in our case this
local system is trivial.

The local system O is defined as follows. For x, y € F, consider the space Py ,(F) of
smooth maps y: R — F such that

Jim y(s)=x and  lim y(s) =y

for which the convergence is exponential with derivatives. Let uy,: R x S' - M
denote the cylinder u,, (s,t) = ¢§1 (y(s)). Look at the bundle £, — R x S! given by
E, = (uy)*TM . Now for each sufficiently small positive number € € (0, €y), where
€o depends only on H and F, consider real Cauchy—Riemann differential operators

Dy WhPE(E,)) — LP(E,)

between Sobolev spaces of sections of E, with e—exponential decay as |s| — oo,
that over (—oo,—C) and (C, 00), for a large C > 0, coincide with real Cauchy—
Riemann operators determined by a choice of an w—compatible almost complex structure
{J:} € Im and connections whose parallel transport over the curve {(s, 7)};¢[0,1] (With
s fixed) is determined by the linearization of ¢;I at v (s). For € > 0 sufficiently small,
all these operators are Fredholm. Moreover, with the auxiliary data of connections and
complex structures forming a contractible space, all these operators are furthermore
homotopic to each other in the space of Fredholm operators. It is shown in [85] and
[28, Chapter 8] that for y, y’ € Py, ,(F), the orientation torsors | D, | and |D,/| of
the determinant spaces det(D, ) and det(D,) are canonically isomorphic.!® We can
therefore fix x € F, and set our local system O — F to be induced from the sets | D,, | for
y € Py y(F) with y € F, with the natural identifications provided by this isomorphism.

Now we prove that O is trivial in our case. Suppose y € Py ,(F). It is sufficient to
show that det(D, ) is canonically oriented. Now, as in the proof of Theorem C, in our
case there exists an w—compatible almost complex structure J on M which is invariant
under ¢. In particular, D(¢)x: Tx M — Tx M is (Jx, wx)—unitary for all x € F.
This, together with the fact that the universal cover §f)(2n, R) deformation-retracts
to the universal cover U (n) of its unitary subgroup, implies that D, is homotopic in
the space of Fredholm operators, canonically up to a contractible choice of auxiliary

10Recall that the determinant line of a Fredholm operator D is the real vector space of dimension one
defined as det(D) = det(coker(D))" ® det(ker(D)), where for a real finite-dimensional vector space V'
of dimension d, det(V) = A (V), and for a real vector space / of dimension one, its orientation torsor
over the group £1is |/| = (/ \ {0})/(R~p).
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data, to a real Cauchy—Riemann operator D: W 1:P¢(E, ) — LP*¢(E,) corresponding
to a J—unitary connection. Call the homotopy!! {D” }refo,1], Where D° = D, and
D' = D. But such operators D are in fact complex Cauchy—Riemann operators, their
kernels and cokernels are complex vector spaces, and hence their determinants are
canonically oriented. Hence |D| and | D) | admit canonical elements o and 0,,. By a
similar argument, following the definition of the isomorphisms ¥,/ : | Dy, | = | Dy/|
from [85; 28, Chapter 8], with the key point being that orientation gluing is natural
with respect to homotopies [85, Lemma 9.4.1], we see that ¥, ,,/(0,) = 0,. Therefore
O admits a continuous section, and hence is trivial. This finishes the proof. O

5.3 Proof of Theorem J

Consider ¢ € Ham(M, )\ {id} such that ¢¢ =id, and let H be a Hamiltonian function
generating ¢. Then y(H) > 0 by the nondegeneracy of the spectral norm. Since ¢ has
finite order d we have that {¢;1(d)} tf0,1] is a Hamiltonian loop, which, in addition to
the fact that M has rationality constant p > 0, implies that Spec(H'9) = a + p-Z for
a real constant a. One can show by a quick calculation that Spec(H Dy=—a+p-2.

Furthermore, observe that Spec(H) C Spec(H@)/d. In fact, if ¢ € Spec(H) then
there exists a 1—periodic capped orbit X € O(H) such that Ag (¥) = c¢. Consequently,
Ag@ (x9) =d - Ag(X) = d - ¢, which implies the claim when added to the fact that

x4 is a critical point of Ag@).

Finally, the above observations imply that y (H) € (p/d) - Z. In particular, the fact
y(H) > 0 implies y(H) > p/d. Since H was an arbitrary Hamiltonian generating ¢,
it is clear that y (¢) > p/d. |

5.4 Proof of Theorem A

Similarly to the case of Theorem J, ¢d = id implies, in the symplectically aspherical
setting, that for a Hamiltonian H generating ¢, we have Spec(H?) = {a} and
Spec(H@) = {—a} for a constant a € R, so Spec(H) C Spec(H@)/d = {a/d}
consists of at most one point. Since Spec(H) contains c([M ], H), we obtain that

1p fact we apply a homotopy depending smoothly on xq € F from the symplectic connections on
xX*(TM)—S! for x(¢) = @' (xo) given by the linearized flow of ¢}_1 to unitary connections, while at all
times preserving their monodromies D(gb}_l) xo Over S! for all xq € F. This means in particular that the
kernels of the asymptotic operators for fixed xo do not depend on the homotopy parameter r, up to natural
identification. This and the compactness of F imply that the € > 0 above can be chosen sufficiently small
that all the operators D" along the homotopy are indeed Fredholm as operators W 1:7+€ (E y)— LPE(Ey).
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c(M], H) = a/d. Similarly, c((M], H) = —a/d. This means that y(H) = 0 and
hence y(¢) = 0, which implies by nondegeneracy of y that ¢ = id. This finishes the
proof. a

5.5 Proof of Theorem K

Consider ¢ € Ham(M, w) \ {id} such that ¢# = id for a prime number p. Fix a
coefficient field K. We show that there exists a positive integer m such that

(16) y(@m = L2/

’

where | p/2] denotes the floor of p/2. We may suppose p > 3, since the case p =2 is
settled by Theorem J for m = 1. In this case, note that | p/2| = (p — 1)/2. Supposing
that y(¢) < p(p — 1)/2p, we can find a Hamiltonian H generating ¢ satisfying
y(H) < p(p—1)/2p. In the proof of Theorem J we saw that y (H) must be a positive
integer multiple of p/p. Therefore, by Lemma 32 we can find a positive integer
r < (p—3)/2 such that

(17) I(H.Tyy) = y () = =

In particular, we have that 2r < p, which combined with the fact that p > 2 implies
that there exist integers a, b such that a(2r) 4+ bp = 1. Observe that b must be an
odd integer, since a(2r) is even while p and 1 are odd. Let k be the integer such that
—b = 2k + 1. Furthermore, note that a # 0, and set m = |a|. There are two cases to
be considered, depending on the sign of the integer a:

e If a > 0, we have that m(2r) — (2k + 1) p = 1, which implies

1
(18) mr _p+1 =k,
p2p
where (p + 1)/2 = [p/2]. Furthermore, since m and p are coprime, Theorem G
implies that
(19) Spec®S(H ™)) = m - Spec®™(H) + pZ.

Combining (17), (18) and (19) we obtain that there exist cg, ¢; € Spec®*(H) such that

mr +1
p_ptDp

kp.
P 2p

mcy —mco =
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In addition, mc; + jp and mco + jp belong to the essential spectrum of H for
every integer j. We conclude that for each 6 € S}, and I € Ty, there exists an integer /
such that either

mey +1lp,mecg+(k+Dpel or mey+Ilp,meg+(k+1+1)pel
Consequently,

I(H"™ Tp) > min{me; —meo — kp, meg —mey + (k + 1)p}

_ .Fer(p4M}_@—Dp
= min N — .
2p 2p 2p

Since 6 was arbitrary, we conclude

(20) 1(¢™) =

Lp/2]
p

e If a <0, an analogous argument can be made to show that once again (20) is valid.

Hence, by Lemma 33 we obtain the inequality (16).

5.6 Proof of Theorem L

Consider a generalized pseudorotation ¢ as in Lemma 35. As a consequence of this
lemma, we may suppose that there exist ¢, ¢, € Spec®™ (H) such that c; —c; € p-(R\Q),
otherwise y(¢™) > p for some positive integer m. Since the orbit of any irrational
rotation in S! is dense, for every € > 0 there exists an integer m¢ such that

g—e<d$Qqu(QD§§,

where for x € R we denote by [x] € S ; = R/pZ its equivalence class, and ds} is the
distance function on S ; coming from the standard flat metric on R. Therefore, arguing
as in the proof of Theorem K we conclude

sup y(¢F) > O

P
k€Z>() 2
The proofs of Theorems D and I rely on the following observations regarding the mean-
index. First, let [5 be a lift of ¢ to the universal cover I:IEFH(M ,w) of Ham(M, w). As
our path-connected isolated fixed-point sets are weakly nondegenerate, if the capping

Z of the generalized 1—periodic orbit . corresponding to an isolated fixed-point set
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F C Fix(¢) carries a cohomology class p of Conley—Zehnder index » in HF" (5) >~
QH?"(M, Ag), for a coefficient field K, then its mean-index A = A(¢, 7) satisfies
A —n <n < A+ n. Hence,

Q1) A(g, F) € (0,2n).

Similarly, if .% carries a homology class u € HF, (5) ~ QH,,(M, Ag), then (21)
holds. Both of these implications follow from Lemma 19, equation (7) and Section 3.2.
We will specifically use the case u = [M ], which follows from Lemma 17.

5.7 Proof of Theorem D

We first treat the negative monotone case. Choose H € H so that the path {(;5}1} t€[0,1]
represents the class ¢ lifting ¢. Let k; be the sequence associated to ¢ as a generalized
perfect Hamiltonian diffeomorphism. By the pigeonhole principle applied to the
subsequence /; with /; | /;; for all i, there exists an isolated fixed-point set 7 C Fix(¢),
and an increasing subsequence of k;, which we renumber and denote by r;, such that
c((M], H"D) is carried by a capping ¢; of the isolated set of 1—periodic orbits of the
ri—iterated Hamiltonian H (i) corresponding to F i) Setd =9 1. Since ry divides
all r;, by taking a power of ¢ we can assume that r; = 1.

Write ¢; as a recapped iteration of ¢, ie
(22) G; =G # 4;.

We claim that for r; large, w(A4;) > 0 and ¢;(4;) > 0, contradicting negative mono-
tonicity. Indeed, write A; for the action functional of H?), and A := A;. Then by
(22) and the triangle inequality for spectral invariants,

23)  nA@) —o(4) = Ai@) = (M), H'D) < rie((M), H) = 1, A@).

Hence,
w(A4;) > 0.

However, as ¢; carries c([M], H"), by (21) we have A(H"?),¥;) € (0, 2n) and also
A(H,%) € (0,2n). Hence r; A(H,%) > 2n for r; large enough, and

(24) 2n> AH"D Gy = ri A(H,9) —2¢1(A)).

Therefore
c1(4i) > 0,
which finishes the proof.
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We now prove the symplectic Calabi—Yau case of the theorem. In this case, the mean-
index of each capped fixed-point set .Z does not depend on the capping. Hence we
write A(H, F) for each generalized fixed point F for this mean-index. Then for each
positive sequence k; — oo of iterations with (j)ki having a fixed finite number of weakly
nondegenerate generalized fixed points, we argue as follows. For each F € mo(Fix(¢)),

A(H(ki)’]:(ki)) — (ki/kl)A(H(kl)’]:(kl))‘

Hence, if A(H®*D, 7&1) > 0 then A(H*), 7*i)) > 21 for all k; sufficiently large,
and if A(H®*D, 7k1)y < 0 then A(H*), F*i)y < 0 for all k;. Now, as each F
is weakly nondegenerate, we obtain by the same argument as for the proof of the
support property of local Floer homology, Lemma 16, that for all k; sufficiently large,
H®) admits a C2—small nondegenerate Hamiltonian perturbation H; without capped
periodic orbits of Conley—Zehnder index n. However, this is in contradiction to the
existence of the PSS isomorphism. Specifically, in this case HF,(H;) = 0 by definition
of Floer homology, and by the PSS isomorphism HF, (H;) = QH>,(M) # 0. Indeed
[M] e QH,,(M) is nonzero. |

The following result was first proven in [93] in the setting of a pseudorotation assuming
that the quantum Steenrod square of the point cohomology class is undeformed, or
in other words that (M, w) is not F,—Steenrod uniruled. We observe that the same
statement holds for generalized pseudorotations, with essentially the same proof, and
with a small modification following [97], for all primes p. Here u € QH?*" (M, Ar,)
denotes the cohomology class Poincaré dual to the point.

Theorem O Let v be a generalized I, pseudorotation with sequence kj = p/~1lofa
closed monotone symplectic manifold (M, w) that is not F,—Steenrod uniruled. Then

(25) c(p?) = pre(p )
for each IZ € I:I_a\r/n(M, ) covering V.

We proceed to the proof of Theorem I.

5.8 Proof of Theorem I

Choose H € H so that the path {‘P;I}tG[O,l] represents the class (}5 lifting ¢. By

the pigeonhole principle, there exists an isolated fixed-point set F C Fix(¢), and an

k

increasing sequence k; such that ¢(u, H79)) for r; = p¥i is carried by a capping ¢; of
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the isolated set of 1—periodic orbits of the r;—iterated Hamiltonian H ?) corresponding
to FUri), By taking a power of ¢, we can assume that r; = 1, and set ¥ = &;. Write
&; as a recapped iteration of ¢, ie

(26) G; =G # 4;.

We claim that for r; large, we get w(A4;) <0 and ¢q(A4;) > 0, contradicting monotonicity.
Indeed, write A; for the action functional of H#), and set A:= A;. Then by (26) and
Theorem O,

i A@) — o(4;) = Ai(@:) = c(u, H') > rie(u, H) = riA@).

Hence,
w(A4;) <0.

However, as ¢; carries ¢(u, H7)), by (21) we have A(H"?),%;) € (0, 2n) and also
A(H, %) € (0,2n). Hence r; A(H,%) > 2n for r; large enough, and

2n> AH"D @) = ri A(H,9) —2¢1(4)).
Therefore,
C1 (Al) > 0.
5.9 Proof of Theorem G

Suppose that ¢ € Ham(M, w) \ {id} is of prime order ¢ > 2. Let p > 2 be a prime
different from ¢. In particular, ¢/ " #idforallk € Zand 1 <j <g—1.

Write
B(p.Fp) = max  fu(9’.Fp).
By Theorem N we obtain for 1 < j < g —1 that
B(§.Fp) = B9’ 7" Fp) = p*Bia (@7 Tp).
Choosing a sufficiently large positive k, this implies that forall 1 < j <g—1,
ﬁtot((pijp) =0,

whence by Proposition 23 all such ¢/ are generalized ¥, pseudorotations. They are
weakly nondegenerate by Theorem C. In other words, the equality

Spec¥S(H;F,) = Spec®™ (H;F,)

follows directly from the fact that B (¢, IFp) = 0. This finishes the proof of part (i).
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Let us prove that Spec**(H®): Q) = k - Spec"S(H; Q) + p- Z for all k € Z coprime
with ¢g. By the universal coefficient formula in local Floer homology, it is sufficient to
prove the identity Spec*'(H®); F p)=k- SpecS(H’; Fp) + p-Z for coefficients in I,
for an infinite sequence of primes p. Consider the primes p for which p = a (mod g),
where a € (IF;)* is a cyclic generator of the multiplicative group (Fy)* = GL(1,F,)
of [F,. In this case the set {¢1’j | ] € Z>¢} coincides with

@1 =k =q—13={¢" |k #0 (mod g)}.
Let .Z be a capped generalized periodic orbit of H. It is enough to prove that
dimg, HF*(H®), Z#)) = dimg, HF*(H, F)

for all j € Z>. Indeed, as explained above, each capped generalized fixed point of Pk
is a recapping of a p/—iterated capped generalized fixed point of ¢.

We know by the Smith inequality in generalized local Floer homology, Proposition 24,
that dimp, HF'**(H(? ), 7)) is an increasing function of j. However, by the finite-
order condition it takes only a finite number of values. Therefore it must be identically
constant. This finishes the proof of part (ii).

Now we prove part (iii) relying on Proposition 5. First let p = ¢. Then for ¥ = Pk,
with k coprime to p,

(27) N(.Fp) =Y _dimg, HF'**(y, F) = Y _ dimp, H(F:Fp),

the sum running over all contractible generalized fixed points F of i, since by
Proposition 5,
HF(y, F) = H(F;F,)

for all generalized fixed points F. We remark that H(F;F,) # 0. By Proposition 23,
we know that
N, Fp) > dimp, H(M;Fp).

On the other hand, by the classical Smith inequality [99; 25; 4], we have

(28) > dimg, H(F:F,) < dimg, H(M:F,).

the sum running over all the generalized fixed points of . This yields
N, Fp) = dimg, H(M;Fp).

This finishes the proof of the first statement of part (iii).
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To prove the second statement of part (iii), we first note that for char(K) = p,
Spec®™(H,K) = Spec®™(H,F,) and Spec"(H,K) = Spec"(H,TF,)
by Proposition 23, and the equality
Spec®™(H,F,) = Spec"™(H,F,)
follows by the first statement of part (iii) and Proposition 23. For the last part, we note
that by Proposition 5, Spec'™*(H,K) = Spec(H) because
dim HF'°°(H, .Z) = dim HF'*° (¢, F) = dim H(F;K) > 0
for all capped contractible generalized 1—periodic orbits .# of H. Now for k coprime
to ¢, Spec(H®)) = { Ao (F® # A)}, where the set runs over all A € T, and .Z
runs over all capped contractible generalized 1—periodic orbits .Z of H. Indeed, all the
contractible generalized fixed points of ¢* are of the form F*) for F a contractible gen-

eralized fixed point of ¢, and the identity quickly follows. Now using the homogeneity
and the recapping properties of the action functional, we obtain

Spec(H(k)) =k -Spec(H)+p-Z.

Combined with the identities Spec®(H®): K) = Spec"™s(H®): K) = Spec(H *)) and
Spec®(H;K) = Spec"s(H;K) = Spec(H), this finishes the proof.

5.10 Proof of Theorem H

First assume that v is of prime order p. Then the proof follows from equations (27)
and (28). Indeed, the upper bound holds for all the generalized fixed points of ¥, and
the lower bound N (¥, F) > dimp, H(M;F,) takes into account only contractible
generalized fixed points. If ¢ had a noncontractible generalized fixed point, it would
contribute dimg, H(F;Fp) > 0 to the sum, making the equality impossible. Alter-
natively, one can argue by means of a suitable generalization of Theorem N with

P#q.

Now suppose that v is of order pk, with k£ > 1. As in Section 5.9, by Proposition 5
HF"*(y, F) = H(F:Fp)
for all generalized fixed points F; and

(29) N(y.Fp) =Y _dimg, HF'*(y, F) = Y _ dimg, H(F:Fp).
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the sum running over all contractible generalized fixed points F of . Moreover, by
Proposition 23, we have

N, Fp) = dimp, H(M;Fp).
Finally, by the Smith inequality for finite p—groups [99; 25; 4] we again have
(30) > " dimg, H(F:F,) < dimg, H(M;:F,),

the sum running over all the generalized fixed points of . Now, as in the case
of order p, if ¥ had a noncontractible generalized fixed point, it would contribute
dimg, H(F;Fp) > 0 to the sum, making it impossible for (30) and (29) to hold
simultaneously.

For ¢ of arbitrary integer order d = p]fl e pfn’", we proceed by induction. We have
already shown the base of induction. Now we suppose that the result is true for all
orders having at most m — 1 distinct prlme divisors, and prove it for iy of order d as
above. Then y = wl’ 1" is of order d / p1 , which has exactly m — 1 prime divisors,
and hence by induction all the fixed points of y; are contractible. This implies that
the order of the homotopy class of each fixed point of i divides pi‘l In the same way,
we obtaln that thlS order also divides pk for all 1 < j < m, and therefore it divides
ged( p cees pm ;") = 1. Therefore each fixed point of i is contractible. This finishes
the proof.
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A higher-rank rigidity theorem for
convex real projective manifolds

ANDREW ZIMMER

For convex real projective manifolds we prove an analogue of the higher-rank rigidity
theorem of Ballmann and Burns and Spatzier.

53C24; 20H10, 22E40, 37D40, 53C15

1 Introduction

A real projective structure on a d—manifold M is an open cover M = | J, Uy along
with coordinate charts ¢q : Uy — P (R4 1) such that each transition function ¢ o @El
coincides with the restriction of an element in PGLy; 1 (R). A real projective manifold
is a manifold equipped with a real projective structure.

An important class of real projective manifolds is the convex real projective manifolds,
which are defined as follows. First, a subset 2 C P(Rd 1) is called a properly convex
domain if there exists an affine chart which contains it as a bounded convex open set.
In this case, the automorphism group of 2 is

Aut(Q2) :={g €e PGLy+1(R) : g = Q}.

If T < Aut(2) is a discrete subgroup that acts freely and properly discontinuously on €2,
then the quotient manifold I'\ 2 is called a convex real projective manifold. Notice that
local inverses to the covering map 2 — I'\Q2 provide a real projective structure on
the quotient. In the case when there exists a compact quotient, the domain 2 is called
divisible. For more background see the expository papers by Benoist [7], Marquis [22]
and Quint [25].

When d < 3, the structure of closed convex real projective d—manifolds is very well
understood thanks to deep work of Benzécri [9], Goldman [16] and Benoist [6]. But,
when d > 4, their general structure is mysterious.

© 2023 MSP (Mathematical Sciences Publishers). Distributed under the Creative Commons Attribution
License 4.0 (CC BY). Open Access made possible by subscribing institutions via Subscribe to Open.
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We establish a dichotomy for convex real projective manifolds inspired by the theory
of nonpositively curved Riemannian manifolds. In particular, a compact Riemannian
manifold (M, g) with nonpositive curvature is said to have higher rank if every geodesic
in the universal cover is contained in a totally geodesic subspace isometric to R?.
Otherwise, (M, g) is said to have rank one. An important theorem of Ballmann [2]
and Burns and Spatzier [11; 12] states that every compact irreducible Riemannian
manifold with nonpositive curvature and higher rank is a locally symmetric space. This
foundational result reduces many problems about nonpositively curved manifolds to
the rank-one case. Further, rank-one manifolds possess very useful “weakly hyperbolic
behavior” (see for instance Ballmann [1] and Knieper [20]).

In the context of convex real projective manifolds, the natural analogue of isometrically
embedded copies of R? are properly embedded simplices, see Section 2.6 below, which
leads to a definition of higher rank:

Definition 1.1 (i) A properly convex domain  C P(R?) has higher rank if for
every p, g € S2 there exists a properly embedded simplex S C 2 with dim(S) >2
and [p,q] C S.

(ii) If a properly convex domain Q C P(R¢) does not have higher rank, then we
say that 2 has rank one.

There are two basic families of properly convex domains with higher rank: reducible
domains (see Section 2.4) and symmetric domains with real rank at least two.

A properly convex domain © C P(R?) is called symmetric if there exists a semisimple
Lie group G < PGL,;(R) which preserves €2 and acts transitively. In this case, the real
rank of 2 is defined to be the real rank of G. Koecher and Vinberg characterized the
irreducible symmetric properly convex domains and proved that G must be locally
isomorphic to either
(i) SO(1,m) withd =m + 1,

(ii) SLy(R) with d = £(m? +m),

(iii) SL,,(C) with d = m?,

(iv) SL,,(H) with d = 2m? —m, or

(V) Eg(—26) With d =27.
For details see Faraut and Koranyi [15], Koecher [21] and Vinberg [28; 29]. Borel [10]

proved that every semisimple Lie group contains a cocompact lattice, which implies
that every symmetric properly convex domain is divisible.
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We prove that these two families of examples are the only divisible domains with higher
rank. In fact, we show that being symmetric with real rank at least two is equivalent to
a number of other “higher rank” conditions. Before stating the main result we need a
few more definitions.

Definition 1.2 e Given g € PGL;(R), let
A(g) = A2(g) = -+ = A4 (g)

denote the absolute values of the eigenvalues of some (hence any) lift of g to
SLZ(R) := {h € GLy(R) : deth = £1}.
e g ePGL;(R) is proximal if A1(g) > A2(g). In this case, let K; € P(R?) denote

the eigenline of g corresponding to A1(g).

o g €PGL;(R) is biproximal if g and g~ !

- pt
lgi=tF.

are both proximal. In this case, define

Next we define a distance on the boundary using projective line segments:

Definition 1.3 Given a properly convex domain  C P(R¢) the (possibly infinite
valued) simplicial distance on 0S2 is defined by

saq(x,y)

=inf{k : Jaog,...,ar withx = a9,y =ar and [aj,aj41] COQ for 0 < j <k —1}.

We will prove a characterization of higher rank in the context of convex real projective
manifolds:

Theorem 1.4 (see Section 9) Suppose that Q C P(R?) is an irreducible properly
convex domain and I' < Aut(S2) is a discrete group acting cocompactly on 2. Then
the following are equivalent:

(i) €2 is symmetric with real rank at least two.
(i1) €2 has higher rank.
(iii) The extreme points of Q2 form a closed proper subset of 0€2.
(iv) [x1,x2] C 0Q2 for every two extreme points X1, xp € 0.
(v) syo(x,y) <2forall x,y € 0R2.
(vi) sgo(x,y) <+ooforall x,y € 092.

(vii) I has higher rank in the sense of Prasad and Raghunathan (see Section 8).
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(viii) For every g € I with infinite order, the cyclic group gZ has infinite index in the
centralizer of g in T'.

(ix) Every g € " with infinite order has at least three fixed points in 9S2.
(x) [Z;, ty] C 92 for every biproximal element g € T'.

(xi) sag(ﬁg, ly) < +oo for every biproximal element g € I'.

M Islam [18] has recently defined and studied rank-one isometries of a properly convex

domain. These are analogous to the classical definition of rank-one isometries of
CAT(0) spaces (see [1]) and are defined as follows:

Definition 1.5 (Islam [18]) Suppose that @ C P(R?) is a properly convex domain.
An element g € Aut(2) is a rank-one isometry if g is biproximal and sy (E;, ly)>2.

Remark 1.6 (1) When g € Aut(2) is a rank-one isometry, the properly embedded
line segment (E;,ng) C Q2 is preserved by g. Further, g acts by translations on
(K;,L, E;) in the following sense: if Hg is the Hilbert metric on €2, then there exists
T > 0 such that

Hq(g"(x),x) =nT
foralln >0 and x € (£, ;).

(2) Islam [18, Proposition 6.3] also proved a weaker characterization of rank-one
isometries: g € Aut(€2) is a rank-one isometry if and only if g acts by translations on
a properly embedded line segment (a, b) C Q and s9q(a, b) > 2.

As an immediate consequence of Theorem 1.4:

Corollary 1.7 Suppose that Q C P(R?) is an irreducible properly convex domain
and I' < Aut(R2) is a discrete group acting cocompactly on 2. Then the following are
equivalent:

(i) €2 has rank one.

(i) T contains a rank-one isometry.

Islam has also established a number of remarkable results when the automorphism
group contains a rank-one isometry; see [18] for details. For instance:

Corollary 1.8 (consequence of Theorem 1.4 and [18, Theorem 1.5]) Suppose that
Q c P(R?) is an irreducible properly convex domain and T’ < Aut(2) is a discrete
group acting cocompactly on Q. If d > 3 and Q2 is not symmetric with real rank at
least two, then I' is an acylindrically hyperbolic group.
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1.1 Outline of the proof of Theorem 1.4

The difficult part is showing that any one of conditions (ii)—(xi) implies that the domain
is symmetric with real rank at least two.

One key idea is to construct and study special semigroups in P (End(R¢)) associated
to each boundary face. This is accomplished as follows. First, motivated by a lemma
of Benoist [5, Lemma 2.2], we consider a compactification of a subgroup of PGL 4 (R):

Definition 1.9 Given a subgroup G < PGL,(R) let
G c P(End(R?))
denote the closure of G in P (End(R%)).

Next, for a dividing group, we introduce subsets of this compactification:

Definition 1.10 Suppose that 2 C P(R?) is a properly convex domain and I" < Aut(£2)
is a discrete group acting cocompactly on Q. If F C 92 is a boundary face and
V :=Span F C R?, then define
f}f}nd = {T e TE : image(T) C V}
and
TP :={T €T :image(T) = V and ker(T) NV = {0}}.

We then prove:

Theorem 3.1 Suppose that Q2 C P(Rd) is an irreducible properly convex domain
and I' < Aut(R2) is a discrete group acting cocompactly on Q. If Q is nonsymmetric,
F C 02 is a boundary face, V := Span F C R4, and dim(V') > 2, then:
(@ IfT €T, thenT(Q) C F.
(b) If T € f%ﬂ‘f, then T'(F) is an open subset of F .
(c) The set
{Ty:T eTgY

is a nondiscrete Zariski-dense semigroup in P (End(1)).

Using Theorem 3.1 we will show that any one of Theorem 1.4(ii)—(xi) implies that the
domain is symmetric with real rank at least two. Here is a sketch of the argument: First
suppose that 2 C P(R?) is an irreducible properly convex domain, I' < Aut() is a
discrete group acting cocompactly on €2, and any one of Theorem 1.4(ii)—(xi) is true.
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Then let £ C 02 denote the extreme points of 2. We will show that there exists a
boundary face F' C 92 such that

(1) FNéq=02.

By choosing F minimally, we can also assume that £q intersects every boundary face
of strictly smaller dimension. As before, let V' := Span F. Then using (1) we show
that T'|y € Aut(F) forevery T € fg“‘i. Therefore Theorem 3.1 implies that either Q2
is symmetric or Aut(F) is a nondisc;ete Zariski-dense subgroup of PGL(V). In the
latter case, it is fairly easy to deduce that PSL(V') C Aut(F’), see Lemma 4.5 below,
which is impossible. So €2 must be symmetric.

1.2 Outline of the paper

In Section 2 we recall some preliminary material. In Section 3 we prove Theorem 3.1.
In Section 4 we prove the rigidity result mentioned in the previous subsection.

The rest of the paper is devoted to the proof of the various equivalences in Theorem 1.4.
In Sections 5, 6, and 7 we prove some new results about the action of the automorphism
group. In Section 8 we consider the rank of a group in the sense of Prasad and
Raghunathan. Finally, in Section 9 we prove Theorem 1.4.
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2 Preliminaries

2.1 Notation

Given a linear subspace V' C R%, we let P(V) C P(R?) denote its projectivization. In
all other cases, given some object 0, we will let [0] be the projective equivalence class
of o. For instance:

(i) If v e RZ\ {0}, let [v] denote the image of v in P (R%).
(ii) If ¢ € GL4(R), let [¢] denote the image of ¢ in PGL; (R).
(iii) If T € End(R%)\ {0}, let [T] denote the image of T in P (End(R?)).
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We also identify P(R?) = Gr;(R%), so for instance if x € P(R¢) and V C R? is a
linear subspace, then x € P(V) if and only if x C V.

Finally, given a subset X of R4 (respectively P(Rd)), we will let Span X C R4 denote
the smallest linear subspace containing X (respectively the preimage of X).

2.2 Convexity and line segments

A subset C C P(R?) is called convex if there exists an affine chart which contains
it as a convex subset. A subset C C P(Rd) is called properly convex if there exists
an affine chart which contains it as a bounded convex subset. For convex subsets, we
make some topological definitions:

Definition 2.1 Let C C P(R?) be a convex set. The relative interior of C, denoted by
rel-int(C), is the interior of C in its span and the boundary of C is dC := C \rel-int(C).

A line segment in P(R?) is a connected subset of a projective line. Given two points
X,y € ]P’(Rd) there is no canonical line segment with endpoints x and y, but we will
use the convention that if C C P(R?) is a properly convex set and x, y € C, then
(when the context is clear) we will let [x, y] denote the closed line segment joining
x to y which is contained in C. In this case, we will also let (x, y) = [x, y]\ {x. y},

[x.y) =[x, y]\ {»}, and (x, y] = [x, y] \ {x}.
2.3 Irreducibility

A subgroup I' < PGL4 (R) is irreducible if {0} and R4 are the only I'-invariant linear
subspaces of R4, and strongly irreducible if every finite-index subgroup is irreducible.

We will use the following observation several times:

Observation 2.2 If ' < PGL, (R) is strongly irreducible, x1, . .., x; € P(R%), and
Vi,.... Vi SRY

are linear subspaces, then there exists g € I' such that gx; ¢ P(V;) forall 1 < j <k.

Proof Let G = I'“" denote the Zariski closure of I' in PGL4(R) and let Gy < G
denote the connected component of the identity of G (in the Zariski topology). Then
Go N T is a finite-index subgroup of I" and hence Gy is irreducible. So each set

Oj=1{geGo:gx; ¢P(V))}

is nonempty and Zariski open in Ggy. Hence O = ﬂ;-(:l O; is nonempty and Zariski
open in Gg. Since I' N Gy is Zariski dense in Gy, there exists some g € ' N O. O
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2.4 Zariski closures

An open convex cone C C R is reducible if there exists a nontrivial vector space
decomposition RY = V1 @ V> and convex cones C; C V; and C, C V, such that
C = C; + C,. Otherwise, C is said to be irreducible. The preimage in R of a
properly convex domain 2 C PP (R?) is the union of a cone and its negative; when this
cone is reducible (respectively irreducible) we say that €2 is reducible (respectively
irreducible).

Benoist determined the Zariski closures of discrete groups acting cocompactly on

irreducible properly convex domains:

Theorem 2.3 (Benoist [5]) Suppose that Q@ C P(R?) is an irreducible properly
convex domain and I < Aut(2) is a discrete group acting cocompactly on 2. Then
either

(i) €2 is symmetric, or

(ii) T is Zariski dense in PGLy (R).
2.5 The Hilbert distance

In this section we recall the definition of the Hilbert metric. But first some notation:

Given a projective line L C P(Rd) and four distinct points a, x, y,b € L we define

the cross ratio by X —b]| |
x—>blly—a

a, x, ’b:—a

R P IR

where | - | is some (any) norm in some (any) affine chart of P(R¢) containing a, x, y
and b.

Next, for x, y € P(R?) distinct, let L x,y CP (R?) denote the projective line containing
x and y.

Definition 2.4 Suppose that  C P(R?) is a properly convex domain. The Hilbert
distance on €2, denoted by Hgq, is defined as follows: if x, y € Q2 are distinct, then

Hg(x.y) = 5 logla. x. y.b],
where 02 N Ly, = {a, b} with the ordering a, x, y, b along Ly .

The following result is classical; see for instance [13, Section 28].
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Proposition 2.5 Suppose that Q C P(R9) is a properly convex domain. Then Hg is
a complete Aut($2)—invariant metric on 2 which generates the standard topology on 2.
Moreover, if p,q € €2, then there exists a geodesic joining p and g whose image is the
line segment [p, q].

2.6 Properly embedded simplices
In this subsection we recall the definition of properly embedded simplices.

Definition 2.6 A subset S C P(R9) is a simplex if there exists g € PGL4(R) and
k > 0 such that

gS ={[x1: i xXg41:0:---:0] eIP’(Rd):xl >0,...,Xg+1 > 0}.
In this case, we write dim(S) = k (notice that S is homeomorphic to R¥).

Definition 2.7 Suppose that A C B C P(R?). Then A is properly embedded in B if
the inclusion map A < B is a proper map (relative to the subspace topology).

By [23, Proposition 1.7], [17], or [26] the Hilbert metric on a simplex is isometric to a
normed space, and so:

Observation 2.8 Suppose that 2 C P(R?) is a properly convex domain and S C
is a properly embedded simplex. Then (S, Hg) is quasi-isometric to R4S |

2.7 Limits of linear maps
Every T € P(End(R%)) induces a map
P(RY)\ P(ker T) — P(R?)
defined by x — T'(x). We will frequently use:
Observation 2.9 If (T,),>1 converges in P(End(R?)) to T € P(End(R?)), then
T(x)= lim T, (x)

for all x € P(R%) \ P(ker T'). Moreover, the convergence is uniform on compact
subsets of P(R4) \ P(ker T').

2.8 The faces and extreme points of a properly convex domain

Definition 2.10 Suppose that Q C P(R?) is a properly convex domain. For x € £ let
Fq(x) denote the (open) face of x; that is,

Fo(x) ={x}U{y € Q: 3 an open line segment in Q containing x and y}.

Geometry & Topology, Volume 27 (2023)



2908 Andrew Zimmer

If x € Q2 and Fgq(x) = {x}, then x is called an extreme point of Q2. Finally, let
Eq COQ
denote the set of all extreme points.

These subsets have some basic properties:

Observation 2.11 Suppose that Q C P(R9) is a properly convex domain.

(1) If x € Q, then Fq(x) = Q.

(i) Fq(x) is open in its span.

(iii) y € Fq(x) ifand only if x € Fq(y) if and only if Fqo(x) = Fq(y).
(iv) If y € 0Fq(x), then Fq(y) C 0Fq(x) and Fo(y) = Frqgx)(y).

(v) If x,yeQand z € (x,y), then

(p.q) C Fa(z)
forall p € Fo(x) and g € Fg(y).

Proof These are all simple consequences of convexity. |
We will also use results about the action of the automorphism group:

Proposition 2.12 [19, Proposition 5.6] Suppose that 2 C P (R%) isa properly convex
domain, po € 2, and (gn)n>1 IS a sequence in Aut(2) such that

(i) gn(po) > x €042,
(ii) g,"'(po) = y €9Q, and
(iii) g, converges in P(End(R%)) to T € P(End(R?)).
Then image T C Span Fq(x), P(kerT)NQ =&, and y € P(ker T).

In the case of “nontangential” convergence we can say more:

Proposition 2.13 [19, Proposition 5.7] Suppose that Q@ C P(R?) is a properly
convex domain, pg € 2, x € 02, (pn)n>1 Is a sequence in [po, x) converging to x,
and (gn)n>1 Is a sequence in Aut(2) such that

sup Ho(gn(po), pn) < +00.

n>1
If g, converges in P(End(R%)) to T € P(End(R?)), then
T(Q2) = Fa(x),

and hence image T = Span Fg (x).
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Proposition 5.7 in [19] is stated differently, so we provide the proof:
Proof Proposition 2.12 implies 7'(2) C Fgq(x), so we have to prove T (2) D Fq(x).
Fix y € Fq(x). Then we can pick a sequence (y,)s>1 in [po, y) such that

sup HQ(yn, pn) < 00.

n>1

Thus
sup Ho (g5, (¥n). Po) < 00.

n>1
So there exists n; — oo such that the limit
— T -1
q:= lim g, (yn,)
j—>oo

exists in 2. Notice that g ¢ P(ker T') by Proposition 2.12 and so the “moreover” part
of Observation 2.9 implies that

T(q) = lim gu(q) = lim gu;(q) = lim gy, (g, (yn;)) = lim y,; =y
n—o00 j—o0 Jj—o00 j—o0
Since y was arbitrary, Fq(x) C T(2). |
2.9 Proximal elements

In this section we recall some basic properties of proximal elements. For more back-
ground we refer the reader to [8].

Definition 2.14 Suppose that F: M — M is a C! map of a manifold M. Then a fixed
point x € M of F is attractive if || < 1 for every eigenvalue A of d(F)x:TxM — T M.

A straightforward calculation provides a characterization of proximality:

Observation 2.15 Suppose that g € PGL;(R) and x is a fixed point of the g action
on P(R?). Then the following are equivalent:

(i) x is an attractive fixed point of g.
(ii) g is proximal and x = K;.
Next we explain the global dynamics of a proximal element.

Definition 2.16 If ¢ € PGL,;(R) is proximal, then define H, € Gry—; (R?) to be the
unique g—invariant linear hyperplane with

N
e H; =R

If g is biproximal, then also define H g"‘ = Hg__l.
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When g € PGL4 (R) is proximal, H, is usually called the repelling hyperplane of g.
This is motivated by the following observation:

Observation 2.17 If g € PGL;(R) is proximal, then

Ty := lim g"

n—>o0
exists in P (End(R%)). Moreover, image Ty = Z;,‘, kerTg = H, , and
image Tg @ ker Ty = R,
Hence
£+

= lim g"x
n—->oo

for all x € P(Rd)\IP’(Hg_).

Observation 2.18 Suppose 2 C P(R?) is a properly convex domain. If g € Aut(S2)
is proximal, then Z;," is an extreme point of 92 and P(H, ) N 32 = .

Proof Proposition 2.12 implies that Z; €0Qand P(H,)NIQ =0. Let F = Fg (E;‘)
and V = Span F. Then g(V) = V. Let g € GL;(R) be a lift of g € PGL;(R) and let
h € GL(V) denote the element obtained by restricting g to V. Notice that / is proximal
since £ C V. Further [h] € Aut(F) and h(£]) = £F . Since Aut(F) acts properly on
F and E;’ € F, the cyclic group

[h?% < Aut(F) < PGL(V)

must be relatively compact. This implies that every eigenvalue of / has the same absolute
value. Then, since / is proximal, V must be one-dimensional and so F' = {E;‘}. Thus
£ is an extreme point. m]

The following result can be viewed as a converse to Observation 2.17 and will be used
to construct proximal elements.

Proposition 2.19 Suppose that (g,)n>1 is a sequence in PGL; (R) and
7= fim g
exists in P (End(R?)). If dim(image T') = 1 and
image T @ kerT = RY,
then, for n sufficiently large, g, is proximal and

image T = lim £ .
& n—>oo 8n
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Proof Since g, — T in P(End(R?%)),
lim g,(x)=T(x) =imageT € ]P’(Rd)
n—>oo

for all x € P(R?)\ P(ker T). Moreover, the convergence is uniform on compact
subsets of P(R?) \ P (ker T).

By assumption,
image T ¢ P(ker T),

so we can find a compact neighborhood U of image T in P(R?) such that U is
homeomorphic to a closed ball and

UNPkerT) =o.

Then, by passing to a tail, we can assume that g, (U) C U for all n. So, by the Brouwer
fixed-point theorem, each g, has a fixed point x,, € U. Since U can be chosen arbitrarily
small,
image T = lim x,.
n—o00

We claim that, for n large, x, is an attractive fixed point of g,. By Observation 2.15
this will finish the proof. Let f;,: P(R¢) — P(R?) be the diffeomorphism induced
by gn, that is f,(x) = gn(x) for all x. Then, since each g, acts by projective linear
transformations, we see that the f;, converge locally uniformly in the C*° topology on

P(R%)\ P(ker T) to the constant map f = image 7. So, fixing a Riemannian metric
on P(R%), we have

nll{go ld(fn)x, Il = 0.
Hence, for n large, x, is an attractive fixed point of g,. |

2.10 Rank-one isometries

In this section we state a characterization of rank-one isometries established in [18]:

Theorem 2.20 (Islam [18, Proposition 6.3]) Suppose that Q C P(R?) is a properly
convex domain and y € Aut(Q2). If

inf Ho(y(p),p) >0
pPER

and y fixes two points x, y € 0Q2 with syq(x, y) > 2, then:
(i) y is biproximal and {E;," 4,y ={x,y}. In particular, y is a rank-one isometry.

(ii) The only points fixed by y in 02 are E;’,’ and (.
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(iii) If w € 0L2, then
€ wyu (w, ;) c Q.

(iv) If z € 9Q\ {3}, then
sae(ly . 2) = oc.

Remark 2.21 Notice that (iv) is a consequence of (iii).

3 A semigroup associated to a boundary face

Theorem 3.1 Suppose that Q@ C P(R?) is an irreducible properly convex domain
and T' < Aut(2) is a discrete group acting cocompactly on Q2. If Q is nonsymmetric,
F C 09 is a boundary face, V := Span F, and dim(V') > 2, then:
() If T eTEM thenT(Q) C F.
(b) IfT € f%"‘f, then T (F) is an open subset of F.
(c) The set B
{T|y:T eTgY

is a nondiscrete Zariski-dense semigroup in P (End(V)).

The proof of Theorem 3.1 will follow from a series of lemmas, many of which hold in
greater generality.

For the rest of the section fix a properly convex domain 2 C P(R?) and a subgroup
I' < Aut(€2). Notice that we are not (currently) assuming that €2 is irreducible, that I"
is discrete, or that I acts cocompactly on €2.
Observation3.2 (a) If T € TP, thenP(kerT)NQ = 2.

(b) If S,T € T and image T \ ker S # @, then S o T € T'Ed,

Proof Part (a) follows immediately from Proposition 2.12.

For part (b), fix S, T € T’ with image T \ ker S # @. By hypothesis S o T is a well-
defined element of P (End(R¢)). To show that S o T € TF, fix sequences (gn)n>1
and (hy),>1 in T such that
S=1lim g, and T = lim h,
n—00 n—00
in P(End(R%)). Then, since S o T # 0,

SoT = lim guhy
n—00

in P(End(R?)). So S o T e T'End, o
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Lemma 3.3 If F C dSQ is a boundary face and T € TE", then T(Q) C F.

Proof Suppose T € f}":,nd. Then there exists a sequence (g)x>1 in I" such that
= lim o
in P(End(R?)). Since P(ker T) N Q2 = &,
T(p)= lim gu(p)€Q
n—->oo
forall p € Q. So T(R) C Q. Since image(T) C V,
T(Q)CP(V)NQ=F. o

Lemma 3.4 If F C 02 is a boundary face and T € I_“E“f, then T (F') is an open subset
of F.

Proof By definition and Observation 3.2
QUF)NPkerT) C(QUPV)NPkerT) = 2.
So T induces a continuous map on QU F . Since F C £, the previous lemma implies that
T(F)CT(Q)CF.

Since V Nker T = {0}, T(F) is an open subset of P(V). So

T(F) C rel-int(F) = F. O
Lemma 3.5 If F C 092 is a boundary face, then the set

{Tly:T elgY
is a semigroup in P (End(V)).
Proof Fix T1, Tz € ["S. Then
image 75 \ker 71 = V \ker 71 = V \ {0} # @,

and so Tj o T, € I'® by Observation 3.2.

We first show ker(7T1072)NV ={0}. Suppose v e ker(T10T2)NV . Then T, (v) e ker T;.
Butimage 7, = V and ker Ty NV = {0}, so To(v) =0 and so v e ker T, NV = {0}.
So v = 0, and thus

(2) {0y =ker(T1oTo)N V.

Next, by definition,
image(T7 o Tp) C image T = V.
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So by (2) and dimension counting
image(T10Th) = V.
Thus Ty 0 T € TS,

Since image T, =V
Ihly o T2ly = (T1 o T2)ly,
SO
(TioTo)ly €{T|y : T e TP}

Then, since 71, T> € FE“d were arbitrary, we see that
{Tly:T €T

is a semigroup in P(End(V)). O
The next lemma requires a definition.

Definition 3.6 A point x € dS2 is a conical limit point of T if there exist pg € 2, a
sequence (pn)n>1 in [po, x) with p, — x, and a sequence (y,),>1 in I' with

sup Ho (Yn(po). pn) < +o00.
n>1

Notice that if I" acts cocompactly on €2 then every boundary point is a conical limit point.

Lemma 3.7 Suppose x € 02 is a conical limit point of ', F = Fq(x), V = Span F,
and dim(V') = k. If k > 2 and the image of ' — PGL(/\de) is strongly irreducible
(eg I' is Zariski dense in PGL; (R)), then there exists a sequence (gn)n>1 in I' with:

(i) gn — T inP(End(R?)), where T € FE“d

(i) gilv,g2lv,... are pairwise distinct elements of P (Lin(V, R9)).

Proof By hypothesis there exist pg € 2, a sequence (p,),>1 in [po. x) with p, — x,
and a sequence (Y5)n>1 in I' with

sup Ho (Yn(po). pn) < +00.

n>1
After passing to a subsequence we can suppose that the limit
s = Jim,

exists in P(End(R%)). Then, by Proposition 2.13,

image S = Span F =V,
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andso S € f%“d. By passing to another subsequence we can suppose that
— lim v—!
Voo = Jim 'V
exists in Grg (R9).
Let V =Span{vy, ..., Vx}, Voo = Span{uy,...,ur}, and ker S = Span{sy,...,Sq_x}
and let Wy = [uy A--- Aug] and
W, = {a € /\de TUASI A ASG_k :O}.

Since the image of I' — PGL(/\de ) is strongly irreducible, Observation 2.2 implies
that there exists some ¢ € I' such that ¢p[vy A --- A vg] ¢ Wi U W,. Equivalently,
ker SN¢V = {0} and ¢V # V.
Define g, := y,¢. Then

T:=So¢p= lim g,

n—o00
exists in P(End(R?)). Further, image T = image S = V and
ker TNV =¢ HkerSNgV) = {0},

soT € f?“i. Also, since T(V) =V,

V=TW)= lim g,V.

n—oo

Next we claim that g,V # V for n sufficiently large. Notice that g,V = V if and
only if g, 'V = V if and only if y, 'V = ¢V. But y,; 'V — Voo and ¢V # Vo, 50
gnV # V for n sufficiently large.
Finally, since g,V — V and g,V # V for n sufficiently large, we can pass to a subse-

quence so that V, g1V, g, V, ... are pairwise distinct subspaces. Thus g1|y, g2]v, ...
must be pairwise distinct. O

Lemma 3.8 Suppose x € dL2 is a conical limit point of I, F = Fq(x), V = Span F,
and dim(V) = k. If k > 2 and the image of I < PGL(A¥R?) is strongly irreducible
(eg I is Zariski dense in PGL; (R)), then the set

. FEnd
{Tly:Tel'p,
is nondiscrete in P (End(V)).
Proof lLetT I:E‘ji and (gn)n>1 be as in the previous lemma. Since g1|y, g2|v, - ..
are pairwise distinct and each g, |y is determined by its values on any set of dim V + 1

points in general position, after passing to a subsequence we can find a point xg € F
such that g (xo), g2(x0), . .. are pairwise distinct.
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Since xg € F and P(ker T) N F = &,
T(xo) = lim_ gn(xo).

Since g1(xp), g2(x0), ... are pairwise distinct, by passing to another sequence we can
assume that g5 (xo) # T (xo) for all n. Then, for each n there exists a unique projective
line L, containing T (x¢) and g, (xo). By passing to a subsequence we can suppose
that L, converges to a projective line L. Then let W C R? be the two-dimensional
linear subspace with L = P(W).

Fix some W’ € Grx(R?) with W C W’ and suppose that V = Span{vy, ..., vk},
W' = Span{wy, ..., wx}, and ker T = Span{ty, ..., 17—k} Let

U=« e AR - A 1y Ao Atg_ = 0}.
Since the image of I' < PGL(/\de ) is strongly irreducible, Observation 2.2 implies

that there exists ¢ € I" such that [vy A---Avg] ¢ U and ¢[w; A--- Awy] ¢ U. Hence
kerT NV = {0} and ker T N oW = {0}.

Notice that ToT = limy— 00 gn@gn 1S in fIE,“‘i. Then replacing (g,),>1 With a tail,

we can assume that
Spi=Togn € T
for all n.

We claim that the set
{Sn(x9):n=0}CF

is infinite. For this calculation we fix an affine chart A of P(Rd) which contains Q.
We then identify A with R4~ so that T'(xo) = 0 and

ANL={(t0,...,0):t eR}.

Since ker T NV = {0}, in these coordinates the map T ¢ is smooth in a neighborhood
of 0 = T'(x¢). Further, since ker T N W = {0}, in these coordinates

d(T¢)e(1,0,...,0)#0.
Now, since L, — L and g, (xo) — T (xg) in these coordinates,
gn(x0) = (tn., 0, ..., 0) + o(|tn])
for some sequence (t,),>1 converging to 0. Then, in these coordinates,

Sn(x0) = Togn(x0) =Te((1n.0,....0) +o(|ta]))
=TT (x9) + tnd(T®)o(1,0,...,0) 4+ o(|ty])-
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Since d(T'¢)o(1,0,...,0) # 0 and #, — 0, we see that the set {S,(xo) : n > 0} is
infinite.

Finally, since S, |y — T¢T |y, this implies that
{Suly :n =0y U{TeT|y}

is nondiscrete in P (End(1)). |
Lemma 3.9 Suppose x € 0S2 is a conical limit point of ', F = Fg(x), V = Span F,
and dim(V) = k. If k > 2 and T is Zariski dense in PGLy (R), then

{Tly:T Ty
is Zariski dense in IP (End(V)).
Proof Let Z( be the Zariski closure of

{Tly:T €Ty
in P(End(V)).
Lemma 3.7 implies that l:ll?,”f is nonempty, so fix T € I_“En‘i. Then define

Z1={g € PGL;(R) : rank(T o g|y) < dim(V)}.

Notice that Z is a proper Zariski-closed set in PGLy4 (R) since rank(7") = dim(V).
Also define
Zy = {g S PGLd(R) . TOglV S Zo}.

Notice that Z, is a Zariski-closed subset of PGL; (R).
We claim that ' C Z1 U Z,. If g € "'\ Z}, then rank(7 o g|y) = dim V and
image(7 o g|y) Cimage T = V.

So (T o g)(V) =V, which implies that T o g € fE“f, and hence that g € Z,. So
rczZ,uz,.

Then, since Z; is a proper Zariski closed subset of PGL; (R) and I' is Zariski dense
in PGL; (R), we see that Z, = PGL;(R). Therefore

ZoD{Togly:g€Zy}={Tog|ly:g€PGL;(R)} DPGL(V),
since image T = V. Thus Zy = P(End(V)). m]

Proof of Theorem 3.1 Parts (a) and (b) follow from Lemmas 3.3 and 3.4, respectively.
Since I' acts cocompactly on €2, every point in d2 is a conical limit point, and
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Theorem 2.3 implies that I" is Zariski dense in PGLy4(R). So part (c) follows from
Lemmas 3.3, 3.8, and 3.9. |

4 The main rigidity theorem

Recall that £ C 92 denotes the set of extreme points of a properly convex domain €.
In this section we prove the following rigidity result:

Theorem 4.1 Suppose that Q2 C P(Rd) is an irreducible properly convex divisible
domain and there exists a boundary face F C 02 such that

FNéq=02.

Then 2 is symmetric with real rank at least two.

The rest of the section is devoted to the proof of the theorem, so suppose €2 C P(RY)
satisfies the hypothesis of the theorem. Then let I' < Aut(€2) be a discrete group acting
cocompactly on €2.

We assume, for a contradiction, that €2 is not symmetric with real rank at least two.
Lemma 4.2 It holds that 2 is not symmetric.

Proof If Q were symmetric, then by assumption it would have real rank one. Then,
by the characterization of symmetric convex divisible domains, €2 coincides with the
unit ball in some affine chart. Therefore £Eq = 02, which is impossible since there
exists a boundary face F C 02 such that

Fﬂggzg. O

Now we fix a boundary face F C 9$2, where
EaNF =0

and if F' C 0Q is a face with dim F’ < dim F then
EaNF' £2.

Then define V := Span F.

Lemmad43 IfT e fg{‘f, then the map

F—>PW), p—T(p),
is in Aut(F).
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Proof Notice that T'|yy € PGL(V) since T(V) C V and ker T NV = {0}. So we just
have to show that T(F) = F. Theorem 3.1(b) says that T(F) C F, and so we just
have to show that F C T(F).

Fix y € F. Since the set T(F) N F is closed in F, there exists xo € T(F) N F such that

Hp(y,xo)= min Hp(y,x).
xeT(F)NF

Since T'|y € PGL(V), the set T(F) is open in F. So we either have y = xo € T(F)
or xo € T(0F). Suppose for a contradiction that xo € T(dF). Then let x; € OF be the
point where T'(x;) = xo. Next, let F' C dF be the face of x;. Then dim F’ < dim F, so

gQﬂF’;ﬁ@.

Thus we can find z € F’ and a sequence (z,)n>1 in Eg such that z, — z. Since z € F/,
there exists an open line segment L in F which contains z and x¢. Then T(L) is an
open line segment in F since T|y € PGL(V). So, since T(xy) € F, we also have
T(z) € F, and since

T eTp¢ T,
there exists a sequence (g, )n>1 in I" such that g, — T in P (End(R?)). Now note that
z ¢ P(ker T) since ker T NV = {0}. So by the “moreover” part of Observation 2.9,

T(z)= lim g,(zy) € F.
n—o0
However, g,(z,) € £q, and so
T(z)eqNF =0.

Thus we have a contradiction. Hence y = xo € T(F), and since y € F was arbitrary
we have F C T(F). |

Lemma 4.4 Aut(F) is nondiscrete and Zariski dense in PGL(V).
Proof This follows immediately from Lemma 4.3 and Theorem 3.1(c). O
Lemma 4.5 PSL(V) C Aut(F).

Proof Let Auty(F') denote the connected component of the identity in Aut(F) and
let g C sl(V) denote the Lie algebra of Autg(F'). Then g # {0} since Aut(F) is closed
and nondiscrete. Also Autg(F') is normalized by Aut(F'), and so

Ad(g)g=g9
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for all g € Aut(F). Then, since Aut(F') is Zariski dense in PGL(V'), we see that

Ad(g)g=g
for all g € PGL(V). Since the representation Ad: PGL(V') — GL(sl(V)) is irreducible,
we must have g = sl(V'). Thus Auto(F) = PSL(V). |

Proof of Theorem 4.1 The previous lemma immediately implies a contradiction: fix
x € F, then
P(V)D F DAu(F)-x DPSL(V)-x =P(V).

So F = P(V'), which contradicts the fact that 2 is properly convex. |

5 Density of biproximal elements

In this section we prove a density result for the attracting and repelling fixed points of
biproximal elements. To state the result we need one definition: if Q@ C P(R9) is a
properly convex domain and I" < Aut(2), then the limit set of T is

LoT)=|JT-pnaQ.
pPEN
Equivalently, a point x € €2 is in L (I") if and only if there exist p € 2 and a sequence
(Yn)n>1 in T such that y,(p) — x.

Theorem 5.1 Suppose that Q C P(R?) is a properly convex domain and T < Aut(£2)
is a strongly irreducible group. If x,y € L (I") are extreme points of Q2 and (x, y) C €2,
then there exists a sequence of biproximal elements (g,)n>1 in I" such that

lim £ =x and lim ¢, =y.
n—oo &n n—oo 8&n Y

Before proving the theorem we state and prove one corollary:

Corollary 5.2 Suppose that Q C P (Rd ) is an irreducible properly convex domain and
I' < Aut(R?) is a discrete group that acts cocompactly on Q. If x, y € dQ2 are extreme
points and (x, y) C 2, then there exists a sequence of biproximal elements (g,)n>1
in I" such that
. + _ . - _
nlggoﬁgn =x and nlggoﬁgn =y.

Proof A result of Vey [27, Theorem 5] implies that I" is strongly irreducible and
Proposition 2.13 implies that 02 = Lo (I"), so Theorem 5.1 implies the corollary. O
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Proof of Theorem 5.1 By definition there exist p € Q2 and a sequence (y,)p>1 in I’
such that y,(p) — x. Passing to a subsequence, we can suppose the limits

+ 1 - _ fim o]
TH=lim gy wd T = lin v,

exist in P(End(R%)). By Proposition 2.12

image T C Span Fq(x) = Span{x} = x,
and so image T = x. Proposition 2.12 also implies that P(ker 77) N Q = & and
x € P(ker T7). Notice that y ¢ P(ker T™) since (x, y) C Q.

Similarly, we can find a sequence (¢, ),>1 in I" such that the limits

St=1lim ¢, and S~ = lim ¢,

n—00 n—>00
exist in P (End(R¢)), image S* = y, and x ¢ P (ker S7).
Fix some x’ € image 7~ and y’ € image S~. Since [ is strongly irreducible, by
Observation 2.2 there exists & € I" such that:
() h(y') ¢ P(ker TT); hence, h(image S™) ¢ ker T+.

(i) hS~(x) ¢ P(kerTT).

(iii) h(x") ¢ P(ker ST); hence, h(image T~) ¢ ker ST.

(iv) hT=(y) ¢ P(kerST).
Then consider g, = y, oho@, 1. By our choice of &, we have Tt ok oS~ # 0 and

hence
TtohoS™ = lim g,

n—>oo
in P(End(Rd )). Notice that image(T T ohoS~) =image T+ = x and, by our choice
of h,
x ¢ Pker(TT ohoS7)).
So

image(TTohoS™)+ker(TTohoS™)=x+ker(TT ohoS™) =RY,
and hence, by Proposition 2.19, g, is proximal for n sufficiently large and Z;‘n — X.

By similar reasoning g, ! is proximal for n sufficiently large and by, = K;’_l —y. 0

6 North—south dynamics

In this section we prove a stronger version of Theorem 5.1 for pairs of extreme points
in the limit set whose simplicial distance is greater than two.
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Theorem 6.1 Suppose 2 C P(R?) is a properly convex domain and T < Aut(S2) is
strongly irreducible. Assume x, y € Lo (T") are extreme points of Q and sy (x, y) > 2.
If A, B C Q are neighborhoods of x and y, then there exists g € T" with

g(Q\B)cA and g ' (Q\A) CB.

Remark 6.2 Theorem 6.1 is an analogue of a result for CAT(0) spaces; see Chapter 3
and specifically Theorem 3.4 of [3].

Before proving the theorem we state and prove one corollary:

Corollary 6.3 Suppose that Q@ C P(R?) is an irreducible properly convex domain
and T < Aut(2) is a discrete group acting cocompactly on Q. Assume x,y € 02 are
extreme points and syq(x, y) > 2. If A, B C Q are neighborhoods of x and y, then
there exists g € I' with

g(Q\B)CcA and g Y(Q\A)CB.

Proof A result of Vey [27, Theorem 5] implies that I" is strongly irreducible and
Proposition 2.13 implies that 02 = Lg(T"), so Theorem 6.1 implies the corollary. O

Lemma 6.4 Suppose that Q2 C P(R?) is a properly convex domain, y € Aut(2) is
biproximal, and sag(ﬁj,', t,)>2.1IfA,B C Q are neighborhoods ofE;,F and {, then
there exists N > 0 such that

Y"(Q\B)CA and y "(Q\A)CB
foralln > N.

Proof Observation 2.17 implies that
(3) £ = lim y"(x)
n—>oo
for all x € P(RY) —P(H ¢ ) and the convergence is locally uniform.

We claim that
IP’(Hg_) N = {Z;}.

Proposition 2.12 implies that {{;} C P(H,) N Q and that Q N P(H,) =@. So
ify e P(Hg)N Q then . ] CP(H, )N Q, and hence [y, €] C 9K2. Then, by
Theorem 2.20(ii), we have y = E;,". SoP(Hg,)N QcC {{4 } and the claim is established.
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Then, by the locally uniform convergence in (3), there exists N; > 0 such that

Y"(Q\B)C A
for all n > Nj.

Repeating the same argument with y~! shows that there exists N> > 0 such that
y"(Q\A)CB
for all n > N>.

Then N = max{Np, N»} satisfies the conclusion of the lemma. |

Proof of Theorem 6.1 By Theorem 5.1 there exists a sequence of biproximal elements
(gn)n>1 in T such that

lim {f =x and lim £, =y.
n—>oo 8n n—oo &n Y

Since sy (x, y) > 2 we may pass to a tail of (g,),>1 and assume that

sl Ly ) >2

for all n.

Next, fix n sufficiently large that Z:g"n € Aand {; € B. Then, by Lemma 6.4, there
exists m > 0 such that

gl (@\B)CA and g,"(Q\4)CB,

so g = gn* satisfies the theorem. O

7 Fixed points and centralizers

In this section we prove the following result, connecting the number of boundary fixed
points of an element with the size of its centralizer:

Theorem 7.1 Suppose that Q2 C P (Rd) is an irreducible properly convex domain and
I' < Aut(?) is a discrete group that acts cocompactly on Q. If g € I" has infinite order
then the following are equivalent:

(i) There exist two distinct points x, y € 02 fixed by g with sy (x, y) < +o0.
(ii) g fixes at least three points in 0S2.

(iii) The cyclic group g% has infinite index in its centralizer.
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Corollary 7.2 Suppose that Q@ C P(R?) is an irreducible properly convex domain and
I' < Aut(R2) is a discrete group that acts cocompactly on Q. If g € ' is biproximal,
then the following are equivalent:

@) [6;, E;] C 022.
(il) salF. ty) < +oc.
(iii) g has at least three fixed points in 0S2.

(iv) The cyclic group g% has infinite index in its centralizer.
We will first recall some results established in [19], then prove the theorem and corollary.

7.1 Maximal abelian subgroups and minimal translation sets

Theorem 7.3 (Islam and Zimmer [19, Theorem 1.6]) Suppose that Q2 C P(Rd) is
a properly convex domain and I" < Aut(2) is a discrete group that acts cocompactly
on Q. If A < 7T is a maximal abelian subgroup of I'" then there exists a properly
embedded simplex S C 2 such that

(i) S is A—invariant,
(i) A acts cocompactly on S, and

(iii) A fixes each vertex of S.

Moreover, A has a finite-index subgroup isomorphic to 7,4im(S)

Remark 7.4 The above result is a special case of [19, Theorem 1.6], which holds in
the more general case when I' < Aut(2) is a naive convex cocompact subgroup.

Definition 7.5 Suppose that  C P (R?) is a properly convex domain and g € Aut(S2).
Define the minimal translation length of g to be

tQ(g) := inf Hg(x,g(x))
xeQ
and the minimal translation set of g to be

Ming(g) = {x € Q: Ho(g(x), x) = 1Q(g)}.

Cooper, Long and Tillmann [14] showed that the minimal translation length of an
element can be determined from its eigenvalues:

Proposition 7.6 [14, Proposition 2.1] If Q C P(R?) is a properly convex domain
and g € Aut(2), then
& ) A1(g)

Aa(g)

10(g) = 3 log
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Remark 7.7 Recall that
A(g) = A2(g) == Aq(9)

denote the absolute values of the eigenvalues of some (and hence any) lift of g to
SLF(R) := {h € GL4(R) : deth = £1}.

As a consequence of Proposition 7.6, we observe the following:

Observation 7.8 If Q@ C P(R?) is a properly convex domain, pg € 2, and g € Aut(2),

then 1
lim —Hq(g"(po). po) = t0(g).

n—>oon

Proof Proposition 7.6 implies that 7q(g") = ntq(g), and hence

S |
liminf = Hgo(g" (po), po) > 10(2).
n—oo n

For the other inequality, fix € > 0 and ¢ € Q with Ho(g(q),q) < 1q(g) + €. Then
Ha (8" (po). po)

lim sup
n—o00 n
<l Ho(8"(q).9) +2Ha(po.9)
< limsup
n—oo n
< tim sup 28" (@), "1 (@) + -+ Ha(g(q).9) + 2Ha(po. 4)
< limsup
n—o00 n
, 2Hqa(po.q)
= limsup Ho(g(9).9) + = L0L < 1g(g) + ¢
n—o00 n
Since € > 0 was arbitrary, the proof is complete. |

Next, given a group G and an element g € G, let Cg(g) denote the centralizer of g
in G. Then given a subset X C G, define

Co(X)= [ C(x).
xeX
Theorem 7.9 (Islam and Zimmer [19, Theorem 1.10]) Suppose that @ C P(R?) is a

properly convex domain, I' < Aut(2) is a discrete group that acts cocompactly on €2,
and A < T is an abelian subgroup. Then

Ming(A) := ﬂ Ming (a)

acA

is nonempty and Cr(A) acts cocompactly on the convex hull of Ming (A) in 2.
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Remark 7.10 The above result is a special case of [19, Theorem 1.9], which holds in
the more general case when I' < Aut(2) is a naive convex cocompact subgroup.

Proposition 7.11 Suppose that S C P(R?) is a simplex. If g € Aut(S) fixes every
vertex of S, then Ming(g) = S.

Proof See for instance [19, Proposition 7.3]. O

Observation 7.12 Suppose Q2 C P R%) isa properly convex domain and I < Aut(2)
is a discrete group. If g € T is biproximal and (ﬁ;, ty) C €2, then g% has finite index

in Cr(g).

Proof First notice that Cr(g) preserves (Z;,", £y). Since Aut(£2) acts properly on £2
and ' < Aut(Q?) is discrete, we see that Cr(g) acts properly on (Eg, {y). Then g%
has finite index in Cr(g) since g% acts cocompactly on (E;,", ly). |

7.2 Proof of Theorem 7.1

Fix a maximal abelian subgroup A < I" which contains g. Then, by Theorem 7.3, there
exists S C Q such that

e S is a properly embedded simplex,

e A acts cocompactly on S,

e A fixes every vertex of .S, and

e A has a finite-index subgroup isomorphic to Z4m(S)
Since g has infinite order, dim(S) > 1.

We consider a number of cases and prove that in each case (i), (ii), and (iii) are either
all true or all false.

Case 1 Assume dim(S) > 2. Then clearly (i), (ii), and (iii) are all true.

Case 2 Assume dim(S) = 1. Let v™ and v~ be the vertices of S and fix some pg € S.
Then, after possibly relabeling, we can assume that

lim ¢"(po) =v*.
n—+oo

Case 2(a) Assume sy (v, v™) > 2. Then Theorem 2.20 implies that g is a rank-one
isometry and v¥ = Z;,t. Theorem 2.20 also implies that v and v~ are the only fixed
points of g in Q2 and sy (v, v™) = co. Hence (i) and (ii) are false. Observation 7.12
implies that gZ has finite index in Cr(g) and hence (iii) is false.
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Case 2(b) Assume syq(vt,v™) = 2. Then, by definition, (i) is true. Fix yo € 9%
such that [v", yo] U [yo, v7].

Pick a sequence n; — oo such that the limits

T*:= lim g%
Jj—o00

exist in P(End(R%)). Then Proposition 2.12 implies that vT € P(ker T¥) and
P (ker T7%) N Q = @. This implies that vE ¢ P (ker 7F) since (v, v™) C Q. Also, g
commutes with 7% and hence gIP (ker T%) = P (ker T%).
Passing to a further sequence, we can suppose that g*7/ (yo) — y*. Then

. yFuly® v coQ
and so, since (v, v™") C Q, y* must be distinct from v+ and v™. Since g*" (x) —» v*
for all x € P(R%)\ P (ker TF), we must have y € P(ker Tt Nker 77). Thus the set

C:=3QNPkerTT NkerT7)

is nonempty. Then g has a fixed point y € C since C is g—invariant, closed, and convex,
so g has at least three fixed points in d€2 and (ii) is true.
Recall that vT € P(ker T%) and P (ker T*) N Q = &; hence,

T, y]U[y,v7] CI9Q.

Let S’ be the open simplex with vertices v+, v~ and y. Since (v, v™) C Q we have
S’ C Q. In particular,

(4) Hg/(p.q) = Ha(p.q)
forall p,q € S’. Since po € (v™,vT) C S’ C Q, Observation 7.8 implies that
Hgq(g"(po), po) Hs/(g"(po), po)

1Q(g) = lim = lim
n—o00 n n—o00 n

=15(8).
Then, by (4) and Proposition 7.11,
S’ = Ming/(g) C Ming(g).

Now we claim that gZ has infinite index in Cr(g). Theorem 7.9 implies that there is a
compact set K C €2 such that

S"U@t,vT)c Cr(g)-K.
Further, gZ preserves (v, v7), so it is enough to show that

sup Hq(p, (v+, v7)) = oo.
peS’/
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Fix (pn)n>1 in S’ converging to y. Since (vF,v™) C Q and [vT, y]U[y,v™] C 0L,
Observation 2.11 implies that the faces Fq(v™), Fq(v™), and Fo(y) are all distinct.
Then, by the definition of the Hilbert metric,

lim Ho(pn, (v*,v7)) = 0.
n—>o0
Thus gZ has infinite index in Cr(g) and so (iii) is true.
7.3 Proof of Corollary 7.2
Theorem 7.1 implies that (ii)) = (iii) <= (iv), and by definition (i) => (ii). Finally,

by Observation 7.12, (iv) = (i).

8 Rank in the sense of Prasad and Raghunathan

In this section we consider the rank of a group in the sense of [24].

Definition 8.1 (Prasad and Raghunathan) Suppose that I" is an abstract group. For
i >01let A;(I') C T be the subset of elements whose centralizer contains a free abelian
group of rank at most i as a subgroup of finite index. Next define r(I") to be the
minimal i € {0, 1,2, ...} U {oo} such that there exist y1, ..., ym € I with

m
rclJyda@).
j=1

Then the Prasad—Raghunathan rank of T is defined to be

rankpg (") := sup{r(I'*) : T'* is a finite-index subgroup of I'}.

Prasad and Raghunathan computed the rank of lattices in semisimple Lie groups, which
implies:

Theorem 8.2 [24, Theorem 3.9] Suppose that Q2 C P(R?) is an irreducible properly
convex domain. If Q is symmetric with real rank r and I < Aut(2) is a discrete group
acting cocompactly on €2, then rankpg (I") = r.

As acorollary to Selberg’s lemma we get a lower bound on the Prasad—Raghunathan rank:

Corollary 8.3 If I' <PGL;(R) is a finitely generated infinite group, rankpg(I") > 1.
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Proof By Selberg’s lemma, there exists a finite-index torsion-free subgroup I'* < T.
Notice that every element of Ao(I"*) has finite order and hence Ao(T"*) = {id}. Then,
since ['* is infinite,

rankpg(T) > r(T'*) > 1. O

In this section we will show that the existence of a rank-one isometry implies that the
Prasad—Raghunathan rank is one.

Proposition 8.4 Suppose Q C P(R?) is a properly convex domain and T' < Aut(2)
is a finitely generated strongly irreducible discrete group. If there exists a biproximal
element g € I" with (. {;) C 2, then

rankpr (") = 1.

Remark 8.5 The proof of Proposition 8.4 is a simple modification of Ballmann and
Eberlein’s proof [4] of the analogous statement for CAT(0) groups.

The rest of the section is devoted to the proof of Proposition 8.4, so suppose 2 C P (RY),
I' < Aut(2), and g € I satisfy the hypothesis of the proposition. By Corollary 8.3 it
is enough to fix a finite-index subgroup I'* C I and show that r(I'*) < 1. Also, by
replacing g with a sufficiently large power, we may assume that g € I'*,

Lemma 8.6 Suppose that x1,x, € Q2 and (x1,x2) C Q. If A, B C 0Q2 are open sets
with AN B = @, then we can find disjoint neighborhoods Vy and Vs of x1 and x;
such that for each ¢ € Aut(2) at least one of the following occurs:

i) ¢()NA=2.
(i) ¢(V1)NB =2.
(i) (V2)NA=02.
iv) e(Vr,)NB =a.

Proof The following argument is essentially the proof of Lemma 3.10 in [4].

Fix a distance dp on P(R?) induced by a Riemannian metric. Then, for each n and
J =1,2,let V; , be a neighborhood of x; whose diameter with respect to dp is less
than 1/n.

Suppose for a contradiction that the lemma is false. Then, for each n, there exists
©n € Aut(£2) such that

%) en(Vin) NA# @ and u(Vin) NB# 2
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for j =1, 2. By passing to a subsequence, we can suppose that
7= Jim o

exists in P(End(R?)). Then
T(w)= lim @)
n—oo

for all u € P(R?) \ P(ker T'). Moreover, the convergence is uniform on compact
subsets of P(R?) \ P (ker T).

Proposition 2.12 implies that P (ker 7) N 2 = &. Then, since (x1,x3) C £, it is
impossible for both x; and x5 to be contained in IP (ker T"). So, after possibly relabelling,
we may assume that x1 ¢ P (ker 7).

By (5) there exist sequences a,, b, € 0S2 converging to x; such that ¢, (a,) € A and
¢n(by) € B. Then, since x1 ¢ P(ker T),

T(x1) = lim @u(ay) € A and T(x1) = lim ¢,(by) € B.
n—00 n—oo

So T(x1) € AN B = &, which is a contradiction. O
Lemma 8.7 r(C*) <1.

Proof The following argument is essentially the proof of Theorem 3.1 in [4].

Since T is strongly irreducible I'* is also strongly irreducible, so, by Observation 2.2,
there exists ¢ € I'* such that

+ 4= p+ -
ply ply. Ly and £,
are all distinct. Then / := ¢g¢~! is biproximal, £ = @£, and
€. 6) =g . L) CQ.

Fix open neighborhoods A, B C 92 of £} and ¢, such that AN B = @. Then
let V1, V> C 022 be neighborhoods of Ez,r and Eg such that A, B, Vi and V, satisfy
Lemma 8.6.

By further shrinking each V;, we can assume that each 92 \ V; is homeomorphic to a
closed ball.

Next, let Uy C Vj be a closed neighborhood of Z;’ such that, if x e Uy and y € 02\ V7,
then 590 (x, y) > 2. Such a choice is possible by Theorem 2.20(ii). In a similar fashion,
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let Uz C V2 be a closed neighborhood of £, such that, if x € Uz and y € 9Q2 \ V2, then
saq(x,y) > 2.

By further shrinking each U;, we can assume that each U; is homeomorphic to a closed
ball.

By Observation 2.18, each Ez,t and K;f is an extreme point of 2. Furthermore, by
Theorem 2.20(iii),
sa(ly . 65) = 00 = saq (U . £]).

So, by Theorem 6.1, there exist @1, @2, ¥1, ¥z € I'* such that
(i) ¢1(0Q\A) C Uy and ;' (0Q\Uy) C 4,
(i) Y1(dQ\ A) C U and y71 (02 \ Uz) C A4,
(iii) ¢2(dQ\ B) C Uy and 951 (02\ Uy) C B,
(iv) ¥2(0Q\ B) C U, and y5; (02 \ U>) C B.
We claim that
T* = ' AT U YT AT Uy AT Uy A ().

Fix y € I'*. By construction, at least one of the four possibilities in Lemma 8.6 must
occur.

Case 1 Assume y(V1) N A = @. Then

(6) p1y(U1) S o1y (V1) C1(02\ A) C Uy,

so, by the Brouwer fixed-point theorem, ¢y has a fixed point in x € U; (recall that
U, is homeomorphic to a closed ball). Further,

(@17) @R\ V1) C(e1y) "1 @R\ U Cy~1(4) C IR\ W,
so @1y also has a fixed point in y € 32 \ V1. Now, by construction, sy (x, y) > 2. So,
by Theorem 2.20(i), either
inf Ho(p1y(p). p) =0
pPER
or ¢y is biproximal with
by = {Z;j—ny’z(;ny}'

In the latter case, (E(jly, €,,y) C 2, and so g1y € A1(I') by Observation 7.12. Thus

we have reduced to showing that

inf Ho(p1v(p). p) > 0.
pPEN
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Assume for a contradiction that
inf Ho(e1y(p), p) =0.
pPEN

Then, by Proposition 7.6, we have

A(pry) = A2(p1y) == = Aa(p1y).

Since x and y are eigenlines of ¢;y, this implies that ¢,y fixes every point of the
line (x, y). Then, since Aut(£2) acts properly on © and I'* is discrete, the group

K={(p1y)" :nel}

is finite. So (¢1y)" = id for some large N. Then (6) implies that

Ui = (1) (U1) G Uy
So we have a contradiction, and hence

pig;f2 Ha(p1y(p). p) >0
and so @1y € A1(T'™).
Case 2 Assume y (V1) N B = @. Then arguing as in Case 1 shows that oy € A7 (I'*).
Case 3 Assume y(V2) N A = &. Then arguing as in Case 1 shows that ¥1y € A1 (I'™).
Case4 Assume y(V2)N B = @. Then arguing as in Case 1 shows that Y,y € A1 (I'*).
Since y € I'* was arbitrary,

I =i AT Uy AT Uy AT Uyt A ().

Hence r(T'*) < 1. O

9 Proof of Theorem 1.4

Suppose for the rest of the section that @ C P(R?) is an irreducible properly convex
domain and I" < Aut(2) is a discrete group that acts cocompactly on 2. We will show
that the following conditions are equivalent:

(1) €2 is symmetric with real rank at least two.
(i1) €2 has higher rank.

(iii) The extreme points of €2 form a closed proper subset of 9€2.
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Figure 1: The proof of Theorem 1.4.

(iv) [x1,x3] C 02 for every two extreme points x1, Xz € d€2.
(v) spa(x,y) <2forall x,y € 0.

(vi) sgo(x,y) <+ooforall x,y € 0.

(vii) T has higher rank in the sense of Prasad and Raghunathan.

(viii) For every g € I" with infinite order, the cyclic group gZ has infinite index in the
centralizer Cr(g) of gin I".
(ix) Every g € I' with infinite order has at least three fixed points in 9€2.
(x) [E;, €41 C 922 for every biproximal element g € I'.
(xi) sagz(ﬁ;', ly) < +oo for every biproximal element g € I'.
(xii) There exists a boundary face F C 02 such that

FNéqg=02.

We verify all the implications shown in Figure 1. First notice that (iii) = (xii),
(iv) = (vi), and (v) = (vi) are by definition. The implication (i) = (vii) is due
to Prasad and Raghunathan; see Theorem 8.2 above. Proposition 8.4 implies that
(vii) = (x). Theorem 7.1 implies that (viii) <= (ix). Corollary 7.2 implies that
(ix) = (x) and (x) <= (xi). Theorem 4.1 implies that (xii) = (i). The remaining
implications in Figure 1 are given as lemmas below.

Lemma 9.1 (i) = (ii) and (i) = (iii).
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Proof These implications follow from direct inspection of the short list of irreducible
symmetric properly convex domains. |

Lemma 9.2 (ii) = (v).

Proof Suppose x,y € dQ2. If [x, y] C dL2, then 550 (x, y) < 1. If (x, y) C Q, then
there exists a properly embedded simplex S C € with dim(S) > 2 and (x,y) C S.
Then

sapq(x, ) < sas(x,y) <2.

Since x, y € 92 were arbitrary, we see that (v) holds. m|
Lemma 9.3 (iv) = (xii).

Proof Fix a boundary face F' C 02 of maximal dimension. We claim that
EQ NF=g.

Otherwise, there exists x € F and a sequence x, € £q such that x, — x € F. Now
fix an extreme point y € dQ \ F. Then, by hypothesis, [x,, y] C 9Q for all n, so
[x,y] C 0.

Fix z € (x, y) C 92 and let C denote the convex hull of y and F. By Observation 2.11,
dQ2 D Fq(z) D rel-int(C).

Then
dim Fg(z) > dim F,

which is a contradiction. So we must have £ N F = @, and hence (xii) holds. a
Lemma 9.4 (vi) = (viii).

Proof By Theorem 7.3 every infinite-order element g € I' preserves a properly
embedded simplex S C 2 with dim(S) > 1. Hence g fixes the vertices vy, ..., v; of S.
By hypothesis syq (v1, v2) < 400 and hence, by Theorem 7.1, g”Z has infinite index in
the centralizer Cr(g). m|

Lemma 9.5 (x) = (iv).

Proof We prove the contrapositive: if there exist extreme points x, y € 02 with
(x,y) C R, then there exists a biproximal element g € I" with (E;, ly) C Q. If such x
and y exist, then by Theorem 5.1 there exist biproximal elements g, € I" with Z:g"n — X
and £, — y. Then, for n large, we must have (E;i'n Ag,) C Q. |
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