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SUMMARY

A thread common to many problems of enumeration of surfaces is the idea that complicated
cases can be recovered from simpler ones through a recursive procedure. Solving the problem
for the simplest topologies and expressing how to glue them together provides an algorithm
to solve the enumerative problem of interest. In this dissertation, we consider three distinct
but interconnected topics: integration over the moduli space of curves and its combinatorial
model, the enumeration of curves and quadratic differentials, and the enumeration of branched
covers of the Riemann sphere. The leitmotif that will connect them all is a recursive procedure
known as topological recursion.

The moduli space of curves is a key object of study in algebraic geometry. Its combinatorial
model has provided powerful tools to compute various invariants of the moduli space, such
as the Euler characteristic and Witten’s intersection numbers. In this dissertation we further
develop the (symplectic) geometry of this combinatorial model, providing a complete parallel
with the Weil-Petersson geometry of the hyperbolic model. In particular, we show that certain
length and twist coordinates are Darboux, and propose a new geometric approach to Witten’s
conjecture/Kontsevich’s theorem. Namely, it is obtained by integration of a Mirzakhani-type
identity on the combinatorial Teichmiiller space, which recursively computes the constant
function 1 by excision of embedded pairs of pants.

The second topic of interest is the enumeration of multicurves with respect to either the hy-
perbolic or the combinatorial notion of length. Following ideas of Mirzakhani and Andersen—
Borot-Orantin, we show that such problems can again be recursively solved by excision of
embedded pairs of pants. As a consequence, the average number of multicurves over the
corresponding moduli space can be computed by topological recursion. On the other hand,
since the work of Mirzakhani, the average number of multicurves is known to be related to
the Masur—Veech volumes of the principal stratum of the moduli space of quadratic differ-
entials. Combining these two results, we find a topological recursion formula to compute
Masur—Veech volumes.

To conclude, we turn our attention to spin Hurwitz theory, that is the enumeration of branched
covers of the Riemann sphere with respect to their ramification and parity. Thanks to the
connection between the fermion formalism and Hurwitz theory, we are able to formulate a
precise conjecture to recursively compute spin Hurwitz numbers from the simplest topologies.
We also prove that this recursive formula is equivalent to a description of spin Hurwitz
numbers as intersection numbers on the moduli space of curves, that is a spin version of the
celebrated ELSV formula.
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CHAPTER 1 — INTRODUCTIONS AND OUTLINE

The main topic of this dissertation is the enumerative geometry of surfaces and the computation
of such invariants through topological and geometric recursion techniques, as well as their
relation to the intersection theory on the moduli space of curves.

In this chapter we start by giving a short non-technical introduction to the concept of moduli
spaces and topological recursion, aimed at those who have not yet been initiated into these
topics. We then move to a more technical introduction, which gives a complete overview of
the concepts and the motivations that are crucial for this thesis, as well as the main results
obtained. For more in depth introductions to each topic, we refer to the specific chapters. We
conclude with a detailed outline of the dissertation.

1.1 — NON-TECHNICAL INTRODUCTION

In this first introduction we will not be technical, but rather try to explain the most important
concepts of this dissertation in an intuitive way. In particular, it is aimed at people with little
to no mathematical background. Because of this, some concepts might be formally ill-defined
or even wrong.

The research of this dissertation is a part of the mathematical field of geometry. Since ancient
times, humans have tried to study shapes and geometrical objects like lines and triangles.
Sometimes it is useful to study all geometric objects of interest at once, and pack them together
in a moduli space.

A moduli space is a space whose points correspond to some objects of interest.

For instance, let us consider all possible directions along a straight line. As we all experienced
by driving on a street, there are only two possible directions.

< o \
h) hd 4

If we identify these directions with “left” and “right”, we can simply say that the moduli space
of directions along a straight line is a collection of two points:

{ directions in a straight line } = { <, — }.

Another similar example would be to consider all possible directions in a plane. In this case,
there are infinitely many directions: if you find yourself in the middle of a room, you are
allowed to go straight ahead, go back, left and right, and all possible directions in between.
We can identify each direction in a plane with a point on a circle surrounding you. In other
words, we can say that the moduli space of directions in a plane is a circle.
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Figure 1.1: Surfaces classified by their genus g and number of boundary components n.

{ directions in a plane } = O

Similarly, one can identify the moduli space of directions in 3d space with a sphere.

{ directions in 3d space } =

So, what is the point of identifying families of objects with a specific space? The main advantage
here is that the “shape” of the moduli space can tell us properties of the objects of interest.

For example, the moduli space of directions along a straight line is formed of two separate
points. This means that you cannot change direction while staying in line without “jumping”
from one direction to the other. In contrast, the moduli space of directions in a plane is
connected: you can easily rotate from one direction to another without having to jump.

One can also study how many objects such moduli spaces contain. For example, the moduli
space of directions along a straight line contains two objects. On the other hand, directions
in a plane are infinite. However, we can still “count” them by saying that there are as many
directions as the perimeter of the circle parametrising them, that is 27, Similarly, the “number”
of directions in 3d space is the same as the area of the sphere parametrising them, that is 4.

In this dissertation, we will consider specific moduli spaces parametrising certain objects on
surfaces. A surface is a gadget that locally looks like a plane: if you zoom way in, it is flat. We
will always consider surfaces that are bounded, like a sphere or a torus, which is the surface
of a doughnut shape. In fact, any surface looks like a torus with many holes, the number of
which is called the genus, which we often denote by g. We will also allow surfaces to have a
boundary, which can be obtained by cutting out a certain number n of small disks around the
surface. If we allow surfaces to be elastic, as if they were made out of rubber, and we define
two surfaces to be equivalent whenever you can stretch and bend one to the other, you can
easily convince yourself that the genus and the number of boundary components uniquely
determine the surface itself (see Figure 1.1).
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What we can consider now is the moduli space of surfaces with some additional structure,
like surfaces with a graph drawn on them. When we impose certain rules for the allowed
graphs, we obtain a finite number of possibilities for each type of surface. For example, one
can consider graphs on surfaces such that, when you cut out the graph from the surface, you
only obtain annuli around the boundary components. In this specific case, we have seven
possible graphs on a sphere with three boundary components

graphs on a surface ;:i g 2 g

of genus 0 =

with 3 boundary components @ @ @

and two graphs on a torus with one boundary component:

graphs on a surface
of genus 1 = :
with 1 boundary components

But the main question is: how can we count the number of graphs on a surface of arbitrary
genus and number of boundary components? The basic idea, which is the leitmotif of this
dissertation and goes under the name of topological recursion, is to reconstruct structures on
surfaces by a cutting and gluing procedure. In this way, one can remove pieces of the surface
and recursively compute the desired quantities. For example, one can start from a graph on
a surface with four boundaries, and cut it in half to obtain two graphs on two surfaces with

only three boundaries each.
= + E

To summarise, in this dissertation we will consider various moduli spaces of objects on surfaces,
such as graphs, but also curves, quadratic differentials and covers. The aim is to count the
number of such objects (or, more generally, compute the volumes of the associated moduli
spaces) by means of a recursion procedure that simplifies the surfaces and the objects of
interest, reducing the computation to gadgets of lower complexity.

1.2 — MATHEMATICAL INTRODUCTION

In the early ‘gos, Witten formulated a fundamental conjecture [Witgo], proved shortly after
by Kontsevich [Kong2], establishing a new connection between two-dimensional quantum



I. Introduction

Wy 1+ | \
I
2
/) \
1 . 1 ‘
- QY 3
‘ g1+g2=g '
0 Lul={2,...,n}
n () 1>
Wg—1,n+1
Wgo,1+| I3

Figure 1.2: A schematic representation of topological recursion.

gravity and algebraic geometry. More precisely, he considered some intersection numbers
over the moduli space of curves, called y-classes intersection numbers, and he conjectured that
their generating series satisfies an integrable hierarchy of Korteweg—de Vries (KdV) type.

Many more generating series are solutions to more involved integrable hierarchies. Often the
geometric meaning of these numbers still lies in the intersection theory of certain cohomology
classes on the moduli space of curves. The appropriate mathematical tools capturing the
behaviour of these numbers are called cohomological field theories, introduced by Kontsevich
and Manin in order to formalise the properties of the virtual fundamental class in Gromov—
Witten theory.

The Witten—Kontsevich result turned out to be just the tip of the iceberg of deep interactions
between (1) theoretical physics, (2) algebraic geometry, and (3) mathematical physics. It
corresponds to the simplest possible instance of this interplay, namely (1) the Gromov—Witten
theory of a single point, (2) the trivial cohomological field theory, and (3) a topological solution
of the KdV hierarchy.

Timely, Eynard and Orantin [EOo7a] proposed a new innovative method motivated by ran-
dom matrix theory: topological recursion, which recursively computes invariants through the
topology of the moduli spaces of curves. When specialised, it recovers many known invariants
such as y-classes intersection numbers, Mirzakhani’s volumes, knot invariants, asymptotics
of expectation values in random matrix ensembles, Hurwitz numbers and Gromov—Witten
invariants. It admits a dictionary with Givental theory, and has deep connections with Hitchin
systems, WKB analysis, conformal field theories and many other topics. Concretely, topo-
logical recursion takes as input a spectral curve — a Riemann surface with some additional
structure —and produces a family of differentials w, , by a universal recursion on 2g—2+n based
on surfaces’ gluing, as schematically represented in Figure 1.2. The enumerative invariants of
interest are often the coefficients of these differentials.

MAIN RESULTS

THE COMBINATORIAL MODEL OF THE MODULI SPACE OF CURVES

In his proof of Witten’s conjecture, Kontsevich [Kong2] realised y-classes intersection num-
bers as symplectic volumes of a certain combinatorial model of the moduli space of curves,
parametrising metric ribbon graphs. A similar situation occurs in Mirzakhani’s work [Miro7a],
where different intersection numbers are realised as symplectic volumes of yet another model
of the moduli space of curves, parametrising hyperbolic metrics. Albeit the striking parallelism

6
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between the two problems and their solutions via topological recursion, a parallel proof of
these two results was unknown.

In Part IT we fill this gap and propose a proof of Kontsevich’s result for the combinatorial
volumes of the moduli space of curves that is completely parallel to Mirzakhani’s work. More
precisely, we study the geometry of the combinatorial Teichmiiller space, that is the space of
marked metric ribbon graphs on a fixed bordered surface. This space carries a natural symplec-
tic structure, the Kontsevich symplectic form, for which we prove a combinatorial Wolpert
formula: we show how some length and twist coordinates (analogous to the Fenchel-Nielsen
coordinates) are Darboux for the Kontsevich symplectic form. We then set up geometric
recursion in the sense of Andersen-Borot—-Orantin [ABO17], proving a combinatorial ana-
logue of Mirzakhani’s identity: we produce the constant function 1 by recursive excision of
embedded pairs of pants.

As applications, we obtain geometric proofs of Witten’s conjecture/Kontsevich’s theorem and
of Norbury’s recursion for the lattice point count in the combinatorial moduli space. These
proofs arise now as part of a unified theory taking care of their natural geometric nature. We
then conclude with the study of a rescaling flow, which allows to effectively carry natural
constructions on Teichmiiller spaces to their combinatorial analogues.

ENUMERATION OF MULTICURVES AND QUADRATIC DIFFERENTIALS

Another problem considered by Mirzakhani is the enumeration of multicurves with bounded
length on a fixed hyperbolic surface. In [Miro8b] she proved that the average over the moduli
space of this multicurve count is computed by a certain sum over graphs.

In Part III we complete her description, proving that the multicurve counting function is
computed by a Mirzakhani-type identity, and its average over the moduli space satisfies
topological recursion. Moreover, following the parallelism drawn in the first part of the
dissertation, we prove analogous results in the combinatorial setting. This second count
admits a sort of discretised version, that is the count of square-tiled surfaces with boundaries,
for which we prove topological recursion too.

We then shift our attention to moduli spaces of quadratic differentials with simple poles and
their associated Masur—Veech volumes. In [Miro8a], Mirzakhani showed how such volumes
are related to the asymptotic number of multicurves on a hyperbolic surface. Combining
her result with the topological recursion for the enumeration of multicurves, we obtain a
new recursive formula for Masur—Veech volumes. By computing a large amount of them, we
were able to propose conjectural formulas for these volumes as functions of the genus and the
number of poles.

Shortly after its formulation, Chen, Moéller and Sauvaget [CMS+19] were able to prove our
conjecture by showing that Masur—Veech volumes arise from the Segre class of the quadratic
Hodge bundle. To complete their description, we then prove how these intersection numbers
can be computed by a second, different topological recursion.

SpiN HURWITZ THEORY

The enumeration of Hurwitz covers, i.e. branched covers of the Riemann sphere with specified
ramification profiles, represents a classical enumerative problem studied since the end of the
19th century. In more recent years, Hurwitz numbers have again become an object of interest,
due to strong ties with the integrable hierarchies of the Kyoto school [Okooo], the intersection
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theory of the moduli spaces of curves via the Ekedahl-Lando—Shapiro—Vainshtein (ELSV)
formula [ELSVo1], and topological recursion [BMo8].

Part IV focuses on a spin version of Hurwitz numbers, which enumerate branched covers of
the Riemann sphere with respect to their ramification and parity. Thanks to their fermionic
realisation related to simple Lie algebras of type B, the generating function of spin Hurwitz
numbers is known to be a tau function of the BKP hierarchy. In the last part of the disserta-
tion, we study the connections between spin Hurwitz numbers, topological recursion, and
intersection theory on the moduli space of curve. Via Fock space techniques, we compute
the (0, 1) and (0, 2) correlators, which suggest a conjectural spectral curve associated to spin
Hurwitz numbers. In particular, we prove that topological recursion on this spectral curve is
equivalent to an ELSV-type formula that involves Witten 2-spin class (and, in the easiest case,
it reduces to double Hodge integrals).

Shortly after the formulation of our conjecture, Alexandrov and Shadrin [ASz1] proved
topological recursion for a wide class of BKP tau functions, including the ones associated
to spin Hurwitz numbers. In particular, combining their result with the aforementioned
equivalence, we obtain a complete proof of a spin ELSV formula.

1.3 — OUTLINE

This dissertation is based on the following preprints.

[And+19] J. E. Andersen, G. Borot, S. Charbonnier, V. Delecroix, A. Giacchetto, D.
Lewanski, and C. Wheeler. “Topological recursion for Masur—Veech volumes”
(2019). Submitted. arXiv: 1905.10352 [math.GT].

[And+20] J. E. Andersen, G. Borot, S. Charbonnier, A. Giacchetto, D. Lewariski, and

C. Wheeler. “On the Kontsevich geometry of the combinatorial Teichmiiller
space” (2020). Submitted. arXiv: 2010.11806 [math.DG].

[CMS+19]  D. Chen, M. Moller, and A. Sauvaget. “Masur—Veech volumes and intersection
theory: the principal strata of quadratic differentials” (2019). Appendix by
G. Borot, A. Giacchetto and D. Lewaniski. Submitted. arXiv: 1912 .02267
[math.AG].

[GKL21] A. Giacchetto, R. Kramer, and D. Lewaniski. “A new spin on Hurwitz theory
and ELSV via theta characteristics” (2021). Submitted. arXiv: 2104 .05697
[math-ph].

[GLN] A. Giacchetto, D. Lewanski, and P. Norbury. In preparation.

It is organised in the following way.

e Part II deals with the combinatorial model of the moduli space of curves, and is all based
on [And+20].

— In Chapter 3 we introduce the combinatorial moduli spaces parametrising metric
ribbon graphs and the associated Teichmiiller spaces, and prove various topological
and geometric properties. In particular, we discuss cutting and gluing of metric
ribbon graphs, as well as Fenchel-Nielsen-type coordinates.


https://arxiv.org/abs/1905.10352
https://arxiv.org/abs/2010.11806
https://arxiv.org/abs/1912.02267
https://arxiv.org/abs/1912.02267
https://arxiv.org/abs/2104.05697
https://arxiv.org/abs/2104.05697
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— In Chapter 4 we recall the symplectic properties of the combinatorial moduli and
Teichmiiller spaces, due to Kontsevich, and prove a Wolpert-type formula for this
symplectic structure.

- In Chapter 5 we set-up geometric recursion in this combinatorial setting. In par-
ticular, we prove a combinatorial analogue of the Mirzakhani-McShane identity,
which yields to a recursion formula for the symplectic volumes of the combinato-
rial moduli spaces. After integration, it gives a new geometric proof of Witten’s
conjecture.

— In Chapter 6 we extend known results about the connection between hyperbolic
structures and metric ribbon graphs, exploiting the geometric idea that metric
ribbon graphs approximate hyperbolic surfaces with large boundaries.

® Part 1T deals with the enumeration of multicurves in both the hyperbolic and combinato-
rial settings, as well as its connection with Masur—Veech volumes and area Siegel-Veech
constants of the principal stratum of the moduli space of quadratic differentials. It con-
tains some results from [And+19; And+20], and new unpublished material originated
from these works.

— Chapter 7 is based on [And+19] and on the last section of [And+20]. We discuss the
enumeration of multicurves in the hyperbolic and combinatorial setting, proving a
Mirzakhani-type identity and a recursion for the average number of multicurves.
We also discuss the enumeration of square-tiled surfaces with boundaries, weighted
by their core area.

— Chapter 8 builds again on ideas from [And+19; And+20]. We show that the
asymptotic number of multicurves in the hyperbolic and combinatorial settings
are equal, and that they coincide with the Masur-Veech volumes of the principal
stratum of the moduli space of quadratic differentials. This gives a way to compute
such volumes, and we were able to conjecture the behaviour of Masur—Veech
volumes and Siegel-Veech constants as a function of the genus and the number of
simple poles. We also discuss the connection between the asymptotic enumeration
of square-tiled surfaces with boundaries and Masur—Veech volumes.

- Chapter 9 is based on [CMS+19]. We briefly summarise how the authors proved
the above conjecture from [And+19] through intersection theory of the Segre
class of the quadratic Hodge bundle, and present our contribution which is a
recursion formula for the Segre class intersection numbers. Based on [GLN], we
also show how the Chern class of the quadratic Hodge bundle computes the Euler
characteristic of the moduli space of curves, providing a new intersection-theoretic
proof of the Harer-Zagier formula.

® Part IV deals with spin Hurwitz numbers, and is all based on [GKL21].

— In Chapter 10 we review the representation theory of the spin algebra and the
theory of neutral fermions. This allows us to represent spin Hurwitz numbers in
terms of characters of the Sergeev group and vacuum expectation values on the
neutral Fock space.

- In Chapter 11 we derive the spin analogue of the Okounkov-Pandharipande
operators on neutral fermions, which is then employed for the analysis of the
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polynomiality structure of spin double Hurwitz numbers and their wall-crossing
formulae. We also provide an explicit expression for the generating series of spin
cut-and-join-operators, which can then be computed directly and algorithmically.

— Chapter 12 contains the main conjecture concerning spin Hurwitz theory: single
spin Hurwitz numbers are generated by topological recursion on a specific spectral
curve. We also give evidence for this conjecture by proving it in genus zero. Since
the conjectural spectral curve differs from the usual definition, we define and
analyse G-quotients of spectral curves, and reduce them to the usual setting of
topological recursion. We then employ the correspondence with cohomological
field theories to derive a representation of spin Hurwitz numbers as intersection
numbers on M, ,. To conclude, we express the cohomological field theory as the
Chiodo class twisted by the Witten 2-spin class.

I0



CHAPTER 2 — PREREQUISITES

The main purpose of this chapter is to make the thesis as self-contained as possible, giving
an overview of different (but quite related) topics that are relevant for this dissertation: the
moduli space of curves and cohomological field theories, topological recursion, geometric
recursion and Teichmiiller theory, fermion formalism and its connections with integrable
hierarchies, and Hurwitz theory. This of course very often implies providing references for
more details whenever we consider it necessary or interesting.

2.1 — MODULI SPACE OF CURVES

In this section we recall some facts about smooth connected compact complex curves of genus
g, also called Riemann surfaces, with n marked points. Their moduli space M, , has been a
central object in mathematics since Riemann’s work in the middle of the 19th century, and its
compactification M, , was defined more that 5o years ago by Deligne and Mumford [DM69]
by including stable curves. Either such moduli spaces can be seen as smooth Deligne-Mumford
stacks (in the algebraic-geometric setting) or as smooth complex orbifolds (in the analytic
setting). The latter notion is simpler and will be discussed here.

DErFINTTION 2.1.1. Let g,n > 0 such that 29 — 2+ n > 0. A stable curve of type (g,n) is a
complex algebraic curve C of arithmetic genus g with n labeled marked points x1, .. ., x, such
that

e the only singularities of C are simple nodes,
e the marked points are distinct and do not coincide with the nodes, and
e the curve (C,x1,...,x,) has a finite number of automorphisms.

We will not formally construct the moduli space of stable curves M., but we will list some
of its properties and refer to [ACG11, Chapter XII] for further readings.

PROPOSITION 2.1.2. The moduli space of stable curves M., is a smooth complex compact
orbifold of dimension 3g — 3 +n. Moreover, it contains the moduli space of smooth curves Mg ,,
as a smooth open dense suborbifold.

We will call M, , = My, \ M, the boundary of the moduli space of stable curves. Beware
that, as M, , is a closed smooth orbifold, the boundary here is not meant in the sense of
orbifold with boundary.

ExamPLE 2.1.3. We describe here the moduli spaces of curves for the simplest topologies,
namely genus zero (or rational) curves with three or four marked points, and genus one curves
with one marked point (also called elliptic curves).

II



I. Introduction

C’ C

Bl —iE

~

|
—_
|
N
[a)
[N
—_

Figure 2.1: On the left, the moduli space M ;. The arcs AB and AB’ and the half-lines BC
and B’C’ are identified. On the right, the point at infinity, corresponding to a pinched torus
with one marked point.

e Mo = {*}. Every stable rational curve (C, x1, x2, x3) with three marked points can be
identified with (P, 0,1, o) in a unique way.

. MOA = P!. Every smooth rational curve (C,x1,x2,x3,x4) can be uniquely identified
with (P1,0,1, 0, 1), for some A # 0, 1, co. The value A is determined by the positions of
the marked points on C via the cross-ratio:

_ (xg = x1)(x2 — x3)

(x4 = x3)(x2 — x1)
The moduli space Mo 4 is the set of values of 4, thatis Mg 4 = P!\ {0, 1, 00 }. The nodal
curves in My 4 correspond to two rational curves intersecting in one point and with

two marked points each. These three nodal curves, corresponding to the three way of
splitting four points in two sets of two, can be identified with A tending to 0, 1 and .

e M. Every smooth elliptic curve is given by a quotient C/A of the complex plane by
a lattice, and the image of A is a natural marked point on the quotient. Further, two
elliptic curves C/A; and C/Ag are isomorphic if and only if Ay = aA; for some a € C*.
Consider now A = e1Z & e3Z; multiplying by 1/e1, we obtain Z & 7Z with 7 lying
in the upper-half plane . Moreover, the elliptic curve defined by the lattice Z & 7Z is
isomorphic to the curve defined by Z & v’ Z, for v’ given by the modular action

,_at+b (a b

. d) e SL(2,0).

Thus, M; 1 = [h/SL(2, C)] as an orbifold, with generic point of stabiliser Z/2Z. Notice
that the moduli space has two non-smooth points as a variety, corresponding to 7 = i
and 7 = ¢™/3, with stabiliser given by Z/4Z and Z/6Z respectively. In this case there
is only one nodal curve, that is a rational curve with two points identified (a pinched
torus), and it corresponds to the point at infinity in Figure 2.1.

Some of the main features of the moduli spaces of stable curves come from the existence of
natural maps between them: the forgetful and gluing maps.
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2 2

Figure 2.2: An example of forgetful morphism po: M3z 4 — Mas.o. Forgetting the last two
marked points, both rational components become unstable and have to be contracted.

The idea of a forgetful map is to assign to a genus g stable curve (C,x1, ..., Xu4m) the curve
(C,x1,...,x,), where we have forgotten the last m marked points. However, the resulting
curve is not necessarily stable. Assuming that 29—2+n > 0, then either the curve (C,x1, ..., x,)
is stable, or it has at least one rational component with one or two special points (that is, a
marked point or a node). In the latter case, this component can be contracted into a point
(see Figure 2.2). If the curve thus obtained is not stable, we can find another component to
contract. Since the number of irreducible components decreases with each operation, in the
end we will obtain a stable curve (C, x1,...,x,)%.

DEFINITION 2.1.4. Define the forgetful map
Pm: ﬂg,nﬂn — ﬂg,n, (C,x1s ..oy Xpam) — (C,x1, ..., x,)%" (2.1.1)
In the following, we will denote p; simply by p.

The forgetful map is very important from the deformation theory point of view: it coincides
with the universal curve.

PROPOSITION 2.1.5. The forgetful map p: My ps1 — M, is the universal curve
m: Cyn — Mgon. (2.1.2)

In other words, the following universal property holds: for any family X — B of genus g stable
curves with n marked points, there exists a unique morphism ¢: B — My, such that the family

X is a pullback by ¢.

For the gluing maps, the idea is simply to identify marked points of stable curve(s), creating a
new curve of simpler type.

DEFINITION 2.1.6. Define the gluing map of non-separating kind by identifying the last two
marked points of a single stable curve:

q: mg_l,n+2 —> Mg’n. (2.1.3)

Define the gluing map of separating kind by identifying the last marked points of different
stable curves:

i Mgyner X Mgy nper — Mg, (2.1.4)

where g1 + g0 = gand ny + ny = n.
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Together, we will call the maps p, ¢ and r the tautological maps. Notice that tautological maps
simplify the topology of a curve by making its Euler characteristic higher. This simple feature
will be the fil rouge of the whole dissertation, appearing in the context of cohomological field
theories, topological and geometric recursion, Hurwitz theory, etc.

Notice that the image of both ¢ and r lie in the boundary M, , € M, ,. In particular, this
defines a stratification of the moduli space of curves via combinatorial data called stable graphs.

DEFINITION 2.1.7. A stable graph is the dataT’ = (V,H, A, E, g, v, 1) of
e aset V of vertices,

* aset H of half-edges, together with a map v: H — V that sends a half-edge to the vertex
it is attached to, and an involution ¢: H — H pairing half-edges together,

* asubset A C H of leaves, that is the set of fixed points of ¢,
e the set E of edges is the set of orbits of ¢ of cardinality 2,
® agenusmap g: V — Zs,
such that the following conditions hold:
e the graph (V, E) is connected,

e for each vertex v € V, the stability condition holds: 2g(v) — 2 + n(v) > 0, where
n(v) = [v71(v)| is the valence of v (i.e. the number of edges and leaves attached to v).

For a given stable graph T, we define its genus as g(T) = Y,cy g(v) + h*(T'), where h!(T) is
the first Betti number of the graph I'. An automorphism of a stable graph is an automorphism
of the underlying graph that preserves individually the leaves and the genus of each vertex.
Define the type of I as (g(I'), |A|), and denote the set of stable graphs of type (¢,n) by G-

If necessary, we will denote the sets of vertices, edges, half-edges and leaves of a stable graph
" with a subscript I'.

For a given stable graph I', we define

Mr = l_l Mg(v),n(v)’ éro Mp — Hg’n’ (2.1.5)

veVr

where the map ¢ is defined by gluing all the marked points on the components as indicated
by the edges of I'. The images of Mr = [T,evi. My(v),n(v) (resp. Mr) via & under all stable
graphs of type (g,n) gives the open (resp. closed) boundary stratification of M,,,. Clearly,

Mgn € Myn corresponds to the open boundary stratum given by the unique stable graph
with one vertex of genus g, n leaves and no edges.

ExaMPLE 2.1.8. In the following, the genus of a vertex is represented by a number inside the
vertex itself, while the leaves are labelled by natural numbers 1,2, . ...

® Go.s. There is a single stable graph of type (0, 3), namely

I' = 14(2

3

This corresponds to the identification Mo,g =Mps={=*}
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® Go.a. There are four stable graphs of type (0,4), namely

1 1
I'= 2)(3, [Mop34 = 2)!)—@(3,
4 4

and similarly I'y3)24 and I'14)23, all with trivial automorphism group. This corresponds
to the open boundary stratification Mg 4 = M4 U (Mo 3 X Mo 3)"2.

® Gi.1. There are two stable graphs of type (1, 1), namely
'= 1 and ['=1-@)

with automorphism groups of order 1 and 2 respectively. This corresponds to the
open boundary stratification M1 = My 1 U (Mo 3/(Z/2Z)), with the single point
corresponding to the pinched torus in Figure 2.1.

One of the main application of the boundary structure of the moduli space is discussed in the
next subsection: intersection theory on My .

2.1.1 — TAUTOLOGICAL RING

The generalisation of various topological invariants, such as homology and cohomology,
from the manifold setting to that of orbifold is relatively easy, albeit it brings some technical
differences. In particular, for an orbifold X it is natural to consider its cohomology ring with
rational coefficients, rather than integers, which coincides with the cohomology ring of its
underlying topological space (also over Q). In particular, we can safely consider the rational
cohomology ring of the moduli space of stable curves H*(M,.,), where Poincaré duality
holds. However, as we will see, it is more natural to consider subrings which behave well
under pushforwards by tautological maps.

DEFINITION 2.1.9. Define the rautological ring of the moduli spaces of stable curves as the
minimal family of unital subrings R*(Mg.,) € H?*(My,,,) that is stable under pushforwards
by tautological maps’. Elements of the tautological ring are called tautological classes.

Clearly, 1 € R°(M,_,), since a subring contains the unity element by definition. Moreover, all
boundary strata are tautological, since they are pushforward of the unit element by gluing
maps. The same holds for intersections and self-intersections of boundary strata.

Let us introduce now some more tautological classes. The definition of A- and x-classes on
the moduli spaces without marked points was firstly given by Mumford in [Mum83], along
with the term “tautological classes”. The y-classes were first defined by Miller in [Mil86], and
became truly important after Witten formulated his fundamental conjecture [Witgo] on their
intersection numbers in connection with the Korteweg—de Vries (KdV) hierarchy.

DEFINITION 2.1.10. Let w, be the relative dualising sheaf for x: Eg,n — Mg,n, that 1s w,
restricted to each fiber is the canonical bundle of the corresponding curve.

From the algebraic-geometric point of view, a more natural choice is to consider Chow groups A4(M,,,)

instead of even cohomology group H2?(Mg, ). Except for the Givental-Teleman classification of CohFTs,
Theorem 2.2.12, every construction and result from this chapter holds in the Chow setting.
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* Define the Hodge bundle as & = m.w,. The fiber over a point (C,x1,...,x,) is the
vector space of abelian differentials H%(C, wc), i.e. the space of forms over C that are
meromorphic, with poles at the nodes only and with residues on the two branches
meeting at a node of opposite sign. Hence, & is a rank g vector bundle, and define the
Hodge classes

Ak = ck(8) € H*(M,,)), k=0,...,q. (2.1.6)
Define the full Hodge class as the Chern polynomial A(r) = ¢(&;1) = X7_, t* Ax.

e Let 0; be the section of 7 corresponding to the i-th marked point. Define the line
bundles £; = 0wx. The fiber over a point (C,x1,...,x,) is the cotangent space T;,C
of C at x;. Define the y-classes

i =ci1(Li) € HQ(Mg,n)~ (2.1.7)
¢ Define the k-classes o
Kd = P+ (W,Cf:ll) € H2d(Mg,n)’ (2.1.8)

where p: Mg,nﬂ - Mg,n is the forgetful map. We also define the multi-index k-classes:

1 m+1 A Vi .
for = (u1. ..., pm), define Ku = Pm,*(lﬁfﬁf T rlzl+n: ), where p,, : Mg.nem — Mg is

the m-th forgetful map.

PrOPOSITION 2.1.11 (See for instance [Zvo12, Theorem 2.27]). All A-, - and k-classes are
tautological classes.

TAUTOLOGICAL RELATIONS

One of the most natural questions to ask is an explicit presentation of the tautological ring
in terms of generators and relations. This can be achieved via strata algebra classes and
tautological relations. The following definition is due to Pixton [Pix13].

DEFINITION 2.1.12. Fix a stable graph I'. A basic class on My is a product of monomials in
k-classes at each vertex of the graph and powers of ¢/-classes at each half-edge:

y=]1]]xa@™@ ]]v;" erMp), (2.1.9)

veVr d>0 heHr

where k4(v) is the d-th k-class on My (y).(»)- We suppose that the weights satisfy

Zd‘md(v)+ Z k(h) < 3g(v) — 3+ 2n(v) (2.1.10)

d>0 heHr(v)

at each vertex to avoid trivial vanishing, where Hr(v) € Hr denotes the set of half-edges
(including the leaves) incident to v. Define the degree of [T, ¥] by setting

deg[I',y] = degc vy + |E|. (2.1.11)

Consider the graded Q-vector space S; ,, whose basis is given by isomorphism classes of pairs
[T, y], where I is a stable graph of type (g,n) and y is a basic class on Mr. Since there are
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only finitely many pairs [I', ¥] up to isomorphism, Sy , is finite dimensional. Define a graded
algebra structure on Sy , as follows:

[T, y1] - [T2,y2] = Z[F, yiy2erl, €r=— n (Y +yn) (2.1.12)
r ecE1NE>
e=(h,h')

where the sum is over all stable graphs I whose set of edges Er is a union (not necessarily
disjoint) of two subsets E = E1 U E5 such that contracting all edges outside E; results in I;.
Here ¢, and ¢ are the y-classes corresponding to the two half-edges of e, and er is the
excess class given by Fulton’s excess theory.

DEFINITION 2.1.13. Via the above intersection product, S , is a finite dimensional graded
Q-algebra called the strata algebra. Pushforward along &r defines a canonical surjective ring
homomorphism

o8, — R* (M), o[, y] =ér.y. (2.1.13)

An element of the kernel of o is called a tautological relation.

A natural question, then, is how to explicitly construct tautological relations. In his PhD
thesis [Pix13], Pixton constructed a set of relations based on the known Faber—Zagier relations
for the moduli space of smooth curves M, o and conjectured that they constitute all tautolog-
ical relations. Such relations were later proved to hold in cohomology by Pandharipande—
Pixton—Zvonkine [PPZ15] using cohomological field theories techniques (a more precise
definition of such relations will be given in Section 2.2 via the Witten 3-spin class). The
above (conjectural) presentation has many practical applications. For instance, Delecroix—
Schmitt-van Zelm [DSZ20] implemented Pixton’s presentation of the tautological ring as
a SageMath package, called admcycles, which allows various checks on cohomology or
intersection theory on the moduli space of curves. In particular, admcycles has been used to
numerically check Theorem 12.3.6, expressing spin Hurwitz numbers in terms of intersection
theory on the moduli space of curve.

INTERSECTION THEORY

Being a smooth compact complex orbifold of dimension 3g — 3 + n, it make sense to consider
intersection numbers of the form

/ a€q, a e H5 5 2n (A, ). (2.1.14)
Mg.n

It is not difficult to show that the computation of intersection numbers involving A- and
k-classes can be reduced to the computation of y-classes only (see [Zvor2]). A simple example
of such relations is the following result.

LEMMA 2.1.14. Let P be a polynomial in the k- and W-classes. Denote by P the polynomial

obtained from P by substituting kg v ka — ¥?, | for every d. Then we have

/ P'Km:/ ﬁ'lprr:l:ll' (2.1.15)
My,n Mg,n+1
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Computing -classes intersection numbers is much more difficult. A formula was first
conjectured by Witten [Witgo], and proved shortly after by Kontsevich in [Kong2]. To state
Witten—Kontsevich result, let us introduce Witten’s notation for intersection numbers:

<Tk1"‘7'kn>g=/M 'ﬁlfl""ﬁn"- (2.1.16)

THEOREM 2.1.15 (Witten conjecture/Kontsevich theorem [Witgo; Kong2]). For2g—2+n > 0,
the following relations hold.

STRING EQUATION.
n

Ty * Tk, T0), = Z (Thi 1Ty Tl Thoy ) (2.1.17)
i=1
DILATON EQUATION.
(Thy Ty T1)g = (29 = 24 0) (Thy -+ Tk, ) (2.1.18)

TOPOLOGICAL RECURSION EQUATION. The following relations uniquely determine the inter-
. . P 3 _ _ 1
section numbers (g, - -+ Tk, >gfrom the imitial data (t35), = 1 and (11); = 5.

n
(2ky + 2k, — DN _
(Thy " Thp ) g = (T ko —1Tks " " Ty *** Thn)
L 9 n;(2k1+1)!!(2km—1)!! 1* 2 9

1 5 (2a+ 1) (2b + D!

+_

(<TaTka2"'Tkn>g_1

I 2.1.1
Atk -2 (2k1 + 1) ( 9)
+ Z (taT1)y, <TbT2)g2)-
91+92=9
TiUTo={Tky s s Tk }
We can package the above numbers in a generating series:
1 n
FWK(lo,Il,Ig,...) = Z pl Z (Thy + 'Tkn>g l_[tki‘ (2.1.20)
g20,n>1 " ky,...,k,>0 i=1
2g—-2+n>0

Witten’s original formulation of his conjecture states that FY¥X is the unique 7-function of the
KdV hierarchy, satistying the string equation and a certain initial condition:

3

12 t
0, FVE = 50 + D ey FVK, F¥%(10,0,0,...) = ED' (2.1.21)
k>1

Such conjecture was proved to be equivalent to Theorem 2.1.15 by Dijkgraaf—Verlinde—Verlinde
[DVVg1] using Virasoro constraints: the partition function ZVE = exp(FWVK) satisfies the
linear, homogeneous differential equations

L,ZV% =0, m> -1, (2.1.22)
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@n) | @y | e [, | 2 ) | ), |
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i, | 1 @ |H @) e | o

@Dy | 2 @)y | & AL

1 1

<T5’T3>0 (1,3) <TOT;7'2>1 ? 3,1 ‘ (t7)3 ‘ 82944

(0,6) | (rgmi72), i)y 12 (078)3 om
(570 (t5Ta), 5 (T177)3 207
(t57,) (dnits), | % (3.2) (T276)3 T30

0479 (1,4) 9 9 1 503
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<78722>o 0717274 1 Tal3 1451520

4 1
(tgriT), | 12 T 4 (4,1) ‘ (T10)4 ‘ 7063621
(Tg‘rf)o 24

Table 2.1: Some y-classes intersection numbers, computed using the topological recursion

relation (2.1.19).

where L,, denote the differential operator

2

t
L_1 = ﬁto - 50 - Z tkatk_lv

k>1

2k +1
Lo=a,- 3 2y, -

k>0 3

1

ﬂ9

(2m + 2k + D!
L,, = atm+1 - Z 2

k>0

m+3)1(2k —1)!

| tkatk+m +

1
2

a+b=m-1

(2.1.23)

(2a + D26 + D!

(2m + 3)!! fast:

Let us briefly explain Witten’s motivation of his conjecture, which originates from two-
dimensional quantum gravity. As a toy model for the more complicated gravity theory in
four-dimensional space-time, in 2d gravity the space-time is a surface, while the gravitational
field is a Riemannian metric on the surface itself. In the attempt to quantise such theory,
i.e. to compute the partition function of 2d quantum gravity, one should compute a certain
integral over the space of all possible Riemannian metrics on all possible surfaces. The space
of Riemannian metrics over a fixed topological surface is infinite-dimensional, and physicists
found two possible ways to give a meaning to such ill-defined quantity.

e The first way is to approximate the Riemann surface by small equilateral triangles. Thus,
the integral over all metrics is replaced by a sum over triangulations. Such combinatorial
problem can be solved, and the KdV hierarchy appeared in the works devoted to

enumeration of triangulations on surfaces, which can be related to matrix models.

e Alternatively, one can compute the partition function by integrating first over all con-
formally equivalent metrics. After that, the remaining integral is performed over the
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moduli space of Riemann surfaces, and more precisely one has to compute integrals of
the form (ty, -+~ 7, -

Witten’s conjecture states that the partition functions resulting from the two approaches
coincide, based on the physics expectation that there is a unique theory of gravity.

The Witten—Kontsevich theorem is a fundamental result in mathematical physics, as it relates
two areas that were not thought before to have anything in common: intersection theory
on the moduli space of curves and integrable system. However, such result turned out to be
just the tip of the iceberg of a deep interaction between algebraic geometry and mathematical
physics. Since then, these connections have been explored intensively, for example in Hurwitz
theory (see Subsection 2.6.1) and more generally in connection with many cohomological
field theories and enumerative problems solved by topological recursion.

There are many known proofs of the Witten—-Kontsevich result: Kontsevich’s original proof
uses ribbon graphs and matrix model techniques, Mirzakhani’s proof [Miro7a] through hyper-
bolic geometry, Okounkov—Pandharipande [OPo9], Kazarian—Lando [KLo7] and Kazarian
[Kazog] via the ELSV formula, Bennett—-Cochran-Safnuk—Woskoff using symplectic reduction
[BCSW12], and many more using different ideas. In Chapter 5§ we will give a new geometric
proof of the Witten—-Kontsevich result based on geometric recursion and Mirzakhani’s ideas.

2.2 — COHOMOLOGICAL FIELD THEORIES

A fundamental tool in the construction of classes on the moduli space of curves, which
formalises the idea of cohomology classes compatible with tautological maps, is that of
cohomological field theory (CohFT). CohFTs were defined in the mid 1990s by Kontsevich
and Manin [KMo4] in order to capture the formal properties of the virtual fundamental class in
Gromov-Witten theory, and have deep connections with Frobenius manifolds and topological
recursion (cfr. Subsection 2.3.1). A powerful computational tool is Teleman’s classification
result [Tel12] of semisimple CohFTs via the action of the Givental group. The aim of the
section is to present such ideas, following the exposition of [Pan1g].

DEFINITION 2.2.1. Let V be a finite dimensional Q-vector space equipped with a non-degenerate
symmetric 2-form n. A cobhomological field theory on (V,n) consists of a collection Q =
(Qg,1)2g-24+n>0 of elements

Qg€ H* (M,,) ® (VH)®" (2.2.1)

satisfying the following axioms.

i) SyMMeTRY. Each Q , is ©,-invariant, where the action of the symmetric group S,
permutes simultaneously the marked points of M, ,, and the copies of (V*)®".

i) NaTurarity. Considering the gluing maps

q: Mg_1,n12 — Mg,
— — — (2.2.2)
r: Mgy nis1 X Mgy o1 — Mg n, g1+9g2=g¢, np+ng=n,
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we have
q*Qg,n(Ul XX Un) = Qg—l,n+2(01 Q- Qu, ® TIT)’
: S (22,3
rQy (V1 ® - ®vp) = (g1 n1+1 ® Qyyony) ® ;N ® ® Vnyj | »
i=1 et
where n € V®2 is the bivector dual to 7.

If the vector space comes with a distinguished element 1 € V, we can also ask for a third
axiom:

ii1) FLaT unrT. Consider the forgetful map

P Mg — M. (2.2.4)

Then
P Qua(01®  ®y) =Qyui1(01® - ®0, ® 1),

B (2.2.5)
Qo3(v1 ®v2 ® 1) =n(v1,02).
In this case, Q is called a cohomological field theory with flat unit.

A CohFT determines a product x on V, called the guantum product: vi x vy is defined as the
unique vector such that for all v3 € V the following holds:

n(vy * v2,v3) = 90,3(01 ® v2 @ v3). (2.2.6)

Commutativity and associativity of x follow from (i) and (ii) respectively. If the CohFT has
flat unit, the quantum product is unital, with 1 € V being the identity by (ii1).

The degree 0 part of a CohFT
@ = dego Qqn € H (M) ® (V)" = (V)" (2:27)

is a 2d topological field theory (TFT), and is uniquely determined by the values of @y 3 and
by the bilinear form 1 (or equivalently, by the associated quantum product and the bilinear
form 7).

Associated to any CohFT Q, we also have a collection of rational numbers called CohFT
correlators (or ancestor invariants), defined as

n

Q A

(o), @) = [ Qe wu) [ [l (2.28)
) Mgn i=1

Notice that, for degree reasons, ). | k; < 39— 3 +n.

EXAMPLE 2.2.2. Let us give some examples of CohFTs in dimension 1. Let us take V = Q and
n(1,1) = 1. Then a CohFT on (V,n) is uniquely determined by Qg ,, = Q. ,(1%").

e Setting Q, , = 1, we get a CohFT (with flat unit T = 1) concentrated in degree zero,
called the trivial CohFT.

* The class exp(272k1) defines a CohFT, appearing in hyperbolic geometry in relation to
Weil-Petersson volumes (see Subsection 2.4.1). It is not a CohFT with flat unit.
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e The Hodge class A(7) defines a 1-parameter family of CohFTs with flat unit 1 = 1.

e In[Nor1y], Norbury defines a CohFT, denoted by @, ,,, that satisfies a different version

of the flat unit axiom, namely
Yne - p*®g,n+l = ®g,n-

It coincides with Chiodo’s class (see Subsection 2.2.2) in degree 2g — 2+ n for the specific
values r = 2 and s = —1, and appears in the supersymmetric version of Mirzakhani’s
recursion [SW19; Nor2o].

Here are some higher dimensional CohFTs appearing in the literature.

22

e Forr > 2,let V = Q(v,...,0,_2) with pairing 7(v;,v;) = 6;+j,—2 and unit T = vp.

Witten r-spin class is a CohFT with flat unit
Wi, VO — H* (M)
of pure complex degree

deg Wy ,,(va, ® -+ ® va,) = Dy ,(ai, ..., an)

_-2g-D+Ia
r

If D} ,(ai1,...,a,) is not an integer, the corresponding Witten’s class vanishes. For
instance, the case r = 2 (cf. [JKVor1, Corollary 4.7]) is given by

1 ifar=--=a,=0
W2, (g, ® - ®vg,) = , ’
(e ) {0 otherwise.
In genus 0, the construction was first carried out by Witten [Wit93] using r-spin struc-
tures. The construction of Witten’s class in higher genera was first obtained by Pol-
ishchuk and Vaintrob [PVoo] and later simplified by Chiodo [Chio6]. In [PPZ15], it
was shown that the class

. 1
Wy (Vg ® - ®ug,) = Z %pm,*Wyr,ner(va1 ®  ®Ug, ® (ruy_2)®™)

m>0

extends Witten r-spin class to lower degrees, and that it still constitutes a CohFT with
flat unit on (V, 7, 1).

Let X be a smooth projective variety and fix g > 0,n > 1, B € Ha(X, Z). Consider the
moduli space /Vg,n (X,B) of maps ¢: C — X from a stable genus g curve (C, x1, . ..,xp),
such that [¢(C)] = B. This space is in general singular, but Behrend and Fantechi [BF97]
and many others could construct a virtual fundamental cycle [Mg, 2(X, B)]"" over which
cohomology classes can be integrated, as if they were integrated on a cycle of complex
dimension

dgn(X,p)=dimX + (3-dimX)g+n - 3+/01(TX).
B



2. Prerequisites

Note that we have a proper fibration 7: My (X, 8) — M., which forgets about the
map ¢, and n evaluation morphisms ev;: M (X, 8) — X, which remember the image
of 7 via ¢. For any v, ...,v, € H*(X, Z), we can form the cohomology class on M,

X,
QX (v, ... v,) = 7,

[/Vg,n(X,,B)]Vir N l_[evzfvi) .
i=1

Define a graded CohFT (over the space Eff (X) of effective 2-cycles, i.e. the subspace of
cycles in Ha(X, Z) that can be realised as the image of a curve) as

V= @ H*(X,Z), U(v,w):/vﬂw, Q;"n: Z Qﬁf,
X

BEES(X) BEEM(X)

which has a flat unit 1 = 1 € H°(X, Z). See [KMo4] for the original discussion on
CohFTs motivated by Gromov—Witten theory, and [BCM20] for a modern account on
virtual classes.

® Other examples of higher dimensional CohFTs are Chiodo classes [Chio8b; JPPZ17;
LPSZ17], described in details in Subsection 2.2.2, and the Chern character of the Verlinde
bundle [Mar+17].

2.2.1 — GIVENTAL ACTION AND CLASSIFICATION OF SEMISIMPLE COHFT's

In [Givo1] Givental defined a certain action on Gromov—Witten potentials, and this action
was lifted to cohomological field theories in the works of Teleman [Tel12] and Shadrin [Shaog].
A careful proof that the resulting collection of cohomology classes satisfies the cohomological
field theory axioms can be found in [PPZ15]. Here we recall the basic definitions.

R-MATRIX ACTION

Fix a vector space V with a symmetric bilinear form . An R-matrix is an End(V)-valued
power series that is the identity in degree 0

R(u) =1d + Z Rkuk, Ry € End(V), (2,2,9)
k>1

and satisfying the symplectic condition:
R(u)RT(—u) =1d. (2.2.10)

Here R" is the adjoint with respect to . The inverse matrix R~! () also satisfies the symplectic
condition. In particular, we can consider the V®2-valued power series?

Id®Id - R '(u) ® R~ (v) o

Eu,0) = u+v

€ V&2u,v]. (2.2.11)

We will write E(u,v) = Yx r50 E cuv?, with E; , € V®2,

>The reason why we use R~! instead of R is so that it defines a left action on the set of CohFTs. Beware that
some authors use a different notation.
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Remark 2.2.3. We can write the above conditions in components. Fix a basis (e;) of V, denote
by (e') the dual basis of V* and by (,) : V* x V — Q the canonical pairing. The symplectic
condition and the bivector E can be written as

2 R "R (<) = ',
a,b

E(u.v) = Z i — Za,b(R_l)g(u)na,b(R‘l)i(v)e. . (2.2.12)
’ - i u-—+v i VR
i.J
where Ry (u) = (", R(u)ec), 1:,; = n(ei, ¢;) and (177) is the inverse matrix. We will denote
by E™ (u,0) = Yk r50 Ejpu*v” the formal power series with coefficients given by

7 = Y ap (R @0 (R (v)

E% (u,v) = "
u+v

€ Qu,v]. (2.2.13)

DEFINITION 2.2.4. Consider a CohFT Q on (V, ), together with an R-matrix. We define a
collection of cohomology classes

RQ,, € H* (M) ® (V5)®" (2.2.14)

as follows. Let G, » be the finite set of stable graphs of genus g with n leaves. ForeachT" € G, ,,
define a contribution Contr € H*(Mr) ® (V*)®" by the following construction:

* place Qg(y),n(v) at each vertex v of T,
* place R71(y,) at each leaf A of T,
* atevery edge e = (h, h’) of T, place E(Yn, Y)-

Define RQ, , to be the sum of contributions of all stable graphs, after pushforward to the
moduli space weighted by automorphism factors:

1
RQg’n = Z mfr,*CODtr. (2.2.15)
reGyn

PROPOSITION 2.2.5. The data RQ = (RQg 1)2g-2+n>0 form a CobhFT on (V,n). Moreover, the
R-matrix action on CohFTs is a left group action.

TRANSLATIONS

There is also another action on the space of CohFTs: a translation is a V-valued power series
vanishing in degree 0 and 1:

T(u)= ) Tu™,  TyeV. (2.2.16)
d>1

DEeFINITION 2.2.6. Consider a CohFT Q on (V, ), together with a translation 7. We define a
collection of cohomology classes

TQqn € H (Mg,n) ® (V)®" (2.2.17)

24



2. Prerequisites

by setting

1
TQg,n(Ul ®---® Un) = Z %pm,*gg,er(Ul X - Quy ® T(‘ﬂn+1) ® - ® T(¢n+m)) (2-2-18)

m>0 "

Here pyn: My nom — M, is the map forgetting about the last m marked points. Notice that
the vanishing of T in degree 0 and 1 ensures that the above sum is actually finite.

PROPOSITION 2.2.7. The data TQ = (TQq »)2g-24n>0 form a CobFT on (V,n). Moreover,
translations form an abelian group action on CohFTs.

For a translation proportional to the unity acting on a TFT with unit, one can express the
resulting CohFT as multiplication of the original TFT by exponential of k-classes.

LEMMA 2.2.8. Consider T(u) = Y451 Tqu®*' € u?V[u]. Define T(u) = ¥,,51 Tnu™ € uV[u]
by setting

T(u) = u (1] - exp(—f(u))) . (2.2.19)

Here exp(=T (1)) = Y xs0 (_kll)kf"(u)*k. Then following relation holds on H*(M,,,) ® V
. 1
eXp(T(K)) = Z %pm,* (T(‘ﬁn) * ok T('ﬁn+m)) (2-2-20)
m>0 """

In general, if we start from a CohFT with flat unit on (V, 7, 1), acting by an R-matrix or by
translation does not preserve flatness. However, there is a specific circumstance for which this
happens.

PROPOSITION 2.2.9. Let Q be a CobFT with flat unit on (V,n,1). Let R be an R-matrix, and
consider the V-valued power series

11 (u) =u(R_1(u)1] - 1), Tr(u) = u(1 —R_l(u)ﬂ). (2.2.21)
Then Ty RQ and RTRQ coincide, and form a CobFT with flat unit.

DEFINITION 2.2.10. Let Q be a CohFT on (V,n, 1) with flat unit, and R be an R-matrix. We
define the unit-preserving R-matrix action as

R.Q =T1 RQ = RTRQ. (2.2.22)

GIVENTAL-TELEMAN CLASSIFICATION

Having an action on the set of CohFTs, a natural question is the description of the orbit
structure. The answer was given by Teleman in the specific case of semisimple CohFTs.

DEerINTTION 2.2.11. A CohFT Qon (V,n, 1) with flat unit is semisimple if (V, %, 1) is a semisim-
ple algebra, i.e. if there exists a basis (e;) of idempotents

ejxe; = 6i,j e; (2.2.23)
after an extension of scalars to C.
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THEOREM 2.2.12 (Givental-Teleman classification [Tel12]). Let Q be a semisimple CohFT on
(V,n, 1) with flat unit. Denote by w the associated TFT. There exists a unique R-matrix such
that

Q=R.w. (2.2.24)

The Givental-Teleman classification is an important and useful tool to study cohomological
field theory, as it allows for explicit constructions of classes and relations. Before giving some
examples, let us show how in the 1-dimensional case a semisimple CohFT can be rewritten as
the exponential of a combination of k-, -, and boundary divisor classes.

PROPOSITION 2.2.13. Let wy , be a TFT on Q with n(1,1) = 1, which is uniquely determined
by a scalar as @, ,,(18") = a®9~2", and let R be an R-matrix. By definition, the latter can be
written as R(u) = exp(X,ns1 rmu"™) for some coefficients (rm)m=1. Then the CobFT R.w is

given by
Ry, (19") = q29-2n eXp(Z rm(Km - Z Ui+ 6m)) (2.2.25)
i=1

m>1
where S = 3 ju(Siitem_1 Y W)Y), and j: IMyn — M., is the boundary map.
EXAMPLE 2.2.14. Let us go back to the semisimple cases of Example 2.2.2.

* The Hodge CohFT A(?) is the first non-trivial example of CohFT with unit (semisim-
plicity is trivial in dimension 1). The associated TFT is trivial, and the R-matrix is given

by
R~ (u) = exp (— Z M(l‘u)m) ,
= m(m+1)

where B, denotes the m-th Bernoulli number. In particular, Proposition 2.2.13 spe-
cialises to Mumford’s formula [Mum83] for the Hodge class:

A(t):exp(z (Bnr:ill) ( Zzp +6 )) (2.2.26)

* The shifted Witten 7-spin class W/, is semisimple. The associated TFT and R-matrix
was computed in [PPZ15], with the former being

((a +1)k7r)

0, (Vay ® - ® V) :( ) Z( 1) g-1) I—L 18

2g 2+n(kn)

For the R-matrix, consider the hypergeometric series (a =0, ...,r — 2)

B, () = Z (ﬁ ((2k = 1)r —2(a +1))((2k = 1)r +2(a + 1))) (_ " )m’

2
m>0 \k=1 k 16r

and denote by BE'S" (resp. B24Y) the even (resp. odd) summands of B, ,. Then the
R-matrix is given by
(R—l)a geven (R—l)r—2—a Bodd

a r,a > a r,a>

and 0 elsewhere. If r is even, the coefficient at the diagonals’ intersection is set to be 1.
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Among other things, the Givental-Teleman classification of CohFTs can be used to obtain
relations in the cohomology ring. For instance, one knows from geometric reasons that the
Hodge class A(7) vanishes in degree d > g. On the other hand, Mumford’s formula for A(z)
gives a certain class in any degree. Denoting by HY,, the degree d component of Mumford’s
formula (i.e. the coefficient of ¢ in the right-hand side of Equation (2.2.26)), we obtain the
following tautological relations: for every d > g, HZ, = 0in R? (M,.n). The first non-trivial
example of such tautological relations is the degree 1 relation in genus 0:

n
7_{Ol,n L Z Yi+01=0 in R'(Mo,n). (2.2.27)
i=1

Pixton-Pandharipande-Zvonkine [PPZ15] exploited such argument in the case of Witten
3-spin class. From the R-matrix action on &3, we can write the shifted Witten 3-spin class as
the map o of Definition 2.1.13 applied to a certain combination of strata algebra classes:

1

m [F, ’)/((l]_, ey an)] . (2.2.28)

Vi’;’,n(va1 ® Q) =0 Z
reGyn

Denoting by RY (a1, ..., ay) the degree d component the strata algebra class on the right-hand
side, one has

g—1+2?=1a,~

3 (2.2.29)

d 3
o (Rg ,(a1,...,a,)) =0 ford > Dy ,(a1,...,a,) =
These relations are Pixton’s relations on R*(M, ). A natural question to ask is whether such
relations generate all possible tautological relations.

CONJECTURE 2.2.15. Pixton’s relations coincide with the kernel of the natural map o: S°, —
) g,n

R*(M,.0).

Another natural question involves tautological relations in the Chow setting. Since the
Givental-Teleman classification has not been proved in such context, the validity of Pixton’s
relations is still an open problem in the Chow setting.

CONJECTURE 2.2.16. Pixton’s relations hold in the Chow setting, and generate all tautological
relations in the Chow tautological ring.

2.2.2 — CHIODO CLASSES

Another important class of CohFTs that generalise the Hodge class are Chiodo classes [Chio8b].
We refer to [Jaroo; AJo3; CCCoyz; Chio8b] for further details on the moduli space of twisted
spin curves.

DEerINTTION 2.2.17. For a fixed positive integer r, and integers k, a1, ..., a, satistying the

modular constraint
n

Zai =k(29-2+n) (modr), (2.2.30)
i=1
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. . —r,k . .
consider the moduli space M;’a of objects (C, x1,...,x,, L), where (C,x1,...,x,) is a stable
curve of genus g with n marked points, and L — C is a line bundle such that

n
L® = wﬁ’)’; (— Z aixi) ) (2.2.31)
i=1

Here wiog = w(X1, x;) is the log canonical bundle. Such moduli space, called the moduli space
of twisted spin curves, has a universal curve and a universal line bundle:

—r.,k —r,k —r,k
n:Cyy— Mg 4 L—Cy, (2.2.32)

. . —— 7k -
Moreover, it comes with a forgetful map e: M, — Mg .
Define the Chiodo class as

C;”,’f(al, .., ay) = &c(—R*n.L) € H'(Mg,n). (2.2.33)
Here R*n. L is the derived pushforward of £, and c is its total Chern class.

From Chiodo’s formula [Chio8b] for the Chern character of R*x. L, together with a careful
analysis of the morphism €., Janda-Pixton-Pandharipande-Zvonkine [JPPZ17] obtained an
explicit expression for Chiodo classes in terms of strata algebra classes.

DEFINITION 2.2.18. Let I’ € G, , be a stable graph, and fix an n-tuple a = (ay,...,a,) of
integers satisfying the modular constraint Y, a; = k(29 — 2 +n) (mod r). A k-weighting
modulo r of T with boundary data a is amap w: Hr — {0,...,r — 1} satisfying the following

axioms.

* VERTEX CONDITION. For every vertex v € Vr,

Z w(h) = k(29(v) =2+n(v)) (mod r). (2.2.34)

heHr (v)
e Epce conprtioN. For every edge e = (h, 1) € Er,
wh)+w(h’)=0 (mod r). (2.2.35)
* LEear conDITION. For every leaf A; € Ar corresponding to the marking i € {1,...,n},

w(d;) =a; (mod r). (2.2.36)

Denote by W/-*(a) the set of k-weighting modulo r of I' with boundary data a.

Define the m-th Bernoulli polynomial B,,(x) through the generating series

tetx tm
= B —. 2.2.
1 mzzlo m(x)m! (2.2.37)
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ProPOSITION 2.2.19 ([JPPZ17]). Chiodo’s class C;:,’f(al, ..., ay) is given by

Z (1) By (¥)

m(m+1)

2 2w | e

_1_pnl
#29-1-h'(T) (
IeGyn wewlf’k(a) veEVR

Km(v))

m>1

(_1>mBm+1(@)

1 —exp (— Tzt — o (@)™ = (=¢w)™)

<

ecEr Yn+¥w
e=(h,h)
(_1)mBm+1(ﬂ)
<« ] exp(_z CD"Ber ) )
A €Ar m>1 m(m +1)

(2.2.38)
In particular, it is tautological.

COROLLARY 2.2.20 ([JPPZ17; LPSZ17]). Chiodo classes form a CobFT (Cg:£)29_2+n>0 on
V=0Q(1,...,v.) n(vg,vp) = %6a+b,r by setting

Cg”,’f: Vg, ® - Qvg, H Cgr:,'f(al,...,an). (2.2.39)
Moreover, the following holds.
. gr,’f is obtained from the TFT with unit on (V,n,v,) defined by
C;,’r};(val ® ®q,) = 0 a b tan—k(2g-24n).r (2.2.40)

through a translation and an R-matrix actions: C"™* = RTc"*, with

(_1)mBm+l(é) m
T(u)=u (1 —exp (— Zl Wu )) Ur,
"= ) (2.2.41)

D (—1)mdiag221(3m+1(%))um

R™(u) = exp (_ m(m+1)

m>1

* The action is unit-preserving (i.e. T = Tg and C"F = R.c"* in accordance with Defini-
tion 2.2.10) if and only if 0 < k < r.

Notice that, for r = k = a; = 1, Chiodo’s class coincides with the Hodge class A(-1).

EXAMPLE 2.2.21. Proposition 2.2.19 gives an explicit formula to compute Chiodo classes. For

’

instance, one can compute C; f (a) = Contr + §F2 Contrv, where the stable graphs are

'=—@ and I'=—@)

and their contributions are given by

Bo(k Bo(4 —
Contrzék_ar(l— 2(r)/<1) (1+ 2;r)l//1)€H.(M1,1),

2
‘o Ba(2)
Contrr = dk_q4 —Z 2r

) € H’(/Vo,g).

w=0
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The Kronecker delta indices are considered modulo r. Using the relations x; = ¢ and

%[pt] = 1241, together with the Bernoulli polynomial identities Ba(x) = x>

6r 5 By(%) =1, we find

w=

- X+ 3,

(a-k)la+k-r)-2
2r2

CI,’{C(“) =0k-—ar |1+ lﬁl) € H'(mm)-

Integrating over the moduli space, we find the CohFT correlators

- a—-k)a+k—-r)—-2 . r
/ Cl”f(a) = 6k—a( )( ) P / Cljf(a)llll =0k-amy
Mi M1

48r 24°

In this dissertation, we will see many applications of Chiodo classes, namely orbifold Hurwitz
numbers with completed cycles in Section 2.6, Masur—Veech volumes in Section 9.1, the Euler
characteristic of the moduli space of curves in Section 9.3, and spin Hurwitz numbers in
Section 12.4. Other applications of Chiodo classes include the double ramification cycle
[JPPZ17], Norbury’s ®-class [Nor17], and double Hurwitz numbers [DL20; Bor+20].

2.3 — TOPOLOGICAL RECURSION

Topological recursion (TR), as originally defined by Eynard and Orantin [EOo7a], is a general
formalism to recursively define a set of symmetric multidifferentials w, , on a spectral curve,
i.e. a Riemann surface with some additional structure.

TR
SPECTRAL CURVE — (@g.1) g s0 (2.3.1)

The original motivation of topological recursion can be found in matrix model theory [CEo6a;
CEo6b; CEOo6], where such differentials encode the topological expansion when the matrix
size N tends to infinity. However, topological recursion quickly found several applications in
many different areas of enumerative geometry. When specialised, it recovers several known
invariants such as Witten’s intersection numbers, Weil-Petersson volumes, knots invariants,
Hurwitz numbers and Gromov—Witten invariants. It has a correspondent construction in
Givental theory, and has deep connections with integrable hierarchies, Hitchin system, JWKB
method3, conformal field theories and many others.

In this dissertation, we will present the original formulation of Eynard—Orantin, followed
by the Kontsevich-Soibelman reformulation [KS18; ABCO17] in Subsection 2.3.2 and its
“geometrisation” by Andersen-Borot—Orantin [ABO17] in Section 2.4. We refer to [Eyni4]
for a short overview, and [Borz20] for both an algebraic and a geometric approach.

DEFINITION 2.3.1. A spectral curve is the data S = (C, x,y, B) of
* a Riemann surface C, not necessarily connected nor compact,

e afunction x: C — C, such that its differential dx is meromorphic and has finitely many
zeros that are simple (called ramification points),

3This method is commonly known as “WKB method”, named after G. Wentzel, H. A. Kramers, and L. Brillouin,
who all developed it in 1926. However, H. Jeffreys had developed in 1923 a general method of approximating
solutions to linear, second-order ODEs.
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* a meromorphic function y: C — C that is holomorphic at the ramification points and
such that dy is non-zero at the ramification points,

* asymmetric bidifferential B on CxC, having a double pole on the diagonal with biresidue
1 and no other poles. In other words, for every choice of local coordinates ¢,

B(z1,22) = +0(1) | d{(z1) d{(z2), (2.3.2)

1
(£(z1) = £(z2))?
thatis, B € H(C?, w%2(2A))62, where w is the canonical bundle and A is the diagonal
mCxC.

Remark 2.3.2. In some applications, the function x is not required to be meromorphic, but
only its differential dx is. This is the case, for instance, of x containing a logarithmic term:
then x will be meromorphic on P! minus a cut from 0 to oo, and its differential will be a
meromorphic function on the whole P1.

Remark 2.3.3. In some applications, the bidifferential B can be rescaled to have biresidue
B € C* along the diagonal (see also the homogeneity property of Theorem 2.3.6). Moreover,
the bidifferential B is allowed to have other poles, as long as there are no poles when the two
arguments approach different ramification points. In Chapter 12, we will see an example
where this property does not hold and a workaround is needed.

Remark 2.3.4. If C is a connected compact surface of genus g equipped with a Torelli marking,

i.e. a symplectic basis (A;, B)i=1,...¢ of Hi(C, Z), then there exists a unique element B €
HO(C?, w¥2(2A))®2 that is normalised along the A-cycles:

jl{ B(,z) =0 Vi=1,...,8. (2.3.3)
A
It is called the canonical bidifferential of the second kind. For instance, on P! we have
dzidz
B(z1.22) = — =, (23.4)
(21— 22)

while on an elliptic curve E; = C/(Z & 7Z) with A-cycle [0, 1) and B-cycle [0, 7), we have

B(z1,22) = |p(21 —22,7) + T dz1dzo, (2.3.5)
3(7)

where @ is the Weierstrafl function on E.

Denote by a the set of ramification points of a spectral curve S. Since all ramification points
are simple, one can find local coordinates ¢, around each a € a such that
2
a(2)

x(z) = -5 +x(a). (2.3.6)

Denote by U, C C the (small enough) neighbourhood of the ramification point a in which
the local coordinates ¢, is defined. On U,, there is a well-defined holomorphic involution
ta: Lo ¥ =4 It is uniquely determined by the conditions x 0 ¢, = x, t,(a) = a and ¢ # id.
Define the topological recursion kernel

Ka(z1,2) = (2.3.7)

1
2 (y(2) - y(ta(2)))dx(z)’

which is a well-defined 1-form in zg and inverse of a 1-form in z on C x U,,.
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22 in

<
<1

z
21 \d — _a + Z
o) a0
1Ulo={2,..., n
z
g ta(2) ta(2) =

z
Zn "

Figure 2.3: A schematic representation of topological recursion.

DErINTTION 2.3.5. For a given spectral curve (C,x,y, B), define the topological recursion
correlators (wg,n)g>0,n>1 as follows. Define the unstable cases as

wo,1 = ydx, wo,2 = B. (2.3.8)

For 29 — 2+ n > 0, define the multidifferential wy , on C”" recursively on 29 — 2 + n by setting

Ogn(21- - z) = ) Res Ka(21,2) (wg_l,m(z, ta(2), 22, 20)

aca
no (0,1)

+ Z wg1,1+|11|(Z7 le)wgz,1+|12|(La(Z)a ZIQ) N

g1+g2=g
11U[2={2,...,I’l}

(2.3.9)

The second sum excludes all terms containing w 1. Here we also used the shorthand notation
z1 = (z;)ies for any finite set 1.

At first sight, the topological recursion correlators w, , are not necessarily symmetric in the
variables z1, ..., zp, as z1 is playing a different role in the definition. However, it turns out
that w , 1s actually symmetric.

Notice also that the terms appearing in the recursion formula are in bijection with the tauto-
logical maps of Definitions 2.1.4 and 2.1.6. Indeed:

e the first term wy_1,,+1 corresponds to the gluing map of non-separating kind,

e the terms of the form wy, 14/1,| Wy, 141, With 2g; — 2+ (]I;| + 1) > 0 correspond to all
possible gluing maps of separating kind, and

e the terms of the form wo 2 wy -1 correspond to the forgetful maps.

The meaning of such correspondence will became more explicit in Subsection 2.3.1, when
the relation between topological recursion and CohFTs will be explained. Furthermore, a
geometric explanation in terms of excision of pairs of pants from topological surfaces will
be given in Section 2.4. See also Figure 2.3 for a pictorial representation of the topological
recursion formula.

The following properties can be found in the original work of Eynard and Orantin.

THEOREM 2.3.6 ([EOo07a, Section 4.4]). The topological recursion correlators (wg.n)gs0,n>1
satisfy the following properties.
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® SYMMETRY AND POLE STRUCTURE. For 2g — 2+ n > 0, wy , is a well-defined meromorphic
maultidifferential on C", with poles only at ramification points of order at most 6g — 4+ 2n
and vanishing residue, and symmetric with respect to all variables:

Wgn € HO(C",w?f‘((Gg—4+2n)a))6”. (2.3.10)

* HoMOGENEITY. Under rescaling wo 1 — Awg 1, we have wy,, — /l‘(Qg‘Q*")wg,n. More-
over, under rescaling wg 2 — Pwo 2, we have wy, — B39 w, ,

® DILATON EQUATION. The following equation holds:

Z 532 D(2) Wy n+1(2, 215 - -, 2n) = (29 =2+ 1) Wy n (21, - . ., Zn), (2.3.11)

aca

where d®(z) = wo.1(2).

® Loor EQUATION. For every ramification point a € a, the expression

wg—l,n+1(Z, La(Z)’ 225 - "ZYL) + Z wg1,1+|]1|(z, le)wg2,1+|12|(Lu(Z)a Zlg) (2'3'12)

g1+g92=g
LUlx={2,..., n}

is a meromorphic quadratic differential in z, with at least a double zero for z — a. Notice
that the sum includes (0, 1) terms.

We remark that the dilaton equation allows to extend the definition of the correlator differen-
tials to n = 0 and g > 1, that are scalars, usually denoted by F,.

DEFINITION 2.3.7. For a given spectral curve (C, x, y, B), define the free energies by
1
Fy= 29—_2;5_?2 D(2) wy,1(2), (2.3.13)

where d®(z) = wg,1(z). A definition of Fy and F; can be found in [EOo7a, Subsection 4.2.2].

Remark 2.3.8. Notice that the topological recursion depends only on the local behaviour of
y and B around the ramification points. More formally, given a spectral curve as in Defini-
tion 2.3.1, we get neighbourhoods U, of the ramification points @ € a in which

2
x(z) = L'T(Z) +x(a). (2.3.14)

In such neighbourhoods, we can expand y and B as

y= Z [k,a§§

k>0

1)
B = ($ Z ¢(k1,a1),(k2,a2)§§i{§§) d§a1d502a

+
(g(ll _§u2)2 ki ka>0

(2.3.15)

for some coetficients 7y 4 and @k, ay).(ks.az) 10 C. Moreover, we define the auxiliary mero-
morphic functions ¢4 and the meromorphic differentials d¢*¢ as

ar~_ % Bw,-)
¢ (Z)‘/ o (0)

k
de(z) =d ((_giad;Za) f“(z)) . (2.3.16)

’
w=a
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Then the topological recursion correlators can be expressed as linear combinations of the
differentials (d€%(z))a=(k,a)eNxa> With coefficients Fy.q, ... o, being polynomials* in 7, and
¢a,ﬁ:

.....

Won(ztnz) = D Fyay an]_[df"'(u (2:3.17)

A5enns an eNxa

One can easily show that d¢%* has poles of order at most 2k + 2 at z = a and no other poles.
From the pole structure of w, ,,, we deduce that the above sum is finite, and more precisely
that Fj. o, with a; = (k;, a;) vanishes for k1 +--- +k,, > 3g— 3 +n.

Remark 2.3.9. Since the original work of Eynard and Orantin, topological recursion has been
generalised in various directions, notably by Bouchard—Hutchinson-Loliencar-Meiers—Rupert
and Bouchard-Eynard [BE13; Bou+14] to allow for non-simple ramifications of x (see also
[Bor+18]), by Borot-Shadrin [BS17] as blobbed topological recursion, by Chekhov—Norbury
[CN19] for irregular spectral curves, by Osuga and Bouchard [Osu19; BK20] in the context
of super spectral curves, and by Borot—-Kramer—Schiiler [BKS20] for singular spectral curves.
Different generalisations that do not involve spectral curves are discussed in Subsection 2.3.2
and Subsection 2.4.2.

EXAMPLE 2.3.10. We give here some examples of spectral curves that are relevant in enumerative
geometry and mathematical physics.

e The Airy curve [EOo7a]. Let C = P! and

2
z dz1dzs

x(z) = —, 7) = -z, B(z1,22) = —.

(@) =3 y(2) (z1,22) =)

The associated multidifferentials (see Table 2.2) are generating functions of ¢/ -intersection
numbers, or in other words correlators of the trivial CohFT:

(2K + D!
wg,n(Zl’ ey Zn) / l_l wk 2k +2 Zl'

..... k>0 Mgn =

As we will see in Part II, such correlators are also the (Laplace transform of the) Kontse-
vich volumes of the combinatorial moduli space of curves, and the topological recursion
formula is a consequence of a Mirzakhani-type identity on the associated combinatorial
Teichmiiller space. The name “Airy curve” comes from the quantisation of the associated
curve y? — 2x = 0, that when quantised becomes the Airy differential equation.

¢ The Mirzakhani curve [EOo7b]. Let C = P! and

2

x(z) = % y(z) = -

sin(2nrz) B( ) dzidzs
_—, 71,22) = —————.
2n DT (G — )2

The associated multidifferentials are the generating functions of correlators for the
CohFT exp(27%k;):

2k; +1)"
wgan(zl" M "Z}’l) = Z / 2” - l—lwk ( 2kl+2 Zl'

Kiveikn 20 Man

4To be more precise, Fy; a1 ...,y is a polynomial in the Taylor coefficients of the expansion of the inverse of y(z)—
y(ta(z)), namely tila and (£2k+1,a)k>0,acq> and in the even coefficients of B, namely (¢ (21 q),(2¢,6))k,620,a,bea-
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M((3g-24n)n
(g,n) ‘ wg,n(z)%

(0,3) | 1
(0, 4) 3m(13)

(0, 5) 15m(24) + 18]’}1(23,12)
O, 6 105m 35y + 135m 3421 +162m 33 23
(3°) (3%.2,1) (33,29)
(O, 7) 945m 46) + 1260m 45.3.1) + 1350m 45 22y + 1620m 44 32 9) + 1944m 43 34
(49) (45,3,1) (4°,22) (4%,32,2) (43,3%)
(1,1) | 8

(1,2) %m(g) +%m(12)
(1,3) | Bmgz) + Pma) + Imas)
(1,4) ﬁm(@) + %Wl@p’&l) + %WI(42,22) + %M(4,32’2) + %m(33’1)

8
105
(27 1) 128

1155 945 1015
(2,2) | Togms) + TzM4.1) + 125 M(3.2)

25025
(3’ 1) ‘ 1024

Table 2.2: A list of topological recursion correlators associated to the Airy spectral curve for

. m - . . .
low values of 2g — 2 + n, nomalised as wg (1)%. Here m is the monomial symmetric
9 24

polynomial associated to the partition 4, evaluated at 22, .. ., z2.

Such correlators are also the (Laplace transform of the) Weil-Petersson volumes of the
moduli space of bordered hyperbolic surfaces, and the topological recursion formula
is a consequence of the Mirzakhani identity on the associated Teichmdiller space (see
Subsection 2.4.2).

e The Lambert curve [BMo8; BEMS11; EMS11]. Let C = P! and

dz1dzs

x(z) =log(z) =z, y(a)=z  Blu,22) = ———=5-
(z1 = 22)

Notice that x contains a logarithmic term, for which we can still consider C = P! (see
Remark 2.3.2). The associated multidifferentials are the generating functions of simple
Hurwitz numbers (see Section 2.6):

n
wg,n(Zl, ceZp) = Z hg;y l_l ,Uiemx(zi)dx(zl')-
1

MR i=

Here the notation p + n means that p is a partition of n. The name “Lambert curve”
comes from the equation satisfied by x and y, namely y = —W(—e*), where W is the
Lambert function.

® The (gr, g)-Lambert curve [SSZ15; LPSZ17; Bor+21; KLPS19; DKPS19]. More gener-
ally, let C = P! and, for non-negative integers ¢ and r, consider
dz1dzo

x(@) =log(d) =2, y@) =2 Bz = =
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The associated multidifferentials are the generating functions of g-orbifold Hurwitz
numbers with (r + 1)-completed cycles (see Section 2.6):

wg,n(zla L. ’Zn) = th s l—l/«( e/vllx(Zl)dx(Z )

urn

The result for r = 1 and general g was proved in [BHLM14; DLN16]. A general relation
between topological recursion and hypergeometric KP tau function (including many
Hurwitz problems) has been solved uniformly in [BDKS:20].

e The Bessel curve [DN18; Nor17]. Let C = P! and

2

Z 1 dzidz
M2)==, y@=-=  Blznz)= — .
2 z (21— 22)

Although y has a pole at the (unique) ramification point of x, the topological recursion
can still be defined. The associated multidifferentials are conjecturally computing the
correlators of Norbury’s class ©, ,:

(2d; + DI +1)”
Wgn(Z1s...520) = Z '/M ®9n1_[‘/’ 2dl+2 G

dy,....dn20 gn

The name “Bessel curve” comes from the quantisation of the associated curve y? — 5= = 0,

which when quantised becomes the (degenerate) Bessel differential equation.

There are many more example, that we briefly list here: monotone and strictly monotone
Hurwitz numbers (and their orbifold generalisations) [DOPS18; KPS19], double Hurwitz
numbers [Bor+20], singularity theory [Mil1§; Dun+19], stationary Gromov—Witten invariants
of P! [NS14; DOSS14], Gromov—Witten invariants of toric Calabi—Yau 3-folds [BKMPoo;
EOu1s; FLZ20], Hitchin system [DM18; BH19], integrable systems and JWKB analysis [BE12;
BE17; IKT18; IKT19; Iwaz20], BPS states arising from hypergeometric-type spectral curves
[IK20], perturbative knots invariants [BME12; BEW17; BB18; Dun+20], formal asymptotics
of knot invariants [DFM11; BE15] (see also [GS12] for quantisation of the A-polynomial
curves and a topological recursion perspective), and N = 2 four-dimensional supersymmetric
gauge theories [BBCC21].

In Part II, we will also discuss the application of topological recursion in the context of the
combinatorial moduli space, in Part III for the enumeration of multicurves, Masur—Veech
volumes, and the Euler characteristic of the moduli space, and in Part IV for computing spin
Hurwitz numbers.

A useful property of topological recursion is the variation formula with respect to the bidif-
ferential B. As we will see later, it is the analogue of the R-matrix action on CohFTs.

THEOREM 2.3.11. Let (C,x,y, B) and (C,x,y, B) be two spectral curves, wy , omNd Wg.n the
respective topological recursion multidifferentials. Define two projectors P and P acting on
the space of meromorphic 1-forms on C as

P¢](z0) = Z iﬁf(/zB(',Zo)) #(2), (2.3.18)

aca
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and likewise P with B. Denote by ‘V the image of P. Assume there exists a 2-cycle y ¢ (C\ )
and a germ Y of an holomorphic function at y such that B is obtain by shifting B as

B(z1,22) = B(z1,22) +/ Y (w1, w2) B(z1,w1)B(z2, w), (2.3.19)

(w1,w2)€y

and define a linear form © on Sym>V by the formula
olwl= [ Ywiw)aw.w). (2.3.20)
(w1, w2)€y

Then, we have

(Dg,n(zl, cees Zn) =

1 ~
2 (@70 ® O

regy e€Er
e=(h1,h2)

® Wy(v),n(v) ((Zh)heH(u)) . (2.3.21)

veVr

In this formula, H(v) is the set of half-edges attached to the vertex v, and we indicate in
subscripts the variables on which the operators act.

Sketch of the proof. Eynard—Orantin [EOo7a, Theorem 6.1] establishes a formula for the first

derivative of @, , with respect to the matrix elements of x when:
* (C is a compact Riemann surface,
® B is the canonical bidifferential of the second kind (see Remark 2.3.4),

® B = B+2nxidu’kdu for a fixed symmetric matrix k, where u is the Abel map (considered
as a column vector).

Integrating their relation with respect to « yields the result — in that case y is an element of
Sym?H'(C,Z) and Y = (27i)~2. The same proof in fact works under the assumptions of the
theorem. Notice that the order of integration of the variables (zp, zj) 1s irrelevant, by the
assumptions on (y, Y) and the fact that wg , only has poles on the ramification divisor. O

2.3.1 — EYNARD-DOSS CORRESPONDENCE

Consider a spectral curve S = (C,x,y, B). Under some conditions, Eynard [Eyn11] and
Dunin-Barkowski—Orantin-Shadrin-Spitz [DOSS14] showed that the expansion coefficients
Fyai.....a, from Equation (2.3.17) are correlators of a certain CohFT (over C) associated to S
that we now describe.

In most applications, it is convenient to fix some normalisation constants (c[a])geq in C* and
an additional constant ¢ € C*. Choose local coordinates ¢, around a ramification point a such
thatx = (c[a]Z4)?+x(a). Consider the auxiliary functions £ and the associated meromorphic
differentials d&€%-%, defined as

arn_ [* Bw,-)
¢ (Z)‘/ o)

k
déka(z) = d((—i%) §“(z)). (2.3.22)

’
w=a
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Notice that, for c[a] = \/%, we get the differentials of Equation (2.3.16). Moreover, they are

globally defined, as

1 d ,d
——— =-2cla]"—. 2.3.2
7. L. [al” (2.3.23)
We also set A4 = j{ya—((zz)) g A0d 19 = —2c[a]?cA®. Define a unital, semisimple TFT on
V =C/{e,...,er) by settingn(eq, ep) = 64,5 and
—I] _ a _ 6611 ..... an
—Zt €q, wg,n(eal ®"'®€an) = W. (2324)

aca

Define the R-matrix R € End(V)[u] and the translation T € u?V[u] by setting

_ x-x(b)
T Jyp
_x=x(a)
T%(u) = (t“u — (=2c[a]?c), /%/ dye QCMQM). (2.3.26)
Ya

Herey, = {z € C | x(z) —x(a) > 0} is the steepest descent from a, oriented from the negative
to the positive values of the local coordinate ¢,. Moreover, the equations are intended as equal-
ities between formal power series in u, where on the right-hand side we take the asymptotic
expansion as # — 0. Through the Givental action, we can then define a CohFT

Q= RTw,, € H*(M,,) ® (V)" (2.3.27)

from the data (@, R, T), through a sum over stable graphs as explained in Section 2.2. The link
with the topological recursion correlators is given by the following theorem.

THEOREM 2.3.12 (Eynard—-DOSS correspondence [Eyni1; DOSS14]). Suppose we have a
compact spectral curve S = (C, x,y, B). Then its topological recursion correlators are given by

—o4n QT v
W21, 2n) =N (gt ) ) | | 67 (@), (2:3.28)
i=1
where we have used the following shorthand notation for the CobFT correlators:
Q Tk
<Tm"'7an>g =/M Qnleq ®--~®ean)l_ll//f’, a; = (ki a;). (2.3.29)
i=1

g.n

Moreover, all the ingredients on the right-hand side depend on the choice of constants (c[a])qea
and ¢, while the left-hand side is independent of it.

Remark 2.3.13. A weaker version of the above theorem holds for local curves (cf. [DOSS14]).
More precisely, the topological recursion correlators are still expressed in terms of the basis
dék@ and the coefficients are intersection numbers of a certain class on the moduli space
of curves. However, such class is not necessarily a CohFT. See also [Dun+18] for further
readings.

38



2. Prerequisites

Remark 2.3.14. As the translation of Equation (2.3.26) is acting on a unital TFT, one can
rewrite the translation action on @ as a multiplication by «-classes (see Lemma 2.2.8) via the
V-valued power series

A“ exp(—f"“(u)) =

1 / _x-x(a)
dye 2clalPu, (2.3.30)
V2mu Ya
Moreover, the compatibility between the translation and the R-matrix given by Proposi-
tion 2.2.9 is equivalent to the following condition (sometimes called the DOSS test):

1 exp(~T? (1)) = Zt“(R_l)Z(u). (2.3.31)

aca

If such equation (which can be seen as a compatibility condition between y and B) holds, the
resulting cohomological field theory coincides with R.w, which is flat.

Remark 2.3.15. Itis now clear that a change in the bidifferential B reflects in a Givental-type
action on the topological recursion multidifferentials, as explained in Theorem 2.3.11. Indeed,
the bidifferential B is the ingredient determining the R-matrix for the associated CohFT, and
the R-matrix action is defined as a of sum over stable graphs.

EXAMPLE 2.3.16. Here are some examples of CohFTs associated to the spectral curves of
Example 2.3.10 (for specific choices of constants).

Spectral curve  CohFT

Airy 1
Mirzakhani 27K
Lambert A(-1)
(gr,q)-Lambert  CJ ;4
Bessel Oy.n

Chiodo class with parameter (gr, g), associated to the (gr, g)-Lambert curve, requires a change
of basis (see [LPSZ17]). Moreover, the spectral curve on P! given by
dzydzs

—(Z1 — )2 (2.3.32)

x(z)=log(x) -2, y(@)=z"  Blzn.z2) =
gives the Chiodo class with general parameters (r, k).

2.3.2 — QUANTUM AIRY STRUCTURES

Recently, Kontsevich and Soibelman [KS18] proposed a new point of view for topological re-
cursion, which actually generalise the one of Eynard and Orantin. The Kontsevich-Soibelman
approach starts from a collection of quadratic differential operators (Lq)aes that form a Lie
subalgebra of the Weyl algebra, and constructs a formal power series

E
Z(ha .’L‘) = €exp Z 7 Fg,;aq ..... anxal e xn (2333)

g>0,n>0 Coan,..., anel

that is annihilated by the differential operators L.
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DEFINITION 2.3.17. Let V be a (possibly infinite-dimensional) vector space over C. Fix a basis
(ea)aer and let (x¥)qes be the dual basis. Define the Weyl algebra as

Wi (V) = Cl[A] ((x7, 0a)aer) [{[0a, x*] = 1) . (2.3.34)

A quantum Airy structure on'V is a collection (L) qer of elements of ‘W) (V) of the form

1 . S K
L, = haa/ - Z (§Aa,,~,jxlx] + hB{Y’ixlaj + 5(?(;]85(91' - hDa (2335)
ijel
that form a Lie subalgebra of Wj(V):
[La,Lg] hZfa sLy- (2.3.36)

yel

In this definition, we can always assume that A, g, = A4, 5 and B = c2F . Moreover, if
V is infinite-dimensional, we require that only finitely many coefficients in Equation (2.3.35)
are non-zero. For a basis-free definition of quantum Airy structures, see [Bor20].

The subalgebra condition can be recast into a set of relations between the coefficients (A, B, C, D).

LeEMMA 2.3.18. Let (Lqo)aer be a collection of differential operators of the form (2.3.35). They
form a Lie subalgebra if and only if the following relations hold Ve, B,v,6 € I.
* A-symmetry.
A(l,ﬁ,’y = Aﬁ’a’y (2'3'37)

o THX-type relations.
D (Bl pAicy.s + B yAips + Bl sAipy) = (@ o B)
iel
: 6 p .
Z (Bla,ﬁcl'y +C(};th’i +C(€’lBg,i) = (Cl > ﬂ) (2338)
iel
Z(Blaﬁny’“Blay B+ Co' A ﬁy) =@ p)

iel

e D-relation.

> Bl D+ Z Ch*Ag j i = (@ & B) (2.3-39)

iel j kel

Moreover, the tensors (A, B, C, D) fix the Lie subalgebra structure constants as fgﬁ =B} 5
B, ’ ’
a’

The main feature of quantum Airy structures is the existence of a unique partition function
annihilated by the operators L,.

THEOREM 2.3.19 ([KS18]). There exists a unique formal series

791
Z(h;x) = exp Z - Z Foap, . ax™ - x (2.3.40)

g=>0,n>0 oai,..., anel
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such that the scalars Fy.q, ... a,, called quantum Airy structure correlators, are symmetric under

.....

the permutation of the indices a1, . . ., &y, Fo.a = Fo,ap = 0 and
Lyo-Z(h;x)=0 Va € I. (2.3.41)
Moreover, the scalars Fy .o, ... a, are uniquely determined by the following recursion on 2g —
2+n>0
n
Fg;fll ,,,,, an = Z Z Blal,cmeg;i,az ..... [ 7 ay,
m=2 i€l
1 L (2.3.42)
+ 9 Z C{n Fy-1jkaz.an + Z Fgijn Fopkna |

Jj.kel g1+g92=9
Lul={as,...,an}

together with the initial conditions Fo.q.p,y = Aa.p,y and Fi.q = D . In the following, we will
refer to the above recursion formula as the Kontsevich—-Soibelman ropological recursion.

Remark 2.3.20. Let us briefly explain the motivation of Kontsevich and Soibelman. Their
starting point is the notion of classical Airy structure, i.e. a Lagrangian defined by quadratic
equations in the symplectic vector space T7*V. The initial datum is then a lift of the former to
a Lie subalgebra of the Weyl algebra of V, which they call a quantum Airy structure. Thus,
the corresponding partition function Z may be viewed as JWKB wave function of a quantum
system whose symmetry is generated by Hamiltonians L.

ExXaMPLE 2.3.21. The easiest example of a quantum Airy structure is that of V = C, and
A =B =C =D = 1. We have a unique differential operator

x2

2

L=hox — — —hxﬁx—h—af—h. (2.3.43)
2 2

In particular, there is no relation to be checked. It is not difficult to show that the differential

equation L - Z(h;x) = 0 is mapped to the Airy differential equation, after a suitable change of

variable. Thus, the corresponding formal series Z coincides with the (properly normalised

asymptotic expansion of the) Bairy function:

1 2x-x2 . 1 —h—2x
Z(ﬁ,X) = W@ 2n Bi (W) . (2344)

This example motivates the name “Airy structures”.

More generally, for a vector space V of dimension d, one can count the number of possible
choices for the tensors (A, B, C, D) and the number of relations given by Lemma 2.3.18:

2
s ALY
(2:3.45)
_ 2
#relations = did 1)(22d td+1) = 0(db).

Notice that the number of relations grows faster than the one of possible choices, and already
for d > 3 the system of relations is overdetermined. Thus, it is not clear whether quantum
Airy structures can exist at all. However, quantum Airy structure do exist, many of which
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arise from vertex operator algebras and geometry [ABCO17; Bor+18; HR21; BKS20]. There
are also many examples of infinite-dimensional quantum Airy structure, in particular there
is one associated to any spectral curve (cf. Subsection 2.3.2). A similar statement holds for
more general spectral curves, although there needs to be some assumptions on the behaviour
at ramification points [BKSz20].

Remark 2.3.22. Since the work of Kontsevich and Soibelman, quantum Airy structures has
been generalised in various directions, notably by Borot-Bouchard-Chidambaram—Creut-
zig-Noshchenko [Bor+18] to allow for higher order differential operators, and by Bou-
chard-Ciosmak-Hadasz—Osuga—Ruba-Sutkowski [Bou+20] in the context of super vertex
operator algebras.

A useful property of quantum Airy structures, also called rwisting, is the analogue of the
Givental action on CohFTs. It was studied for the first time in [ABCO17]. The version we
present here can be found in [And+19].

PROPOSITION 2.3.23. Let (Lo)qer be a quantum Airy structure on 'V, determined by the data
(A, B,C,D), and let (u®P)qo ger be a collection of scalars satisfying u®P = uP-®. Define the
operator U = exp(% ¥, ge; u®P000p) and the differential operators

Lo=ULU™ L. (2.3.46)

Then (Lo)acr form a quantum Airy structure on V, with twisted data (A, B, C, D) given by

Aoy = Aapy
Y _ pY i,
BY ,=B .+ Z Agpiu’”
iel
ChPY =chY 4 Z (Bﬁ ;u"Y +BY ui"B) + Z Ag jxulPuky (2.3.47)
iel Jj.kel
~ 1 .
Da = Da + 5 Z Aa/,i,j ut’.

i,jel

Moreover, the partition function is given by Z = U - Z o1, more explicitly, as the following sum
over stable graphs:

- 1 ,
Fg?(ll ’’’’’ an = Z |Aut(F)| Z l_l Fy(”)%(a’h)heH(v) 1_[ e (2348)
reGyn a:Hr—I veVp ecEr
e=(h,h")

The sum over half-edges decorations is restricted to those which respect the boundary condition,
ie. if 1 € Ar corresponds to the labeli € {1,...,n}, then ay = a;. Again, H(v) is the set of
half-edges attached to the vertex v.

AIRY STRUCTURES FROM TOPOLOGICAL RECURSION

Consider a (local) spectral curve S = (C, x,y, wp 2). Here we use w2 instead of B to avoid
confusion with the quantum Airy structure initial data. Andersen-Borot—-Chekhov—Orantin
showed that the expansion coefficients F.q, .., of the topological recursion correlators
on a certain basis of differentials coincide with the correlators of a quantum Airy structure
associated to S that we now describe.
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2
Choose local coordinates ¢, near a ramification point a such that x = %“ +x(a), and consider

the meromorphic differential 754, defined in a neighbourhood of a as
z 2k + 1!
n"“(20) = Res (/ wo,2(z0, ')) (52“;2(2)‘{4“@' (2:3.49)

Define also the meromorphic functions and the inverse of a 1-form (both well-defined in a

neighbourhood of a)

2k+1 (Z) -9
¥ () = 22—, 0,(2) = . 2.3.50
D= 9T O @) e e (3:5°)
We can then define the tensors
Aapy = Res 04(2) £,(2) dép(2) d€, (2)
B}, 5 =Res 04(2) £,(2) dé5(2) 07 (2)
BT
Ca7 = Res 04(2) £,() P ()07 (2) @ =k a). (2:3-51)
971 a 0,a 671 a
Dy = ’ 20a ’
a =0k, ( 5 $(0,a),(0,a) + 3 ) +0k,1 24
In the definition of D, the coefficients are given by the expansion of 6, and w2 as
Ou= ) Orall(dla)™, (2:3.52)
k>-1
(S(l ,a
wo,2 = 1—22 + Z ¢(k1,a1),(k2,a2)§§i§§§ dgaldgaz' (2'3'53)
(é’al - 502) kl,kQZO

PRrOPOSITION 2.3.24 ([ABCO17, Proposition 9.2]). The tensors (A, B, C, D) defined by Equa-
tion (2.3.51) form a quantum Airy structure on the free vector space spanned by I = N x a.
Moreover, the topological recursion multidifferentials satisfy

Wgn(215.-.,2n) = Z Fga,...,an 1—[ " (zi), (2.3.54)

and the sum is finite since Fy.q, ... a, vanishes for ki +---+ky, > 39 — 3+ n, with a; = (k;, a;).

.....

Remark 2.3.25. Notice here that the (local) basis of differentials (7?)q¢; 1s different from the
(global) basis (dé%) ges defined in (2.3.16) and considered in the statement of the Eynard-DOSS
correspondence Theorem 2.3.12. This is because here we are considering the more general
case of local spectral curves, while in Theorem 2.3.12 only compact curves are considered. If
we start from a compact curve, then the change of basis from (%) to (d¢?) is well-defined,
and one can translate the quantum Airy structure accordingly.

For a fixed spectral curve, we can also explicitly find a correspondence between the shifting of
the bidifferential w2 in the Eynard—Orantin formalism (Theorem 2.3.11) and the twisting
procedure of the associated quantum Airy structure (Proposition 2.3.23). Namely, consider
two spectral curve S and S differing in the choice of the symmetric bidifferential as

@0,2(21, 22) = wo,2(21,22) + U(z1,22)

= wo,2(21, 22) + Z Utks,an), (kzuaz) Sar St @ay da (2:3.55)
k1,k2>0
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for a symmetric bidifferential U(z1,z2) that is holomorphic near the ramification points.
Denote by (A, B,C, D) and (A, B, C, D) the quantum Airy structures associated to S and S
respectively. Define the symmetric matrix (#®'-?2) as

I,tm’a/2 = (2k1 - 1)!!(2/{2 - 1)!! U(2k1,a1),(2k2,a2) a; = (ki,al-). (2.3.56)

Then the quantum Airy structure (A, B,C, D) is obtained from (4, B, C, D) by the twisting
procedure of Proposition 2.3.23.

Schematically, the relation between the Eynard—Orantin and Kontsevich-Soibelman for-
malisms can be pictured as follows:

shift of wg 2

)

SPECTRAL CURVE EO-TR . TR CORRELATORS
(C,X, y’ a)O,Q) ’ wg,n(zla- . aZn)
expansion (2.3.51) expansion (2.3.54)
QAS INITIAL DATA . QAS CORRELATORS
(A,B,C,D) KS-TR f Fg;(xl ..... an
twist by u
(2.3.56)

Notice that the vertical arrows are not correspondences, as not all Airy structures come from
spectral curves.

EXAMPLE 2.3.26. Applying the above theorem to the Airy curve of Example 2.3.10, that is

Z2 dz1dzs

x(z) = 5 y(z) = -z, wo,2(z1,22) = G

. . i
we find the quantum Airy structure given by A; j x = 6; j.x, Di = 53, and

N (2k + 1)!!
R O D2 - DI

(2j + D2k + )!!

Bk =5
i (2i + D!

j’k —
Ci - 5i,j+k+2

In particular, the recursive equation for the scalars Fy,, ., coincide with the Witten—
Kontsevich recursion for y-classes intersection numbers of Theorem 2.1.15: Fgp,  k, =
(Tky *+ Tk, ), More generally, if the curve is compact and we perform the aforementioned
change of bases, we obtain the following equality between quantum Airy structure and CohFT
correlators: o
Fon....an = <Ta1 "'Tan>g :

Thus, the CohFT Q satisfies the topological recursion formula of Equation (2.3.42). More-
over, the operators (Ly)qenxa annihilating the partition function are a generalisation of the
celebrated Virasoro constraints for y-classes intersection numbers given by Equation (2.1.23).
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2.4 — GEOMETRIC RECURSION AND TEICHMULLER THEORY

Geometric recursion (GR), introduced by Andersen-Borot—Orantin [ABO17], is a “geometri-
sation” or “categorification” of topological recursion. Concretely, it is a general formalism
that constructs functorial assignments

Y+— Qy € E(X) (2.4.1)

for some functors E from the category of bordered surfaces to a suitable target category of
topological vector spaces. Geometric recursion proceeds by successive excisions of homotopy
classes of embedded pairs of pants on the surface X, and it produces mapping class group
invariant vectors Qy starting from some initial data (that correspond to X being a pair of pants
or a torus with one boundary) and some gluing data.

In the following, we will explain geometric recursion in the context of Teichmtller theory
and Mirzakhani’s recursion [Miro7a], which is the main source of inspiration for the theory
itself, and refer to [ABO17] for the general formalism. In Parts IT and III we will adapt such
formalism to a more combinatorial setting.

2.4.1 — HYPERBOLIC GEOMETRY AND TEICHMULLER SPACES

The following exposition is based on [FM11; FLP12].

DEFINITION 2.4.1. A bordered surface X is a smooth, compact, connected, oriented surface
with non-empty boundary and labelled boundary components 6,2, ..., d,Z. We assume X to
be stable, 1.e. its Euler characteristic is negative. If X is of genus g, we call (g, n) the type of X.
We use P (resp. T) to refer to bordered surfaces with the topology of a pair of pants (resp. of
a torus with one boundary component).

Notice that we assume bordered surface to be connected. In case we consider disconnected
bordered surfaces, we will assume each component to be stable, with non-empty boundary
and with labelled boundary components.

DEFINITION 2.4.2. Denote by Modsy, the mapping class group of %:
Mody = Diff*(Z)/Diff (%), (2.4.2)

where Diff " (2) is the group of orientation-preserving diffeomorphisms of the surface X and
Diff{(X) denotes its subgroup consisting of those diffeomorphisms isotopic to the identity.
The pure mapping class group Mod? is the subgroup of Mods consisting of mapping classes
which preserve the labellings of boundary components.

A particular example of mapping class is the Debn twist associated to a homotopy class of
simple closed curve y on X. To define it, fix a tubular neighbourhood of a representative
of y, together with a homeomorphism to the annulus S x [0,1]. A twist on the annulus
may be defined by sending (z,7) +— (exp(2nrit)z, ), which restricts to the identity on the
boundary circles where r = 0 and ¢ = 1. This defines a self-homeomorphism (mod boundary)
on the annulus. The corresponding Dehn twist on X is obtained by extending the self-
homeomorphism on the annulus to the identity outside the tubular neighbourhood, and
taking its class modulo Diffj(Z).

We can define now the Teichmiiller space associated to a bordered surface =, which parametrises
hyperbolic metrics on X up to isotopy.
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I T 0-0—F

Figure 2.4: A Dehn twist along y. The yellow curve is modified as shown.

DEFINITION 2.4.3. Let ¥ be a bordered surface. An hyperbolic marking on X is a pair (X, f)
where X is a hyperbolic surface with labelled geodesic boundaries and f: £ — X is an
orientation-preserving diffeomorphism respecting the labelling. Define the (hyperbolic)
Teichmiiller space as

Ts = { (X, f) ’ (X, f) is a hyperbolic marking on X } / ~ (2.4.3)

where (X, f) ~ (X’, f’) if and only if there exists an isometry ¢: X — X’ respecting the
labelling of the boundaries and such that ¢ o f is isotopic to f’. We denote points in 75 by
o = [X, f], and we call them hyperbolic structures on X. By considering hyperbolic lengths
of the labeled boundary components, we have a perimeter map p: 75 — RY and we set
T2(L) = p~(L), Le.

(2.4-4)

T3(L) = { (X, f) ‘ (X, f) is a hyperbolic marking on }/ N

with labelled geodesics boundaries of lengths L
for L € R”.

PROPOSITION 2.4.4. Let X be a bordered surface of type (g, n). The Teichmiiller space Tx(L) is
a real manifold of dimension 6g — 6 + 2n.

The pure mapping class group of X acts on the Teichmiiller spaces 75 (L) properly discontin-
uously, and the quotient My (L) is called the moduli space of hyperbolic structures on . It
only depends on the type (g, n) of the surface and on the boundary constraint L € R?, and it
is naturally homeomorphic to

(2.4.5)

Moo (L) = { ¥ ’ X is a hyperbolic surface of type (g, n) }/
g.n - ~

with labelled geodesics boundaries of lengths L

where X ~ X’ if and only if there exists an isometry from X to X’ preserving the labelling
of the boundary components. A non-trivial result, which is a consequence of the Riemann
uniformisation theorem, is that M, ,(L) is homeomorphic to the moduli space of curves
introduced in Section 2.1.

THEOREM 2.4.5. The space Mg (L) is a smooth real orbifold of dimension 6g—6+2n. Moreover,
forall L € RY, it is homeomorphic (as a smooth real orbifold) to the moduli space of curves:

Mgn(L) = Mg p. (2.4.6)

CURVES, LENGTH AND TWIST

For a fixed bordered surface X, we denote by
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Figure 2.5: Examples of a simple closed curve y (in purple), a multicurve ¢ (in green), and a
primitive multicurve ¢’ (in blue).

e Sy the set of homotopy classes of simple closed curves on X consisting of non boundary-
parallel (also called essential) curves,

® My the set of multicurves, i.e. homotopy classes of finite unions of pairwise disjoint
essential simple closed curves on X,

* M the set of primitive multicurves, i.e. those multicurves whose components are
pairwise non-homotopic.

From now on, curves are always considered up to homotopy. By convention N1y and 1715,
contain the empty multicurve, whereas Sy does not. See Figure 2.5 for some examples.

If ¥ is a bordered surface and y € Sx (or more generally in 171%), we can consider the closed
surface 2, defined as the result of cutting X along a chosen representative of y. The assump-
tions on y imply that every connected component of X, is stable. Among such connected
components, there is one containing d; Z. We label the boundaries of such surface by putting
the components of 9% first (in the order they appear in X), followed by those of y (in some
order). For the connected components of X, that do not contain d; %, we label the boundaries
by putting the components of y first (in some order), followed by those of 9% (in the order
they appear in X). In the following we specify the choice of order only in case it has an actual
relevance in the argument.

DEFINITION 2.4.6. Let X be a bordered surface. If o € 73(L) is a hyperbolic structure on =
and y is a simple closed curve, there is a unique shortest geodesic in the homotopy class of
y for each hyperbolic metric representing o, and we denote by ¢, (y) its hyperbolic length
(which does not depend on the choice of representative). The length of a multicurve is by
definition the sum of lengths of its components.

One of the main feature of simple closed curves is that they give a parametrisation of the entire
Teichmiiller space.

THEOREM 2.4.7 (See for instance [FLP12, Theorem 7.9]). Let us equip RS> with the product
topology. The hyperbolic length of simple closed curves gives a map

6. T5(L) — RS® (2.4.7)
which is a homeomorphism onto its image.

In other words, knowing the length of all simple closed curves is enough to reconstruct the
hyperbolic metric. However, something much stronger holds: if X is a bordered surface of
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Figure 2.6: The curves 6§ and 7 for %; of type (0,4) (on th left) and of type (1, 1) (on the right).
We omit the subscripts.

type (g, n), it suffices to know the hyperbolic length of only 9g — 9 + 3n curves to determine
the corresponding point of 75 (L). In order to choose such curves, we need to fix a seamed
pants decomposition of X.

DEFINITION 2.4.8. Given a bordered surface X of type (g, n), a seamed pants decomposition
consists of

* apants decomposition P = (y1,. .., ¥3g-3+n), that is a maximal collection of pairwise
non-homotopic, essential, simple closed curves, labelled by 1,...,3g — 3 + 1, and that
cut the surface into pairs of pants,

e acollection § of non-homotopic, essential simple closed curves or simple arcs connecting
boundary components of X, pairwise non-homotopic relative to the boundary, such that
the intersection of & with any of the pair of pants P in the decomposition specified by
# is a union of three disjoint arcs connecting the boundary components of P pairwise.

Given &, we can construct an § by first choosing three disjoint arcs on each pair of pants and
then matching up endpoints in any fashion.

Let X be of type (g, n) and fix a seamed pants decomposition (?, 8), with @ = (y1,...,¥3g-3+n)-
The union of the pair of pants in the decomposition that are adjacent to y; is a surface X; of
type (0,4) or (1,1). We choose @; € § crossing y; in X;, with the condition that, if Z; is of
type (1, 1), then @; does not intersect 9%;. We now define two other homotopy classes of
curves on Z; (see Figure 2.6).

e If 3, has type (0,4), we let 6; be the curve determined by a tubular neighbourhood of «;
union the boundary component it connects. If ¥; has type (1, 1), we let §; be the curve
a;.

® Let n; be the image of §; after a Dehn twist along ;.

In the (0, 4) case there are two possible choices of a; as above, but both choices give the same
(6ismi)-

THEOREM 2.4.9 ((9g — 9 + 3n)-theorem, see for instance [FM 11, Theorem 10.7]). Let £ be a
bordered surface of type (g,n) and (P, 8) a seamed pants decomposition. The map

Tz (L) — R, o+ (Co (7). €0 (8), Lo (1)) (2.4.8)

is continuous and injective.
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7 <0 7 >0

Figure 2.7: The sign convention for the twist parameter.

Although 75(L) injects into RYY™7**" the above map is not surjective. In order to construct a

homeomorphism, we use the idea that pairs of pants can be used as building blocks to create
surfaces with negative Euler characteristic.

Fix a seamed pants decomposition (2, §) on . We define the length parameters of a point
o € Tx(L) to be the tuple of positive real numbers

£(or) = (61(0), ... l3g-3en(0)), (2.4.9)

where ¢;(07) = € (y:). Notice that £(o) is sufficient to determine the hyperbolic structure on
each pair of pants, as 7p = R, where the isomorphism is given by the perimeter map.

To completely determine the hyperbolic metric, one need to take into account how pairs of
pants are glued together’s. We call the rwist parameters of a point o € 75 (L) the tuple of real
numbers

(o) = (11(0), ..., T3g-3+n(0)), (2.4.10)

defined as follows. To construct the twist parameter 7;, take a curve @ € § that meets ;.
Homotopic to @, relative to the boundary of X, is a unique length-minimising piecewise
geodesic curve which is entirely contained in the seams of the pairs of pants and the curves
Y1 - ¥Y3g-3+n (see [FLP12, Exposé 7] for a definition of pants’ seams). The twist parameter
7; 1s the signed distance that this curve travels along vy;, according to the sign convention of
Figure 2.7. It can be shown that the twist parameter is independent of the choice of curve
aed.

Despite the fact that length and twist parameters, collectively known as Fenchel-Nielsen
coordinates, depend on the choice of a seamed pants decomposition, we have the following
result.

THEOREM 2.4.10 (Fenchel-Nielsen coordinates). For seamed pants decomposition of £ and
any L € R, the map

T3 (L) — (R, x R)3973+ o— (E(0),7(0)) (2.4.11)
is a homeomorphism.

WEIL-PETERSSON GEOMETRY

By work of Goldman [Gol84], the space 75 (L) carries a natural symplectic form that is invariant
under the action of the pure mapping class group, called the Weil-Petersson symplectic form and

5 Citing Thurston’s book [Thug7], “to determine a point in Teichmiiller space we need to consider how many
times the leg of the pajama suit is twisted before it fits onto the baby’s foot”.
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denoted by wwp. In particular, it descends to a symplectic form on the moduli space M, (L),
that will be denoted with the same symbol. In [Miro7b], expanding on the fundamental work
of Wolpert [Wol85] for n = 0, Mirzakhani proves that the Weil-Petersson form extends as

a closed form to the moduli space of stable curves M, , and defines a cohomology class on
H*(Mg.p).

THEOREM 2.4.11 ([Wol8s; Miro7b]). Under the homeomorphism Mg (L) = Mg ,,, the Weil-
Petersson form extends as a closed form to M., and defines the cobomology class

1< —
o2k, + 3 Z L? Wi € HQ(Mg,n). (2.4.12)
i=1

39-3+n
. . w. . .
In particular, the Weil-Petersson measure duwyp = % makes M, (L) into a finite mea-

sure space. Its volume, called the Weil-Petersson volume, is then a homogeneous polynomial

in 272, L%, ..., L2 of degree 3g — 3 + n with rational coefficients storing intersection numbers
on M
WP @r2c)fo (M LS
Vgn (L) = / dpwrp = Z / Y l_[wl-’ Qk?k % (2.4.13)
Mg.n(L) koK1 k20 Y Moun 0" il i

In particular, any statement about the volume VX}) (L) yields a statement about the intersection
theory of exp(27%k1) on Mg,,,, and vice versa.

Another important feature of the Weil-Petersson form, proved by Wolpert [Wol85], is its
expression in Fenchel-Nielsen coordinates: lengths and twists are Darboux coordinates for
wyp. Geometrically, this implies that the Weil-Petersson symplectic structure is compatible
with cutting and gluing along simple closed curves.

THEOREM 2.4.12 (Wolpert formula [Wol85]). For a fixed seamed pants decomposition with
associated Fenchel-Nielsen coordinates ({;,7;)i=1,... 3g-3+n, the Weil-Petersson symplectic form
is given by

39-3+n
wWwp = Z dt; A dt;. (2.4.14)
i=1
2.4.2 — MIRZAKHANI-TYPE FORMULAE

MIRZAKHANI’S RECURSION

One of the main obstacles in the computation of Weil-Petersson volumes is the fact that
Fenchel-Nielsen coordinates do not behave well under the action of the mapping class group.
In [Miro7a], Mirzakhani was able to work around this issue by unfolding the volume integral.
Let us explain the argument for the simple case of M ;(L). Consider the space

Mi(L) = {(X,y) ! X € My 1(L), y asimple closed geodesic on X }, (2.4.15)
together with the projection 7: M} | — My 1. Consider the map £: Mj ;| — R, defined by
{(X,y) = tx(y). A simple argument shows that®

Mil(L)z{(f,T)eRerR‘Osé’s%}/~, (2.4.16)

6Beware that Mirzakhani [Miro7a] considers a different orbifold structure on My 1 (L), ignoring the elliptic
involution. Hence, our result for the Weil-Petersson volume differs from hers by a factor of 2.
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where we have set (£,0) ~ (¢, %). In particular, thanks to Wolpert’s formula, the pullback of
the Weil-Peterson measure reads n*dup = dfdr.

We can write now the constant function 1 (the integrand in the volume integral) using an
identity by McShane” [McS98]: for any X € My 1(L)

Z Few)), f) = %log (e_?L—iei) . (2.4.17)
7 (Y)=X ez +e

As a consequence, one can unfold the volume integral as

/Mm(m dﬂwp:/M >0 Few)) duwp

11(L) z(y)=x

_ / F((v)) dedr
M; (L)

[ /Oémm

1 o0
- /0 F(0) e,

(2.4.18)

from which one can easily get VWP(L) == +
In order to unfold the volume integral reqmred to calculate V"7 (L), Mirzakhani proved a

more general version of McShane’s identity.

THEOREM 2.4.13 (Mirzakhani identity [Miro7a)). Fix a bordered surface T with xs < 1. For
every L= (L1,...,L,) € R? and o € Tx(L),

Z D BM (L, L, £o (7)) + Z CM (L1, Cr (1), € (V) (2-4.19)

m=2 vy

where the first summation is over simple closed geodesics y which bound a pair of pants
with 012 and 0%, while the second summation is over ordered pairs (y,y’) of simple closed
geodesics which bound a pair of pants with &, X. Moreover, the functions BM : R3 — R, and
CM: R3 — R, are given by

BM(L, L’ €)—1——10

cosh(& )+cosh(L £y
(2.4.20)

(Cosh( 5) + cosh( L+€) )

o+’
M / +e 2
C"(L,¢t,0) == log( L, M,).
e

2 2

The main idea behind the proof is to consider, for each point p € 9, Z, the orthogeodesic «),
starting at p orthogonally to ;2. If we start at p and walk along «,, then one of the following
mutually excluding situations must arise (cf. Figure 2.8).

A) The geodesic @, never intersects itself or a boundary component.

Bn) The geodesic @), intersects 9,2 for some m € {2,...,n}, without intersecting itself.
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Figure 2.8: The orthogeodesic @), (in red) and some of its possible behaviour, together with the
simple closed curve(s) it determines (in green). On the left, the arc ), intersect the boundary
component 9, % (By,-type), and it determines a single simple closed curve y. In the two other
cases, @, intersect 01X and itself respectively (c-type), determining two simple closed curves

(r.7")-

c) The geodesic @), intersects 91X or it intersects itself.

Denote by 8 X the subset of 8, % for which the condition e € {a,Bs, - - ,B,,C} occurs. By a
result of Birman—Series [BS85], 81 4% is a measure zero subseset with respect to the curvilinear
measure i, induced by o on 8;Z. On the other hand, we can construct maps

homotopy classes of embedded pair of pants }

bm: 61,Bm2 — By = { with labelled boundary components (61, 9,2, y)
for a simple closed geodesic y

homotopy classes of embedded pair of pants } (2.4.21)

C: al’cz — Cy = { with labelled boundary components (812, y,y’)
for two simple closed geodesics y and y’

as follows (see Figure 2.8 again). Consider the union of 4%, the orthogeodesic ¢, from p to
the intersection point, and (in the B, case) 9,,Z. A sufficiently small neighbourhood of this
embedded graph is topologically a pair of pants. By taking geodesic representatives in the
homotopy classes of the boundary components, we obtain an embedded hyperbolic pair of
pants P, whose geodesic boundary is (61X, 8,2, y) in the B, case, and (91Z,7,y’) in the ¢
case. In the latter situation, we can label the boundary components of P by saying that y is the
one on the right-hand side of @, while y’ is one on the left-hand side of @,,. As a consequence
of the above discussion, we find that

n

_ 1 _
Li=pe@2)=) > uolby (P)+5 ) ol (P). (2.4.22)
m=2 Pe By PeCs
The factor 1/2 comes from the symmetric role of the curves y and y’.

Mirzakhani’s identity follows now from the following lemma, together with the identification
of By ,, with the set of simple geodesics y bounding a pair of pants with pair of pants with
01% and 9,2, and the identification of Cy, with the set of ordered pairs (y,y’) of simple closed
geodesics bounding a pair of pants with 9; 2.

LEMMA 2.4.14. The functions defined in Equation (2.4.20) have the following geometric mean-
ing.

7More precisely, McShane discovered such identity in the case L = 0, i.e. on the moduli space of complete
hyperbolic structures on the once-punctured torus. The identity for general L € R, is due to Mirzakhani.
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® If P € By bounds a simple closed curve y with 01X and 0,,%, then
:u(f(br_nl(P)) :Ll BM(LI’Lm’KO'(’y)) (2'4'23)
o [f P € Cs bounds two simple closed curves y and y' with 1%, then

po(cH(P)) = L1 - CM (L1, b5 (7), €5 (¥))). (2.4.24)

Remark 2.4.15. Notice that that above computation is “local” in the sense that it depends
only on the geometry of P and not on the geometry of the entire surface. Hence, it can be
done via hyperbolic trigonometry. Moreover, the function BM can be alternatively interpreted
as follows. Fix an embedded pair of pants P € By ,,, and take a point p € &% at random
uniformly with respect to the hyperbolic line element. The probability that the orthogeodesic
@, defines an embedded pair of pants given by P is equal to BM (L1, Ly, {5 (y)). Similarly for
P € Cs. Mirzakhant’s identity simply states that such events are disjoint and exhaustive.

One can now apply the unfolding argument presented before to Mirzkhani’s identity, obtaining
a recursion formula for the Weil-Petersson volumes.

THEOREM 2.4.16 (Mirzakhani’s recursion [Miro7a]). The Weil-Petersson volumes are uniquely
determined by the following recursion on 29 —2+n > 1

Vol (Ly, ..., Ly) =

n
:Z/ BM(Ly, Ly O) V)oY (€. Lo .. Lyp, ... Ly) £dt
m=2 R

1 ) ,
+ 5‘/|Rlz CM(L17€’€ )(V;)lej’n+2(€,f ,L27. ’L}’L)

¥

WP WP ’ ’ ’
o VY G Ly) VYR (€ L) |eededt

(2.4.25)
with the conventions VSWIP = V(}WQP =0, and the base cases
L?> n?
—+

WP WP
Vog (L1, Lo, L3) =1 and Viq (L) = TRETE

(2.4.26)
One can immediately recognise in Mirzakhani’s recursion the same structure of the topological
recursion formula, introduced in Section 2.3. This is not a coincidence, as shown by Eynard—
Orantin and briefly explained in Example 2.3.10.

PROPOSITION 2.4.17 ((EOo7b)). Consider the spectral curve given by C = Pt and

2 .
x(z) = % y(z) = ——Sm;inz),

dz1dza
(z1 —z2)%

The associated multidifferentials are the Laplace transform of the Weil-Petersson volumes:

B(z1,22) = (2.4.27)

n
a)g,n(zl, ey Zn) = dl ce dn / Vg\),(;P(Ll, ey Ln) l_l e_ZiLiLidL[‘ (2.4.28)
RY i=1

+
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(g.n) | VIR(L)

0,3) |1
(0,4) | $m(qy + 27>
(0,5) 1WZ(2) + 1m(12) +37T2ri1(1) + 1071'4

2447r

(0, 6) 48m(3) + 16m(2 1) + m(13) + —m(g) +671' m(12) +2671' m(1) +

5
(0.7) | zggm(a) + 27m(3.1) + 33m(22) + Bm(2,12) + m(14) + S ms) + 135 ma 1)
9107r 27588
3

+ 15n2m(13) + 20ﬂ4m(2) +807r4m(12) + m(1y +

L) | fmay + %

(1,2) 1%2'"(2) + 916’"(12) + ’IS’"m + 5

(L.3) | T5am(3) + Wam@1) + 95m(13) + Zrmy + —m<12> + 55 m<1> + 122
(1.4 ﬁmu) + %sm@ n+ ﬁm@% * %m@ 1)+ drmas) + Bem)

417% 177% 18776 52978
+12m(2 1+ ’"(13)Jr m(2)+ T2 m(12)+ 36 M)t 736

1 9r2 9t 96 2978
(2.1 | 122358 (4) * _4_1382 oMm3) + _4_230 oM t 2880 m(y + oz
1 1 29 1172 2972 7
(2,2) | 1223680 (5) * 292912 (4,1) + 22TT840(3.,2) T 276480 (4) + 91207 (3,1) + 7680/ (22)

1974 18174 55176 70 108578 787710
+ 7680 (3) ¥ 11520 ™(2,1) t 8640 ™ (2) t 3¢ M (12) ¥ T1728 M(1) * T 480

1 77 3781714 4720975 12718978
(3.1 —53508833280m(7) * 9555148800/ (6) T 2786918400 " (5) + 718037760 ™(4) * 26127360 " (3)
4 8983379x10 - 8 976977r12 + 9292841714
_7—8 091200 ""*(2) 9331200 (1) 4082400

Table 2.3: A list of Weil-Petersson polynomials VY (L) for low values of 29 — 2 +n computed
via the topological recursion formula Equation (2.4.25). Here m, is the monomial symmetric
polynomial associated to the partition A, evaluated at L?, ..., L2.

An immediate consequence of Mirzakhani’s result is a recursion for the following intersection

numbers i N
3g-3+n—|k ’
[Ty - The g = / Ky’ i nw,k > |k| = Zki. (2.4.29)
i=1 i=1

Mgy.n

More precisely, one can compute the quantum Airy structure associated to the above spectral
curve, and the recursion for the quantum Airy structure correlators Fy.,, ., can be easily
recast into a recursion for [7y, - - - 7k, ]4. Moreover, taking the top coefficients of the Weil—
Petersson polynomialsin L?, ..., L2 leads to a recursion for the y/-classes intersection numbers
(Tky *** Tk, ) 4> namely the Witten—Kontsevich recursion equation (2.1.19). In Chapter 6 we
will present a geometric interpretation of such fact.

GEOMETRIC RECURSION AND MULTICURVE COUNT

In [ABO17], Andersen-Borot—Orantin generalised Mirzakhani’s argument, defining a general
framework to recursively construct mapping class group invariant functions by excision of
embedded pairs of pants. We begin by reviewing such framework, called geometric recursion,
in a simplified form.

Let us introduce the category B as follows.

® Objects: bordered surfaces, possibly disconnected. By convention, we include the
empty surface in By.
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e Morphisms: isotopy classes of diffeomorphisms relatively to the boundary which
preserve the first boundary component but are allowed to permute the labellings of the
other boundary components. If the surface is disconnected, the morphism preserves the
first boundary component of each connected component of the surface.

Geometric recursion starts with a functor E from B; to the category TVectr of topological
vector spaces and aims at constructing E-valued functorial assignments

X+ Qy € E(X). (2.4.30)

For this purpose, E must come with extra functorial data that satisfy a number of axioms,
subsumed in the notion of target theory. Instead of repeating the fully general definition of
target theories and associated geometric recursion [ABO17], we shall describe in concrete
terms the geometric recursion for the functor E used in the present section, namely the
spaces Mes(7z) of C-valued measurable functions on the Teichmiiller space of X (cf. [ABO17,
Sections 7-10]). A similar example will be developed in Part IT. Most results of this section
still hold true after replacing “measurable” by “continuous”.

DEFINITION 2.4.18. Geometric recursion initial data consist of a quadruple (A, B, C, D) where

* A, B, C are measurable functions on 7p = R3,

® Disanassignment T +— D7 € Mes(77), for each T torus with one boundary component,
satisfying the following axioms.
® A(Ly, Ly, L3) = A(L1, L3, Lo) and C(Ly, Lo, L3) = C(Ly, L3, Ly).

® The assignment T — Dr is functorial, and in particular D7 is a mapping class group
invariant function. We also denote by D the induced function on My 1(L).

DEFINITION 2.4.19. We recursively construct an assignment X — Qs € Mes(7z) as follows.
We let R
Qy=1, Qp(o) = A(ZO-(GP)), Qr =Dr, (2.4.31)

where £, (9P) is the ordered triple of hyperbolic lengths of the boundary components of P.
For disconnected surfaces we set

k
Qs iz, (01, ..., 0%) = 1_[ Qs (07). (2.4.32)
i=1

For connected surfaces with Euler characteristic ys < -1, we define Qy inductively on ys by
geometric recursion:

n

Qs()= > > B(Ea(ap))QE—P(0'|2—P)+% > Cllr(9P) Qs_p(ols-p). (2.433)

m=2 P& By PeCs

Here By, and Cy are the sets of homotopy classes of embedded pairs of pants bounding
91X introduced in Equation (2.4.21) and appearing in Mirzakhani’s recursion. We choose as
representative of P the embedding as a pair of pants with geodesic boundaries, so that the
restriction of o to £ — P makes it a hyperbolic surface with geodesic boundaries. Moreover, to
define the labelling of the boundary components of £ — P, we say that the (labelled) boundary
components of P that appear in £ — P are put first, followed by the (labelled) boundary
components of X that appear in X — P.
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The sum (2.4.33) has countably many terms and therefore its convergence should be discussed.
Denote by 7;6) C Jx the e-thick part of the Teichmiiller space, i.e. the set of o~ € 73, such that
{s(y) = € for any simple closed curve y (including boundary components).

DEFINITION 2.4.20. We say that the initial data (A, B, C, D) are admissible if for any € > 0
there exists ¢ > 0 such that, for all s > 0, there exists M, ; > 0 for which

|A(L17L2a L3)|

Sup t S ME,09

Li,La,L3>€ ((1 + Ll)(l + LQ)(I + L3))
B(L, L' O (L+[0-L-L"].)* _

p
L,L' t>€ ((1+L)(1+L;))l
IC(L, 6, )| (A + [+ - L], (2.4-34)
L,t,tl'>€ (]_ +L)t = Me,s»
|Dr (o)

sup —————— <

serte (1+€o(9T))

€,0-

Here [x]+ = max {x,0}.

At first sight, the above bounds might seem unreasonable, but they come from the proof’s
strategy of [ABO17] to estimate geometric recursion amplitudes. They implements a decay
faster that inverse power laws in € and ¢’ (playing the role of the cutting curves) which only
take place for ¢ much bigger than the boundary lengths L. Moreover, they implement an
at most polynomial growth in the boundary lengths L. Then the basic idea is to split the
geometric recursion sum into contributions from “small pairs of pants”, which are in a finite
number, and big pairs of pants, which grow polynomially. The above bounds fit together with
the geometric estimates for the number of pairs of pants, and are proved to be sufficient for
the absolute convergence of Qs (o). We will implement the same idea in Theorem 5.1.4 to
prove absolute convergence of geometric recursion amplitudes in the combinatorial setting.

THEOREM 2.4.21 ([ABO17, Corollary 8.3]). If (A, B,C, D) are admissible initial data, then
for any bordered surface %:

o the series (2.4.33) converges absolutely and uniformly on any compact of Ts,

e X Qy € Mes(Tx) is a well-defined functorial assignment (in particular, Qs is a pure
mapping class group invariant measurable function),

o there exists u > 0, depending only on the topological type of %, such that for any € > 0
we have

sip [Qs(0)| <Ke || (1+6o()" (2.435)
e be o (d%)

for some constant K depending only on € and the topological type of X.

The above theorem assures that admissible initial data produce pure mapping class group
invariant measurable functions that descends to the moduli space M, (L), denoted Qg ,,.
Such moduli space is naturally endowed with the Weil-Petersson measure uwp, and it is
natural to ask whether functions produced by geometric recursion are integrable. In fact, it is
important to note that pyp is compatible with cutting along simple closed curves, as expressed
by Wolpert’s formula. As a consequence of this fact, integration of functions obtained by
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geometric recursion against uyp over the moduli space with fixed boundary lengths produces
functions on R} that also satisfy a recursion on the Euler characteristic of the same nature. In
order to guarantee integrability we are going to introduce stronger assumptions on the initial
data. We are also going to denote by

(L) = /M L (2.4.36)

the average over the moduli space of any integrable function f on (Mg (L), trwp)-

DEFINITION 2.4.22. Theinitial data (A, B, C, D) are called strongly admissible if there existsn €
[0,2) and # > Osuch that, forany s > 0, there exists My > Osuch thatforany Ly, Lo, L3, ¢, £’ > 0

|A(L1, Lo, L3)| < Mo ((1+L1)(1+ Lo)(1 + L))",
M, (1+L)(1+ L")
11+ 6= (L+L)])° (2.4.37)
Mg (1+ L)
(e (L+ e+ - L)Y

|B(L,L’,¢)| <

IC(L,¢,0")] <
and D is integrable on M; 1(L1) and satisfies

(DY(L)| = ’/M " D dpuwp| < Mo (1+L)". (2.4.38)

THEOREM 2.4.23 (TR from GR [ABO17, Theorem 8.8]). Let (A, B, C, D) be strongly admis-
sible initial data and Qs be the resulting functions. Then, Q, ,, is integrable against pyp on
Mg n(L) for any L € RY, and the integrals satisfy the following recursion on2g —2+n > 1

(Qgn)(L1,...,Ly) =

n
:Z/ B(L1, Ly, €) (Qqn-1)(L, Lo ... Ly, ..., L) €d€
m=2 R,

1 ’ ’
+§/2 C(L17£’£ ) <Qg—1,n+2>(£’€ ’LQ"--’LH)
R2

0 AQuaan )6 L) Q1) (€, L) [ dtat

g1+g92=9g
Ill_IIQZ{Q ..... n}
(2.4-39)
with the conventions (Qo.1)= (Qo.2) = 0, and the base cases

(Qo,3)(L1, L2, L3) = A(L1, L2, L3) and (€1,1)(L) =(D)(L). (2.4.40)

In many applications, it is natural to induce the initial datum D from the function C. Geomet-
rically, it means that the one-holed torus amplitude can be inferred by self-gluing a pair of
pants.
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LEMMA 2.4.24. If we are only given (A, B, C) satisfying the conditions in Definition 2.4.20, the
series

Dr(0) = Y C(tr (7).l (), Lo (7)) (2-4-41)

’yGST
converges absolutely on any compact of Tr to a Modr-invariant function, and (A, B,C, D) are
admissible initial data. Furthermore, if (A, B, C) satisfy the conditions in Definition 2.4.22,
where in the bound for C one assumes 0 < n < 1, then (A, B, C, D) are strongly admissible and

(D)(L) = %/{R{ C(L,¢,0)tde. (2.4.42)

In the last statement, the stronger condition n < 1 for C (instead of n < 2) guarantees that
¢+ (C(L,(,?) is integrable near 0.

We can now reformulate Mirzakhani’s identity by saying that the constant function 1 can be
obtained from geometric recursion.

THEOREM 2.4.2§ (Mirzakhani identity revisited). The following initial data
AM(Ly, Ly, Ls), = 1

BM(L,L’ 5)_1——10

cosh(& )+cosh(" £y

(cosh( 5) + cosh( L+[) )
(2.4-43)

€+[’
cM(L.t.t)) == log —.
e 2+e 2
are strongly admissible, and lead by geometric recursion to Qs (o) = 1 for any T and o € Ts.
In other words, for any bordered surface T with ys < —1 and any o € Ts, we have

=3y BY (0P 45 Y CM(E(aP)). (2.4-44)

m=2 P€Bs PGCZ

Moreover, for a torus T with one boundary component and any o € Tr, we have
L= > CM(te(0T), tr(7), Lo (7)) (2:4-45)
’yEcS)T
A generalised Mirzakhani identity was obtained by Andersen-Borot—Orantin, which allows

the computation of statistics of lengths of primitive multicurves via geometric recursion.

THEOREM 2.4.26 (Hyperbolic length statistics of multicurves [ABO17, Theorem 10.1]). Let
(A, B,C, D) be admissible initial data and denote by Qs the associated geometric recursion
amplitudes. Let f: R, — C be a measurable function such that for any € > 0 and s > 0, there
exists My, ¢ such that

sup |f(€)| r < Ms,e- (2446)

>€

Then, the following initial data twisted by f are admissible:
A[fI(L1, Ly, L3) = A(L1, L, L),
B[fI(L,L",¢) =B(L,L",t) + A(L,L",¢) f(£),
CIfI(L, ¢, ") =C(L, ¢, ")+ B(L,t, ") f(€) + B(L,l',¢) f(£')+ A(L, ¢, ") f(£) f(L'),
Dr[f](o) = Dr(o) + Z A(le(0T), L5 (7). € (1)) £ (L (V).

YEST
(2.4-47)



2. Prerequisites

>
o 2D 092
' . 1 o 8 2
2

Figure 2.9: A primitive multicurve and the associated stable graph.

Denote by Qs [ f] the corresponding geometric recursion amplitudes. If for all %, Qs is invariant
under all braidings of boundary components of Z, then Qs [ f] is given by the length statistics
of primitive multicurves Ny, weighted by f:

Qslfl()= ) @ (ols) [| fEat). (2-4.48)

cellg, yeng(c)

Here X is the bordered surface obtained by cutting 3 along c (the choice of the first boundary
component is irrelevant due to the assumed invariance).

Remark 2.4.27. A useful version of the above result can be stated for length statistics of
multicurves (not only primitive ones). Consider F: Ry - D ={z € C | |z| <1} ameasurable
function with values in the unit disk, such that

F(x)

1——F(x) (2-4-49)

Flx)= > F* =

k>1

satisfies the conditions of Theorem 2.4.26. Then the geometric recursion amplitudes Qx [ f]
associated to the initial data (2.4.47) are given by the length statistics of multicurves 1M1y
weighted by F:

Qs[flo) = Y Qs.(ols) []| Fllo)). (2.4.50)

cely, yeng(c)

We can now integrate the amplitudes Qs [ f] over the moduli space with respect to pyp, and the
result can be calculated in two ways: by the topological recursion, and by direct integration.
To express the latter, we notice that the quotient of the set of primitive multicurve by the pure
mapping class group is in natural bijection with the set of stable graphs (cf. Definition 2.1.7):

gg,n = mlz/MOda, (2.4.51)

where X is a bordered surface of type (g, n). More precisely, a stable graph T" encodes the class
of a primitive multicurve ¢ in the following way: vertices v € V- correspond to connected
components of X, and the genera of the components is recorded in a function g: Vr — Z5¢
which is part of the data of T'; edges e € Er correspond to the components of ¢; leaves A € A
correspond to boundary components of the surface. See Figure 2.9 for an example. Finally,
the automorphism group of I is identified with that of the multicurve c.

COROLLARY 2.4.28. Assume that (A, B,C, D) are strongly admissible initial data with Qs
invariant under all braidings of boundary components of X and f is a measurable function for
which there exists n € [0,2) such that suppq | f(€)| €7 < +o0. Then (A[f], B[f1,C[f], D[f])
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are strongly admissible and (Qq | f1) satisfy the topological recursion (2.4.39) with these initial
data. Besides, they are given by the following sum over stable graphs:

(QgnlfD(L1,.... Ly) =
) Z |AUt(F)| / l—l (Qg(0)n () ((Le)ecE () (La)aenw) n f(L,) C.de,.

TeGyn veEVr ecEr
(2.4.52)

In Part I1I we will exploit the above results to compute the multicurve counting function, as
well as its asymptotics, studied by Mirzakhani in [Miro8b].

RELATION TO QUANTUM AIRY STRUCTURE AND EYNARD—ORANTIN FORMALISM

Let¢: Ry —» Rand ¢: R, X R, — R be measurable functions. The operators

15?[¢](L,L')=/R B(L,L',0) ¢(0) £ de, é[;y](L):/RQ C(L, 6,0y (L, 0) el dtat’

(2-4-53)
play an essential role in the topological recursion of Theorem 2.4.23 obtained from the
integration of geometric recursion amplitudes. It turns out that for most of the natural initial
data, the associated operators B and C preserve, respectively, the space of polynomials in one
and two variables that are even (we call them even polynomials). Since in most examples the
base cases (g,n) = (0, 3) and (1, 1) are even polynomials in the length variables, it implies that
all topological recursion amplitudes are even polynomials.

DEFINITION 2.4.29. We say that initial data (A, B, C, D) are polynomial if (B, C) are such that
the operators B and C preserve the spaces of even polynomials and A and (D) are themselves
even polynomials.

For polynomial initial data, it is sometimes more efficient for computations to decompose
(Qg.n) on a basis of monomials and write the action of B and C on these monomials. For

instance, let eX(L) = @%—ikl), and decompose the initial data A, (D) and operators B, C as

ALy, Lo, L) = > A jre'(Ly)el (La)e* (L),

i,j,k>0
(L, L) = Z Bf e'(L)e/ (L),
hZ0 (2.4.54)
Cle/ @ef|(L) = Y cl* el (L),
i>0
(DY(L) = )" Drek(L).

k>0

Them, writing the topological recursion formula for (g ,,) gives the Kontsevich-Soibelman
recursion for its expansion coefficients.

PROPOSITION 2.4.30. The tensors (A, B,C, D) defined by Equation (2.4.54) form a quantum
Airy structure on the free vector space spanned by I = N. Moreover, the expansion coefficients of
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the topological recursion amplitudes (Qq ) in the basis (e¥)xs0 are the quantum Airy structure
correlators associated to (A, B,C, D):

<Qg,n>(Lla cees Ln) = Z Fy;k1 ..... kn 1_[ eki (Li), (2.4.55)

We can also give a correspondence between the twisting operations geometric recursion initial
data (Theorem 2.4.26 and Corollary 2.4.28) and quantum Airy strictures (Proposition 2.3.23).
Indeed, the twisting of geometric recursion initial data preserves polynomiality, as the decaying
condition supy.q | f(€)| €7 < +oco guarantees that all moments of the test function f exist.
Setting

b €2a+2b+1
@b = 4.56
" /R @a+Dipr 1) O (2456
we obtain that the quantum Airy structure corresponding to the twisted geometric recursion
initial data (A[f], B[f], C[f], D[f]) coincide with the quantum Airy structure (A, B, C, D)
twisted by (u%?).

Schematically, the relation between geometric and topological recursion and quantum Airy
structures can be pictured as follows.

twist by f
POLYNOMIAL
GR GR AMPLITUDES / Myn(L) TR AMPLITUDES
GR INITIAL DATA — ——

(A B.C D) QZ(O—) <Qg,n>(Lla---,Ln)
expansions expansion
(2.4-54) (2.4-55)
QAS INITIAL DATA . QAS CORRELATORS
(A,B,C,D) KS-TR f Fyan,....an
twist by u
(2.4.56)

Remark 2.4.31. Sometimes it is useful to expand the polynomials (Q, ,) on a different basis.
For instance, expanding the Weil-Petersson polynomials in the basis ek (L) = (zi—ikw we obtain
the coefficients

n
2 .
Fok..... kn:/ " Kll |(2ki+1)”lﬂf', (2.4.57)

Mg.n i=1

while expanding in the basis 8K (L) = (QLTZ;, gives

n
. ) A
Foky.k = / et | |¢’fl- (2.4.58)
M :
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2.§ — FERMION FORMALISM AND INTEGRABLE HIERARCHIES

In this section we introduce the fermionic formalism, also known as semi-infinite wedge
formalism, as well as its connection with integrable hierarchies of Kadomtsev—Petviashvili
(KP) type. We refer the reader to [MJDoo] for a complete exposition. Nowadays, it is a
standard tool in Hurwitz theory (see for instance [OPo6]) and it can be generalised in different
directions, as we will see in Part IV. The notation here is taken from [M]JDoo], and the reader
should be aware that different sources in the literature have different sign conventions.

2.5.1 — FERMIONS AND THEIR FOCK REPRESENTATION

DEFINITION 2.5.1. Let (V, (+,-)) be a (possibly infinite-dimensional) inner-product space. The
Clifford algebra CL(V, (-, -)) is the free algebra on V (including the empty word, which is the
unit of the free algebra) modulo the relations

{v,w} = 2(v, w) forallv,w e V. (2.5.1)
There is a canonical embedding V < C((V, (-, -)), and we identify V with its image.

EXAMPLE 2.5.2. For V¢ a d-dimensional C-vector space with basis (¢1, . ..£&4) and Euclidean
inner product (&;,&;) = 6; j, the associated Clifford algebra is denoted by Cl, = CC(V4, (-,-)).

DEFINITION 2.5.3. Let ¢/ be the infinite-dimensional complex vector space with basis ¢ and
!, for s € Z' = Z + § half-integers. Consider the bilinear form

Or+s

W) = =32 W) = W1 9) =0, (25:2)

and define the space of (charged) fermions as A = CL(V, (-, )). It has canonical anticommuta-
tion relations (CAR) given by

{wr’lﬁ:} = Orss, {Yr.¥st = {Wl,lﬁ;} =0. (2:5-3)
We define the charge C and energy E of a fermion through the following table

Fermions ¢y !

Charge (C) 1 -1
Energy (E) —-s -—s

and extend it to monomials in ¢ and ¢ as the sum of the charges and energies of their factors.

DEFINITION 2.5.4. Consider the subspace £ of ¥ generated by ¢ and ¢! for s < 0 (the
positive energy fermions), which is maximal isotropic for (¢, (-, -)). Define the (fermionic)
Fock space as the unique highest-weight left module of A:

F=A/(A-L) (2.5.4)

We write |0) for the class of 1, also called the vacuum.

With the dual construction, i.e. considering the unique highest-weight right module, we define
the dual Fock space &* and the covacuum (0|. In particular, we have a pairing F* x F — C
denoted by

(wln) = (], m)). (2.5.5)

62



2. Prerequisites

O O @ @6 O O 0 0 o
.9 _7 _5 _3 _1 1 3 5 7 9
2 T3 T T3 T3 3 2 2 3 3
Figure 2.10: The Maya diagram corresponding to [t) = |-3, —%, %, %, %, %, SO

Moreover, for any O € A we can define its vacuum expectation value (O) as (0|0|0). Since
the (right) action of A on the dual Fock space is the adjoint of the (left) action on the Fock
space, there is no ambiguity in the notation.

The vacuum expectation value of a quadratic expression in the fermions is given by

Wrrs) = Wiwly =0, Wl) = Srasbrs0. (2.5.6)

Remark 2.5.5. A basis for & is given by the vectors

Ure o Y, 0, 10) (2.5.7)

forr; <---<rp<0ands; <--- <s, <0. In other words, negatively charged fermions with
decreasing positive energy acting on the vacuum, followed by positively charged fermions
with decreasing positive energy.

DEFINITION 2.5.6. Define the charge and energy on the Fock space by setting

C(10y) =0, E(]0)) =0,
3 B (2.5.8)
C(A0)) = C(A), E(A0)) = E(A),

for any A|0) # 0 in the form of Equation (2.5.7). Define & to be the subspace spanned by
vectors of charge € and energy d:

d + <---<rp<0ands; <---<s, <0,
¢ = o, 0,0, 00 |7 S )

and define the charge ¢ subspace as F = P ., 7

The Fock space can alternatively realised as the space spanned by Maya diagrams, or as the
space spanned by semi-infinite wedges.

MAYA DIAGRAMS AND SEMI-INFINITE WEDGES

Consider a Maya diagram, that is a diagram made up of white and black stones, lined up along
the real line and with positions indexed by half-integers s € Z’. We require that far away on
the right (i.e. s > 0) all the stones are black, and far away on the left (i.e. s < 0) all the stones
are white (see Figure 2.10). A Maya diagram is determined by a sequence of half-integers
t = (1;)i>0 1n increasing order #1 < r2 < - - -, corresponding to the position of the black stones.
In particular, we have 7,41 = 7; + 1 for i > 0. For any sequence satisfying such property, we
denote by |t) the associated Maya diagram.
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DEFINITION 2.5.7. Define the space of Maya diagrams as the vector space spanned by Maya
diagrams. We have a left action of the space of fermions, defined by

(=D tic, tis, ..y if t; = —s for some i > 0,

S |t) = 2.§.1I0
Vs 1) 0 otherwise, (2:5.10)
D)ty S b1, it <s<t;+11f i > 0,
oIty = (-1 is 8y tivt, ...y 1t s <t or some (2.5.17)
0 otherwise.

We can then interpret i as creating a white stone at —s (or equivalently, annihilating a black
stone there), while ¢/ creates a black stone at .

With this picture, it is clear that the space of Maya diagrams corresponds to the Fock space of
Definition 2.5.4. Moreover, the vacuum state corresponds to the Maya diagram |3, 3,3, ...),
that is the Maya diagrams with only black stones on the right (s > 0) and white stones on the

left (s < 0).

Remark 2.5.8. The above description can also be interpreted in terms of elementary particle
physics, thinking of black stones as (charged) fermionic particles and white stones as their
antiparticles. Thus, the vacuum corresponds to the Dirac sea and ¢/, | are fermionic creation
operators for s < 0 and annihilation operators for s > 0. Moreover, the charge of a Maya
diagram is equal to the number of particles minus the number of antiparticles.

With this notation, we can define a basis of the charge zero Fock space: for any partition
u=(u1,...,un) + d, define the vector

|y):|,ul+%,,ug+%,...>, (2.5.12)

and we have the decomposition & = P .y P
to the empty partition.

ura € 11). Notice that the vacuum corresponds

It will also be useful to define a distinguished vector for non-zero charges: the charge £ vacuum

|€) is defined as
|€):f%—€,%—{’,...>€‘&g. (2.5.13)

A second representation of the Fock space is through semi-infinite wedges.

DEFINITION 2.5.9. Let V be the vector space spanned by the elements (e5)se7,. Define the
semi-infinite wedge space as the vector space spanned by semi-infinite wedges on V, that is
wedge products of the form

e, New N-ve (2.5.14)

for any increasing sequence t = (;);>0 of half-integers satisfying 7;,1 = #; + 1 for i > 0. We
have a left action of the space of fermions, defined through exterior and interior products:

s = e_sA, wl=ell. (2.5.15)
Here e is the vector dual to e;.

With this picture, it is clear that the space of semi-infinite wedges corresponds to the Fock
space of Definition 2.5.4. Moreover, the vacuum state corresponds to the semi-infinite wedge
eyjpNesgpp Nesia A
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SAaTO GRASSMANNIAN AND PLUCKER RELATIONS

DEFINITION 2.5.10. Define the bi-infinite general linear algebra gl(co) as the vector space of
band matrices (a, ), sez, thatis, a, s is non-zero only for finitely many possible values of
r — s, together with the commutator bracket.

Most of the computation in gl(c0) can be expressed in terms of the standard “basis” given by
the elements { E, 5 | r, s € Z' } such that (E, s)u.o = 6,405, and their commutation relation is
given by

[Er,s’ Eu,v] = 6S,MEV,U - 6r,vEu,s- (2516)

More precisely, every element of gl(c0) can be expressed as 3., ¢ a, sE,  with a, s non-zero
only for finitely many possible values of r — s.

PROPOSITION 2.5.11. There is a representation of the central extension gl(co) = gl(c0) & C o
the space of fermions A, defined on the central factor by 1 +— 1 and on gl(co) by

Er,s i Er,s = :l;b—rw:: s (2'5'17)

where Wbl = Wbl — (Wl is the normal ordered product. Moreover, the commutation
relation between basis elements given by

[Er,s, Eu,v] = ds',uEr,v - 6r,vEu,s + 5s,u(5r,v(6s>0 - 6v>0)- (2-5-18)
EXAMPLE 2.5.12. Examples of elements in gl(co) are given as follows.

e For any m € Z,, we have the diagonal operators

Fn = Z smEAs,s. (2.5.19)

seZ’

Notice that Fj acts as multiplication by the charge, and thus we call it the charge operator.

Likewise, 77 acts as multiplication by the energy, and thus we call it the energy operator.

Form > 1, the operators %, are also called (fermionic) completed cut-and-join operators®.

e Forany n € Z, we have the elements

Jn = Z Es—n,s’ (2.5.20)

seZ’

also called currents. They form a Lie subalgebra of gl(co), called the Heisenberg algebra,
and they satisty the canonical commutation relation (CCR):

[Jim> In] = MOmn- (2.5.21)
We also define the generating series J(t) = Y.,,50 tnJn, that will play an important role in

the boson-fermion correspondence of Subsection 2.5.1. In the literature, they are also
denoted with the symbols @, or H,, and called “bosons” or “Hamiltonians”.

81n the literature, there is a different normalisation which defines %, as % Yoz SMEs 5.
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* A better way to pack both completed cut-and-join and current operators is through the
Okounkov—Pandharipande operators [OPo6, Section 2]: for any n € Z, set

ny A 0
En(z) = TRy ¢(z) = 2sinh (%) . 2.5.22
n Sé/ s=n,s s(2) (2) (2.5.22)

They satisty the commutation relations

[8m(z)98n(w)] =g (det[ 7 §]) Eman(z +w). (2-5-23)

Notice that ,,(0) = J,, for n # 0. In particular, taking the limit z, w — 0, we recover the
CCRs of Equation (2.5.21). Moreover, Ey(z) is the generating series of the completed
cut-and-join operators, “corrected” in degree zero:

Eo(z) = Z‘B %zm + % (2.5.24)

We can upgrade the action of the Lie algebra gl(co) to that of a group by setting
GL(0) = { X1+ XM | N eN, X; € gl(e0) | (2.5.25)

The action of an element of this group is defined by expanding the exponentials, which is
well-defined since only finitely many monomials in the X;’s have a non-vanishing action.

DEFINITION 2.5.13. Define the (big cell of the) Sato Grassmannian as the GL(c0)-orbit of the
vacuum vector |0) in the projectivisation of the Fock space:

GL(o0) - |0) € Py. (2.5.26)

Remark 2.5.14. In the semi-infinite wedge formalism of Definition 2.5.9, we can alternatively
realise the Sato Grassmannian as follows. Let V be the vector space spanned by the elements
(es)sez’» and V, the subspace spanned by (es)s>0. Then, we have that the Sato Grassmannian
is given by

Gr(V)={wcv | mw: W — V, is an isomorphism } (2.5.27)
where 7w is the projection of W to V,. Recall that the Fock space is the semi-infinite wedge
product on V. We then have the Pliicker embedding

Gr(V) = Po, (2.5.28)

defined as W — 7y} (e12) Ay} (e3/2) A=+ -

As in the final-dimensional case, elements of the Grassmannian can be characterised by
quadratic relations, which can be compactly written in terms of fermions’ generating series

Y(z) = Z ez, vi(z) = Z %”ZZ_S_%, (2.5.29)
seZ’ seZ’

THEOREM 2.5.15 (Pliicker relations). An element |w) € Py belongs to the Sato Grassmannian
if and only if it satisfies the following quadratic relations, also called the Pliicker relations:

Res 4 (2) lw) ® v’ (2) lw) dz =0. (2.5.30)

The remaining part of this section is devoted to the description of the Sato Grassmannian in
terms of bosons. To this end, we first review some basics facts about symmetric functions and
refer to [McDg8] for further readings.
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SYMMETRIC FUNCTIONS
DEFINITION 2.5.16. Let A be the algebra of symmetric functions (or bosonic Fock space):
A—lu_nC[xl,...,xn] , (2.5.31)
n
where &, acts by permuting the variables and the inverse limit is taken with respect to the

restriction maps P(x1, ..., Xu, Xp41) > P(x1,...,%5,,0).

There are three important bases on A, that we now recall. Consider three families of symmetric
polynomials first, called elementary symmetric polynomials ex, complete homogeneous
symmetric polynomials /i, and power-sum symmetric polynomials pg:

ek(xl,---’xn) = Z 'xil..'xik’ (2'5'32)
1§i1<~~~<ik§n
(e, oxa) = Y Xy e, (2.5.33)

1<iyp<---<ig<n

Pr(X1,...,x0) = ) X;. (2.5.34)

M:

i=1

Their images in A are called elementary, complete homogeneous, and power-sum symmetric
functions respectively.

LemMA 2.5.17. The algebra of symmetric polynomials is a free algebra on the elementary,
complete homogeneous, and power-sum symmetric functions:

A=Cley,ez,...] =Clh1, ha,...] =C[p1,p2,...]. (2.5.35)
Moreover, the change of basis is given by the following Newton’s identities:
_1)m
Z exu® = exp (— Z ()—pmum) , Z hiu* = exp (Z p—mum) . (2.5.36)
m m
k>0 m>1 k>0 m>1
Another important basis is the one consisting of Schur functions.

DEFINITION 2.5.18. Let A bea partition of length < n, and define the polynomials a, (x1, . . ., x»)
det (x;l" Y j<n- Define the Schur symmetric polynomials as

ay(xi,...,xn)
sa(xy, ..., xy) = —2— 21—~

h . 2.5.
ag (X1, ... xpn) (2:537)

Their images in A are called the Schur symmetric functions.

The following lemma expresses the duality between Schur and power-sum symmetric functions.
For a partition g, define p,, = [1;2}" py;-

LEMMA 2.5.19. The change of basis from Schur functions to power-sum symmetric functions is
given by the irreducible characters of the symmetric group:

_ xa(u)

Sa =
prayTR

Py Pu= ) xa(wsa. (2.5:38)
Ak ||

Here 3, = Hf:(’f) Wi [Tnso [{i | i = m}|! is the order of the centraliser of an element of cycle

type w in the symmetric group.
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BOSON-FERMION CORRESPONDENCE

We can now relate the fermionic and bosonic Fock spaces as follows.

THEOREM 2.5.20 (Boson-fermion correspondence, see for instance [MJDoo, Theorem §.1]).
Let t, = 22, The map

n

o F— Al jw) = > (lle’ Plw) £ (25.39)

teZ

is an isomorphism, called the boson-fermion correspondence. Moreover, the action of the
currents is given by

oo (lw)) ifn>0,
7 (Jnlw)) = {—nt_n0(|w>) ifn<0, (2:5-40)
and that of the fermions by
—k
o (¥ (2) lw)) = exp (Z zktk) exp (— Z ZTa,k) Lexp (240;) o (|w)), (2.5.41)
k>0 k>0

—k
o(¥'(2) |w)) = exp (— Z Zktk) exp (Z ZT@,k) ¢ rexp (—280;) o (|w)). (2.5.42)

k>0 k>0
Via the boson-fermion correspondence, one can compute the action of the completed cut-and-
join operators and that of currents on the (charge-zero sector of the) fermionic Fock space as
follows:
PROPOSITION 2.§.21.
 For any partition A, the action of the completed cut-and-join operator F, is grven by

Fm |A) =P () |2), (2.5.43)

where py, are the shifted power-sum symmetric functions?

Pm() = Z [(4i—i+1)" = (-i+3H)"]. (2.5.44)

i>0
* For a partition p, set Joy = Jop, -+ Jip,. Then

J-ul0) = D7 xa(w) 1), Ju 1) = xu()10) . (25.45)
Ar|p|

9The standard definition [OPo6] involves certain additive constants that we have dropped to simplify the
expression, since these constants play no role in this dissertation. Notice also that, as customary, we denote shifted
power-sums in bold to differentiate them from the non-shifted version.
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2.§.2 — INTEGRABLE HIERARCHIES

Consider a classical mechanical system with N degrees of freedom, described by a Hamiltonian

function H:

O0H OH
= —, )y = ——, i=1,...,N. 2.5.46
Opi P 0qi (2:5-46)

qi
We say that the mechanical system is completely integrable if it has N independent first
integrals F1(q, p),...,Fn(q, p). In this case, the general solution can then be obtained by
solving F;(q, p) = C; for some arbitrary constants Cy, ..., Cxn. The complete integrability of
a mechanical system reflects the presence of a high degree of symmetry, or equivalently the
presence of the action of a huge transformation group.

Following this guiding principle, the Kyoto school gave a complete description of the KP
hierarchy (an infinite-dimensional integrable system) in terms of the infinite-dimensional Lie
group GL(). In this exposition we will skip the (pseudo-)differential operators approach,

and directly connect integrability to the Fock spaces. A complete exposition can be found in
[M]JDoo].

DEFINITION 2.5.22. A tau function of the KP hierarchy is an element 7 € A in the image via
the boson-fermion correspondence ® of an element of the big cell of the Sato Grassmannian.
It is a tau function of the KdV hierarchy if moreover 7 does not depend on even times.

As such, a tau function is defined up to a multiplicative constant. Notice that, from the above
discussion, a tau function of the KP hierarchy can always be expressed as

7(t) = (e/Wyg) (2.5.47)

for some g € GL(o0). The Pliicker relations translate into the Hirota bilinear relations satisfied
by tau functions.

THEOREM 2.5.23 (Hirota bilinear relations). An element v € A is a tau function of the KP
hierarchy if and only if the following relations, known as Hirota bilinear relations, hold:

-k
Res exp |2 Z Fug | exp [-2 Z Z—(?uk T(t+u)7(t—u)dz=0. (2.5.48)
o k>0 = K

By expanding the above relation order by order in Taylor expansion when u — 0, we obtain
a collection of non-linear PDEs satisfied by 7. For instance, collecting the coefficient of u¥ we
get the first few PDEs of the hierarchy:

1 — Dy, [1,7] =0,
2 (D} - 4Dy)[r.7] =0, (2.5.49)
3 &(D} +3D% -4D, D, +3D? D,, - 6D,,)[1,7] =0,

X -
Il

expressed in term of the Hirota derivative:

flerwgt-w= > DIfglH% (2:5:50)

a multi-index
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Since odd polynomials of D,, applied to [7, 7] vanish, the first two equations are trivially
satisfied, and the first non-trivial equation is the KP equation:

(D} +3D} — 4D, Dy,)[1.7] = 0. (2.5.51)

More generally, the coefficients of monomials in u generate a sequence of non-linear PDEs,
called the KP hierarchy, which are are all compatible by construction.

To conclude this section, let us briefly describe a larger hierarchy, called the 2d Toda lattice
hierarchy, introduced by Ueno-Takasaki [UT84] (see also [Takg1]). It depends on two infinite
sets of times ¢, = (t1,72,...) and t_ = (t_1,7_9,...) and an extra discrete parameter {. Here
we take the fermionic formalism perspective to tau functions of 2d Toda lattice hierarchy.

DEFINTTION 2.5.24. Consider the decomposition of gl(eo) into strictly upper triangular, diag-
onal and strictly lower triangular matrices:

gl(c0) =n, ®hdn_. (2.5.52)

We can exponentiate the action of the Lie subalgebras on the Fock space to the action of the
associated Lie groups.

DEFINITION 2.5.25. A tau function of the 2d Toda lattice hierarchy is an element 7, € C[t,,t_]
of the form
Te(ty, 1) = <€‘e1+(t+)g+eAg_e_J‘(t‘) ‘f) (2.5.53)

for some £ € Z and some (g5, €2, g_) € ny x § x n_. Here we considered J. (t.) = Y aks0 k-

As for the KP hierarchy, 2d Toda tau functions satisfy a bilinear identity equivalent to an
infinite set of compatible non-linear PDEs. See [Takg1] for further readings. In particular,
notice that evaluating the second set of times in a 2d Toda tau function to specific values,
finitely many non-zero, and setting ¢ = 0, recovers a KP tau function.

2.6 — HURWITZ THEORY

Hurwitz theory, originated from the work of Hurwitz [Hurg1], is the enumerative study
of branched covers of compact Riemann surfaces with specified ramifications. Ramified
covers naturally give rise to monodromy representations, i.e. homomorphisms from the
fundamental group of the punctured target surface to a symmetric group. The count of all
such representations can be identified with a coefficient of a specific product of elements in
the class algebra of the symmetric group, leading to closed formulae for Hurwitz numbers in
terms of characters of the symmetric group.

To summarise, Hurwitz numbers admit two different representations: a geometric count of
topological covers and an algebraic count of group homomorphisms. In this dissertation,
we will only focus on ramified covers of P!, presenting the two different representations of
Hurwitz numbers. We refer to [CM16] for a modern account of the theory.

DEFINITION 2.6.1. Let p1, ..., px be distinct points on P!, and u!, ..., u* + d partitions of
d > 0. A Hurwitz cover of degree d and ramification data u!, .. ., u* is a degree d holomorphic
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map f: C — P!, where C is a connected compact Riemann surface, with ramification profile
u' over p;, and unramified everywhere else.

An isomorphism of Hurwitz covers from f: C — P! to f’: C’ — P! is an isomorphism
@: C — C’ suchthat f’op = f. Denote by Aut(f) the group of automorphisms of f: C — P!.

We remark that, for a given Hurwitz cover, its genus is determined by the ramification data
via the Riemann—Hurwitz formula:

k
2-2g=2d- ) (d-((u)). (2.6.1)
i=1

As the number of isomorphism classes of Hurwitz covers with specified ramification data is
finite, it is natural to count them, weighted by automorphism.

DEFINITION 2.6.2. Let u', ..., u* + d. Define the Hurwitz number as

1 ky — 1 6
Hy(p ..., 1% %;—lAut(f)l’ (2.6.2)

where the sum runs over all isomorphism classes of Hurwitz covers f: C — P of degree d,
and ramification data u?, ..., y*.

Sometimes it is useful to allow the source curve of the maps we count to be disconnected. We
call the corresponding count a disconnected Hurwitz number and denote it by H% (i, . . ., u¥).
See Equation (2.6.19) for the connection between connected and disconnected counts.

A Hurwitz cover f: C — P! is determined, up to isomorphism, by its monodromy represen-
tation ¢: w1 (P*\ {p1,...,pr }»Po) — S4. Here G, denotes the symmetric group of degree
d. This motivates the following

DEeFINITION 2.6.3. Let u!,...,u* + d. We say that (o1,...,0%) is a factorisation of type
(ut, ..., w*)if

® 0; € 6d, ando-k cOk-1"""01 =id,
e the cycle type of o5 is given by u'.
A factorisation is called transitive if
e the group generated by o4, . .., 0 acts transitively on { 1, ...,d }.

Denote the set of transitive factorisations of type (u!, ..., u*) by Fa(u?,. .., u*), and the set
of factorisations of type (u',...,u*) by F5(ut, ..., ub).

The relation between Hurwitz numbers and monodromy representations states the following
equivalence (see [CM16, Chapter 7] for further readings).

PROPOSITION 2.6.4. The counts of Hurwitz covers and factorisations are equivalent:
1 Ky _ 1 1 k
Ha(u's...o1%) = lFa(ps o p0)l. (2.6.3)
The same holds for the disconnected count: HY(u, ..., u*) = ZIF5(ut,. .., 1b)l.
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The count of permutations in the symmetric group can be recast into a counting problem in
the symmetric group algebra, allowing for the use of representation-theoretic tools in Hurwitz
theory. Indeed, consider the symmetric group algebra C[S4], and for any partition u + d,
define the elements

= Z o, (2.6.4)

geO@,

where O, is the conjugacy class in &, of a permutation of cycle type . They are called the
conjugacy class elements of type u. It follows from the above proposition that disconnected
Hurwitz numbers correspond to the coefficient of the identity in a particular product of
conjugacy class elements:

. L.
Hey(ul, ... u*) = —ld]Cy - G (2.6.5)

Here [o] selects the coefficient of o in the expression that follows.

The above expression can be further simplified using classical results regarding the centre
of the symmetric group algebra Z; = ZC[S,], also called the class algebra. Indeed, Z; is a
semisimple algebra with basis given by conjugacy class elements (C,,) 44, and the change of
basis to that of semisimple elements

ex-ey =00 € (2.6.6)

is given in terms of characters of the symmetric group:

d
er= T Y G Cuml0 Y e, (267)
/Jl—d Ard

Here dim(2) = x1((1¢)) is the dimension of the irreducible representation of S, labelled by
A. Implementing the change of basis in the expression for Hurwitz numbers, we obtain the
following result, known as Burnside character formula.

THEOREM 2.6.5 (Burnside character formula). Hurwitz numbers are given by

Hy o) = ) (dlm”)) H Fur (). (2.68)

Ard

Here f,(1) = |0, 344

The elements f,, considered as functions from the set 4 of partitions of d to C, play an
important role in Hurwitz theory. It can be shown that the map

ba: Zqg — CP4, Cur— fu. (2.6.9)

is an algebra isomorphism. If we upgrade the definition of f, to a function on the set of all
partitions P = |Jys0 Pa (including the empty partition 0) by setting

(1)@, | 2L if 1] < A,
) = { M/ H T dim () 2.6.10
Ful) {0 otherwise, ( )
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where the character is define through the inclusion of symmetric groups &, € &) for
|u| < ||, then the above map extends to an algebra morphism

¢: @Zd — C”, Cur— fu. (2.6.11)
d>0

By a result of Vershik—Kerov [VK81], the highest degree term of f,, is given by the shifted
power-sum symmetric functions of Proposition 2.5.21:

1
[T; p

In particular, it is natural to consider the following elements.

fu=

——— Py + lower order terms. (2.6.12)

DEFINITION 2.6.6. For u + d, define the completed conjugacy class elements as

6,1 T ,Uz¢ (p#) € @Zm (2.6.13)

For u = (d), we call the associated element (d) = C(a) completed cycle.

The formulae for the first few completed cycles are given below.

@D =(
2)=(2)
3B) =)+ (1L 1D+51)
@ =@B+2(21)+3(2)

(2.6.14)

The term “completed cycle” was first suggested by Eskin—-Okounkov—Zorich in an unpub-
lished work, motivated by the enumeration of degenerations of Hurwitz covers. The Gromov—
Witten/Hurwitz (GW/H) correspondence of Okounkov-Pandharipande [OPo6] explains
the geometric meaning of the completed cycles: stationary Gromov-Witten invariants of P
correspond to Hurwitz numbers with completed cycles, and in particular the lower order
terms in the completed cycles reflect the contributions from the boundary of the moduli space
of stable maps.

In order to connect Hurwitz theory and the fermionic formalism of Subsection 2.5.1, we will
restrict our attention to a particular type of Hurwitz numbers.

DErFINTTION 2.6.7. Let u,v + d. Define the disconnected double Hurwitz numbers with
(r + 1)-completed cycles as

h;# , = |Aut(ﬂ)|b!AUt(V)|H:1 (#’ ((I" + 1))b, V) i (2615)

where the right-hand side is defined through the Burnside character formula’®, i.e.

IAut(#)I IAut(V)I Z (dlm(ﬁ)) (pr+1(ﬂ))

Ard

e,r
hg/ﬂ/—

f,u( ) fr(). (2.6.16)

T°Beware that some authors (for instance [SSZ12]) use a different normalisation, namely in Burnside character

formula they consider c J’r’il), instead of 221, Moreover, other authors (for instance [ELSVo1]) define Hurwitz

numbers without the division by b!.
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The value b is determined by the Riemann—-Hurwitz formula: rb = 29 — 2+ £(u) + £(v). In
particular, Hurwitz numbers are set to be zero if r + 29 — 2 + £(u) + €(v). The automorphism
group |Aut(2)| = [1s-0 {i| A; = €}|! is added for convenience, and should be interpreted as
labelling the inverse images of the branch points.

Remark 2.6.8. Many authors call such counting “spin Hurwitz numbers” rather than “Hurwitz
numbers with completed cycles”. This is because such Hurwitz numbers are related to the
moduli space of r-spin curves through Chiodo classes (see Subsection 2.6.1). However, since
one can define Hurwitz numbers counting covers with respect to the parity of the underlying
spin structure, we will avoid this terminology and reserve it to the counting of Part IV.

The connected counting &}, ,, is defined as usual via exponentiation: define the generating
functions Z" and H" of the disconnected and connected counting respectively.

t(p) 1 t(v)
Z'(Bip.q) = Z Z hyy (f(,u)' l_l p“')(f(v)' 1_[ q,,i), (2.6.17)

g,d p,vrd
(p) t(v)
H" (B;p.q) =Z Z hg. v B ( 3 Hp“’)(f(v)' ]_[qyi). (2.6.18)
g,d p,vrd i=

Then we have relation
Z"(B;p,q) = exp(H" (B; p, q)). (2.6.19)

Remark 2.6.9. Geometrically, double Hurwitz numbers with (r + 1)-completed cycles count
Hurwitz covers of P! with ramification profiles u and v over 0 and oo respectively, and
ramification profile given by (r + 1,197"71), up to a combinatorial factor and up to lower
order terms, as expressed by Equation (2.6.12). See [SSZ12, Subsection 2.5] for further details
about their geometric meaning. We remark again that, although such terms seems unnatural,
they take into account degeneration of Hurwitz covers and appear naturally in the context of
GW/H correspondence.

Combining the definition of Hurwitz numbers with completed cycles and the action of the
completed cut-and-join operators and the current operators (cf. Proposition 2.5.21), we obtain
the following expression for Hurwitz numbers in terms of vacuum expectation values.

THEOREM 2.6.10 ([OPo6; SSZ12]). The disconnected double Hurwitz numbers with (r + 1)-
completed cycles can be extracted from the following vacuum expectation value on the Fock

space:
1 J fr+1 )b J-y >
hr = — - ( (2.6.20)
g,
b! <Hf:('f) i \r+1 Hf(V)

]IVJ

withrb =2g—2+€(u) +L(v).

As asimple corollary, we find that the generating function of Hurwitz numbers with completed
cycles is a tau function of the 2d Toda lattice hierarchy of Definition 2.5.25. The result is
due to Okounkov [Okooo], who proved it for the case r = 1 (also known as simple double
Hurwitz numbers), and later generalised by Shadrin-Spitz—Zvonkine [SSZ12].

COROLLARY 2.6.11. The generating function of disconnected double Hurwitz numbers with
(r + 1)-completed cycles can be represented as the following vacuum expectation value

n Tr+ n
Z"(B:p.q) = <eZm>o %Jmeﬁﬁfezrpo qTJ—n> (2.6.21)
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and, in particular, it is a tau function for the 2d Toda lattice hierarchy (identically in B), after
the identification p,, = mty, and q, = —nt_p.

Another simple corollary of Equation (2.6.20) is an evolution equation for Z"(8; ), also
known as the cut-and-join equation. The idea is to define the (bosonic) completed cut-and-join
operators Wy, acting on the space of symmetric functions A, as the equivalent of the action of
Fm under the boson-fermion correspondence:
Fm

(; lw) | = Wino (lw)). (2.6.22)
We refer to [SSZ12] for a geometric interpretation of such operators, and a generating series
for them. The first two completed cut-and-join operators (in the p variables) are given as

follows:
W = Z kpidp,.,
k>0
‘ (2.6.23)
Wy = 5 Z (kfpk%apkapf + (k + f)pkpfapkw) :
k,£>0

THEOREM 2.6.12 (Cut-and-join equation). The following evolution equation holds:

0BZ =WrnZ". (2.6.24)
We also call it cut-and-join equation for double Hurwitz numbers with (r +1)-completed cycles.
Let us briefly discuss some interesting specialisations of double Hurwitz numbers.

DEFINITION 2.6.13. Fix a positive integer g. Define the disconnected g-orbifold Hurwitz
numbers with (r + 1)-completed cycles, denoted ;%" by specialising the generating function

of double Hurwitz numbers with (r + 1)—complegt:d cycles to g, = 6,,4. In other words,
1] T (Fa)\ 1 (Jeg)t
it =t () o (5 (262)
PATTEE r+1 (5)! q

for d = || that is divisible by ¢ and rb = 29— 2+ €(u) + ‘—l The case ¢ = 1 and general r is also
called Hurwitz numbers with (r + 1)-completed cycles, denoted hgy, and the case g = r = 1is
called simple Hurwitz numbers, denoted hy, ,. For the connected counting, we omit the bullet.

Okounkov’s result specialises to the KP hierarchy for the generating function of g-orbifold
Hurwitz numbers with (r + 1)-completed cycles:

t(p)

Z(Bip) =) ) b {( i (2:6.26)

g,d uvrd
Moreover, the cut-and-join equation is still satisfied (but with different initial conditions).

COROLLARY 2.6.14. The generating function of q-orbifold Hurwitz numbers with (r + 1)-
completed cycles can be represented as the following vacuum expectation value

m Fre1 J-a
Z97(B;p) = <ezm>0 BotIm BT 075 > (2.6.27)

and, in particular, it is a tau function for the KP hierarchy (identically in B), after the identifica-
tion pm = mty. Moreover, it satisfies the cut-and-join equation:

0BZY" = W, Z77. (2.6.28)
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2.6.1 — ELSV-TYPE FORMULAE

In 2001, Ekedahl-Lando-Shapiro—Vainshtein [ELSVo1] discovered an interesting connection
between Hurwitz theory and intersection theory on the moduli spaces of curves. Since then,
it has been generalised in several directions to different ELSV-type formulae. See [Lew17] for
an overview.

THEOREM 2.6.15 (ELSV formula). Connected simple Hurwitz numbers are expressed in terms
of Hodge integrals: for u = (u1,. .., un),

n HMi
H; A(_l)
hgu = | | —_—. (2.6.29)
Lt A, TS (= pay) ’

Important applications of the ELSV formula include Witten’s conjecture and the 1,-conjecture.
Apart from the original proof, obtained through localisation techniques on the moduli space of
stable maps from a genus g curve to P! with prescribed pole structure, one can prove it using
the Eynard-DOSS correspondence of Subsection 2.3.1, knowing that Hurwitz numbers can
be computed via topological recursion. Using this argument, a generalisation of the original
ELSV formula involving Chiodo classes was proved in a series of papers [SSZ15; LPSZ17;
KLPS19; Bor+21; DKPS19]. The formula was originally conjectured in unpublished notes by
Zvonkine [Zvoo6], motivated by Gromov-Witten theory.

THEOREM 2.6.16 (Zvonkine’s ELSV formula). Connected g-orbifold Hurwitz numbers with
(r + 1)-completed cycles are expressed in terms of Chiodo integrals: for u = (u1, ..., un),

i\ il ,
Bar rgg_zm(qr)(?ﬂ;% ﬁ (Z5) / Con?(qr—=Au1)»....qr = (un))
gim =

S 177 L v [, (1= Eryi) ,

where A = qr[A] + (A) is the integral division of A by q.

(2.6.30)

i

A geometric proof using localisation techniques for the ¢ = 1 case was recently found by
Leigh [Leizo].
Generalisations of the ELSV formula include:

e weakly monotone Hurwitz numbers [ALS16; DK17],
e strictly monotone Hurwitz numbers [BG20; GGR20], and

e spin Hurwitz numbers with completed cycles (see Part IV).

We will encounter other ELSV-type formulae throughout this dissertation, connecting different
enumerative geometric problems (not necessarily Hurwitz numbers) solved by topological
recursion and the intersection theory on the moduli space of curves. These include:

® Weil-Petersson volumes of the moduli spaces of hyperbolic surfaces and «; intersected
with -classes (as discussed in Section 2.4),

* Kontsevich volumes of the combinatorial moduli spaces and -classes intersection
numbers (see Section 5.3),

® Masur—Veech volumes and the Segre class of the quadratic Hodge bundle (see Sec-
tion 9.1),

* The (orbifolds) Euler characteristic of M, , and the Chern class of the quadratic Hodge
bundle (see Section 9.3).
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MODULI SPACE OF CURVES






CHAPTER 3 — TOPOLOGY OF COMBINATORIAL SPACES

In his proof of Witten’s conjecture and following the pioneering works of Strebel, Harer,
Mumford, Penner and Thurston [Stré7; Har86; HZ86; Pen88], Kontsevich [Kong2] studied
a combinatorial model M for the moduli space of curves, namely the space of metric
ribbon graphs on a stable surface £ of genus g with n > 0 boundaries. He equipped it with a
2-form wg whose restriction to the slice with fixed boundary lengths is almost everywhere
symplectic, and so that the symplectic volume gives access to the intersection of ¥-classes on

on My . The corresponding combinatorial Teichmiiller space

embedded metric ribbon graphs of genus g with n faces

comb —
To(L) = { of lengths L = (L4, ..., L,) that are retract of =

}/isotopy , (3.0.1)
parametrising marked metric ribbon graphs, was first considered in [Mono4] and its topology
studied via the arc complex. Its quotient by the pure mapping class group is M;f’,ﬁ“b, and we
can equip 7™ with the pullback of Kontsevich 2-form, which we still denote wi.

Many aspects of the geometry of hyperbolic structures have an analogue for combinatorial
structures, and the aim of this chapter is to develop such structures following this guiding
principle. First of all, one can define the length {g(y) of a simple closed curve y with respect
to an embedded metric ribbon graph G € 7;7°™P(L): realising the latter as a measured foliation
F on X, this is Thurston’s intersection pairing between Fg and .

Thanks to the notion of length, one can parametrise the combinatorial Teichmiiller space
using a maximal set of simple closed curves, i.e. a pants decomposition. On a surface X of
genus g with n boundary components, there are 3g — 3 + n length parameters that determine
the combinatorial structure on each pair of pants, and there are 3g — 3 + n twist parameters
that determine how the pairs of pants are glued together. All together, they constitute a
combinatorial analogue of Fenchel-Nielsen coordinates (cf. Theorem 2.4.10), and they are
known in the measured foliation and train track settings as Dehn—Thurston coordinates (cf.
[FLP12, Exposé 6] and [PH92, Theorem 3.1.1]). The main difference with the hyperbolic
world lies in the twist 7: for some values of 7, it is not possible to glue combinatorial structures;
in the measured foliation description this corresponds to the creation of saddle connections
that cannot be removed by Whitehead equivalences, and are not allowed in the combinatorial
Teichmiiller space. Metrically, they would in fact correspond to nodal surfaces. However, we
show that the set of twists for which we cannot perform the gluing is a countable subset of R
with open dense complement. We give here a concise form of the stronger Theorem 3.4.5.

THEOREM 3.A (Combinatorial Fenchel-Nielsen coordinates).

1. (Adaptation of Dehn-Thurston-Penner arguments [Deh22; FLP12; PHoz2]). Given
a seamed pants decomposition for a bordered surface T of genus g with n boundary
components, we have an open map

gcomb(L) N Rig—?ﬁn x R39-3+1 G —> ([(G), T(G)) (3.0.2)
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II. The combinatorial model of the moduli space of curves

that is a homeomorphism onto its image.
2. The image of T (L) inside R34  R39-3+1 has 4 complement of zero measure.

In the subsequent chapters we will analyse the symplectic geometry of 7,°°™P (L), proving an
analogue of Wolpert’s formula showing that the combinatorial Fenchel-Nielsen coordinates
are Darboux for wx. Moreover, we will prove an analogue of Mirzakhani’s identity, and
set up the geometric recursion to produce mapping class group invariant functions on the
combinatorial Teichmiller space by a cut-and-paste approach (cf. Section 2.4). In particular
the second point of the above theorem, which to the best of our knowledge is new, will be
crucial in the integration of the combinatorial Mirzakhani identity, giving a geometric proof
of Witten’s conjecture.

3.0.I — RELATION WITH PREVIOUS WORKS AND OPEN QUESTIONS

As we already mentioned, the combinatorial model of the moduli space of curves was in-
tensively studied in the last decades, and properties of the associated universal cover (the
combinatorial Teichmiiller space) was analysed in various directions via the arc complex
[Monog; Luoo7; Monog], measured foliations [FLP12] and train tracks [PHoz2].

The novelty of our work lies in the new perspective of considering a complete parallelism
between the Teichmiiller space of combinatorial and hyperbolic structures, which we tried to
convey in this chapter. From this point of view, it is natural to ask for a combinatorial analogue
of various result in Teichmiiller theory, such as the length spectrum map 7;°™ (L) < RYE,
Fenchel-Nielsen coordinates, and the (99 — 9 + 3n)-theorem.

The above perspective will persist in the following chapter, where we are going to prove the
combinatorial analogue of results of Wolpert [Wol85], Mirzakhani-McShane [McS98; Miro7a;
Miro7b] and Andersen-Borot—Orantin [ABO17].

We conclude with a natural question regarding the second point of Theorem 3.A.

QUESTION 3.B. For any seamed pants decomposition of =, describe the image of T™> (L) in
R39—3+n « R39-3+n
+ .

3.0.2 — ORGANISATION OF THE CHAPTER

The chapter is organised as follows.

e Section 3.1 contains no new results, but it introduces the basic concepts and relations
necessary for the subsequent constructions. In particular, we recall the definition of
the combinatorial moduli space and combinatorial Teichmiiller space, and explain their
relation with the ordinary spaces of hyperbolic structures, the arc complex, and the
space of measured foliations.

e Section 3.2 introduces the notion of combinatorial length of simple closed curves with
respect to a point on the combinatorial Teichmiiller space. We discuss the geometry
of embedded pairs of pants, and define the embedding 75°mP (L) < R$® through the
combinatorial length functions adapting ideas of Thurston [FLP12] (cf. Theorem 2.4.7
for the hyperbolic analogue).

8o



3. Topology of combinatorial spaces

e Section 3.3 discusses the notion of cutting an gluing embedded metric ribbon graphs
along simple closed curves. It turns out that the gluing process is possible for all but
countably many configurations.

e Building on the previous discussions, in Section 3.4 we construct a combinatorial ana-
logue of the Fenchel-Nielsen coordinates, as explained in Theorem 3.A.

* To conclude, in Section 3.5 we prove a combinatorial version of the (99— 9+ 3n)-theorem
(cf. Theorem 2.4.9), following the spirit of a result of Thurston for measured foliations
on closed surfaces.

3.1 — COMBINATORIAL SPACES

3.I.I — COMBINATORIAL MODULI SPACES

A ribbon graph (sometimes called fat graph) is a graph equipped with a cyclic ordering on the
edges incident to each vertex. To each ribbon graph, one can associate an oriented surface with
boundary by replacing edges by thin ribbons and vertices by disks, and pasting rectangles to
disks according to the chosen cyclic orders at the vertices.

DEFINITION 3.1.1. A ribbon graph is a triple G = (E, i, 5) consisting of the following data.
e A sct E of oriented edges.

e A fixed-point-free involution i: E — E, sending an oriented edge to its opposite. The
set of i-orbits is denoted by E and describes the unoriented edges; the equivalence class
of an oriented edge € is simply denoted by e.

e A permutation s: E — E. The set of s-orbits is denoted by V and describes the vertices.

Let ¢ =i o s~ the set of ¢-orbits is denoted by F and describes the faces (or boundaries) of
G. A ribbon graph is connected if the underlying graph is.

The genus of a connected ribbon graph G, denoted by g, is defined by
92— 2g= V|- |E| +|F). (3.1.1)

If furthermore it has n = |F| boundaries, it is said to be of type (g,n). We call G reduced if
all its vertices have valency > 3, and labelled if its boundaries are labelled 0,G, .. ., 9,G. We
define Ry, to be the set of connected, reduced, labelled ribbon graphs of type (g, n).

A metric ribbon graph G consists of a ribbon graph G = (E, i, ), together with the assignment
of {g: Ec — R,. The perimeter of a boundary component 9,,G consisting of the cyclic
sequence of edges (e1, ..., ex) is defined by

k
la(0nG) = ) tale). (3-1.2)
i=1

If necessary, we will denote the sets of vertices, edges, and faces of a ribbon graph G with a
subscript G.
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II. The combinatorial model of the moduli space of curves

DEFINITION 3.1.2. An automorphism of a ribbon graph G = (E, i, 5) is a permutation ¢: E —
E that commutes with i and s and acts trivially on the set of faces F. We denote by Aut(G) the
automorphism group of G. An automorphism of a metric ribbon graph G is an automorphism
of the underlying ribbon graph preserving . We denote by Aut(G) the automorphism
group of G; it is a subgroup of Aut(G).

For any ribbon graph G, its automorphism group Aut(G) acts on the space of metrics on G,
by edge permutation. Given a point in R, namely a metric ribbon graph G, its stabiliser
under the action of Aut(G) is precisely Aut(G). It is then natural to make the following
definition.

DEFINITION 3.1.3. For 29 — 2+ n > 0, the combinatorial moduli space M;?,rlnb is the orbicell-
complex parametrising metric ribbon graphs of type (g, n), i.e.

=y RyC
MEOMD = , (3.1.3)
g,n
GeRym Aut(G)

where the cells naturally glue together via edge degeneration: when an edge length goes to
zero, the edge contracts to give a metric ribbon graph with fewer edges as discussed in [Kongz2].

Define the perimeter map p: M;f’,rlnb — R’ by setting

P(G) = (lg(G), ..., lc(0,G)). (3.1.4)
We also denote M;f’,?lb(L) =p~Y(L) for L e R™.

From the above definition, it follows that the combinatorial moduli space M;",’f‘b has a natural
real orbifold structure of dimension 6g — 6 + 3n. As we remarked before, for a point G in the
moduli space its orbifold stabiliser is Aut(G). Further, we have an orbicell decomposition
given by the sets RES /Aut(G) consisting of those metric ribbon graphs whose underlying
ribbon graph is G. Notice that the dimension of such a cell is |Eg|, and in particular the
top-dimensional cells are the ones associated to trivalent metric ribbon graphs, for which
|Eg| =69 — 6+ 3n.

EXAMPLE 3.1.4. The moduli space Mg?gnb is homeomorphic through the perimeter map to the

open cone R, obtained as the union of seven cells corresponding to the seven ribbon graphs
of type (0, 3) (see Figure 3.12). In this case there are no orbifold points and Mgi’gnb(Ll, Lo, L3)
1s just a point.

comb

A more complicated example is that of M{%™. The space is obtained by gluing two orbicells,
as depicted in Figure 3.1b.

* The first orbicell is R3 quotiented by Z/6Z, that is the automorphism group of the
unique ribbon graph of type (1, 1) with three edges:

G =

All metric ribbon graphs G whose underlying graph is G; have Aut(G,) = Z/2Z
except for the metric ribbon graph where all three edges have the same length which has
Aut(G1) = Z/6Z instead.
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3. Topology of combinatorial spaces

D & T\ = R

e ., o :

Lo Ls z/67

0T e

(a) The 7 cells composing Mg?gnb. The (b) The two orbicells composing Miolmb On the

picture represents the cone R? together right, the red point has stabiliser Z/6Z, the orange

with a slice {L; + Ly + L3 = const}. The pointhasstabiliser Z/4Z, and all other points have

dotted lines are not part of the space. stabiliser Z/2Z. The white points are not part of
the space.

Figure 3.1: The combinatorial moduli spaces of type (0, 3) and (1, 1).

* The second orbicell is R? quotiented by Z /47, the automorphism group of the unique
ribbon graph of type (1, 1) with two edges:

Gy =

All metric ribbon graphs G2 whose underlying graph is G have Aut(Gs) = Z/2Z,

except for the metric ribbon graph where both edges have the same length which rather
has Aut(G,) = Z/4Z.

The main reason for considering M;?,inb(L) is the following result.

THEOREM 3.1.5 (Mumford, Thurston, Penner, Bowditch-Epstein). The moduli spaces M ,
and M;f’,;nb(L) are orbifold-homeomorphic.

Historically, Mumford was the first to notice such stratification of the moduli space, building
on ideas of Jenkins and Strebel [Jens7; Str67] and unpublished works of Thurston on the
geometry of meromorphic quadratic differentials. A second approach uses hyperbolic geom-
etry and is due to Penner and Bowditch-Epstein [Pen87; BESS]. In the next subsection we
discuss the latter and its generalisation to bordered surfaces due to Luo and Mondello [Luoo7;

Monog].

3.1.2 — COMBINATORIAL TEICHMULLER SPACES

One can think of points in the combinatorial Teichmiiller space as points in the combinatorial
moduli space together with a marking, the advantage being that there is now a well-defined
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II. The combinatorial model of the moduli space of curves

Figure 3.2: The geometric realisation of a ribbon graph and a marking on a one-holed torus
via f.

notion of length of curves. We review its definition and its known relation with hyperbolic
surfaces via the spine construction. Although the topological properties of such spaces have
already been studied in the literature, the main focus has been on the proper arc complex
description. Here we put forward an equivalent description via measured foliations which
later facilitates our constructions.

PRIMARY DEFINITIONS

DEFINTTION 3.1.6. The geometric realisation of a metric ribbon graph G of type (g, n) is the
oriented, compact, genus g surface with n boundary components

Gl ={ 1,9) € [FLIxRXE | 1€ [0.6c(e)] } | ~ (3-1.5)
where the equivalence relation ~ is given by

ek, tel0,tale)],
€

(u,t,8) ~ (u,lg(e) —t,i(€)) forue[-1,1]
P (3.1.6)

(u,lg(e),é) ~ (-u,0,s()) forue[0,1],¢

We can picture the graph underlying G as a subset of |G|, and the inclusion is a deformation
retract; see the left-hand side of Figure 3.2 for an example.

Recall from Definition 2.4.1 the notion of bordered surface.

DEFINITION 3.1.7. A combinatorial marking of a bordered surface X is an ordered pair (G, f)
where G is a metric ribbon graph and f: £ — |G| is a homeomorphism respecting the
labellings of boundaries of G and X. The combinatorial Teichmiiller space™ is defined as

‘7§°°mb = { (G, f) ‘ (G, f) is a combinatorial marking on } / ~. (3.1.7)

Here we set (G, f) ~ (G, f7) if and only if there exists a metric ribbon graph isomorphism
¢: G — G’ such that g o f is isotopic to f’. We call such equivalence classes combinatorial
structures and denote by G = [G, f] the points in 752,

T Although the combinatorial moduli space was well-studied in the *80s by Mumford, Thurston, Harer, Penner
and many others, the idea of consider embedded metric ribbon graphs up to isotopy appeared for the first in the
work of Mondello [Mono4, Definition 3.2], to the best of our knowledge. In his work, he uses the identification of
the set of embedded metric ribbon graphs with the proper arc complex, and in particular he does not use the term
“combinatorial Teichmiiller space”. The only instance we found of the name “combinatorial Teichmiiller space” is
[ACGr1, Chapter XVIII]. Since our approach is completely parallel to the hyperbolic setting, we decided to use
this terminology.
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3. Topology of combinatorial spaces

Notice that, for a fixed G € 7;r°™ each boundary component 3, % corresponds to a unique face
of the embedded graph. Thus, we can talk about the length (with respect to G) of the boundary
OmZ, denoted by €g(9,,X). In particular, we can define the perimeter map p: ™" — R’ by
setting

P(G) = ((s(012),. .., lc(0,2)), (3.1.8)
and denote ‘Gcomb(L) =p (D).

We remark that, for a fixed representative (G, f) of G € '/;CO““b, we have a retraction from the
surface to the geometric realisation of the graph underlying G. Thus, we can picture elements
of 75°°P as metric ribbon graphs embedded into = up to isotopy, such that the embedded
graph is a retract of the surface (see Figure 3.2).

As recalled below, the combinatorial Teichmiiller space can be endowed with a natural topology
via the so-called proper arc complex that makes it into a cell complex. The cells, denoted 35 g,
are indexed by isotopy classes of embedding of G into %, onto which X retracts, and they
parametrise the metrics of G. The practical consequence of this topological discussion is that
the edge lengths form a coordinate system in each cell. In particular, this makes it easier to
check whether a function defined on 7;7°™ is piecewise continuous, once it is expressed in
terms of edge lengths.

The mapping class group of = (see Definition 2.4.2) naturally acts on 7°™P by setting

[¢].[G. f1 =[G, [ o ¢], (3.1.9)

for [¢] € Mody and [G, f] € ‘7;0‘“1’. When X has type (g, n), by forgetting the marking we
have the natural isomorphism

MEmb(L) = 7omb(L) /Mod?. (3.1.10)

Here Mod? is the pure mapping class group of = (recall that the boundary components are
labelled). We denote the quotient 7£°°mb(L)/ Mod? by Mgomb(L) when we want to refer to
the actual surface X.

EXAMPLE 3.1.8. For a pair of pants P, the perimeter map gives the isomorphism 7,5 = R3.

The pure mapping class group is trivial, so that Mf)f’gnb = R3, see Figure 3.3a.

For a torus T with one boundary component, 7,°™ is the union of infinitely many cells
homeomorphic to R3, glued together through infinitely many cells homeomorphic to R2. In
Figure 3.3b we presented some adjacent cells of 7,<°™P. In the quotient by Mod, all the 3- and
2-cells are identified, and we are left with a further action of Z/6Z for the top-dimensional
cell and an action of Z/4Z for the codimension 1 cell. The result is the combinatorial moduli

comb

space M{"™ described in Example 3.1.4.

RELATION WITH THE ARC COMPLEX

The combinatorial Teichmiiller spaces have been endowed with a natural topology associated
to a dual construction: the proper arc complex (see [Luoo7; Monog]).

DEFINITION 3.1.9. Fix a bordered surface . Define the arc complex As to be the simplicial
complex whose vertices are non-trivial homotopy classes of proper embeddings* : [0, 1] —

21f X and Y are topological manifolds with boundaries, a continuous map f: X — Y is called a proper embedding
if £71(AY) = 8X, and we use here the natural notion of homotopies among such.
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II. The combinatorial model of the moduli space of curves

Ly a

o e ™
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Loy L3

(a) The seven cells in 7;3‘30“1". (b) Some cells in 7’TC°mb.

Figure 3.3: The combinatorial Teichmiiller spaces of type (0, 3) and (1,1).

¥ with endpoints @(0), a(1) € 9X. A simplex in Ay is a collection & = (a1, . .., @) of distinct
vertices such that the arcs @; admit representatives which do not intersect. The non-proper
subcomplex A3 of Ay consists of those simplices o such that one connected component of
2\ UL, @; is not simply connected. The simplices in As \ A are called proper.

Consider the geometric realisation spaces | Ax| and | A3’|. The geometric realisation of a
simplicial complex comes with two natural topologies: the coherent topology, namely the
finest topology that makes the realisation of all simplicial maps continuous, and the metric
topology, for which every k-simplex is isometric to the standard simplex A ¢ R*¥*! and every
attachment map is a local isometry. The metric topology on | A5 is coarser than the coherent
one, but they agree where the complex is locally finite, and this is the case for | Ax| \ [ A3

Consider then the topological space (| Ax| \ [A5’|) X Ry, called metrised arc complex, whose
points are of the form x = Z{-‘zl {; i, where ¢; > 0 and (a1, ..., @) is a proper simplex. There
is a bijection between the spaces ’Ecomb and (| Az| \ [A3]) x R defined as follows. Given
a combinatorial structure G, we define for each edge e the dual arc @, connecting the two
(possibly equal) boundary components on the two sides of e (see Figure 3.5). Thus, we define
the map 752°™° — (| Az| \ [A]) x R, by setting G — ¥,cp, €6 (e) ae. The map is clearly
invertible and we topologise the combinatorial Teichmiiller space 7;°°™ by pulling back the
topology of the proper arc complex.

RELATION WITH ORDINARY TEICHMULLER SPACES

Recall from Subsection 2.4.1 that we assign to each bordered surface X of type (g,n) its
Teichmiiller space of hyperbolic structures

(3.1.11)

73(L) = { (X, f) ‘ (X, f) is a hyperbolic marking on }/ N

with labelled geodesic boundaries of lengths L
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3. Topology of combinatorial spaces

/ A \o\ — A
\ N\ A

Figure 3.4: The simplicial structure of |Ap| and the set |[Ap| \ |[Ap| associ-
ated to a pair of pants P.  The latter is in natural bijection with the slice
{G € T5°m | ts(91P) + (6 (02P) + ls(93P) = 1}.

The quotient of 75(L) by the pure mapping class group Mod? is orbifold-homeomorphic to
the moduli space

X is a hyperbolic surface of type (g, n) }/ 5 (3.1.12)

Myn(L) = { X ‘ with labelled geodesic boundaries of lengths L

Further, for each L € R}, My ,,(L) is orbifold-homeomorphic to the moduli space of curves
Mg . For later use, we review the description of a mapping class group equivariant homeo-
morphism between the combinatorial Teichmiiller space and the ordinary one, due to Luo
and Mondello [Luoo7; Monog]. It adapts to the bordered case the construction of Penner and
Bowditch-Epstein [Pen87; BESS].

Let o € 7x(L) and fix a representative (X, f). Define the valency v (g) of a point ¢ in the
interior of X as the number of shortest geodesics joining ¢ to A% that realise the distance
dist,(g,0%). Clearly vy(q) > 1. Define the loci Ay = {g€Z|vy(g) =2} and V, =
{q€Z|vs(q) = 3}. We have that A, is the disjoint union of simple, open geodesic arcs a,
indexed by E = 7¢(A. ), the set of edges, and V,, is a finite collection of points, the vertices.
We define the spine sp(o) of o as the 1-dimensional CW-complex embedded in X given by

O™

Figure 3.5: Example of duality between a combinatorial structure (red) and an arc system

(light blue).
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) /
/ \

Figure 3.6: Example of the spine construction. In red, the spine sp(c). In blue, the ribs
emanating from two vertices.

We can naturally assign to sp(o-) a metric {gp(o): E — R, in the following way. For each
vertex g of sp(o), consider the v (g) shortest geodesics from ¢ to the boundary — which are
called 7zbs. Cutting X along its ribs yields a union of hexagons; the diagonal of each hexagon
whose endpoints are the vertices of the spine corresponds to the edges of the spine (see
Figure 3.6). We assign to it the length of the side of the hexagon which lies along the boundary
of Z; there are two such sides, but they have the same length since the reflection with respect to
the edge is a hyperbolic isometry of the hexagon. In this way, sp(c) induces a combinatorial
marking on X and the perimeters of sp(o-) correspond precisely to the hyperbolic lengths of
the boundaries of . Further, isotopy classes of hyperbolic markings correspond to isotopy
classes of combinatorial markings. Thus, we are led to the following definition.

DEFINITION 3.1.10. There exists a well-defined map
sp: T=(L) — 7E°°mb(L), (3.1.13)
called the spine map.

It is possible (although more difficult) to construct the inverse map and actually show that it
is a homeomorphism, equivariant with respect to the action of ModZ.

THEOREM 3.1.11 ([Luooy; Monog]). The spine map sp: T=(L) — 7£°°mb(L) s a homeomor-
phism, equivariant under the action of the pure mapping class group.

We remark that in [Luoo7; Monog] the theorem is stated in terms of the proper arc complex,
rather than the combinatorial Teichmiiller space. As a direct consequence, we find that for
each fixed L € R}, there is an orbifold homeomorphism M, (L) = M;?,;nb(L) and thus with
My, (Theorem 3.1.5).

RELATION WITH MEASURED FOLIATIONS

For a given metric ribbon graph, its geometric realisation is naturally endowed with a measured
foliation, as we now explain. We refer to [FLP12, Section 5.1] for a complete discussion about
measured foliations, but to be self-contained we recall here the basic definitions.

DEFINITION 3.1.12. Let X be a bordered surface, and F a foliation on ¥ with isolated singular-
ities. A transverse invariant measure on F is a measure y defined on each arc transverse to
the foliation, invariant under isotopy of arcs through transverse arcs whose endpoints remain
in the same leaf. If the arc passes through a singularity, the transversality pertains to all points
of the arc belonging to a regular leaf.
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R - o PR

(a) Internal regular point.  (b) Regular point at the (c) Regular point at the
boundary of transverse boundary of parallel type.

type.

':62: POE

(d) Internal singular point. (e) Singular point at the  (f) Singular point at the
boundary of transverse  boundary of parallel type.
type.

Figure 3.7: Possible models for points in a foliation. The singular leaves are depicted in blue,
while smooth leaves in grey. Only singular points of low valency are depicted, but any higher
valency is allowed.

In what follows, we also suppose that:

* the measure is regular with respect to the Lebesgue one: every regular point of ¥ admits
a smooth chart U 5 (x, y) where the foliation is defined by foliation by constant y and
the measure on each transverse arc is induced by |dyl;

e cach point of X has a neighbourhood that is the domain of a chart isomorphically foliated
as one of the models of Figure 3.7.

DEFINTTION 3.1.13. We say that two measured foliations on X are Whitehead equivalent if
they differ by isotopy or a Whitehead move, (see Figure 3.8). We denote by MF3 the set of
Whitehead equivalence classes of measured foliations on X.

We can now discuss the relation between foliations and metric ribbon graphs.

DEFINITION 3.1.14. Given a metric ribbon graph G of type (g, n), the geometric realisation
|G| has a unique measured foliation (Fg, u@) such that:

e the singularities of (g, u@) are the vertices of the embedded graph,
* the measured foliation is transverse to the embedded graph,

* (Fa, @) on the hexagon around each edge e € E agrees with |dt|, where 7 is the natural
coordinate on [0, g (e)] as in Definition 3.1.6.

The singular leaves of the measured foliation cut |G| into hexagons, each with two opposite
edges consisting of arcs along the boundary of |G|, and the remaining four edges consisting of
singular leaves (see Figure 3.9). The diagonals parallel to the boundary arcs are nothing but
the edges of the embedded graph. In the description of Subsection 3.1.2, the singular leaves
correspond to the ribs, and the singular points to the vertices of the spine. Notice that such

89
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Figure 3.8: Whitehead moves.

a hexagon decomposition of |G|, together with the assignment of a positive length to each
diagonal, is sufficient to reconstruct the metric ribbon graph G. For an element G = [G, f]
in 720", we get a natural isotopy class of measured foliations (7, ug) on = by pushing
(Fa, 1) forward along f. In the following, we omit the transverse measure ug when there is
no ambiguity.

The above construction defines a map
Fe ‘Ecomb — MF3, (3.1.14)

whose image is the set of classes of measured foliations admitting a representative, with respect
to Whitehead equivalence, whose leaves are all transverse to the boundary of X (i.e. the local
models Figures 3.7a, 3.7b, 3.7d and 3.7¢ are allowed, while Figures 3.7c and 3.7f are excluded),
and there is no singular leaf connecting two singular points — such singular leaf is called a saddle
connection. Moreover, the measured foliation can be used to give a hexagonal decomposition
of the surface, and reconstruct the embedded metric ribbon graph. To summarise, we have
the following lemma.

LEMMA 3.1.15. The map F, is injective. Its image consists of measured foliations admitting a
representative with respect to Whitehead equivalence whose leaves are all transverse to the
boundary of the surface and with no saddle connections.

Y= M
/—\

Figure 3.9: The geometric realisation of a metric ribbon graph (left) and the associated measured
foliation. The edges of the embedded graph are depicted in red, the singular leaves of the
associated foliation in blue.
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In the remaining part of this chapter, we establish various topological properties of the
combinatorial Teichmiiller space. Many of these properties are established in [FLP12], but for
a different space of measured foliations (namely, the completion of the set of multicurves),
and in [PHog2] in the language of train tracks. We include proofs and explicitly highlight
results that are not simple adaptations from [FLP12; PHgz2]. The details of these proofs will
in fact be used in later parts of the dissertation, specifically in the proof the combinatorial
Mirzakhani-McShane identity (cf. Section 5.3).

3.2 — LENGTH FUNCTIONS

We introduce now combinatorial length functions for simple closed curves y € Sy (see
Subsection 2.4.1 for notation and conventions), and show that combinatorial structures are
(locally in 7;£°™b) completely determined by the knowledge of finitely many of these lengths.
This gives an alternative description of the topology on 7™,

3.2.1 — COMBINATORIAL LENGTH FUNCTIONS

Consider a combinatorial structure G € 7;7°™° and a simple closed curve y in = (not necessarily
essential). As discussed in the previous section, G induces an isotopy class of measured
foliations (Fg, ug) on %, so we have a well-defined length function {g defined on Sy (cf.
[FLP12, Section §.3], where the same quantity is denoted by I(F, i; 7))

k
te(y) = igof Sup (; /JG(a’i)) , (3.2.1)

where the infimum is taken over all representatives y( in the homotopy class y, and the
supremum is taken over all the possible ways of writing yo as a sum of arcs @1, . . ., @k, mutually
disjoint and transverse to Fg.

It can be shown [FLP12, Proposition §.7] that the infimum is reached by quasitransverse
representatives of y.

DEFINITION 3.2.1. We say that a curve yy is quasitransverse to a foliation F if each connected
component of yo minus the singularities of F is either a leaf or is transverse to F. Further, in
a neighbourhood of a singularity, we require that no transverse arc lies in a sector adjacent to
an arc contained in a leaf, and that consecutive transverse arcs lie in distinct sectors.

In terms of the embedded metric ribbon graph, we have the following effective way to compute
the length ¢g(y): consider the (unique) representative y of y that has been homotoped to
the embedded graph and is non-backtracking (cf. [Hatoz, Section 1.A] for uniqueness of
non-backtracking representatives). The length of the curve can now be computed as the sum of
the lengths of the edges visited by the curve, since such yy is a quasitransverse representative,
perhaps after performing a sequence of Whitehead moves in a small disc neighbourhood
of the vertices of G, making a measured foliation 7, Whitehead equivalent to Fg and thus
representing the same point in MF%. One can also conclude from [FLP12, Proposition §.9]
that the length is always positive.

Notice that, if the curve is homotopic to one of the boundary components, the notion of
boundary length described before (Equation (3.1.8)) agrees with this more general definition.
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TS G

Y

= =

Figure 3.10: The length of a simple closed curve y with respect to a combinatorial structure G
on a pair of pants. We have {g(y) =a+c+b+c=a+b+2c.

Moreover, the assignment G — {g(y) is continuous on ’/Ecomb

on the closure of each open cell.

,as it is a sum of edge lengths

Remark 3.2.2. The notion of length naturally extends to multicurves ¢ € 1My by adding the
length of components. Using Equation (3.2.1), we can also define the length of homotopy
classes (relative to 9X) of arcs between boundaries. This is again a continuous assignment, but
it can take zero values.

In Subsections 3.2.2 and 3.2.3 we prove the following result regarding the combinatorial length
spectrum, which is the analogue of [FLP12, Theorem 1.3] for measured foliations on a closed
surface, and the analogue of Theorem 2.4.7 for the usual Teichmiiller space of hyperbolic
structures.

THEOREM 3.2.3. Let us equip RS® with the product topology. The combinatorial length of
simple closed curves gives a map

o TP (L) — RS (3.2.2)
which is a homeomorphism onto its image.

COROLLARY 3.2.4. The topology on T£°™P(L) defined via the arc-complex and the initial
topology induced by the combinatorial length map €.: T (L) — RS* coincide.

Here we prove the theorem by a direct construction of the inverse map from the image of
{s, via the study of lengths of curves and their relation with embedded pairs of pants. These
computations are used again in Chapter §.

3.2.2 — EMBEDDED PAIRS OF PANTS

We are interested in embedded pairs of pants and the way the lengths of their boundary
components (with respect to a combinatorial structure) determine the combinatorial structure
itself.

DEFINITION 3.2.5. When X is a bordered surface of type (g, n) such that 29 —2+n > 1, and
my € {1,...,n}, we let Px , be the set of homotopy classes of embeddings ¢: P — X of
pairs of pants P such that

4 ‘p(alp) = amozs

e 3\ ¢(P) (where the closure is taken in X) is stable,
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3. Topology of combinatorial spaces

Figure 3.11: Two embedded pairs of pants in By . (left) and Cs n, -

o if p(8;P) = 8,,X for some m # mg, theni = 2.

By abuse of notation, we denote by P the homotopy class of ¢: P < X, and we often identify
P with its embedding in ¥. Moreover, we define the following sets of homotopy classes of
embedded pairs of pants (see Figure 3.11)

By mo.m = { P € Ps m, | &P = 0,2 for some m # my } ,

Csmo = {P € Ps.my | O;PcXfori=2,3 } ) (3.2.3)

We have a partition

Ps.mo = ( I_I Bz,mo,m) U Csmyg - (3.2.4)

m#mg

Notice that, for m = 1, these are the sets of homotopy classes of pairs of pants appearing in
Mirzakhani’s recursion, or more generally in the definition of geometric recursion amplitudes
in the hyperbolic setting (cf. Section 2.4).

As briefly mentioned in the explanations of Mirzakhani’s argument, these pairs of pants can
be described alternatively in terms of arcs between boundaries, which we recall here for the
convenience of the reader.

DEFINITION 3.2.6. Denote by Us ,,, the set of non-trivial homotopy classes of proper embed-
dings a: [0,1] — X with a(0) € 9,,,% and a(1) € 9X. By abuse of notation, we denote by «
the homotopy class of @: [0,1] < X. There is a partition

Az, mo =( || %z,mo,m)ucsz,mo, (3.2.5)

m+mo

where the elements @ € By ,.m are those with a(1) € 9,,%, and the elements @ € €y ,,, are
those with (1) € 9, .

We define a surjective map
Qmo: QIE,mo B Pz,mo (3.2.6)

by assigning to an arc a the pairs of pants P whose boundaries are formed by the boundary of
a closed tubular neighbourhood of @ and the boundary components it connects (Figure 3.12).
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N
3
BN EVANg

Figure 3.12: Arcs and pairs of pants: Qu, (@) = Qm,(@’) = Oy (—a’) = P.

The boundaries of P are labelled as follows. We always set 81 P = 9y, 2. Then if ¢(9;P) = 8,2
for some m # my, theni = 2 and 93P is determined; otherwise, we define 92 P (resp. d3P) to be
the boundary component on the left-hand side (resp. right-hand side) of the curve @ oriented
from 0 to 1.

Remark 3.2.7. The map Qum, to Us, m, is not injective. More precisely, Q;,.! (P) contains a
single element when P € Cs ,,, while it contains three elements when P € By, for any
m # mg. Indeed any given P € By ,,,,.m can be obtained by an arc @ from 9,,,% to 9, %, but
also by an arc @’ from 9,,,X to itself and its inverse —a’ (Figure 3.12). Notice that in this case
a is the only arc in By n,.m, while @, —a’ € € .

We introduce the notion of small pairs of pants, which play a role in the rest of the paper.

DEFINITION 3.2.8. Let G € 7:2°™. We say that P € Py, is G-small i
(0P N IZ) = {z(AP N X°). (3.2.7)

The definition does not depend on the representative chosen for P. If the inequalities are strict,
then we say the pair of pants is strictly G-small.

We can rewrite the above definition by differentiating two possible cases: P is G-small if
® PeBs mym 1mphes lG(03P) < {g(01P) + {5 (02P),
® PeCsmy implies G (02P) + € (03P) < £5(01P).

In other words, the internal boundary component(s) are small compared to the external one(s).
We characterise small pairs of pants in terms of the corresponding arcs as follows.

LEMMA 3.2.9. Let P € Ps .

* P € Bs mym is G-small if and only if for the unique a € Q;,! (P) N Bz my.m we have
lg(a) =0,

* P € Cs.mg 15 G-small if and only if for the unique a € Q. (P) we have lg(a) = 0.

Proof. Let @ € By my.m for m # mg and assume that £ (@) > 0. Itis then uniquely represented
by some non-backtracking edgepath @ in G with initial and final vertices adjacent to 8,,, =
and 9,,X. Then, 830, (@) can be homotoped to a non-backtracking edgepath consisting in
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travelling along @, then going around 9,,%, then travelling backwards along @, and going
around d,,, 2. This implies that

f@(@mo Z) + &G(amz) <{g (aSQmo (a))>

hence Qjn, (@) is not G-small, and we conclude by the contrapositive. A similar argument
works when @ € €y ;. O

Remark 3.2.10. Notice that @ can only have length zero with respect to G if it has a quasitrans-
verse representative given by an oriented non-singular leaf in the foliation associated to G.
There are finitely many homotopy classes of oriented leaves relative to the boundary, and
they are in bijection with the oriented edges of the metric ribbon graph. Since Us ,,, surjects
onto Ps, m, for X of type (¢,n) and G € 7§°°mb, there are at most 2(6g — 6 + 3n) G-small pairs
of pants in Py -

Small pairs of pants can be characterised in terms of the support of two functions that play
an important role in the combinatorial Mirzakhani-McShane identity. Let [x]; = max {x,0}
and consider the functions on 7™ = R? defined by

1
BY(L,L',¢) = —([L—L’ )y~ [-L+L €], +[L+L —£]+),

21L (3.2.8)
cr(L,e,0) = Z[L o

It is easy to check that these functions only take non-negative values. They encode aspects of
the geometry of combinatorial pairs of pants, as described in the following lemma, and are the
combinatorial analogs of the functions (2.4.20) introduced by Mirzakhani in [Miro7a] in the
hyperbolic context. Moreover, they can be obtained as a limit of Mirzakhani’s functions in
the large boundary limit, cf. Section 6.3.

LEMMA 3.2.11.

* The function BX associates to ({g (o1 P), €(02P), (g (03P)) € R3 = 7;f°mb the fraction of
the &\ P that is not common with 03P (once retracted to the graph).

o The function CX associates to a point lg(9P) € R3 = Tomb the fraction of 91 P that is
not common with daP U O3 P.

Proof. The result follows from direct computations in the closure of each of the four open
cells of 7;5°™°. The various inequalities that define the cells are used to simplify BX and
CX. Consider for example the leftmost pair of pants in Figure 3.13: we have {5(d3P) >
(01 P) + L5 (32P) so that BX(Ly, Lo, €) = 0, and the portion of d; P that is not common with
93P is zero (all of 9y P intersects with d3P). Similarly, in the case of the central pair of pants of
Figure 3.13 we find €g(02P) > €5(01P) + £ (I3P), so that

1

BY(Ly, Ly, ) = ———

(66(01P) +06(32P) =l (33 P) ~ (~Le (01 P) +(6(32P) (6 (35P)) ) = 1,
and indeed all of 9; P intersects with 92 P. Finally, in the rightmost pair of pants of Figure 3.13
we find (g(9;P) < {g(djP) + €g(0kP) for all i, j,k € {1,2,3}, which is the condition to
be in this cell. We also see that the length of the edge adjacent to ;P and ;2P is given by
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0P, 0o P 0P, 09 P 81 QP
D

03P

83P (93P

Figure 3.13: Three different cells in 7}°°mb.

% (c(01P) + €G(82P) — €5(83P)) and therefore its fraction of the first boundary is given by
exactly

1
K _ —
B™(L1, Lo, 0) = (O P) (£6(01P) + L (92P) — LG (03P)).
The computation in other cells is similar, and analogously for CX. O

Notice that if BX or C¥ are non-zero, then there is at least an edge with a corresponding arc,
that defines the pair of pants passing through the edge transversely, and therefore of zero
length. As an immediate consequence this or simply by considering the support of BX and
CX, we deduce the following characterisation of small pairs of pants.

COROLLARY 3.2.12. Let G € 7;0‘“":
o P € Bs mo.m is G-small if and only if BX(£(0P)) > 0,
o P € Cs g is G-small if and only if CX(€g(0P)) > 0.
Here l(OP) is the ordered triple of combinatorial lengths of the boundary components of P.

3.2.3 — A PARTIAL INVERSE OF THE COMBINATORIAL LENGTH SPECTRUM MAP

In this paragraph we exhibit an inverse on the image of the combinatorial length map of
Theorem 3.2.3. We first observe that, given G = [G, f] € 7:°™ and an oriented edge & of
the embedded graph, we can take the oriented dual arc @;: its starting point (resp. ending
point) lies on the component of X adjacent to f(€) on the right (resp. left) and intersects the
embedded graph exactly once through this edge. Note that the two boundary components
adjacent to € may coincide. We thus obtain a map

n
Eg— U= | | Us . (3.2.9)
mo=1

Composing with Q,,,, we can associate to each oriented edge of G a class of embedded pair of
pants in 7’;11 = [mo=1 Ps.mo-

LEMMA 3.2.13. Let e be an edge in G € T™ and fix an arbitrary orientation é.

o If e is adjacent to 8y, X # O, %, let P1 € Bs iy my and Py € Bs . .m, be the pairs of
pants corresponding to € and i(€) respectively. Then

to(e) = lo (0, 3) (B (Gs(0P1) - CX (G (0P1)))

R R (3.2.10)
= £ (0 D) (B* (G (0P2)) = CX (76 (0P2))).
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Figure 3.14: The three cases examined in Lemma 3.2.13.

@ = O

o [feisadjacent to 0,y X on both sides, let P € Cs. i, be the pair of pants corresponding to
€ or i(€) (the rwo pairs of pants coincide). Then

t6(6) = 5 (6(0m2) CX T (9P). (3.2.11)

Proof. Given a boundary component, we can represent the edges around it by a polygon
where some edges and vertices are identified. The sequence of edges around the boundary is
non-backtracking.

e If e is adjacent to Oy, X # O, 2, we have two polygons around d,,,, X and 9,,,%. When
neither of these are 1-gons, then we can represent y = d3P1 = d3P> as in Figure 3.14a.
Due to the absence of bivalent vertices, this is again non-backtracking. We therefore
have lg(y) = €6(Om, Z) + €6(0m,E) — 2{s(e). Notice that we also have |£g(9m, Z) —
{6 (0m,2)| < €g(y). Therefore, comparing the expression for £g(e) with the expression
in the statement, we see they agree. Now suppose without loss of generality that ms is a
1-gon. This implies that m; is not a 1-gon, as gluing two 1-gons together would produce
a cylinder. It is also clear that € (e) = €G(Om,X). We can represent y = d3P1 = 93P2 by
Figure 3.14b. This implies that £g(9n, Z) = €6 (0m,Z) + € (y) and therefore, using this
to calculate the expression in the statement, we see that they agree.

e If e is adjacent to 9,2 on both sides, we have one polygon around 8,,,%. We can then
represent d2 P and 93P as in Figure 3.14c. In absence of bivalent vertices, backtracking
cannot occur around either side of e. Therefore we have £g (9, %) = g (92P) +€ (I3 P) +
2(g(e). Comparing the expression for {g(e) with the expression in the statement, we
see they agree.

O

This lemma shows that we can reconstruct edge lengths from lengths of simple closed curves,
which in turn proves that Theorem 3.2.3 holds when restricted to the closure of a cell. To
tully reconstruct the ribbon graph (i.e. determine in which cell we are) from just the lengths
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of simple closed curves, we use the characterisations of small pairs of pants and their relation
to edges in the embedded graph.

Proof of Theorem 3.2.3. We can now exhibit a global inverse on the image of the combinatorial
length spectrum map ¢, : 7P (L) — R$=, We first consider the following composition:

RS (R?’)P;H R R‘)I;H
+ + >0
At > 1.

The first arrow associates to a length functional 1 € R%* the functional on Pl defined

by P — A(dP), where A(AP) is the ordered triples of boundary lengths (here we define
A(6;%) = L;). The second arrow associates to a functional A on Pgﬂ a functional on ‘2[%11 given

by
A1(Pa) (BK(/T(P(,)) - cK(I(PQ))) if @ € By mg.m
101(Pa) CR(A(P)) if @ € Gz,

a —>

where P, = Oy, (@) and A, is the first component of the triple 4. Note that these are exactly
the expressions appearing in Lemma 3.2.13.

Consider now the restriction to Im(¢,). If A = £,(G) for some G € ’Ecomb(L), we know from
Lemma 3.2.9 and Remark 3.2.10 that [, as a functional on %3, is supported on the complement
of those oriented arcs @ homotopic to non-singular oriented leaves in the foliation associated
to G. These are in bijection with the oriented edges of G. Forgetting about the orientation,
consider the finite collection (a1, ..., k) of all such arcs, choosing representatives that are
pairwise non-intersecting in X. This defines a proper simplex in the arc complex Uy (see
Subsection 3.1.2), and taking the dual we obtain a ribbon graph G with an embedding into
Y. We can equip it with a metric, assigning the length /,(@;) to the edge dual to «;. This
represents a point in 7P (L), so that we have a map

L: Tm(£,) — T2 (L).

By construction, I, o £, = id. Thus, ¢, is injective.

The map ¢, is clearly continuous, since the lengths of simple closed curves are linear combina-
tions of lengths of edges. The inverse map /. is also continuous on the ¢,-image of each cell,
since we realised the edge lengths as piecewise linear (and thus continuous) functions of the
length of locally finitely many simple closed curves. This completes the proof. O

3.3 — CUTTING AND GLUING

Before describing the Dehn—Thurston coordinates, which in this setting we will call combina-
torial Fenchel-Nielsen coordinates, we need the notion of cutting a combinatorial structure
along an essential simple closed curve, and the reciprocal notion of gluing combinatorial struc-
tures along boundary components of the same length. In the context of measured foliations,
this was already considered by Thurston. However, the main difference with [FLP12] is in
the gluing: the combinatorial Teichmiiller space does not contain measured foliations with

98



3. Topology of combinatorial spaces

I I3

Figure 3.15: Cutting/gluing algorithm: the combinatorial structure G (in red) pictured with
the singular leaves (in blue), and the curve y (in green).

e sk s T

Figure 3.16: Cutting/gluing algorithm for vertices of higher valency. Two Whitehead moves
are performed.

saddle connections, but saddle connections can be created from the gluing process. The main
result of this section, Proposition 3.3.4, is the analysis of these “pathological gluings”, which
turn out to occur only for a negligible set of twists.

Curring. Consider a bordered surface X, fix G € 7™ and y an essential simple closed
curve. We want to define a combinatorial structure on the surface 2, obtained by cutting £
along a chosen representative of y. To this end, choose a representative (G, f), so that we have
an induced structure of measured foliation on X. If necessary, perform a minimal sequence of
local Whitehead moves in small disc neighbourhoods of the vertices, in such a way that y is
transversal to the resulting foliation. We then restrict the measured foliation to %, which is
induced from a unique metric ribbon graph G, with an embedding which up to isotopy does
not depend on the choices made. This defines a combinatorial structure G, € '/Ecyomb.

Cutting also makes sense when y is a primitive multicurve, and it is equivalent to cutting along
each component of y in an arbitrary order. Note that the lengths of edges after cutting are
again linear combinations of the edge lengths which agree on the closure of the open cells. This
shows that the cutting, viewed as a map 7°™> — 7;70““[’, is continuous. See Figure 3.15 and
Figure 3.16 for a local illustration of the cutting, and Appendix A for some global examples.
GLuING. Consider a bordered surface X, possibly disconnected, with a choice of two boundary
components y_ and y;. Let G € 7§°°mb be such that €g(y_) = {g(y:). We want to define
a combinatorial structure on the surface obtained by topologically gluing y_ and y,. Fix a
representative (G, f), so that we have an induced structure of a measured foliation F on X.
First, we observe that once we pick a point p_ on y_, there is a unique action of R on y_
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Figure 3.17: A glued measured foliation that is not dual to a combinatorial structure. Notice
in grey 27, that is properly contained in X7, and the presence of saddle connections on the
boundary of X7 that cannot be removed by Whitehead moves.

which preserves the induced measure and orientation on y_. We let p” be the image of p_
under the action of 7 € R. Pick now a point p, on vy, and identify y_ with y, in a measure
preserving way, such that p7 is identified with p, in an orientation reversing way. This means
that we have a unique measured foliation #” induced on the glued surface, which we denote
DI

3.3.1 — ADMISSIBLE GLUINGS

What is not clear from the above construction is whether the measured foliation #7 is associ-
ated to a combinatorial structure on X7. If this is true, we call such v an admissible twist. We
refer to Figure 3.15 and Figure 3.16 — read from right to left — for a local illustration of the
gluing, Appendix A for some global examples, and Figure 3.17 for an example of F7 that is
not associated to a combinatorial structure.

PROPOSITION 3.3.1. There exists a unique metric ribbon graph G™ and a unique isotopy class
of marking f: 27 — |G7| such that the measured foliation induced on L™ agrees with F*
if and only if F7 has a representative without saddle connections, i.e. no leaf between two
singularities.

Proof. Perform a maximal sequence of Whitehead moves, i.e. that reduces the connected
components of the the compact singular leaves to a graph with one vertex. Let A(F7) be the
set of leaves of #7, and define 7 = {1 € A(F7) | ANIZ” # @} (cf. Figure 3.17). Then from
Poincaré recurrence [FLP12, Theorem §.2] this is nothing but the union of all leaves which
go from boundary to boundary together with the finitely many leaves which connect the
boundary to a singular point of 7 (i.e. no leaves starting from the boundary spiral in the
surface). If £7 = X7, then F7 has no closed singular leaves and we see that the singular leaves
of F7 split the surface into hexagons, which in turn determines G* uniquely and its marking
up to isotopy. If not, choose a good atlas for 7 as defined in [FLP12, Section 5.2], and
observe that the complement of the singular leaves in 7 is a finite disjoint union of squares S;,
each with a non-singular foliation transverse to two open arcs of the boundary of 7, running
between endpoints of the singular leaves in 27, and such that S; — §; ¢ 7 are made up of a
finite number of compact singular leaves of F7. But since we are assuming X7 # X7, there
must be at least one of these which connects two singular points in the interior of £7. As we
took a representative of #7 with one singular point for each connected component of the
compact singular leaves, we see that this implies there must be a cycle of singular leaves which
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cannot define a combinatorial structure. O

We observe that, even though the foliation associated to G has no saddle connections, they may
occur for F7 as a result of the gluing process. However, Proposition 3.3.1 together with the
next result imply that this is generically not the case, and that it is never the case for G-strictly
small pairs of pants.

LeEMMA 3.3.2. Let G be such that every vertex around y_ has exactly one singular leaf reaching
Y- and no singular leaf reaching y.. Then all twists T € R are admissible. The same statement
holds if we exchange y_ and y..

Proof. Under such hypotheses, all smooth leaves starting from y_ end at a boundary compo-
nent of X that is neither y_ nor y,. Therefore for every twist 7, we glue the singular leaves
to leaves of v, which immediately reach a boundary component of dX7. Gluing the singular
leaves of y_ can result in the creation of a leaf which returns back to y, again. This however
corresponds two gluing to leaves of y, which immediately reach a boundary component of
or”. |

COROLLARY 3.3.3. Let X be a bordered surface of Euler characteristic xs, < —1, take P € Ps 1,
for some mg € {1,...,n}, G € T™, and consider the operation of cutting along dP N X°,
twisting and gluing back. If P is G-strictly small, then any twist T € R™OPE) 45 admissible.
The same is true if & = T and we self-glue after twisting the pair of pants obtained from T by
cutting along y € Srt.

PROPOSITION 3.3.4. For G € 7§c°mb with | = {g(y-) = lg(y+) the set of admissible twists is an
open dense subset of R with countable complement.

We need the result of the following lemma before proving the proposition. Let S~ = {¢;,...,¢;, }
and §* = {{],..., (% } be the finite sets of lengths of edges in G into which y_ and y, decom-
pose into respectively. Without loss of generality, assume that p_ and p, are contained in
singular leaves of G.

LEMMA 3.3.5. If we choose the points p. such that T = 0 identifies two singular leaves, then for
7 ¢ spang (S~ U SY), F7 has a Whitehead representative with no singular leaf between two
singularities.

Proof. Denote by vy the curve in £7 which is the image of y., and identify y ~ R/IZ where
I =¢€g(y-) = €g(y+) and 0 corresponds to a singular leaf on the y, side. Consider a point p € .
If we follow along the leaf passing through p (in either the y, side or the y_ side of the glued
surface) until it gets back to y at a point p’, we find that there exists some R € spanz (S~ U S*)
for each of the following cases, such that

® p’ = —p+ R, for aleaf going from v, to y4;

® p/ =—p+27+R, for aleaf going from y_ to y_;
® p' = p+7+R,foraleaf going from y, to y_;

® p’ =p—1+R,foraleaf going from y_ to y,.
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Figure 3.18: Examples of leaf dynamics, induced on y by the foliation #. The singular leaves
before gluing are depicted in blue, the leaf connecting p and p’ in grey (here it is depicted as a
smooth leaf, i.e. a > 0). In between the two fully depicted singular leaves there is a strip of
smooth leaves all homotopic to each other.

Indeed, we firstly notice that all singular leaves on the y, side are identified as some points in
spanz (S*), while on the y_ side they are identified as some points in 7 + spanz (S™).

Suppose first that p’ is obtained from p by following a leaf going from vy, to y, (see left of
Figure 3.18). We notice that p is given by p = Ry + a, where Ry € spanz(S*) is the distance
from the chosen singular leaf at 0 to the singular leaf just before p on the y, side, and a > 0.
Then, following the leaf, we find that the singular leaf just before p becomes the singular leaf
just after p’, and p’ = Ry —a = —p + (Ro + R1) where Ry € spany(S*) is the distance from the
chosen singular leaf at 0 to the leaf just after p’ (following the orientation of y,). In particular,
we obtain the claim with R = Ry + Ry € span,(S*).

Similarly, suppose now that p’ is obtained from p by following a leaf going from y_ to y,
(see right of Figure 3.18). Now we have p = Ry + 7 + a, where Ry € spanz(S7) and a > 0
(here the singular leaf just before p on the y_ side is at distance Ry + 7 from the chosen
singular leaf at 0). Then, following the leaf, we find that the singular leaf at R + 7 1s identified
with a singular leaf at distance Ry € spanz(S*) from the chosen singular leaf at 0. Therefore
p'=Ri+a=p—-1+(Ryp— Ry). Thus, the claim with R = Ry — Ry € span, (S~ U ).

The other cases follow similarly. Now, if p is a point at a singular leaf on the y. side, we see
by induction that, after gluing, the singular leaf passes through y at some other points of the
form £(p ¥ nt) + R for some n € Z, and R € spanz (S~ U S*). This implies that, if G has
two singular points connected by a leaf, then a non-zero integral multiple of 7 is contained in
spanz (S~ U S*), or equivalently 7 € spang (S~ U S*). mi

Proof of Proposition 3.3.4. We first show that the set of admissible twists is an open subset
of R. Consider 7 € R an admissible twist, and denote by G7 the associated combinatorial
structure. For each edge e of G7, let ny (e) be the number of times which y travels through
the edge e. If we take 77 such that [t/ — 7| < €, then we see that the distance between the two
singularities of the foliation changes by at most en,, (e) (cf. Figure 3.19). This also holds at the
boundary of the cells, when we have vertices of higher valency whose original distance would
be zero. Therefore, if we choose € > 0 smaller than

min te(e)
e ny(e)

where e runs over the edges of G” visited by v, then all singularities stay at the same or
at a positive distance from each other. These lengths are realised by curves homotopic to
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3. Topology of combinatorial spaces

Figure 3.19: A combinatorial structure G glued to G* and G for |7 — 7’| small. The singular
leaves of G are shown in blue. After gluing, they are prolonged with the purple leaves in G7,
and with the light blue leaves in G”'. The dotted lines indicate the identification of y_ and y,
for 7 and 7’.

the original length realising curve. As a consequence, #7 cannot admit a cycle of singular
leaves connecting singularities, and thus 7’ is an admissible twist. The countable complement
property follows from Lemma 3.3.5. m

We remark that the set of non admissible twists can have accumulation points, and its set of
accumulation points can be non isolated. However what is crucial for the next chapter is that
the non-admissible twists form a measure-zero set in R.

3.4 — COMBINATORIAL FENCHEL-NIELSEN COORDINATES

With the notions of cutting and gluing in the combinatorial spaces defined, we have the key
tools to adapt the definition of Dehn-Thurston coordinates to our framework. The main
difference with the hyperbolic setting is that the image of such a coordinate system does not
cover the whole codomain, and this is due to the fact that certain (rare) values of the twists are

forbidden.
3.4.1 — SEAMS AND PANTS DECOMPOSITIONS

Firstly, we need a technical ingredient, the pants seams, that allows us to define a canonical
way of gluing pairs of pants. The following definition is can be found in [FLP12, Section 6.3].

DEFINITION 3.4.1. Consider a combinatorial marking (G, f) on a pair of pants P, with associ-
ated foliation #. Define the combinatorial seam connecting two distinct boundary components
¥ and y’ of P to be the quasitransverse arc connecting y and y’, as indicated in Figure 3.20. In
the cases 3.20c—3.20¢g, the seams are smooth leaves, located at exactly the same distance from
the adjacent singular leaves.

We remark that the combinatorial seam realises the minimum among lengths of all essential
arcs connecting one boundary component to another (the length can be zero). For a point
(L1,Lo, L) € R3 = 7;°°mb, the length of the seam connecting d; P and ;P is given by the
formula

Ls— L, - Ly

5 ) (3-4.1)

+

fcomb(Lla Lo, L3) = [
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II. The combinatorial model of the moduli space of curves

WY
S ATA

Figure 3.20: Combinatorial seams (in orange) on each cell of 7;,°°mb. The singular leaves are
depicted in blue.

while the length of a seam connecting d; P to itself is given by

L2+L3—L1} |:L2_L]__L3:| [Lg—L1—L2]
_— | + +
+ + +

fcomb(Ll’LQ’L?)) = D) B

(3-42)
’L2 - LlaL3 - L]_,O}

Notice that for a hyperbolic marking (X, ¢) on P, there exists a notion of hyperbolic seam
connecting y and y’, that is the shortest geodesic arc connecting the boundary components y
and y’. On the other hand, we can consider the combinatorial marking (G, f) on P associated
to (X, ¢) defined through the spine map of Definition 3.1.10. The next elementary lemma, of
which we omit the proof, shows that the hyperbolic and combinatorial seams are the same
arcs.

LemMA 3.4.2. Consider a hyperbolic marking (X, ¢) on P, and the associated combinatorial
marking (G, f). Through their aforementioned identification, the hyperbolic and combinato-
rial seams connecting two boundary components of P coincide.

Remark 3.4.3. In the hyperbolic case, for a point (L1, Ly, L3) € R3 = 7p, the hyperbolic
length of the seam connecting 9, P and 2P is given by the formula

cosh (pyp (L1, Lo, L3)) = COSh( ) coth( )coth( 2, (3.4.3)
P 1nh( )smh( 2)

while the hyperbolic length of a seam connecting 9, P to itself is given by

bhyp (L1, L2, L3)
cosh2( byp 12 ) sin hQ( =) =

= COShQ( =)+ coshQ( 2)+ coshQ( =) +2 cosh( 1) cosh( )cosh(LS) -1

(3-4-4)

Equations (3.4.1)—(3.4.2) and can be recovered from Equations (3.4.3)—(3.4.4) by taking the
following limit:
. fhyp(ﬁLl’ﬂL27ﬁL3)
lim
P—+00 B

comb(LlaLZ, L3) (345)
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3. Topology of combinatorial spaces

This is not a coincidence: in fact, in Chapter 6 we will systematically study a rescaling flow
on Teichmiiller space, and shown that many hyperbolic quantities equal the corresponding
combinatorial ones in such a limit.

3.4.2 — COMBINATORIAL FENCHEL-NIELSEN COORDINATES AS GLOBAL
COORDINATES

Recall from Definition 2.4.8 the notion of a pants decomposition (%, §) of a bordered surface
¥ of type (g, n):

* a maximal collection of simple closed curves # = (y1, ..., ¥34-3+n) cutting X into pairs
of pants,

* a collection of curves and arcs &, that specifies three disjoint arcs connecting boundary
components of each pair of pants of .

Fix once and for all a seamed pants decomposition (2, §) on E. We define the length parameters
of a point G € 7;°™ to be the tuple of positive real numbers

U(G) = ((1(G), ..., l3g-3:n(G)), (3-4.6)

where €;(G) = €g(v;).

As a first step towards the definition of twist parameters, consider a combinatorial marking
(G, f) of a pair of pants P and an arc @ connecting two distinct boundary components y and
¥’ of P. Let 6 be the combinatorial seam connecting y and y’, which depends on (G, f) only
as specified in Definition 3.4.1. Let P be a universal cover of P. It contains lifts 7 and 7" of y
and y’ respectively, which acquire an orientation from P. Letd =6 Ny anda = a Ny. We
choose a lift d of d and call a the first lift of @ met by travelling from d along y following its
orientation. This determines lifts § (resp. &) of & (resp. @) startmg from d (resp. @). Now let
d' =5n7y and @ = @ny'. Consider the path c;, ., along 7' starting at @’ and ending at a’.
The measured foliation associated to (G, f) lifts to a measured foliation F on the universal
cover, and we can measure the length of ¢ .,. We then set sgn(c;;) = 1 depending on
whether the orientation of ¢ ;,;, agrees with the one of 7. We define the twisting number of
along y’ in P to be

th v (G, f) =sgn(czg) ls(ciq)- (3-4.7)

The definition does not depend on the choice of d, since all different choices are related by
deck transformations which leave ts’ (G, ) fixed.

Given G € ‘Ecomb, we define the i-th twist parameter 7;(G) as follows. Fix a marking (G, f)
such that y; is quasitransverse to the measured foliation induced by the marking. Let a; be
one of the two arcs in § crossing y;. There are two pairs of pants Q! and Q} (possibly the
same) on each side of y;, and @; determines two arcs o/ = @; N Q% and @) = &; N Q7. The i-th
twist parameter of G is defined to be

Q; oY
Ti(G) = tal{,')’i (G|Ql’, lel’) + t(l,{"'yi (GlQ:/7 le:l) . (3.4.8)
This twist parameter is invariant under isotopies, i.e. does not depend on the representative of

G. Besides, it does not depend on the choice of the arc in § crossing y;. This can be seen by
passing to the universal cover of a neighbourhood of y; — cf. [FM11, Section 10.6.1] for the
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II. The combinatorial model of the moduli space of curves

analogue in the hyperbolic case. Finally, it only depends on the homotopy class of a;, since a
different choice of representative would modify both #” and ¢ by the same quantity, but with
different signs. Thus, we have well-defined twist parameters

7(G) = (Tl(G), .. .,ng_3+n(G)). (3-4.9)

Notice that we may homotope the representative of a; such that it is intersecting y; at a vertex
of the combinatorial structure, showing that ” and ¢’ in (3.4.8) can be expressed as a sum of
edge lengths in G with half-integer coefficients. The half is coming from the definition of
combinatorial seams, which were required to be equidistant from the adjacent singular leaves
in the cells depicted in Figures 3.20c—3.20g.

DEFINITION 3.4.4. Let X be a bordered surface of type (g, n) equipped with a seamed pants
decomposition (P, S). Combinatorial Fenchel-Nielsen coordinates relative to (#,8) is by
definition the map @, : o™ (L) — R3973  R39-3+1 defined by

®L(6) = (((G).7(G)). (3.4.10)

Using the gluing we can establish the following result. The first part is an adaptation of
arguments by Dehn [Deh22], Thurston [FLP12] and Penner [PHg2], who proved similar
results for the set of multicurves, measured foliations and train tracks respectively. The second
part, i.e. the zero-measure statement, will be crucial in Section 4.3 where we provide a general
formula to integrate mapping class group invariant functions.

THEOREM 3.4.5.

1. Forany L € R, the map
Dy : Ecomb(L) — (Ry x R)3973+n (3.4.11)
is a homeomorphism onto its image.

2. The image of @y is an open dense subset whose complement has zero measure. Moreover,
if ©1(G) = (¢, 7), then the image of the map t; restricted to

{6 eTm(w) | 6(6) = ¢; V), (@) =i fork #1 (3.4.12)

has a complement of zero measure in R.

Proof. To prove the theorem, we use the gluing to construct a partial inverse map. More
precisely, define the partial map ¥y : (Ry x R)%973+" — 7comb(L) by setting

LI"L (f, T) = G,
where G is defined as follows.

e For each pair of pants bounded by curves in P, we assign boundary lengths defined by
the perimeter lengths L € R” and the assigned lengths £ € R*~**"_ This determines a
unique combinatorial structure on each pair of pants.

* We glue the pairs of pants along each y; after twisting by 7;. The twist zero corresponds
to gluing the combinatorial seams of the pairs of pants together.

106



3. Topology of combinatorial spaces

By partial map we mean that ¥/, is not defined on the whole of (R, x R)3973+" 35 the gluing
does not always define an embedded metric ribbon graph. Notice also that ¥, does not
depend on the order on which we glue the pairs of pants together.

We proceed now with the proof. Firstly notice that the definition of the twist parameters
implies that gluing with twist zero amounts to gluing all pairs of pants with matching seams.
Also, since gluing back a cut combinatorial structure gives back the original one, we can see
that ¥, is defined on the image of @, and that ¥, o @ is the identity on 7£°°mb(L). Hence,
@, is a bijection onto its image.

On the closure of each open cell, the length and twists are linear functions of the edge lengths.
Therefore, we have bijective linear functions that agree on boundaries of the open cells, and
therefore, the inverse has the same properties and is therefore continuous which shows that
®,, is a homeomorphism onto its image.

Now to prove openess we note that given any point G € 7£c°mb(L) there exists a neighbour-
hood intersecting finitely many cells as there are finitely many ways to expand a singularity
using Whitehead equivalence. We can therefore construct a finite simplicial complex contain-
ing G as a vertex such that the intersection of a k-cell of 7;°mb(L) is a union of k-dimensional
simplices. Then, as @ is linear on each cell and a homeomorphism onto it’s image, ®;, maps
the simplicial complex to a simplicial complex in (R, x R)3973,

A point on a finite simplicial complex in an Euclidean space of the same dimension is on the
boundary if and only if it is contained in a codimension one simplex that is on the boundary of
only one top-dimensional simplex. Every codimension one simplex containing G is contained
in two top-dimensional simplices and therefore ®;,(G) is in the interior of the image of the
simplex. Thus, @ is open.

Finally, notice that by gluing one curve at a time and using Proposition 3.3.1 and Lemma 3.3.5
for each L and ¢, we can see that the image is dense and its complement has zero measure or,

more generally, that the set defined in Equation (3.4.12) has complement of zero measure in
R. |

3.§ — A COMBINATORIAL (9g — 9 + 3n)-THEOREM

In this paragraph we establish a combinatorial analogue of the hyperbolic (99—9+3n)-theorem,
that is, any combinatorial structure can be reconstructed from the data of the combinatorial
lengths of (9g — 9 + 3n) simple closed curves. Similar computations can be found in [FLP12,
Exposé 6], where only measured foliations on closed surfaces are considered. These results
are used in Section 6.1 to compare the hyperbolic and combinatorial twists, and in Section 6.2
to give a new proof of Penner’s formulae [Pen82] for the action of the mapping class group on
Dehn-Thurston coordinates.

Let X be of type (g, n) and fix a seamed pants decomposition (#, §), with P = (y1, ..., ¥3g-3+n)-
As in the hyperbolic case, each y; determine a surface of type (0,4) or (1,1) in X, which in
turn determine two simple closed curve 6; and 1; (see Theorem 2.4.9 for the definition, or
Figure 3.21 for a quick reminder).

THEOREM 3.5.1. Let X be a bordered surface of type (g,n) and (P, S) a seamed pants decom-
position. The following map is continuous and injective:

TEomb (L) — RO G (5(y). 6 (6), b6 (1)) (3:5.1)

107



II. The combinatorial model of the moduli space of curves

Figure 3.21: The curves § and 1 obtained from a curve y in the pants decomposition (we omit
the subscript), and an arc/simple closed curve @ in §.

As a preparation to the proof, we present in Lemmata 3.5.2 and 3.5.4 closed formulae for
{6 (6;) and €g(n;) in the (0,4) and (1, 1) cases respectively. For this purpose we can work
locally on G|y, with a fixed seamed pants decomposition, which we denote by ¢; = £5(y;),
] = €g(6;) and £ = LG (n;).

FOUR-HOLED SPHERE

Let %; = X be a four-holed sphere. We remove the index i from the notation of y;, @;, &;
and n;, as well as &;, £/, £’ and 7;. Label by 8, X, ..., 8,X the boundary components of X, so
that y is separating the components $, X and 9, X from d;X and 95X, and « is connecting the
components d; X and d2X. Finally, denote L; = £g(9;X).

LEMMA 3.5.2. In the above setting, we have

5’(5, ‘[') = max {L1 + L3 - 5, L2 + L4 - €,2|T| + M1’4(€) + Mg,g(f)}, (352)

L,‘+Lj—f
2

where M; j(€) = max {0, Li—C(L;—¢, } Further, ¢ (€,7) = ' (¢, T + {).

Proof. Let us assume that the ribbon graph underlying G is trivalent, fix a marking of it, and
cut G along the curve y. There are sixteen possibilities for the cut combinatorial structure: the
marked ribbon graph on each pair of pants can belong to each of the four top-dimensional cells
of the Teichmiiller space of a pair of pants. Therefore, in order to check that Equation (3.5.2)
holds for any G, it is sufficient to check that it is satisfied in each of the sixteen cases. By
symmetry considerations, the number of cases can actually be reduced to seven. We show the
detailed argument for three particularly representative cases out of those seven, and argue that
the other cases can be proven following the same strategy.

Firstly, suppose that Ly > L1 + € and Lg > Lo + € (see Figure 3.22a). Then
max {0, Ly = €Ly - 6 BBt = 1y -6 max {0, Ly — € Ly - £, 2Rt~ 1y,
so the right-hand side of Equation (3.5.2) reduces to
max {L1+ Ly — €, Lo+ Ly — €,2|t| + Ly + Ly — 2€} = 2|7| + Ly + Ly — 2¢.

In Figure 3.22b, a quasitransverse representative of § is shown. Its orange part has length
Ly — ¢, its blue part has length L3 — ¢, and its green part has length 2|7|. In the end, we have
¢’ =2|t| + L3 + Ly — 2¢, which is consistent with Equation (3.5.2).
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3. Topology of combinatorial spaces

Secondly, suppose that Ly > Ly + € and |Ly — L3| < £ < Ly + L3 (see Figure 3.22¢). Then

max {0, Ly = €, Ly = 6, L5 = py— 6, max{0, Ly - €1y — ¢, Latast ] = Lavlact,

In this case, we also have L + L3 < Ly + Ly, so the right-hand side of (3.5.2) reduces to
max{Ll+L3—€,L2+L4—€,2|T|+L4—€+%ﬂ} :L2+L4—{7+ [2|T| —#]
+

Suppose first that 2|7| < 222253 wwhich is depicted in Figure 3.22d together with a quasitrans-

verse representative of 6. The orange part of § has length L4 — ¢, while the blue part of § has
length L. Therefore

€= Lot Ly—=Lo+Ly—C+ 27| - Lt ]
.

L2+f L3

Suppose now that 2|7| > , see Figure 3.22¢. The orange part of ¢ has length L, — ¢, the

blue part of & has length %’ and the green part of § has length 2|7|. Thus:
=2t +Ly— 0+l = [y v Ly~ 0+ [2|T| 3 L2+£;—L3]
N

Again, in both cases Equation (3.5.2) is satisfied.
Thirdly, suppose that € > Ly + Ly and |Ly — L3| < € < La + L3 (see Figure 3.22f). Then

max {0>L1 -C, Ly - ¢, %H} =0, max {O, Ly—¢,Ls—¢, L2+§3_£} = L2+§3“’,

Without loss of generality, we can assume that L1 + L3 > Lo + Ly. Then, the right-hand side
of Equation (3.5.2) reduces to

max{Ll + Lj —f,L2+L4—[”2|T|+%3_[} maX{Ll +Ls—¢, 2|T|+ L2+L3 t’} )
The case where 2|7| < Ly + £3=£2=C 5 depicted in Figure 3.22g. The length of 6 is then
t =14 +L3—f=maX{L1+L3—€,2|T| +—L2+§3_[} .

In the case where 2|7| > Ly + —[ , depicted in Figure 3.22h, the orange part of ¢ has length

—L2+I2‘3 , and the green part of ¢ has length 2|7|, therefore

Lo+L3—-¢
—2|T|+—L2+L3 £ = max {Ll +Ly— 2]+ 23—~ }
In both cases, Equation (3.5.2) is satisfied.

The case of G with higher valencies can be obtained from the trivalent case by continuity
of the combinatorial lengths and twists. Lastly, since 7 is obtained from 6 by performing a
positive Dehn twist along v, its length is given by ¢ = ¢/ (£, 7 + ). O

The above lemma expresses the lengths ¢ and ¢”” as functions of the Fenchel-Nielsen coordi-
nates (¢, 7). We can invert the perspective, expressing 7 as a function of ¢, ¢’ and ¢”’.
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Figure 3.22: The three cases examined in the proof of Lemma 3.5.2.
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COROLLARY 3.5.3. In the previous situation, we have
2 =My —Ma3) ¢ if v =1¢,

r={-5(' = Mi1~M>3) it =2, (3-5-3)

2 2
L f”—M1,4—M2’3 L f'—M1,4—M2,3 £ .
57 (—2 -5 |—5—2) -5 otherwise,

where t* =max{ L1+ L3 —{,Lo+Ls—¢}.

Proof. Letus denote p =2|t|+ My 4+ Ms3and g = max{ Ly + L3 —¢,La+ Ly —{}, so that
¢’ =max{ p,q }. We claim that ¢’ = g implies 2|7| < €. If Ly + Ly > Ly + Lg, this comes from
the observation that ¢ = Lo + Ly — € and ¢/ = g + [1], with

/1=p—L2—L4+f
:2|T|—€+max{€—L4,L1—L4,O,L1_TL4+€}

+ max {f— L2,0,L3 — Lo, W} > 2|t - L.

If Li+Ls > Lo+Ly, werather have ¢ = L1+ L3—¢ and the claim follows by writing £’ = g+ [u]+
with
u=p—-Li—Ls+<¢
=2|7| — { + max {5— L1,0,Ls— Ly, %}
+max{€—L3,L2 —L3,O,I‘2_TL3+€} > 2|t| - ¢.

Therefore, if ¢/ = max{ Ly + L3 — €, Ly + Ly — { }, we must have || < £/2, hence |7+ | = T +{.
From Equation (3.5.2) we then find ¢/ = 2|7 + €| + M1 4 + M 3, and solving for T we get the
first case of (3.5.3). The case ¢’ = max{ Ly + Ly — {, Ly + L3 — { } is similar. Finally, if none
of those conditions are satisfied, then ¢/ = 2|7| + My 4+ M3 3 and ¢ = 2|7 + €| + M1 4 + Ms 3.
This covers the last case in Equation (3.5.3). mi

ONE-HOLED TORUS

Let X; = T be a one-holed torus. We remove the index i from the notation of vy;, a;, 6; and n;,
as well as ¢;, £/, " and 7, and denote L = (g (9T).

LEMMA 3.5.4. In the above setting, we have

L,7) = 7|+

(3-5-4)

L—2£’]
R

Further, ¢ (€,7) = ' (¢, T + {).

Proof. As before, we assume G to be trivalent and we fix a marking. There are four cases,
corresponding to the four open cells of the Teichmiiller space of the pair of pants we obtain
after cutting along y.

We detail the case of Figure 3.23a, where L > 2¢. In Figure 3.23b, a quasitransverse represen-
tative of 6 is shown. Its orange part has length L/2 — ¢, its green part has length |7|. Thus, we
find ¢/ = |7| + L/2 — ¢, which is consistent with Equation (3.5.4) under the assumption L > 2¢.
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L L

(2) (b)

Figure 3.23: The case examined in the proof of Lemma 3.5.4.

The other cases are analogous. Again, the formula extends to higher valency by continuity,
and since the curve 7 is obtained from the curve § by performing a positive Dehn twist along
¥, its length is given by ¢/ = £/ (¢, 7 + ¢). m

Again, we can recover from the above Lemma an expression for the twist parameter 7 as a
function of the lengths ¢, ¢’ and ¢”. The proof is similar to the (0,4) case.

COROLLARY 3.5.5. In a one-holed torus T with the above setting, the twist parameter is given
as a function of (£,€',0") by

2 2
O |

PROOF OF THE COMBINATORIAL (9g — 9 + 3n)-THEOREM

Proof of Theorem 3.5.1. The map is clearly continuous. Further, if G,G’ € 7°"P(L) are
mapped to the same vector of lengths, then Corollaries 3.5.3 and 3.5.5 would give the same
length and twist parameters. As the combinatorial Fenchel-Nielsen map is a homeomorphism
into the image, we deduce that G = G’. This justifies the injectivity. m
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CHAPTER 4 — THE SYMPLECTIC STRUCTURE

The Kontsevich symplectic form wg on M°™P (L) was originally introduced by Kontsevich in
ymp g.n ginally y

[Kong2] as an ingredient in the proof of Witten’s conjecture. Its main feature is the connection

with intersection theory of My ,: the symplectic volume of M;f’,ﬁ“b(L) compute -classes

intersections on the Deligne-Mumford compactification of the moduli space of curves:

39—3+n

wy ?k"
VK (L) = / —_—— = (/ ) l . (4.0.1)
g.n M;f’,'fb([‘) (3g -3+ n)' Mf/ "o 2kikl‘!

k1+ +kn 3q 3+n

After we lift wk to a mapping class group invariant 2-form on 7;°™ (L), the main result of this
chapter is a combinatorial analogue of Wolpert’s formula [Wol85], expressing Kontsevich’s
form in terms of combinatorial Fenchel-Nielsen coordinates (see Theorem 4.2.1 for a more
precise statement).

THEOREM 4.A (Combinatorial Wolpert formula). Let X be a bordered surface of type (g,n),
and fix any combinatorial Fenchel-Nielsen coordinates (£;,7;) for TP (L). Then

39—-3+n
WK = Z dt; A dT;. (4.0.2)
i=1

In other words, we show that the Kontsevich form is compatible with cutting and gluing along
simple closed curves. As a direct consequence, we achieve an explicit integration formula
for a certain class of measurable functions on the combinatorial moduli space with respect
to Kontsevich’s volume form (Proposition 4.3.1), constructed by summing over mapping
class group orbits of simple closed curve. This integration is the key operation that connects
topological and geometric recursion, and is the combinatorial analogue of Mirzakhani’s
integration lemma on the moduli space of bordered Riemann surfaces [Miro7a].

4.0.1 — RELATION WITH PREVIOUS WORKS

The strategy proposed here to prove the combinatorial Wolpert formula is parallel, mutatis
mutandi, to Wolpert’s original proof [Wol8s, Theorem 1.3] for the Weil-Petersson form. The
same holds for Mirzakhani’s integration lemma [Miro7a, Theorem 7.1].

In the context of measured foliations on closed surfaces, a similar result was proved by
Papadopoulos [Pap86a; Pap86b], where the space is equipped with Thurston’s symplectic
structure. Besides, we observe that the Kontsevich 2-form on 7:2°™" is defined identically
to Thurston’s symplectic form on MFyz, compare e.g. with [Bongé6, Section 3] in which one
should consider the train track dual to the trivalent ribbon graph: switches correspond to
corners of the ribbon graph and intersecting transverse arcs correspond to edges meeting at a
vertex. Moreover, the definition of combinatorial Fenchel-Nielsen coordinates on 7;0““3 1s
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identical to the definition of Dehn-Thurston on M¥ . Hence, adapting the proof of Theo-
rem 4.A to MFy therefore leads to the following result, which seems to be unnoticed in the
literature (to the best of our knowledge and also to our surprise): for every punctured punc-
tured surface %, the Dehn-Thurston coordinates are almost everywhere Darboux coordinates
for Thurston symplectic form on MFs.

We also remark that the our result, specifically the Hamiltonian property of the vector field
associated to the twisting along simple closed curves, generalises a result previously proved
locally in [BCSW12, Lemma 3.2] for the special case of curves cutting out small pairs of pants.

To conclude, we note that another set of Darboux coordinates for wg have been constructed
by Bertola—Korotkin [BK20] from periods of quadratic differentials. Such coordinates are
a priori different, since they make sense at the level of moduli space (while our coordinates,
constructed via length and twist along simple closed curves, do not). An advantage of our
combinatorial Fenchel-Nielsen coordinates is their compatibility with the cutting and gluing
operations, which allows for the integration of function constructed via sums over simple
closed curves.

4.0.2 — ORGANISATION OF THE CHAPTER

The chapter is organised as follows.

* InSection 4.1 we recall the definition of Kontsevich’s form and its relation to the Deligne—
Mumford compactification of the moduli space of curves, and we lift his construction
to the combinatorial Teichmiiller space.

® Section 4.2 proves the combinatorial Wolpert formula. The main technical step is to
show that the vector field associated to the twist along a simple closed curve is the
Hamiltonian vector field of the length function of the curve.

* We conclude in Section 4.3 with the aforementioned integration formula for certain

functions constructed by summing over mapping class group orbits of simple closed
curves.

4.1 — KONTSEVICH FORM

Consider a ribbon graph G of type (g, n). For each index i € {1, ..., n}, we make the choice of
a first edge ey] on the i-th face of G. We label the edges around the i-th face by e%i], s e%}
following the orientation of the face, which is opposite to the orientation of the boundary.
Notice that every edge has a double label, as it bounds two faces or it appears twice in the

cycle of a single face.

Let now X be a bordered surface of type (g, n). On each cell of 3z (L) 7£°°mb having G as
underlying graph, we have length functions

& 3sc(L) > R, AG) =to(el). (4.1.1)
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4. The symplectic structure

DEFINITION 4.1.1. For eachi € {1,...,n}, consider the differential 2-form ¥; on the cell
complex ‘Ecomb(L), defined on each cell 35 (L) by

df[i] dg[l]
Y, = Z Lk A Lm . (4.1.2)
1<k<m<N; ° i

The form is Mod2-invariant (it depends only on the ribbon graph underlying the marking)
and we denote the induced form on the quotient M;f’,f‘b(L) with the same symbol.

It can be shown that the definition of ¥; does not depend on the choice of the first edge:
the difference between two possible choices is of the form L7?dL; A ¢; for some differential

1-forms 9, and thus is zero along the fibres M;?,flnb(L) of the perimeter map.

In Kontsevich’s original work [Kongz2], completed by Zvonkine in [Zvoo2], he related the
above differential forms to the geometry of certain circle bundles. This proves that the associ-
ated cohomology class lies in the second cohomology of MS5mP (L) with rational coefficients
(rather than real coefficients.)

DEFINITION 4.1.2. Foreachi € {1,...,n}, define Sicomb as the space of ordered pairs (G, q)
where G € M;f’,?‘b(L) and ¢ is a point belonging to an edge that borders the i-th face of |G].
Its topology is the one induced by the natural cell structure. This defines a topological circle
bundle S — MEomb (L),

THEOREM 4.1.3 ([Kong2; Zvoo2]).
o The class [¥;] € H? (M;f’,?b(L)) equals —cl(Sicomb).

* Under the identification M, = M;f’,rlnb(L), the pullback of P; extends continnously to

the Deligne-Mumford compactification M, , and the associated cohomology class equals
wi € H2(Mg,n)'

The above theorem gives a differential-geometric interpretation of the y-classes of the moduli
space of curves: they measure the variation of edge lengths around each face on the combina-
torial moduli space.

DEFINITION 4.1.4. Define the Kontsevich 2-form on 7;°°mb(L) as

I,
cuK—g;Li P, (4.1.3)

THEOREM 4.1.5 ([Kong2]). The differential form wxk is non-degenerate when restricted to
strata corresponding to graphs with vertices of odd valency only.

A fortiori, wg descends to a symplectic form on the top-dimensional stratum of M;f’,ﬁnb(L),
that is denoted with the same symbol. In particular, we can define the Kontsevich measure

3g9—3+n
wx

T Bg-3+n) (4-1-4)

dux

ISee [Zvoo2, Section §5.2] for a discussion on the differential geometry of cell complexes. What we need here
is that the combinatorial Teichmiiller spaces and the combinatorial moduli spaces have a well-defined notion of
polytopal differential forms, and that the associated polytopal de Rham cohomology groups coincide with the

usual cohomology groups over R. In particular, we can consider the cohomology class [¥;] € H 2(Mgf’,ﬁ’“b(L)).
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II. The combinatorial model of the moduli space of curves

Strictly speaking, duk is not a volume form on the whole M;f’,;nb(L), although it is a volume
form on the top-dimensional stratum. In any case, we have a notion of volume

vEw= [ du (4.1.5)

where the integral is taken over the top-dimensional stratum. More precisely, if G is a trivalent
ribbon graph of type (g,7) and Pg (L) € R is the polytope corresponding to those metrics
on G with fixed perimeter L € R”, then we have

1
vE (L) = S dux. (4.1.6)
g.n GGZR;q,n |Aut(G)| PG (L)
trivalent

We remark that, by abuse of notation, we are using the same symbol to denote the measure on
PG (L) and its quotient PG (L)/Aut(G).

Notice that the volumes are finite, because the pullback of wk extends continuously to
M, . We moreover remark that, from Definition 4.1.4 and Theorem 4.1.3, the volumes are

homogeneous polynomialin L?, . .., L2 of degree 3g—3+n with coefficients given by y-classes
intersections:
n 2](,'
K ki ]
Vg,n(L) = / l_llﬁ k,l I (4.1.7)
{ 2%k
..... k >0 y n ;=1

k1+ +k 3g 3+n

It is useful to record the expression of the Kontsevich measure in terms of edge lengths.

LEMMA 4.1.6. If G is a trivalent ribbon graph of type (g, n), let (l¢)ecE,; be the edge lengths.
We have the equality of measures in REG

dux - ﬁdLi =227 ] d,. (4.1.8)

i=1 ecEg

Proof. From [Kong2, Appendix C] or [CMS11], we get

1 n 39-3+n
— |y L2V dL; = 2°975+n dl,.
(3g—3+n)! (; 1:1[ el;[G
Dividing on both sides by 23973+ yields the result. m
4.2 — A COMBINATORIAL WOLPERT’S FORMULA

The purpose of this section is to show that combinatorial Fenchel-Nielsen coordinates are
Darboux for wk.

THEOREM 4.2.1. Let ¥ be a bordered surface of type (g,n) and fix any combinatorial Fenchel-
Nielsen coordinates ({;, 7;) for 7£C°mb(L). Denote by 11,: 3s.6(L) — 7;“0mb(L) the inclusion
of a cell 3s.6(L). We have

39-3+n
WK =] ( Z dt; A dTi) . (4.2.1)
i=1
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4. The symplectic structure

The advantage of this formula is that, while the left-hand side is clearly pure mapping class
group invariant and it does not depend on the pants decomposition, the right-hand side has a
simple expression in terms of global coordinates and does not rely on the cells decomposition.

4.2.1 — SYMPLECTIC PROPERTIES OF THE TWIST

As mentioned in the introduction to the chapter, the main technical ingredient for the proof
is Proposition 4.2.3: the vector field associated to the twist along a simple closed curve
is the Hamiltonian vector field of the length function of the curve. As mentioned in the
introduction, this is analogous to the situation in the hyperbolic case explored by Wolpert
[Wol83, Theorem 1.3], and has the same flavour of a result in the space of measured foliations
on closed surfaces proved by Papadopoulos [Pap86a; Pap86b]. Moreover, Proposition 4.2.3
generalises a result previously proved locally in [BCSW12, Lemma 3.2] and only for very
special curves cutting out small pairs of pants.

To prove such a result, we need to understand how small changes in the twist parameter affect
the metric on the embedded ribbon graph. More precisely, fix G € 7;7°™ in an open cell, and
¥ an essential, simple closed curve. Notice that, from Proposition 3.3.4, we can cut G along y
and glue it back after twisting by a small amount 7 € R. In particular, since we are in an open
cell, it makes sense to talk about the vector field d; generated by infinitesimal changes in the
twist.

To get an expression for -, we observe that each time y passes along an edge, a twist by small 7
has the effect of either adding 7 to the edge length, subtracting 7 to the edge length, or leaving
the edge length invariant (see the proof of Proposition 3.3.4 and Figure 3.19). This depends
on the direction taken by y at two consecutive vertices. Then one simply sums the changes in
the length of the edges visited by y. In the notation of Figure 4.1 (edges may appear twice
along ), the vector field describing the twisting along y is given by

F F
9 9 d
— = == -—=] (4.2.2)
; ((%[b] a{f},f’l]) Z; (aflil] afs[;])

or in a more symmetric expression,

—_

F
0 0 0 0
37=—§ = = . (4-2.3)
2 = (agl[)ll’r] afc[]fyl] afr[,Cl] (%s[,c’])

To compute the contraction 1y, wk, we need the following technical lemma. Note that an edge

eg] is either adjacent to two different faces i.e. eg] =

face on both sides i.e. e[’]

el fori # J» or adjacent to the same
=ellforp #r.

LEMMA 4.2.2. In the interior of a top-dimensional cell, we have with the above notations

Lalil QU1 WK = Z dt; L7] de[l + Z df rz_ldfb[,j]. (4.2.4)
u=1

k=p+1 u=r+1

Proof. We recall that wg = £ ¥, L?¥; and ‘P defined in 4.1.1 only involves edges around

the i-th face. Consider first the case el]

b o=e L) for i # j. The interior product only receives
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II. The combinatorial model of the moduli space of curves

Figure 4.1: A schematic picture of y used to calculate the vector field associated to the twist.
The labels can be redundant if y visits an edge multiple times.

contributions from ¥; and ¥;. The interior product with ¥; and ¥; gives

N; p-1 r—1
2 . .
=1 > agh =% ae’| and Z ael' - atly!
Li k=p+1 k=1 J \u=r+1 u=1

respectively. Therefore we obtain Equation (4.2.4). In the second case, we have el[,i] = el for
p # r, and the interior product only receives a contribution from ¥;. Assuming p < r, the

interior product with ¥; is

% de’]+22d{f[l—22d€ rz_ldf,[j]
l

k=p+1 k=r+1 k=p+1
Z el - Z el + Z del! Z del!!
i k=p+1 u=r+1
Therefore, once again, we obtain Equation (4.2.4). The case p > r is similar. i

We are ready now to state the main property of the twist vector field: it is the Hamiltonian
vector field associated to the combinatorial length function ¢: G — £5(y).

PROPOSITION 4.2.3. On the top-dimensional cells of TP (L), we have
dt =15 wx. (4.2.5)

Proof. Fix a top-dimensional cell and suppose that y is given by the schematic of Figure 4.1.
Then we have

g1 1 q 1 . .
dt = Z el f[b] >, At e sadil e Sadi e Y ad!

pi<k=<qi ri Su<s;
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4. The symplectic structure

where the symbol ¥, 1<, indicates the sum over all edges of a certain face indexed by 4, that
are between the edges indexed by p and v, following the orientation of the face and excluding
the extremes u and v. Notice that the orientation of the face is opposite to the orientation of
the corresponding boundary. On the other hand, we can reduce the computation of 15wk to
the insertion of the coordinate vector fields appearing in Equation (4.2.3).

Let us explain why this calculation leads to a well-defined answer. Notice first that Defini-
tion 4.1.2 of ¥; makes perfect sense on the whole 7§C°mb, where the perimeter is not fixed,
but the definition depends on the choice of a first edge in the i-th face. However, its pull-
back to 7£C°mb(L) is independent of such a choice. Secondly, observe that the vector fields
0, are defined on ‘Gcomb but do not have a meaning on 7;2°™(L), as they do not preserve
the boundary lengths L. However, particular linear combinations of them, such as d;, do.
Therefore, it is legitimate to compute each contribution ¢y, ¥ separately on ‘7§°mb (.e. we can
safely use Lemma 4.2.2), then sum them up to obtain ty_wk, and eventually take the pullback
to 7£comb (L).

This said, a repeated use of Lemma 4.2.2 results in the following computation.

.

1

0, WK = 5 le (Lal[f;i]_'_ar[;’i])a)K - (La([ll;i]_'_as[:i])wK

1 F [ NC;' ri—l

== ( Z aeP - Z ag+ el —Zd{f};‘f])

2 i=1 [ \k=p;+1 u=ri+1 =1

bi si—1
—( Z delbil de“’]+ Z deler] Zdeg“f])]
m=q;+1 v=s;+1 v=1
z 1 1 1
[b] [bi] (D] [ci] [ci] [cil

Z( dep +Sdtg! + Z de +2doi v Saei Z dele )

i=1 pi<k=gqg; ri <u=s;
This indeed coincides with d¢. i
4.2.2 — PROOF OF THE COMBINATORIAL WOLPERT’S FORMULA

For a fixed oriented surface ¥, denote by X the surface with opposite orientation. The following
lemma is based on the work of Wolpert [Wol85, Lemma 1.1].

LEMMA 4.2.4. Let X be a bordered surface, p: £ — T be anisotopy class of orientation-reversing
diffeomorphism that restricts to the identity on the boundary. Fix y € Ss. Then p induces a
homeomorphism T — 7§°°mb and

* p*dt(y) =dl(povy),
® p'wK = —wk,
* if p fixesy, then p*dt(y) = —dt(y) + Bdt(y) for some m € Z.
Here dt is the differential form dual with respect to wx to the vector field 8, of Equation (4.2.3).

Proof. The map 70 — ‘7§C°mb is simply the composition of p with the marking. It inverts
the orientations of all curves, but it fixes the length functions, hence the first point. Further,
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II. The combinatorial model of the moduli space of curves

the W-classes are going to be calculated using the opposite orientation, which yields the sign
for the second point. The last point follows from the fact that the elements of Stab(y) are
generated by (half-) Dehn twists along curves that do not intersect y. Then, as p reverses the
orientation of the surface, d7(y) acquires a sign from the orientation reversal and an ambiguity
of 1Zdt(y) from potential (half-) Dehn twists along y. i

We are now ready to give a proof of the combinatorial Wolpert’s formula.

Proof of Theorem 4.2.1. Fix a seamed pants decomposition. We know that (¢;, ;) give global
coordinates on ’Ecomb(L). Therefore, on the top-dimensional cells

a)K=ZaijdfiAd€j+Zb[dei/\de+ZCijd€,'/\de

i<j i<j i,j

for some functions a;;, b;; and ¢;;. Notice that from Proposition 4.2.3 we have

La_ria)K = Zbij de - iji de +ZCji dfj = dfi,
i<j J<i 7

and hence b;; = 0, ¢;; = 6;;. Finally, if p is the isotopy class of an orientation-reversing
diffeomorphism fixing y;, we have

Therefore from Lemma 4.2.4, for i < j, we find

aimon | O (S 0 0 mioy_ o O O
TSR\ Ge o) T\ ag T 2 o ae T 2 oty ) T X\ e P

RSSO (L N
BEE FTAN T Bt FTAN T &

and thus a;; = 0. This proves the result on the top-dimensional cells. To extend it to cells
t: 3s.6(L) — 7§C°mb(L) of positive codimension, we can consider it at the boundary of
a top-dimensional cell. Then ¢} simply sets df, = 0 for each edge e of zero length on the
boundary of the top-dimensional cell. This has exactly the same affect as excluding such edges
from the sum in Definition 4.1.1 of ¥;, which coincides with the definition of ¥; on cells of
positive codimension. m

4.3 — INTEGRATION OVER THE COMBINATORIAL MODULI SPACES

In this section we establish an integration result, analogous to [Miro7a, Theorem 7.1] for
(Mg n(L), wwp), exploiting the symplectic structure of (M;f’,ﬁnb(L), wx) via the combinatorial
Wolpert formula (4.2.1). This improves the results of [BCSW 12, Theorem 1.1], which in fact
can be extended from their original use to the integration of functions with support restricted?
to “small pairs of pants”.

2This restriction on the support is related to the one appearing, e.g., in Equation (5.2.9).
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Let us introduce some notation. Consider a bordered surface T of type (g, n) and let y be a
primitive multicurve with ordered components (y;) le. We denote by I the orbit Mod?.y
(although it is not important for what follows, such an object can be seen as a stable graph
with ordered edges). Furthermore, consider an assignment

¥+ By € Mes(‘igc,omb,uK) (4.3.1)

of a measurable function on the combinatorial Teichmiiller space to each bordered surface ¥’
diffeomorphic to the cut surface 2,. We assume that for any diffeomorphism ¢: X — X"
which preserves the labelling of the boundary components, we have ¢.E5/ = Ex~ where ¢, is
the map induced between the combinatorial Teichmiiller spaces. In particular, By, is invariant
under the action of Mod?, and descends to a function Zr on the moduli space

mb _ mb
M = l_[ M)y (4.3:2)

ve ﬂo(zy)

which depends on I" only. We can decompose 79(9%’) = mo(y) U mo(y) U m(9L), so it makes
sense to consider3 Mﬁomb (¢, ¢, L). We further assume that, for almost every (¢, L) € Rk x R”,
Er is integrable with respect to the Kontsevich measure on Mlcf’mb (¢,¢, L), and we denote

(E (6. L.L) = / Br dux. (43:3)
Mgemb(¢.¢,L)

: . . T
Finally, consider a measurable function f: R” x R¥ — R and define a new function :JZC on

T2omb by setting

2l7(6) = ). £(l6(0%).le(a)) Ex, (Gls,). (4.3.4)
aell
where £5(9%) = (c(0;Z))1, and ls(a) = (&g(aj));?:l. When the series (4.3.4) is absolutely

. . . . . . fT
convergent, it defines a Modg—lnvanant function, which descends to a function :{;, , on the

moduli space M;f’,{nb.

PROPOSITION 4.3.1. Assume that the series (4.3.4) is absolutely convergent, and that for almost
every L € R? its limit is integrable with respect to px on MP™(L). Assume as well that for
almost every (L, () € R? x R¥ the function Er is integrable on M;"mb (¢,¢, L) with respect to
the Kontsevich measure. Then

k
/‘ b aﬂdﬂK:/kf(L,e) (Er)(f,f,L)né’jd{’j. (4.3.5)
Mzt (L) R} j=1

Proof. We adapt Mirzakhani’s proof of [Miro7a, Theorem 7.1], which concerned the hyper-
bolic setting with Es/ = 1, functions f (L, ) = F(€1+- - -+¢€x) and y a primitive multicurve with
unordered components. Because the components are ordered, our formula does not contain
automorphism factors. The main difference is instead that, in the combinatorial setting, we
have to remove the zero measure set of pathological twists.

3As explained in Subsection 2.4.1, the boundary components of the cut surface are labeled in a specific way.

Thus, with the symbol Mlﬁomb (¢,¢, L), we mean the product of moduli spaces with fixed boundary lengths from
01,0k L1, ..., Ly ordered in such a way that they match the labeled boundary components of the cut surface.
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II. The combinatorial model of the moduli space of curves

Consider the space
k

M (L) = 7omb (L) [ () Stab(y)),

Jj=1

where Stab(y;) is the stabiliser of y; in Mod?. We denote by IT': M;f’,rlnb’r(L) — M;f’,rlnb(L)
the natural projection. Notice that

MET(1) 2 { (G0) | G e METE (L), aeT].

g.n

Since the symplectic structure on 7;°°™ is invariant under the action of the pure mapping class
(L), which is the same as the pullback

group, it induces a symplectic structure on Mg5;" b.T

(M")" wk. We denote the associated measure by ul.

Consider now the map 7;°™°(L) — RX given by the tuple of combinatorial lengths of the

components of y. It descends to a map £L!: M;?,Ilnb’r(L) — RX, and let M;?,[,nb’r(L) [€] =
(LV)7L(¢) be the level sets for £ € R¥. We have a map

I M (L) [6] — MEemP(e, ¢, L) (43-6)

defined in the natural way: given an element (G,a) € M;" bL(L)[e], we take a lift G €
7;°°mb(L) of G, we restrict G to the cut surface £, as explained in Section 3.3 and we project
the restriction to the moduli space Mg;mb(f, (,L) = Mliomb(f, ¢,L). The result does not
depend on the choice of the lift G since we are projecting to the combinatorial moduli space

of X, after restriction.

Notice that the spaces on both sides of (4.3.6) have a natural measure: M;?,I,nb’F(L) [£] is
equipped with the disintegration of uj along L', and Meomb (¢, L) with its Kontsevich
measure. By construction of (4.3.4) and the property of disintegration,

—f,I —_
[ b= [ (oL Erom
Momb (L) MR (L)

k (43.7)
= [ f(L,O / (Br o ) duk dt;.
/Rf MEombT (L) 4] )| [0

J=1

We can complete y into a seamed pants decomposition and use the Fenchel-Nielsen coordinates
to describe the space M;?,?lb’r(L) [€]. The combinatorial Wolpert formula (4.2.1) implies that
the measure u{ has a product structure with respect to the fibration I1. Besides, the fibre of
G € Ml‘i"mb (¢,¢, L) is identified with an open subset of full measure in Hf‘:l R/(27%¢,Z),
where

. 1 if y; separates off a torus with one boundary,
7710 otherwise.

This follows from the description of the image of the Fenchel-Nielsen coordinates in Theo-
rem 3.4.5. The factor of 27 in the case when y; separates off a torus with one boundary is
due to the fact that any element in Miolmb(L) comes with an elliptic involution, so Stab(y;)

contains the half-twist along y; and the fundamental region of the twist coordinate in the
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combinatorial moduli space becomes [0, £;/2] minus a measure-zero set. So, for any open set
UcC Mﬁomb(f, {,L), we have

k k
]_[ 27t / (Er o IT) duy = ]_[ 27ti¢; / Er dug
j=1 n-(u) i U

j=1

whenever the functions we wish to integrate are integrable. We noticed that the integrals over
M°mb have an extra factor of 3 due to the presence of the elliptic involution, while such a

factor is not present on M," I (L)[£]. We must therefore include an extra factor 2% in the
right-hand side, and this cancels the factor of 274 coming from the half-twist. By a partition
of unity argument, we obtain

k
[ o @omad = @een e,
MG (L) [€] j=1

which we insert in (4.3.7) to complete the proof. i

Remark 4.3.2. In Mirzakhani’s work [Miro7a] there is an unnatural convention for the integral
over My 1 (L) which does not include the factor of § coming from the elliptic involution. For
this reason, she finds an extra factor H?Zl 271,

Remark 4.3.3. As briefly mentioned before, an equivalent way to state Proposition 4.3.1 relies
on the notion of stable graphs (see Definition 2.1.7). In this language, the set of connected
components of T, is the set V- of vertices of the stable graph with ordered edges I' = Mod?.y,
the set of components of y descends to the set Er of edges of I', and the set of boundary
component of X is the set Ar of leaves of I'. With this notation, Equation (4.3.5) becomes

~f.I —_
‘//;,(comb(L) :yf,n d/lK = /R;EF f((L/l)/IEAr, (fe)eEEr) rl <~:g(v),n(v)>((€e)eeEUa (L/l)/lE/\,,) rl gedfe-
g.n +

veVr ecEr
(4.3.8)
If in the above arguments we do not suppose that the components of the primitive multicurve
are ordered, then we have to include the automorphism factor |Aut(I')| dividing the right-hand
side of Equation (4.3.8). Moreover, if the multicurve is not primitive but comes with a weight
a € ZF", we rather have to consider the automorphism factor |Aut(I', a)| of the weighted
multicurve.

Remark 4.3.4. By applying Fubini—Tonelli, we can get rid of the integrability assumption
for Eg,{ if we suppose that each term in the series (4.3.4) is non-negative. In this case, the
disintegration property still holds in (4.3.7), and the result of Proposition 4.3.1 becomes an
equality between integrals taking values in [0, +o0].
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CHAPTER § — FUNCTIONS FROM GEOMETRIC RECURSION

Like the Weil-Petersson volumes of M, ,, (L), the Kontsevich volumes of M;f’,‘flb(L) satisfy
topological recursion in the sense of Eynard—Orantin. In particular, they can be computed
recursively in 2g — 2 + n. We demonstrate that this type of recursive relation (and many
others) can be obtained from a Mirzahani-type identity (hence, before integration) on the
combinatorial Teichmiiller space.

More generally, in this chapter we set up the geometric recursion to construct mapping class
group invariant functions on 7™, As usual, let us denote by P a pair of pants and by T a
torus with one boundary component, and let A, B, C be measurable functions on 7,5°m = R3,
and D7 be a measurable function on 7,;*™® which is mapping class group invariant. The

following result is Theorem §.1.4 in the main text.

THEOREM §.A (Combinatorial GR is well-defined). If (A, B,C, D) are “admissible”, then
the following definitions are well-posed, and assign functorially to any bordered surface ¥ a
measurable function Ex on T, called (combinatorial) geometric recursion amplitude.

o Ep(G) = A({g(P)), and E1 = Dr.
o If¥=%4,...,Z is a disjoint union, By, \,...u5, (G1,...,Gk) = Hf‘:l By, (G)).

o [ X is connected and has Euler characteristic ys < —1, define Ex via geometric recursion:

=6)=) Y Bla@P)Es pGlsp)+5 . Clo(@P) Zx p(Glzp).
m=2 P& By PeCs

(5.0.1)
where By, and Cs are the sets of homotopy classes of embedded pairs of pants in =

appearing in Mirzakhani’s identity (see Section 2.4), and G|s_p is the result of cutting
the combinatorial structure G and restricting it to ¥ — P.

Further, the function Es, is invariant under mapping classes of = preserving 61 %.

By means of the integration result (Proposition 4.3.1), we show that integrating combinatorial
geometric recursion amplitudes automatically yields functions of boundary lengths that satisfy
topological recursion. If X is a connected bordered surface of type (g, n), let us denote by &, ,,
the function induced by Es on M;?,?b. The following result is Theorem §.2.2 in the main text.

TaEOREM §.B (TR from GR). Let (A, B,C, D) be “strongly admissible” initial data. Then the
integrals

<Eg,n>(L) = / E:g,n d/JK (5.0.2)
MR (L)
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II. The combinatorial model of the moduli space of curves

exist and define measurable functions on L € R” that satisfy topological recursion:
(Egn)(L1,...,L,) =

n
- Z/ B(L1, L, ©) (Egmo1)(6 Lo oo oo L) £
m=2 R,
1 ’ — ’
+ - / C(L13 g’f )((zy—l,n+2>(£v€ ’LZ’ L] Ln)
2 [RE

> Caaan)(G L) Egyaan ) Ly,) €0 dede’.

(5.0.3)

A similar result holds if, instead of integrating against ug, we sum over the lattice M," bZ(1) ¢
M;?,‘l“b(L) consisting of metric ribbon graphs with integral edge lengths. This has no counter-
part in the hyperbolic world. Due to the existence of pathological twists for the gluing which,
although rare in the whole space, they could (and in fact sometimes do) hit the lattice, this is
only possible under extra conditions for the initial data B and C.

TueoreM 5.C (Discrete TR from GR). Let (A, B,C, D) be such that B and C are “supported
on small pairs of pants”. Then the lattice sums

Eon(G
<Egz,n>(L) = Z 4 (@) (5.0.4)

L JAut(G)
Ge M7 (L)

define functions of L € Z! which are zero whenever Y\, L; is odd, and otherwise satisfy the
discrete topological recursion:

EZ )L, Ly) =

n
= Z ZfBZ(Ll’ Lm,g) <E‘g,n—1>(€’ L29 ce ,Lm’ cet LYL)

m=2{(>1
1

+3 Dbt CH(Ly 6O (BE )6 Lo, L) (5-0.5)
,0>1

> @l G L)),

where X? (L1, Lo, L3) is equal to X (L1, L, L3) if L1 + Lo+ L3 is an even integer and 0 otherwise.

We also prove the combinatorial analogue of Theorem 2.4.26 and Corollary 2.4.28: the
combinatorial length statistics of primitive multicurves is computed by geometric recursion
for twisted initial data, and its average over the moduli space is computed by topological
recursion and by a sum over stable graphs (cf. Theorem 5.4.1 and Corollary §.4.3 in the main
text). This fact will be the starting point of Part III, where we analyse the enumeration of
multicurves in both the hyperbolic and combinatorial settings.
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5. Functions from geometric recursion

As applications of this general theory we can re-prove known results in a completely geometric
and uniform way, as well as obtaining new results. A key role for applications is played by
the combinatorial analogue of the Mirzakhani-McShane identity, whose proof transposes
the original strategy of Mirzakhani [Miroya] to the combinatorial world (where it is much
simpler).

TaEOREM §.D (Combinatorial Mirzakhani identity). Denote by [x]+ = max {x,0} and define
the Kontsevich initial data

AR(Ly, Ly, Ly) =1,

1
BY(L1,L2,6) = —([L1 = Lo = €]+ = [~L1 + Lo — £]4 + [L1 + Lo — (]4),

2L
CK(Ll,f,f/) = Li[Ll—f—f'L_’ (5.0.6)
1
DE(G) = > CX(te(dT), te(), ta(¥)),
YEST

where St is the set of homotopy classes of essential simple closed curves in T. The corresponding

geometric recursion amplitudes are the constant function 1 on 7™ for any bordered surface
2

1=> > BK(Eg(aP))+% > X (ls(0P)). (5.0.7)

m=2 PeBs PeCs

Combining this result with Theorem §.B gives a new proof of the topological recursion for
Kontsevich volumes, whereas Theorem 5.C gives a new proof of the topological recursion for
the lattice point count. The former is equivalent to a proof of Witten’s conjecture. The latter
is a result known since Norbury [Norro].

We conclude by giving a geometric description via the spine map of certain functions on
Teichmiiller space that computes y-classes intersection, once integrated over the moduli space
against the Weil-Petersson measure.

§.0.1 — RELATION WITH PREVIOUS WORKS

The above theorems are highly inspired by geometric recursion in the hyperbolic setting
[ABO17], which in turn is inspired by Mirzakhani’s identity [Miro7a] and its relation with
topological recursion.

As of Witten—Kontsevich result, there are many known proofs. To the best of our knowledge,
the only geometric proof (i.e. a proof based on the geometry of the combinatorial moduli
space only) was proposed by Bennett—-Cochran-Safnuk—Woskoff in [BCSW12]. In this regard,
the novel element of our work is firstly to make evident the connection of the partition of
unity of [BCSW 12, Section 4] with a Mirzakhani-McShane identity. Then the mechanism of
integration in [BCSW 2], which relies on a local torus action and was valid only for functions
of restricted support such as the Kontsevich initial data, gets realised as a special case of the
more general Theorem §.A, by means of the global combinatorial Fenchel-Nielsen coordinates
and of Theorem 5.B.
colznb,Z

Regarding the enumeration of lattice points in My’ (L) has been connected to matrix
integrals in the early works of Chekhov and Makeenko [Cheg3; CMg2b; CMg2a] and fur-
ther related to enumeration of chord diagrams in [ACNP15a; ACNP15b]. At that point,
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II. The combinatorial model of the moduli space of curves

Schwinger-Dyson equations for such models give rise to equations that are eventually (but
non-obviously) equivalent to Norbury’s recursion [Nor1o].

The scheme of proofs we put forward transcends the algebraic manipulations, whose geometric
meaning is unclear, pertaining to the realm of matrix integrals and which were necessary in
both Kontsevich’s original proof and in Chekhov—Makeenko’s works.

§.0.2 — ORGANISATION OF THE CHAPTER
The chapter is organised as follows.

* In Section 5.1 we set up geometric recursion on the combinatorial Teichmiiller, proving
Theorem 5.A for admissible initial data.

e Section §.2 is devoted to the integration of geometric recursion amplitudes for strongly
admissible initial data (Theorem §.B), and the discrete integration (sum over lattice
points) for initial data supported on small pairs of pants (Theorem 5.B).

® Section §.3 contains the main example of the above setup, namely a combinatorial
analogue of the Mirzakhani-McShane identity, and its (discrete) integration.

* In Section §.4 we prove that combinatorial length statistics are computed by geometric
recursion for twisted initial data, and the associated average by topological recursion
and a sum over stable graphs.

* To conclude, in Section 5.5 we show how certain hyperbolic geometric recursion ampli-
tudes that compute y-classes intersections have a geometric interpretation in terms of a
random process involving the spine construction.

5.1 — GEOMETRIC RECURSION IN THE COMBINATORIAL SETTING

Recall from Subsection 2.4.2 that geometric recursion starts with a functor E from the category
B; of bordered surfaces to the category TVectr of topological vector spaces and aims at
constructing E-valued functorial assignments

X Qy € E(X) (5.1.1)

starting from some appropriate initial data.

Let us describe here in concrete terms the geometric recursion for the functor E(X) =
Mes(‘igcomb) of C-valued measurable functions on the combinatorial Teichmiiller space of X.

DEerINTTION §.1.1. Combinatorial geometric recursion initial data consist of a quadruple
(A, B, C, D) where

® A, B, C are measurable functions on ‘7;,°°mb = R3,

® D is an assignment T +— Dp € Mes((l}comb), for each T torus with one boundary
component,

satisfying the following axioms.
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5. Functions from geometric recursion

® A(Ly, Ly, L3) = A(L1, L3, Ly) and C(L1, Lo, L3) = C(Ly, L3, La).

® The assignment T — Dr is functorial, and in particular D7 is a mapping class group
invariant function. We also denote by D the induced function on Miolmb(L).

DEFINITION §5.1.2. We recursively construct an assignment X+ Ex € Mes(7:5°™P) as follows.
We let

—
=
_—

o=1, Ep(G)=A(s(dP)), Er=Dr, (5.1.2)

where £g(8P) is the ordered triple of combinatorial lengths of the boundary components of
P. For disconnected surfaces we set

k
Ex,00 (G- G = [ | Ex(G)). (5.1.3)
g

L

For connected surfaces with Euler characteristic ys < —1, we define Ey inductively on ys by
geometric recursion:

n

Es(G) =) )] B(Z@wm)az_p(@u_pn% > Clls(0P) Ex p(Gls-p).  (5.1.4)

m=2 PeBs PeCs

Here By, and Cy are the sets of homotopy classes of embedded pairs of pants bounding 6, X
introduced in Equation (2.4.21) and appearing in Mirzakhani’s recursion. Moreover, G|x_p
have been defined by the cutting procedure in Section 3.3, and to define the labelling of the
boundary components of £ — P, we say that the (labelled) boundary components of P that
appear in X — P are put first, followed by the (labelled) boundary components of X that appear
mX-P.

As in the hyperbolic setting, convergence of the series (5.1.4) should be discussed. Denote
by gcomb’(e) c 7o the e-thick part of the combinatorial Teichmiiller space, i.e. the

set of G € 7™ such that £g(y) > e for any simple closed curve y (including boundary
components).

DEFINTTION §.1.3. We say that the initial data (A, B, C, D) are admissible if they satisfy the

comb, (€)
Tr

same conditions appearing in Definition 2.4.20, except we use in the condition for

Dr.
THEOREM 5.1.4. If (A, B,C, D) are admissible initial data, then for any bordered surface T
o the series (5.1.4) converges absolutely and uniformly on any compact of To™,

o X > By € Mes(75°™) is a well-defined functorial assignment (in particular, Es is
Modg—invariant),

e there exists u > 0 depending only on the topological type of T, such that for any € > 0 we
have

sip (@) <Ke [ (1+6s(0)" (5.1.5)
GeTgomb-(e) bemy (%)

for some constant K¢ depending only on € and the topological type of .
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II. The combinatorial model of the moduli space of curves

Although the spaces Mes(75) and Mes(7:2°™) can be identified via the spine homeomorphism
of Theorem 3.1.11, the way we measure lengths and we restrict to P and X — P is different and as
a result the hyperbolic/combinatorial structure in (2.4.33) and (5.1.4) are completely different.
So, for identical initial data, the hyperbolic and the combinatorial geometric recursion do not
produce the same functions (even after identification of their domains). Geometrically, this
is due to the fact that the spine map is not compatible with cutting and gluing. The relation
between the hyperbolic and combinatorial geometric recursion is elucidated in Section 6.3.

Proof. The result follows from the general theory of [ABO17] after proving that Mes(7;%°™")
is a target theory. We present a self-contained proof which does not rely on these general
notions, by specialising the strategy of [ABO17] to this simpler setting.

It is enough to prove the result for connected surfaces. By definition, the result holds for
connected surfaces of Euler characteristic —1 (pairs of pants and one-holed tori). Let us assume

it holds for all surfaces of Euler characteristic strictly greater than y. Let £ be a bordered

surface of type (¢g,n) with2—-2g—n = y, take e > 0 and ix G € ’Ecomb’(e)

we have as well G|s_p € 7;021])’(6). Therefore, by induction hypothesis, there exist u > 0 and

K¢ > 0 which we can choose to depend only on € and the topological type of £, such that

. Forany P € Ps5,

|Es-p(Gs-p)| < Ke l_l (1+46(D))".
beno(d(2-P))

We now study the absolute convergence of the geometric recursion series (5.1.4). We use the
notation Xp for the function B when P € By ,, and for the function %C when P € Cs. We first
isolate the sum over G-small pairs of pants. Using the fact that there are at most 2(6g — 6 + 3n)
G-small pairs of pants (Remark 3.2.10), together with the admissibility conditions on Xp
(Definition §5.1.3) and the inequality (1+ L1 + La)" < (1+L1)"(1+ L2)" forany Ly, Ly > 0, we
get

> |Xp(Ee(9P) Ex_p(Gls_p)| < 2(69 - 6 +3n) M oK | [(1+£e(8i2)™ 1" (5.1.6)
PEPEH i=1
G-smal

We now turn to the contributions of the G-big pairs of pants in By, ,,,. We have for any s > 0

D, |B(Ee(9P) Ex-p(Gls-p)| <
PeBs
G-big

< Me Ke

[Ta +{f@(8,-2))”)

i#l,m

<2+L>f|{yesz|Lsf@<y><L+1}|)

X S
(LE[G(612)+€G(6,,,Z)+N (1+L - tlg(012) - ls(0mT))

S MeKeme

[]a+ &B(&-Z))“) (Z (1+L+6c(0%) + 5G(am2))’+6g‘6+2”L—S).
i#1l,m L>1

In the last line, we invoked the polynomial growth of the number of multicurves with respect
to combinatorial length, justified later in Proposition 8.1.7. Specialising to s = (6g—6+2n+1)+2
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5. Functions from geometric recursion

makes the sum in brackets converging to a polynomial of degree ' =7 + 69 — 6 + 2n in the
variable £g (01 Z) + €5 (0mX) and, together with (5.1.6), it implies the existence of a constant
K. > 0 such that

> IBUs(0P) Es p(Gls-p)| < K. [ [(1+a(arm)) ™",
PeBs m i=1
A similar argument shows that
> |C(Ee(0P)) Ex-p(Gls-p)| < KL [ [ (1 + te(aim) ")

PeCs i=1

for a perhaps larger constant K. Consequently, the series

2, Xp(ls(9P) Ex-p(Glx-p)
PePs

converges absolutely and uniformly on any compact of @Comb’(f), to a limit that we denote

Es. Further, the bounds that we just proved imply that this limit satisfies

VG e gcomb,(e)’ 125 (G)] < K’E' l_l(l +€G(ai2))ul
i=1

for some constant K > 0 and u’ = max { u,#’ }. The proof is then completed by induction. O

5.2 — (IDISCRETE) INTEGRATION AND TOPOLOGICAL RECURSION

Since the functions produced by the combinatorial geometric recursion are pure mapping
class group invariant, they descend to functions on the corresponding moduli spaces. For a
connected surface X of type (g, n) and geometric recursion amplitudes Ey, we denote by E, ,,
the functions induced on the combinatorial moduli space. For the initial datum T — Dr, we
denote by D the induced function Miolmb

In the first part of this section we discuss how to integrate combinatorial geometric recursion
amplitudes against the the Kontsevich measure, in parallel to Theorem 2.4.23 proved by
Andersen-Borot—Orantin. In the second part, which belongs exclusively to the combinatorial
setting, we discuss how to define discrete integration on the combinatorial moduli space via
sums over integral metric ribbon graphs.

§.2.1 — INTEGRATION AND TOPOLOGICAL RECURSION

Since geometric recursion amplitudes are mapping class group invariant, they descend to func-
tion on the combinatorial moduli space, denoted by E, ,,. Thanks to the combinatorial Wolpert
formula, functions obtained by by excision of pairs of pants, i.e. by geometric recursion,
can be integrated over the moduli space with fixed boundary lengths (cf. Proposition 4.3.1)
producing functions on RY that also satisfy a recursion on the Euler characteristic, namely
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II. The combinatorial model of the moduli space of curves

topological recursion. In order to guarantee integrability we are going to introduce stronger
assumptions on the initial data. In the following, we will denote by

= [ (s521)

the average over the combinatorial moduli space of any integrable function f on ( M;"nmb (L), ux).

DEFINITION §.2.1. We say that the combinatorial initial data (A, B, C, D) are strongly admissi-
ble if they satisfy the same conditions appearing in the hyperbolic setting Definition 2.4.22,
except for (2.4.38) which gets substituted by

<My(1+L). (5.2.2)

(D)(L)] = ‘ /M o D

THEOREM §.2.2. Let (A, B, C, D) be strongly admissible combinatorial initial data and Ey, be
the resulting functions. Then, B, is integrable against ux on M;f’,ﬁnb(L) forany L € R?, and
the integrals satisfy the following recursion on 29 —2+n > 1

<Eg,n>(L1’ cees Ln) =

n
- Z / B(L1, Ly, €) (Bgn-1)(€, Lo ..., Lyn, ..., Ly) £dl
m=2 R
1 ’ — ’
+ 5 / C(L17€9€ )((dg—l,n+2>(€, 5 ’ L27 L] Ln)
R?

Y Epan (L) Egaen ) L) €0 deat’

(5.2.3)

with the conventions (Eo.1) = (Eo.2) = 0, and the base cases
(Eo,3)(L1, L2, L3) = A(L1, L2, L3)  and (B1,1)(L) =(D)(L). (5-2-4)

Proof. We first note that the initial data (E¢ 3) is well-defined as A is, and that (Z; 1) is well-
defined by strong admissibility.

Now, for a connected surface X of type (g,n) with 2g — 2+ n > 1, apply the integration over
M;?}L“b(L) with respect to uk to both sides of the combinatorial geometric recursion (5.1.4).
We analyse the integration of the sum over P € By .. Let T' be the ModZ-orbit of a simple
closed curve bounding a pair of pants together with %X and 9,,,X. We have

Z B(Z@(@P)) EZ_P(Glz—P) = Z B(Ll’Lm’gﬁ(a)) EE_P(Z(G|Z_P0)’
PeBs ael

where P,, is the pair of pants bounded by 8, %, 9,,Z and @. Now applying Proposition 4.3.1
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5. Functions from geometric recursion

to f(L,¢) = B(L1, Ly, x) and the assignment £, — Ex_p,, we find

[ B L)) Er du =
Mg

(L) ael’

=/ B(Ll,Lm,f)(/ o Egn-1dug |tdt
+ Meomb (€ Lo,....Lin,.eosLin)

C
gn-102 0250 bms ooy

= / B(le Lm, g) <Eg,n—1>(& L25 L] Z;’l’ L] Ln)gdf

R

The treatment of the C summands is similar, the main difference being that the excised pair
of pants has two simple closed curves in £°, whose lengths are part of the combinatorial
Fenchel-Nielsen coordinates over which we need to integrate. m

§.2.2 — DISCRETE INTEGRATION AND TOPOLOGICAL RECURSION

As the combinatorial moduli spaces have an integral structure, we can also study discrete
integration of geometric recursion amplitudes. Again, the geometric recursion here is the key
property that guarantees a topological recursion for the discrete integrals, i.e. the sum over
lattice points.

DEFINITION §.2.3. For2g—2+n > 0, let

M;?,ﬁnb’z = { Ge M;?,’,nb all edge lengths are in Z, } . (5.2.5)

and by Mg b2 (1) the subset with fixed perimeter L € Z". We denote likewise @comb’z and

7EC°mb’Z(L) their the set of combinatorial structures on a bordered surface X with integral

edge lengths.

Since for any G € M;?,r,nb’z(L) we have Y7L, Li = ¥, c g, 2Le, the set M;?,r,nb’z(L) is finite for
any fixed L, and it is empty if )}, L; is odd. For instance,

M 2 {(Ly, Lo L) € Z | Ly+ Lo + Ly is even . (5:2.6)

comb
g,n °

Let G be a ribbon graph of type (g, n), not necessarily integral, and recall that the collection of
multiplicity A; . € {0,1,2} of edges e € Eg around the i-th face defines the adjacency matrix
A of size n X (6g — 6 + 3n). Consider now a set S € Eg such that |[S| = n and the dual graph
G’ of S (considered as a subgraph of G) is connected and has a single cycle of odd length. We
label the edges so that S = {ey,...,e,} and Eg = {e1, ..., esg—6+3n}. If G is a metric structure
on G, we call ¢; = tg(e;).

It is useful to characterise the integral points in MM (L) in terms of integral points in M

LEMMA §.2.4. With the above notation:

e the restriction A of the adjacency matrix to the first n columns is invertible, and | det(A)| =
2 (see e.g. [DE14, Theorem 2.2]),

ntls - - > Log—6+3n € Z and X7y Li € 27 hold if and only if 1, . .., leg—64+3n € Z.
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II. The combinatorial model of the moduli space of curves

Proof. We refer to [DE14, Theorem 2.2] for the first point. However, we recall here the explicit
construction of A~!. By hypothesis, G 1s the union of trees rooted at a cycle with 2p + 3
edges for some p > 0, and its vertices are labelled from 1 to n. Fore € Sandi € {1,...,n}, let
d..i be the graph distance in G between e* (the dual of ) and the vertex i. If e is adjacent to
the face 7, then d, ; = 0. There is a natural notion of descendent vertices of an edge belonging
to a tree of G, given that the trees are rooted at the cycles of G. The inverse of A can now
be made explicit.

e If ¢* does not belong to the cycle of G§

e, i —

Al (=1)%ei if i is a descendent of e*
0 otherwise.

e If ¢* belongs to the cycle of G,

il - (_1)de,i

e,i 2

We are now ready to prove the second point of the lemma. It is sufficient to prove the
implication, since the converse is obvious. Thus, suppose that £,,41, . . ., €sg—6+3n are integers
and ¥i_; L; = 0 (mod 2). If e* does not belong to the cycle of G, foralli € {1,...,n} we
have Ae_j € {-1,0,1}, so

n 6g—6+3n
E A-1 E

[e = Ae‘,i Li - Ai,ekfk
i=1 k=n+1

belongs to Z. If e* belongs to the cycle of G, foralli € {1,...,n} we have QAE"% =1 (mod 2).
This implies the following:

n 6g—6+3n
2, = ) 24} (L,- - > A,-,ekfk)
i=1 k=n+1
n 6g—6+3n n
= Z L;— Z (Z Aje |t (mod 2)
i=1 k=n+1 \i=1
=0 (mod 2),

where the second to last line comes from the hypothesis 3,7, L; =0 (mod 2) and }}1"; A; . = 2.
The result of this calculation is that ¢, € Z. m]

Since M;f’,inb’z(L) is empty for )", L; odd, it is useful to introduce the following notation:

for X: R? — R, define

(5-2.7)

X2(L) = X(L) ifLeZ%and }, L;is even,
0 otherwise.

Further, for any function &, , on M;f’,rlnb, set

=Z _ Egm((;) _ 1 =
ELaw= > L)—IAut(G)I_G; TRtE] D ), (5.2.8)

GGM;?;?I)'Z( xePg (L)NZE}

where we recall that PG (L) is the set of metrics on G with perimeter L.

134



5. Functions from geometric recursion

THEOREM §.2.5. Let A, B, C be three functions on R? such that A and C are symmetric under
exchange of their last two variables, and supported on small pairs of pants:

{>L+L = B(L,L",¢)=0
(5-2.9)

£+¢ > L = C(L,t,t")=0.

Let D be Modr-invariant function on T2°™. Denote by Es the corresponding combinatorial
geometric recursion amplitudes. We have the following recursion on 2g—2+n > 1.

(: (L1, ..., Ly) =
= Z ZKBZ(Ll,Ln’Df) <Ey,n—1>(€’ L2’ R ,Zr\n’ s ,Ln)

m=2¢>1

1 , )
3 Z 0 CH(Ly6.0) (&, Lo, ..., Ly) (5.2.10)

£,00>1

q1n+

> EE LG L) EL L L)

gi1tg2=g
11|_|12={2 ..... n}

with conventions (_0 1) =0and (_0 o) =0, and base cases
(&) (L1, Lo, Ly) = A%(Ly, Ly, L) and  (E,)(L) =(D%)(L). (5.2.11)

Remark 5.2.6. Since cutting combinatorial structures preserve their integrality, in order to
obtain the geometric recursion amplitudes in Theorem 5.2.5, it is sufficient to have (A, B, C)
defined on ‘7;f°mb’z and D defined on 7"T°°mb’z. When the vanishing condition (5.2.9) hold,
the geometric recursion sums have only finitely many non-zero terms: they are always well-
defined, without the need of admissibility conditions for (A, B, C, D).

Before proving Theorem 5.2.5, let us explore some of its consequences. First of all, we can
recover the continuous integration of Theorem 5.2.2 as a limit where we rescale the mesh of
the lattice down to 0. If k > 0, we let /\/Icomb /¥ be the set of metric ribbon graphs in /\/(Comb
whose edge lengths all become integral after dilation by k.

PROPOSITION §.2.7. Assume that (A, B,C, D) are continuous functions on their respective
combinatorial Teichmiiller spaces, satisfying the vanishing conditions (5.2.9), and such that for
any fixed L, L’ > 0, the functions € — B(L,L,€) and ({,{’) — C(L,¢,{’) are bounded, and
the function Dr is bounded on 7}C°mb(L). Then (A, B, C, D) is strongly admissible. Moreover,
for any positive integer dand L € (Z./d)", we have for2g —2+n > 0

lim (— Z Ey"—(G)) - {2_29+3_n (Bgn)(L) if XiLyd - Liis even,
—00 6g—6+2n - .
kkedZ+ k GeMETZI (L) |Aut(G)| 0 otherwise.

(5.2.12)

The continuous integration also appears in the asymptotics of the lattice count for large
boundary lengths.

COROLLARY §.2.8. Assume that (A, B, C, D) are continuous functions on their respective com-
binatorial Teichmiiller spaces and satisfy the vanishing conditions (5.2.9). We further assume
the existence of b, ¢ € R for which, for any M > 0 and L1, La, L3, €, " € (0, M]
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II. The combinatorial model of the moduli space of curves

k=2b=¢ A(kLy, kL, kL3) converges uniformly to A(Ly, Ly, L3) as k — oo,

k=" B(kLy, kLo, k€) converges uniformly to B(L1, Lo, €) as k — o,

k=€ C(kLy, kt, k') converges uniformly to C(L1,4,0) as k — o,

k=" D7 (kG) converges uniformly to Dp(G) as k — oo, for G € Uee(o,m] TTcomb(f),
where kG is obtained from G by dilation of the metric by a factor k,

e (A, B,C, D) satisfy the assumptions of Proposition 5.2.7.

Denoting by Es the geometric recursion amplitudes associated to the initial data (A, B, C, D),
we have foranyd € Z,, L € (Z,/d)" and2g—2+n >0

. (Ega) (kL) f2rmnE, (L) f By d - L even, (5.2.13)
kkeg%o k=D (breynb . f6g=6+2n | otherwise. 5-2-13

Proof of Theorem 5.2.5. When )1, L; is odd, both sides vanish, so we only need to prove
the result when Y} | L; is even, which we now assume. The vanishing conditions for B and C
imply that for each L € Z7, the sums in the right-hand side have finitely many terms.

Let us substitute the geometric recursion sum for Ey in (5.2.8). Form € {2,...,n}, we examine
in detail how to handle the term

E2"(G) = Y B(le(dP))Egn-1(Gls-p).
PEBZ,m

Let I' be the Mod2-orbit of a simple closed curve that bounds some P € By ,,. Adapting the
notation of Section 4.3, we denote by Mg5" bIZ (1) the integral points in Mg5;" >I(L). Then

—B,m
207 (Q)
—B,m,7Z g,n (
25 L) = E —_
(Egn (L) L |Aut(G)|
GeM (L)
1
= § ——— B(L1, Ly, L' (G, @)) By n-1(TI(G))
Aut(G ’
(G,a)eM;?;“”Z(L)l @

! =
- Z Z mB(Ll, L, f) -—'g,n—l(H(G)),

>1 (G,(I)EM;?,Tb’F’Z(L)[f]

where we recall from Section 4.3 the map
LU ML) — 7,

assigning to (G, @) the combinatorial length with respect to G of a. It has fibers (£L)71(¢) =
MG L2 (1)[£]. Moreover, we have the projection map

I MEPD2(L)[0] — MO (€ Lo, Lns . L)

We want to cluster this sum according to the fibres of the map II. We first notice that, as

MG bLZ(1)[€] is empty when € and Ly + L,, have different parity, we can replace B by

136



5. Functions from geometric recursion

BZ, and now only consider ¢ that has same parity as Ly + Ly,. In this case, for any G’ €
M;?,;n_bl’z(f, Ly,....Ly,...,L,) and any G € 171 (G’), we remark that [Aut(G”)| = |[Aut(G)|.
Thus
———BZ(Ly, Ly, 0) Egn1 (II(G

is constant on the fibres of I1. Due to the vanishing conditions (5.2.9), the points (G, @)
with non-trivial contribution are associated to small pairs of pants P,. Therefore from
Corollary 3.3.3, I7}(G") is in bijection with the set of [7] € R/¢Z such that the gluing of
G’ to the combinatorial structure of the pair of pants with boundary lengths (L1, L, €) after
a twist 7 yields a combinatorial structure with integral edge lengths. In order to satisfy the
latter condition, the twists must belong to the set (t,,(G) + Z) /tZ ~ Z/tZ ~T1"}(G’), whose
cardinality is £. Therefore, our sum becomes

Z Z 1

:B,m,Z _ 7 = ’

<h‘g,n >(L) - |Aut(G,)| B (Ll’ Lma f) '—*g,n—l(G )
(2l Gre MO0 Ly, L. L)

- ZKBZ(Ll, L, ) (B2, (6, Loy ... Lyn. .., La).
£>1

The treatment of the C-summand is similar, except that we should be cautious about automor-
phism factors. For each of the finitely many Mod2-orbit I' of a simple closed curve bounding
some P € Cs, and we observe that

2 if ¥ — P is connected,

1 otherwise.

|Aut(I)| = {

Since in the C-analogue of Ein(L) we have for any G € 171(G”)
|Aut(T)] - [Aut(G)] = [Aut(G")],

the automorphism factors are again naturally included in NEr, and we get the C-terms in
(5.2.10) without extra automorphism factors (as the 1 is already present in C). i

Remark 5.2.9. The vanishing assumptions (5.2.9) are essential to allow the use of Corol-
lary 3.3.3. If they did not hold, the fibres TI"}(G”) of the gluing fibration could, and do,
meet integral non-admissible twists (take for instance the example of Figure 3.17 with integer
lengths). Hence their cardinality could be smaller than ¢ or £¢ and depend on G’. It would
then not be possible to derive a recursion for the weighted sum over lattice points. This
problem did not arise for the integration against uk as the set of non-admissible twists has
zero measure with respect to ux.

Before turning to the proof of Proposition §.2.7, we need two preliminary results.

Proof of Proposition 5.2.7. The case (g,n) = (0, 3) is obvious, as there is equality before taking
the limit. This initial case is special with respect to the other topologies since the moduli space
is reduced to a point: in the rest of the proof, we suppose (g,n) # (0, 3). In general, when

. d - L;is not even, the set M;f’,ﬁnb’z/k(L) with k € dZ, is empty, so the left-hand side of
Equation (5.2.12) vanishes, which proves half of the result. Hereafter we assume that k € dZ,,

and fix L € (Z,/d)" such that ), d - L; is even.
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II. The combinatorial model of the moduli space of curves

The thesis follows now from a general discussion. Consider a bounded function f defined on
M;?}Lnb(L). The sum over rescaled lattice points is, by definition,

f(G) Z 1 Z
> s — fx),
Ge MO 2 (1) |Aut(G)] GeRgn |Aut(G)] xePG(L)NZ7 [k

where we recall that Pg(L) ¢ RES is the set of metrics on G with perimeters L. We first
estimate the sum over non-trivalent graphs by

1 |PG (L) N Z% k|
2 EwEy 2 W S( w 1) 3 e
GERyn xePG (L)NZ7 [k MEOmP (L) GERyn
non-trivalent non-trivalent

By dimensional reasons, the right-hand side is O (k%9~72") as k — +oc0. Hence

. 1 f(G) ) . ( 1 1
lim (— E — = lim |—— E _ E fx)].
—00 6g—-6+2 oo 6g—6+2
kkedZ+ ko GeMcomb,Z/k(L) |Aut(G)| kkedZ+ koo GeRyn |Aut(G)| xePg (L)NZ} [k

on trivalent

By Lemma 5.2.4 and by definition of the Riemann integral, we have

1
li - - = SRR 6+3n
kl_{%o (k69—6+2n Z f(x)) ‘/P:G(L) Jdlnsy - dlog—643

kedZ, xePG(L)NZ} [k

provided f is continuous. Let G be a trivalent ribbon graph, and let ¢ : PG (L) — RfG be
the inclusion map. The cell PG (L) is naturally equipped with the measure py ., defined as

0 ([eekg dte). Since the restriction of the adjacency matrix has determinant 2, we see that

I]69—6+3n
j=n+1

consequence, we find

1 1
23—2_{]—}1 / d — 1 .
M;?rTb(L) f HK kglgo (k69—6+2n G;:q i |Aut(G)| Z f(x))

kedZ, xePg(L)NZ"/k

dl; = 2u - Besides, we know from Lemma 4.1.6 that pp o, = 22729 "ug. Asa

trivalent

O
Proof of Corollary 5.2.8. Let E(Zk) be the geometric recursion amplitudes for the initial data
A®(Ly, Ly, Lg) = k"7 A(kLy, kL, KL3),
B (L1, Ly, L) = k™" B(kLy, kL, k0),
C®(Ly, Lo, Lg) = k™€ C(kLq, k€, kC'),
DV(G) = k" D1 (kG).

Tracking the powers of k™! in the geometric recursion sum (5.1.4), one can show by induction
that Ex (kG) = k(=D (b+e)bn 20 (G) and thus

<E‘gz,n>(kL1,-~-akLn) _ 1 E;k)(G)
§69-6+2n _ | (g—1)(b+c)+bn  [byg—6+2n |Aut(G)] )
GEM;?;,nb’Z/k(L)

The vanishing conditions (5.2.9) have two consequences for us.
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5. Functions from geometric recursion

(i) The amplitude 2 (G) is given by a finite sum of products with 2g — 2 + n factors that
can be either AKX, BK) (k) pk),

(i1) If we ix L € R?, forany G € ’E“’mb(L), the factors of A%, BKK) (%) 3re evaluated on
triples of lengths that are smaller than M = )" | L;, and D is evaluated on elements of

Ureo.m) T (0).

(k) = (k)
s s

Hence 2y converges uniformly to Es on 7;°™(L). We can then replace g with Ex up to

an error that tends to 0 when k — oo, and we conclude by using Proposition 5.2.7 for Zx. O
§5.2.3 — REMARK: INDUCING D FROM C

As explained in Lemma 2.4.24 in the hyperbolic setting, there is a natural way to complete
(A, B, C) into an initial data (A, B, C, D), satisfying all the assumptions that we may desire to
impose. The same holds in the combinatorial setting.

LeEMMA §.2.10. If we are only given (A, B, C) satisfying the conditions in Definition 2.4.20, the
series

Dr(G) = ) C(ta(dT), te(), (7)) (5-2.14)
’)/EcS)T

converges absolutely on any compact of T,°™° to a Modr-invariant function, and (A, B, C, D)
are admissible initial data. Furthermore, if (A, B, C) satisfy the conditions in Definition 5.2.1,
where in the bound for C one assumes 0 < n < 1, then (A, B, C, D) are strongly admissible and

(D)(L) = %‘/ C(L,¢,0)tde. (5.2.15)

Ry
In the following, when we say that (A, B, C) are admissible initial data, we implicitly assume
that they should be completed by the choice (5.2.14) of Dr.

We also remark that when C(L, ¢, ¢’) vanishes for L < € + ¢/, the sum (5.2.14) is finite. It is
thus well-defined without admissibility conditions and satisfies

L/2
1
(D% (L) = 5 ZfC(L,f, 0), Le2Z,. (5.2.16)
=1
5.3 — A COMBINATORIAL MIRZAKHANI-MCSHANE IDENTITY

Mirzakhani’s identity (see Theorem 2.4.13) is a recursion for the constant function 1 on the
Teichmiiller space of bordered surface, and it can be reformulated by saying that the constant
function 1 can be obtained from geometric recursion. The basic idea behind Mirzakhani’s
identity is to express the length of the first boundary component of a bordered surface as
a sum of geodesics arcs characterized by the behavior of the corresponding orthogeodesic
emanating from it, as explained in Subsection 2.4.2. The lengths of such geodesic arcs are
captured by the function B¥ and CM appearing in Mirzakhani’s identity.

We are now going to prove a recursion for the constant function 1 on the combinatorial
Teichmiiller space, using the same strategy of Mirzakhani. The functions B¥ and CM are
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II. The combinatorial model of the moduli space of curves

replaced by

1 ’ !’ ’

i([L—L )y —[-L+L -], +[L+L —€]+),

1 (5-3.1)
ckL,e, ) = z[L —t={]s.

BYL, L, 0) =

Notice that BX and CX were already introduced in (3.2.8) while discussing homotopy classes
of embedded pairs of pants in this combinatorial setting.

THEOREM §5.3.1. For any bordered surface X such that xs < —1 and any G € T, we have

1= 3 BRG0P+ Y K@), (532)

m=2 P€ By PeCs

and for a torus T with one boundary component and any G € T,°°™°, we have

1= ), CME(dT). o). o). (5:3:3)
’yEST

Proof. Consider the case of connected £ with ys < —1. For simplicity, set X5 equal to B® or
+CX depending on the type of P € Ps. The basic idea to prove such an identity is to write
{G(01Z) as a sum of lengths of the edges around 9, Z. Recall that in the proof of Theorem 3.2.3,
we introduced a map that assigns to a combinatorial structure G a functional on the set of
arc A between boundary components. Here we are going to restrict the functionals to
Ay, = Wy 1, L.e. to arcs with initial point in 4, X. Moreover, we do not fix the boundary lengths
L € R” (this does not affect the definition of the map in Theorem 3.2.3). This said, we obtain

a map 722> — R that assign to a combinatorial structure G the functional

(6(82) (BX (76 (9Pa) - C¥(ls(0P,))) i a € B
1t6(01%) CR(lg(0P,)) ifaeGs

a —>

where P, = Q(«) is the homotopy class of pair of pants determined by the arc @. Fix once and
forallG e ‘Gcomb, and denote by Ig: Az — R the value of above map at G. This function
has finite support, and the arcs with non-zero contribution are in bijection with the edges
of G around 9, X. Furthermore, for @ dual to an edge e around 9,Z, the value lg() is the
combinatorial length of e (cf. Lemma 3.2.13). As a consequence,

le(0%) = ) lo(@).

aely

Now from Remark 3.2.7, we know that the map 0: sz — Py is not injective, but has finite
fibers. More precisely, we have the following situation.

* If P € Cy, then Q71(P) consists of a single arc ¢y € €x. Then

> tsla) =lslag) = 5 l6(3i%) CXEa(9P)).
aeQ1(P)
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5. Functions from geometric recursion

e If P € By, then Q~1(P) consists of three arcs: ag € By, @’ and its inverse —a’ in Cy.

Then

D, lsla) =ls(ao) +ls(a’) + lg(~a')
aeQ~1(P)

= t(013) (B (G (9P) - C* (6 (9P)) + C¥ (I (0P)) + 3C¥ (T (0P
= l6(012) BX (6 (9P)).

Finally, as Q is surjective

GO =) > ls@=aT) > X5lP).

PePs QEQ‘l(P) PePs

Dividing by £ (01 X) concludes the proof of the identity (5.3.2). The case of the torus with
one boundary component can be handled in a similar way and leads to (5.3.3). m

A notable difference with the original Mirzakhani-McShane identity is that in (5.3.2) there
is a finite number of non-zero terms; this reflects the much simpler dynamics of geodesics
in combinatorial surfaces compared to the hyperbolic ones. As in the hyperbolic case, the
identity can be reformulated in terms of geometric recursion.

COROLLARY §.3.2. The initial data (5.3.1) are admissible, and lead by geometric recursion to
EX(G) =1forany L and G € 7£C°mb.

Proof. The only thing left to check is the admissibility condition for (AX, BX, CX, DX), which
follows from the fact that the functions BX and C¥ are supported on small pairs of pants. ©

We can now apply the integration results of Section 5.2 to the combinatorial Mirzakhani—
McShane identity. The continuous integration computes the Kontsevich volumes and The-
orem 2.4.23 establishes again Witten’s conjecture [Witgo], which was first proved by the
combination of [Kong2] and [DVV91]: the generating function of y-class intersection num-
bers satisfies Virasoro constraints/topological recursion. The discrete integration calculates
the number of integral points in M;?,rlnb and Theorem s.2.5 together with Corollary 5.2.8
with b = ¢ = 0, gives a new proof of Norbury’s result [Nor1o], i.e. the discrete topological
recursion for these counts and their connection with Kontsevich volumes.

COROLLARY §.3.3 (Witten’s conjecture/Kontsevich theorem). The Kontsevich volumes Vglfn(L)
equal (1)(L) and satisfy the topological recursion of Theorem 5.2.2 with initial data (5.3.1).

COROLLARY §.3.4 (Norbury’s theorem). The lattice point counting functions

1
Nyn(L) = —_— 3.
GeMG™E (L)

equal (12)(L) and satisfy the discrete topological recursion Theorem 5.2.5 with initial data
(5.3.1). Moreover,

e fO9—6+2n (5-3-5)

kedZ.,

- Ngn(kL) |2%-20—n V!fn(L) if YL, d- Ljis even,
0 otherwise.
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II. The combinatorial model of the moduli space of curves

The recursive formula for Kontsevich volumes in this integral form firstly appeared in
[BCSW12], where it is derived by constructing a partition of unity similar to the combi-
natorial Mirzakhani-McShane identity and exploiting the local torus symmetries on the
combinatorial moduli space, whose symplectic quotients are also combinatorial moduli space
of higher Euler characteristics. Compared to [BCSW 2], the new element of the proof that
we propose is to make it a complete analogue to Mirzakhani’s proof of the recursion for Weil-
Petersson volumes, by means of Theorem 5.3.1. Our perspective stresses that, at a general
level, recursions between volumes (or more generally, between integrals over the moduli
spaces) arise from finer recursions that hold at the geometric level (here between functions on
Teichmiiller spaces).

54 — COMBINATORIAL LENGTH STATISTICS OF MULTICURVES

Following [ABO17, Theorem 10.1] in the hyperbolic world (see Subsection 2.4.2 for a short
overview), we can generalise the combinatorial Mirzakhani-McShane identity to obtain statis-
tics of combinatorial lengths of primitive multicurves via geometric recursion.

THEOREM §.4.1 (Combinatorial length statistics of multicurves). Let (A, B, C, D) be admissible
initial data and denote by Es the associated geometric recursion amplitudes. Let f: Ry — R
be a measurable function such that for any € > 0 and s > 0, there exists My, ¢ such that
supgs ¢ |f(O)| 65 < My . Then, the following initial data are admissible:

A[f](L1, L2, L3) = A(L1, Lo, L3),
B[f1(L1,L2,¢) = B(Ly, Lo, £) + A(L1, Lo, £) f(£),
CLfI(L1,€,€") = C(L1,6,8) + B(L1,6,8) f(£) + B(L1, U, €) f(€) + A(L1L, L) £(0) (L),
Dr[f1(G) = Dr(G) + Z A(ls(T), ts (), ts(v)) f (Ls(¥)).

’}/ECS)T
(5-4.1)
Denote by Ex [ f] the corresponding geometric recursion amplitudes. If for all Z, By is invariant
under all braidings of boundary components of %, we have

516 = Y E.6l) [| o). (5.42)
ceNl, yemy(c)

where . is the bordered surface obtained by cutting T along a primitive multicurve c (the
choice of the first boundary component is irrelevant due to the assumed invariance).

Remark §.4.2. As explained in Remark 2.4.27, a useful version of the above result can be
stated for combinatorial length statistics of multicurves (not only primitive ones). Namely, if
F:R, > D={z€C]|z|] <1}isameasurable function with values in the unit disk such that

f@) = Y Pk = L

£ 1——F(x) (5-4-3)

satisfies the conditions of Theorem §.4.1, then the geometric recursion amplitudes Ex [ f]
associated to the initial data Equation (5.4.1) are given by the combinatorial length statistic of
multicurves weighted by F:

Es[f16) = ), Ex.(Gl) [] FlleO). (5-4-4)

celly yenp(c)
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5. Functions from geometric recursion

Sketch of the proof of Theorem 5.4.1. The proof repeats the one of [ABO17, Theorem 10.1],
with combinatorial lengths instead of hyperbolic ones. We only sketch the induction step
here. Notice that, as all series are absolutely convergent, we can apply Fubini’s theorem and
interchange the summations:

D B Gls) || fte =), D, Xp(6)Es. p(Gls.p) || Flla)

cenly, yenrg(c) ceNly PePs,. yenrg(c)

DU XpIAIG)| D) Bsopy, Glsry,) [ fletre)

PePs yens_p ceng(y)
= > Xp[f1(G)Es_p[f1(Glsp),
PePs

where Xp is either B or C depending on the type of P. The second to last equality follows
from a case discussion: to interchange the summands we must also sum over the possible ways
in which dP and ¢ can have homotopic components, weighted by their contributions. For
example, for P € Cy with P and ¢ sharing one component, say d2P = yo, then P € Ps_ .
This means that we get a contribution of

B(L1, ts(70), €c(93P)) f (€5 (y0)) E(z-p). (Gl(z-p).) l_[ f(tc(y)),

y€mo(c—y0)

which matches one of the terms in the expression for C[f]. We refer to [ABO17] for the
complete proof. O

We can then integrate this identity over the combinatorial moduli space with respect to uk to
express combinatorial length statistics of multicurves as a sum over stable graphs.

COROLLARY §.4.3. Assume that (A, B,C, D) are strongly admissible and fix a measurable
function f for which there exists n € [0,2) such that sup,-q | f(€)| " < +oo. Then the twisted
initial data (A[f], BIf].C[f].D[f]) are strongly admissible and (2, ,[f1)(L) satisfy the
topological recursion of Equation (5.2.3) with these initial data. Besides, we have

<Eg,n[f]>(L1’ ) Ln) =
= Z m‘/ﬂ%ﬁ‘ l_[ <Eg(v),n(v)>((€e)eeE(v),(L/l)/leA(v)) 1—[ f(fe) ged[e- (5.4.5)

reg, + peVp eckEr

Proof. The topological recursion follows from Theorem 5.2.2 and from the second part from
the integration formula of Proposition 4.3.1. O

We can also obtain an analogous result for the discrete integration, substituting (Eg () n(v))
with (Egz(v) n(0)) 20nd the integral over RE" with the sum over edge decorations of the form

{: Er — Z,. However, we cannot directly apply Theorem 5.2.5, as the twisted initial data are
in general not supported on small pairs of pants. Instead, we introduce an (a priori) different
lattice count, for L € Z%

Bl /D (Lase . La) =
= 2 m > o) (@eeron Lavieaw) [ ] terie. 549

reGy.n C:Er—7Z, veVr ecEr
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II. The combinatorial model of the moduli space of curves

We omit the proof of the next proposition: it follows the same scheme as the proof of The-
orem §.4.1, in the simpler situation where multicurves are replaced by their mapping class
group orbits (stable graphs), and with integrals replaced by discrete sums. The key principle
is that topological recursion is preserved under the twisting operation.

PROPOSITION §.4.4. Let (A, B,C, D) and (_ o asin Theorem 5.2.5. Let f: Z, — R be such

that for any s > 0, supsez, | f(€)| €° < +co. Then (_g WLFD) (L) is finite and, for 2g—2+n > 1,
it is calculated by the discrete topological recursion formula

B alfD (L, L ZZMZ FULY, Ly €) (BL, ([f1) (6 Lo, L, L)

m=2{>1

1 ’ ’
5 D O CELILL GO By LD (0 Lo L)
£,0'>1

> EE LD @ Ly) L LD (L) |,

g1t+g2=9g
LUul={2...,n}
(5-4.7)
with conventions (_0 L)y =0and (._0 o Lf1) = 0 and base cases
_‘0 3[ ]> (L].’ LZ, L3) - <_‘O 3>(L1a LQ’ L3) = AZ(L]J L2’ L3)

B (L) = EL (L) + 2 ZEAZ(L 2,0 £(0). (5-4.8)

t’>1

5. — KONTSEVICH AMPLITUDES AND THE SPINE CONSTRUCTION

On the one hand, by Corollary s.3.2, the combinatorial geometric amplitudes EX for the initial
data (AX, BX, CX) coincide with the constant function 1 on 7£°°mb. On the other hand, we can
consider the hyperbolic geometric recursion amplitudes QF associated to the same initial data.
They are rather non-trivial functions of o= € 75, but since the topological recursion formulae
are the same in the combinatorial and hyperbolic setting, we have

n L2
o= [ = [0S e [ exp( —’w) (5-5.1)
o meembry " Mgy " Moo Z 2 ™

i=1

forany L = (L1,...,L,). Here we propose a geometric interpretation of Q& and give some of
its basic properties.

§.5.1 — A GEOMETRIC INTERPRETATION

In the following we discuss the combinatorial analogue of the geometric reasoning at the core
of Mirzakhani’s proof of the Mirzakhani-McShane identities. Consider a bordered surface X.
Recall from Subsection 3.1.2 the construction of the spine as a subset sp,,(£) c X that depends
on a hyperbolic marking (X, f) representing o € 7x. We also denote by sp/ (2) C sp, () the
complement of the set of vertices of the spine.

For a given o € Tz, we equip 91X with the curvilinear measure y, induced by o.
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5. Functions from geometric recursion

Py
s
(a) The piecewise geodesic yx (in blue) (b) The piecewise geodesic y, (in blue)
and sp,(2) (in red). and sp, (Py) (in orange).

Figure §.1: Example of a successful first step of the process.

LEMMA 5.5.1. For all but finitely many x € 01, the orthogeodesic from x intersects the spine
for the first time at a point sx(x) € spl.(%).

Proof. Cutting out the spine, we have a cylinder around each boundary component of the
surface. Consider the one around 9, X and take a geodesic that realises the distance between
the two boundaries of the cylinder. Cutting along this, we obtain a hyperbolic polygon. As
there are no hyperbolic triangles with two right angles, every geodesic shot orthogonally from
x € 512 must reach the boundary corresponding to the spine at a certain point sy (x), that is
not a vertex for all but finitely many x that are rib-ends on 6, X. m

Let x € 61X be such that sx(x) exists and is not a vertex of the spine. By definition of the
spine and the vertices, there exists a unique second geodesic joining sy (x) to ;X for some
i € {1,...,n}. The union of these two geodesics form a piecewise geodesic arc, denoted by yy.
This arc determines a unique homotopy class of embedded pair of pants, and we denote by
P, its representative that has geodesic boundaries in . This pair of pants has a spine sp,,. (Px)
of its own, and we can ask whether sy (x) is still part of sp, (Px). With these notations, we
define the following process.

DEFINTTION §.5.2. Choose a random point x € ;% uniformly on 9,2 — for the measure
coming from the curvilinear measure induced by o.

e If the geodesic shot from x orthogonally to 6, hits for the first time sp,. () at a vertex,
or if s3.(x) ¢ sp,(Px), quit the process.

* Otherwise, consider the bordered hyperbolic surface £ — P,. If it is empty, we have
finished the process successfully; if not, we repeat it with £ — P,, each connected
component of X — P, being treated independently.

Denote by Iz (o) the probability that the process ends successfully, i.e. by giving a pants
decomposition. It is clear that IIx (o) only depends on the projection [o] € My and the
process makes no reference to a marking.

PrOPOSITION §.5.3. We have Mz (o) = QE(O'). In particular, Qg(a) € [0,1], and if we
consider the above process for a random hyperbolic surface of type (g, n) with fixed boundary
lengths L € R (with respect to the Weil-Petersson measure on Mx (L)), we have

Vi, (L)

E[Ms(0) | £-(0Z) = L] = VYD)’
g.n

(5-5-2)
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II. The combinatorial model of the moduli space of curves

where Vg\zZlP(L) are the Weil-Petersson volumes of Mgy ,(L).

Proof. We prove the result by induction on 29 — 2+ n > 0. The base case (g,n) = (0,3) is
trivial: for any pair of pants P, we have I1p = 1. Furthermore, the following argument can be
adjusted to prove that for a one-holed torus 7,

Mr(o) = > CX(€e(0T), 5 (7), bo () = Dr(c).
YEST
Consider X of type (g, n) and suppose now by induction that the proposition holds for surfaces

of Euler characteristic y > —(2¢g — 2 + n). By definition of the process, we can write Iy (o) as
a sum over Uyeg, s Px (where Py = @ if x does not define a pair of pants):

[y (o) = Z Yp(o) Hs_p(c|s-p).

PeUxeo xPx
Here, we identify P with its representative P C ¥ having geodesic boundaries, and we set
1o Yp(@)
Mo (D1Z)
By induction hypothesis, we have IIs_p(c|z-p) = QF_,(c|z-p). So, we only need to show

that Yp(o) = XE(ZU((?P)) and that the embedded pairs of pants outside Uyes, s Px do not
contribute to the geometric recursion sum defining QX.

Yp (o) Yp(o) ={x€ X |ss(x) €sp,(P)}. (5-5-3)

For the latter, we observe that if P ¢ Ues, s Py, then all points of sp,, (P) incident to 61X are
equidistant to an internal boundary of P. Therefore we see that the spine of o|p has the whole
of the first boundary adjacent to an internal boundary, and therefore from Lemma 3.2.11 we
see that X g(EU(BP)) = 0. So, we can indeed restrict the range of the geometric recursion sum
defining Qg to P € Uxep,xPx.

For the former, we first give a description of X} similar to (5.5.3). Let sp(x) be the first
intersection point (if it exists) between the geodesic shot from x orthogonally to ;% and the
spine of P — considered as a subset of £. We introduce the sets

sp. (P) = {sesp,(P) | s is incident to ,,% and 1 oronly to 0,2} if P € By,
Pt = {sesp,(P) | s is incident to 8,2 on both sides } if PeCs
Xp(o) ={x € X |sp(x) €sp,(P)}

where it is understood that if sp(x) does not exist, x is not in Xp (o). The properties of BX
and CX stressed in Lemma 3.2.11 show that

> o (Xp(0))
xK(,(apP)) = %,
P( ( )) ﬂa(alz)
It remains to justify that Xp (o) = Yp(0).

(S) Consider x € Xp(0). From the definition of sp, (P), it is clear that sp,(P) C sp/. (%)
and sp(x) is equidistant to 9% in exactly two ways. In particular,

diste (sp(x), 01Z) = dist (sp(x), Z) < disty(sp(x), dZ — (:Z U §;%))
for somei € {1,...,n}. Thus, sx(x) = sp(x) and sp(x) € sp, (P).

(2) Consider x € Yp(0). Then we have sp(x) € sp,(Z), so that sp(x) = sx(x) and sp(x) €
P (P).



5. Functions from geometric recursion

5.9.2 — PROPERTIES OF THE KONTSEVICH AMPLITUDES

The geometric interpretation of QX already shows the non-trivial fact that such functions take
values in [0,1] c R. In the remaining part of this section we are going to show two other
properties of Q.

NON-INVARIANCE UNDER ALL BRAIDINGS

From their definition, the geometric recursion amplitudes are a priori only invariant under
mapping classes that preserve the first boundary; the invariance under braidings of 9, X with
some J,,% for m # 11s not guaranteed. This full invariance turns out to hold for the hyperbolic
geometric recursion amplitudes Q) and the combinatorial geometric recursion amplitudes
EX, for the obvious reason that they are identically 1. One could wonder if the full invariance
also holds for Q&, but we show this is already not the case for four-holed spheres.

PROPOSITION §5.5.4. Let X be a four-holed sphere, and take y € Sx separating 61X and 6.X
from 33X and 04X. Consider p = [¢: X — X] € Modx the involution that fixes y and such
that $(61X) = 05X and $(8:X) = 04X. Then p.Q + QF.

Proof. The curve y together with an arc from 9, X to 93X, determine a seamed pants decom-
position of X, and we denote by (L, ¢, 7) € R x R, x R the corresponding combinatorial
Fenchel-Nielsen coordinates. If we choose o € Tx such that £, (y) is small enough, then by
the collar lemma we can make the length of any simple closed geodesic intersecting y greater
than max{L1 + Lo, L3 + L4}. As BX(L;, L;,¢) vanishes for £ > L; + L;, we have

QR (Ly, Ly, L3, Ly, £,7) = BX(Ly, Ly, 0)

and
p.OR(Ly, Lo, L3, Ly, £,7) = Q8 (L3, Ly, Ly, Lo, £,7) = BX(L3, Ly, ).

Choosing (L1, ..., Ls) € R such that BX(Ly, Ly, €) # BX(Ls, Ly, £), we obtain the thesis. O

This is the first example where the non-invariance of some geometric recursion amplitudes
can be established. Nevertheless, we know that after integration over the moduli space against
Hwp, we obtain the symmetric polynomials (5.5.1). This is clear by the definition of the
Kontsevich volumes, but it can also be directly proved from the theory of the topological
recursion, as (AX, BX, CX) obey a set of quadratic relations (IHX relations) that guarantee
the invariance of the corresponding topological recursion amplitudes under permutations of
Li,...,L,—seee.g. [Bor2o].

SUPPORT WITH NON-EMPTY COMPLEMENT

We prove that the Kontsevich amplitudes are actually zero on some open subset. In order
to achieve this, we use geometric recursion to construct an auxiliary function which has the
same support as the Kontsevich amplitude and takes integer values.

Consider the following geometric recursion initial data

A(Ly, Ly, L3) =1,
B(L,L',{) =H(L+L'-¢), (5-5-4)
C(L,6,0") = H(L -~ {"),
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II. The combinatorial model of the moduli space of curves

where H(x) is the HeavisideH function. Let Qf € Mes(7z) be the geometric recursion
amplitude associated to £ computed with respect to hyperbolic lengths. The value Qf (o) € N
is counting the number of o--small pairs of pants decompositions® of . In particular, these are
piecewise constant functions on 7z, with values in non-negative integers and, for X connected
of type (g, n), we see that Q¥ is bounded by Hig: 12+n 6k. The following lemma easily follows
by induction on 2g — 2 + n.

LeMMA 5.5.5. The geometric recursion amplitudes QY bave the same support in Tz as QX,
and the topological recursion amplitudes (Ql,)(L) = fM L) QY duyp are homogeneous
’ g.n

polynomials of degree 6g — 6 + 2n.

COROLLARY §5.5.6. For £ not of type (0, 3), the support of QX has non-empty complement.

Proof. The Weil-Petersson volumes V%P(L) are polynomials in L = (L, ..., L,) with non-
zero constant term, while (Q[7 ) (L) are homogeneous of positive degree for (¢,n) # (0,3).
Hence

©@1)(1L)

im =
L—0 VX@P( L)
This shows that (Qff, )(L) is strictly less than Vg\z(ilp (L) for small L and we deduce there exists

an open set of 7£C°mb(L) for small L on which Q¥ < 1 and therefore on which Q¥ =0, hence
QY vanishes. o

Remark 5.5.7. To conclude, we remark that the Laplace transform of the topological recursion
amplitudes (Q}7,) (L), namely

Wgn(21,- s 20) = (/ [ [dziLie=t @y, <L1,...,Ln>) dzi - dzp (5.5-5)

+ i=1

satisty a topological recursion a la Eynard—Orantin:

wg,n(zl, sy Z}’L) = ]Z‘:{_G)S K(Z13 Z) (wg—l,n+1(zv _Z’ ZQa ey Zn)
! (5-5.6)
DL 0 (2 20) W 1n (< le))’
g1tg2=g
Lul={2,..., n}
where

Ko =—— P d wpalr, ) = 292 (5.5.7)

15 22(z—21)° dz 0,2(21, 22 (z1-22)% 557

However, in this case the recursion kernel K(z1, z) does not have the usual structure of Equa-
tion (2.3.7) and the multidifferentials wy ,(z1, . . ., z,) are not symmetric under permutation of
their n variables. It seems to be the first known example where a non-symmetric topological
recursion yields a geometrically meaningful quantity.

ISuch pants decomposition are “rooted”, in the sense that they always bound the first boundary component of
the surface at each step (cf. [ABO17, Section 3.6])

148



CHAPTER 6 — RESCALING FLOW: FROM HYPERBOLIC TO
COMBINATORIAL GEOMETRY

The hyperbolic and combinatorial Teichmiiller spaces can be identified via the spine homeo-
morphism sp: Tz — 7;0““" of Penner and Bowditch-Epstein (see Definition 3.1.10). In this
chapter, we consider a flow that interpolates between their respective geometries, coming
from the work of Mondello and Do [Monog; Do1o].

DEFINITION 6.0.1. Let G € 7E°°mb(L) and g € R,. Define G € Ecomb(ﬁL) to be the
combinatorial structure represented by the same marked ribbon graph, but with all lengths
multiplied by 8. This define a flow, called the rescaling flow, on T:2°™ which preserves the
strata and is continuous. It can be lifted to ®3: 72(L) — 7=(BL) by the spine map: for
o € Ty (L), set

Pg(0) = oB = sp_l(ﬁ sp(0)) € T=(BL). (6.0.1)
The maps ®g and B- are Mods-equivariant, and thus descend to the moduli spaces M, (L)
andlM;?,rlnb(L). We also define the map Rg: ‘Gcomb(L) — T3(BL) by postcomposing B+ with
sp .

To(L) —E—y Tomb(L)

%l A lﬁ. (6.0.2)

T2 (BL) —= T (BL)
The large B asymptotic of the rescaling flow has been previously studied pointwise on 75.
THEOREM 6.A ([Monog; Do1o]). As 8 — co:

o the metric space (2, 3~10P) converges in the Gromov—Hausdorff topology to the metric
ribbon graph sp(o) for any bordered surface = (cf. [Do1o, Theorem 1]);

® the Poisson structure ﬁ2RE7rwp converges pointwise to ng on the top-dimensional strata
of‘7;:°mb (¢f. [Monog, Theorem 4.3] or [Do1o, Theorem 2]).

In this chapter, we shall complete this description by giving effective bounds on the thick
part of the Teichmiiller space for lengths, and on compacts for twist parameters, showing
convergence of the Fenchel-Nielsen coordinates.

THEOREM 6.B. Let X be a bordered surfaces of type (g, n). For any y simple closed curve in T

and o € Tx, we have that
lim f(rﬁ (7)

B—o0

= tsp(o) (7/)’ (603)
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II. The combinatorial model of the moduli space of curves

and the convergence is uniform on the thick parts of Tz. Moreover, given a seamed pants
decomposition, we have 3g — 3 + n hyperbolic and combinatorial twist parameter functions ;.
Then for any o € Tz, we have that

lim

p—o0

(P
% = 7;(sp(0)), (6.0.4)

and the convergence is uniform on every compact of Ts.

Thanks to this uniformity, we can flow quite systematically results in hyperbolic geometry to
results in combinatorial geometry, and natural functions on 7 to natural functions on 7;°™P.
In this regard, 7;°°™ behaves like a differential-geometeric tropicalisation of 75. We use this
method to re-derive (an equivalent expression of) Penner’s formulae for the action of the
mapping class group on Dehn-Thurston coordinates [Pen82] from their hyperbolic analogue
[Okag3]. An immediate consequence of Penner’s formulae is a piecewise linear structure on
the combinatorial Teichmiiller space.

comb
S

TaeorREM 6.C. The combinatorial Fenchel-Nielsen coordinates equip with the structure

of a piecewise linear manifold.

As a second application, we show that the flow in the 8 — oo limit takes the hyperbolic geomet-
ric recursion amplitudes to the combinatorial counterpart, and does the same for topological
recursion after integration. See Theorems 6.3.5 and 6.4.1 for more precise statements.

THEOREM 6.D. Let (Ag, Bg, Cp)p>1 be a 1-parameter family of initial data that are “uniformly
admissible” and converging uniformly on any compact to a limit (A, B, C) as g — oo. Denote
by Qs.p the GR amplitudes on Tz, which results from the initial data (Ag, Bg, Cp), and by Es
the GR amplitudes on TLo™°, which results from the initial data (A, B, C).

o For any bordered surface T and o € T,

Jim Qsip(0) = By (sp(0)), (6.0:5)

and the convergence is uniform on any compact of .

* If (Ag, Bg,Cp)p=1 are “uniformly strongly admissible”, and the converge is uniform on
any subset of the form (0, M]? C R2, then for 29— 2+n > 0 and any L € R"

<Qg,n;ﬁ> (IBL)

Iim [369-6+2n = (En) (D), (6.0.6)

p—o0
and the convergence is uniform for L in any set of the form (0, M]" with M > 0.

In particular, this gives a second proof of the combinatorial Mirzakhani-McShane identity by
applying the flow to the original hyperbolic Mirzakhani-McShane identity.

6.0.1 — RELATION WITH PREVIOUS WORKS AND OPEN PROBLEMS

As already mentioned, the rescaling flow originates from the work of Mondello and Do
[Monog; Do1o], using the spine construction of Penner and Bowditch-Epstein [Pen87; BESS].
Here we promote some of their results from pointwise to uniform convergence. Geometrically,
it formalises the idea that hyperbolic surfaces “flows uniformly” to their spine.
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6. Rescaling flow: from hyperbolic to combinatorial geometry

We also remark that a rescaling flow previously appeared in a similar form in the work
of Papadopoulos—Penner [PP93], building on the fact that measured foliations appears as
Thurston’s boundary of the Teichmiiller space. More precisely, they considered the decorated
Teichmiiller space 75 (L) of a punctured surface ¥, parametrising hyperbolic structures with
cusps and horocycles of length L around the punctures, which can be equipped with the
pullback of the Weil-Petersson symplectic form. Using a rescaling flow, Papadopoulos and
Penner shows that the Weil-Petersson form on 75 approaches Thurston symplectic form in
this limit.

As of Penner’s formulae [Pen82] for the action of the mapping class group on Dehn—Thurston
coordinates, he proved this result by direct combinatorial methods. We note that our proof is
different, as we obtain it from the hyperbolic case via the rescaling flow.

We also observe that Theorem 6.D “lifts” Mirzakhani’s proof of Witten’s conjecture to the
geometric level of functions on Teichmiiller space. More precisely, she was able to show
Equation (6.0.6) for the particular case of Weil-Petersson volumes and Kontsevich volumes
by analysing the rescale at the level of intersection numbers. Here, we deduce such limit (and
more general ones) as a consequence of the same type of scaling, but at the level of functions
(i.e. from Equation (6.0.5)).

We conclude with an open question, which would be interesting for applications discussed in
Chapter 8.

QuestioN 6.E. Consider the Jacobian of the rescaling flow Rg : 7;°mb(L) — 7x(BL), Rg(G) =
-1
sp~ (BG):

1 Rgduwp
Jﬁ = ﬁﬁg_6+2n dﬂK s (607)

viewed as a function on T (L) x Ry. We know by Theorem 6.A due to Mondello that Jg
converges pointwise to 1. Is it possible to improve such result, and get an “integrable enough”

bound independent of B¢
6.0.2 — ORGANISATION OF THE CHAPTER

The chapter is organised as follows.

® In Section 6.1 we discuss the uniform convergence of hyperbolic lengths and twists to
their combinatorial counterparts.

® Using the aforementioned convergence, in Section 6.2 we re-prove Penner’s formulae
for the action of the mapping class group on Dehn-Thurston coordinates (in this setting,
combinatorial Fenchel-Nielsen). This endows the combinatorial Teichmiiller space with
the structure of a piecewise linear manifold.

* In Sections 6.3 and 6.4 we show how the rescaling flow behaves naturally with respect
to geometric recursion and topological recursion.
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II. The combinatorial model of the moduli space of curves

6.1 — CONVERGENCE OF LENGTHS AND TWISTS

CONVERGENCE OF LENGTHS

We first obtain an effective comparison between lengths of simple closed curves along the
flow, by refining the arguments of [Do1o]. Recall first that, for any bordered surface X, the
combinatorial systole with respect to G € 7:2°™ is defined as the shortest essential simple
closed curve:

sysg = inf {g(y). (6.1.1)
YEST
Moreover, we define the e-thick part of ‘7£C°mb, denoted ‘Ecomb’Zf, as the subset of combinato-
rial structures G for which sysg > € and €g(9;Z) > e foralli = 1,...,n. Analogous definition
holds for 7s.

PROPOSITION 6.1.1. Let = be a bordered surface of topology (g,n). For any G € TP, we
denote o = spH(G) and oP = sp~L(BG). Then for all B > 1, we have

l
Vy € &» U 9%, {g(y) < L(Y). (6.1.2)

B

Moreover, for any € > 0 there exists Be > 1 and ke > 0 depending only on € and the topological
type of =, such that for any B > Be and G € Ecomb’ze we have

Vy € §» U9, g”;# < (1 + %)f@(y). (6.1.3)

We can take k¢ and Be increasing with 2g — 2 + n.

An immediate consequence of the above bounds is the following convergence result for length
of simple closed curves.

COROLLARY 6.1.2. Foranyy € Sx UJX and o € Tz, we have

K(TB (Y) = tsp(o) (7)’ (614)

lim

p—o

and the limit is uniform when sp(o) belongs to the thick part of 7§°°mb.

Proof of Proposition 6.1.1. If y is a boundary curve, there is nothing to prove since {,5(y) =
Blo(y). We now assume y € Sy and start from the last inequality in the proof of [Do1o,
Lemma 11]:

fo'ﬁ (7)

2E
Vy € 8y le(y) < 5 Sf@(7)+m

ﬁ 2
where Eg(y) is the number (with multiplicity) of edges along which the non-backtracking

representative of y in G travels, and rg is the maximal of rib lengths with respect to 0. This
already gives the lower bound.

(6.1.5)

Recall that G contains at most 6g — 6 + 3n edges. We say that an edge is e-big if its length in G
is larger or equal to €/(6g — 6 + 3n), and that it is e-short otherwise. Denote by E([(;) (y) the
number (with multiplicity) of e-big edges along which y travels. If we assume that sysg > €,
the union of the e-short edges appearing in y must be a forest. As y is a closed loop, it has
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6. Rescaling flow: from hyperbolic to combinatorial geometry

to exit each tree it passes through via an e-big edge. Hence Eg(y) < (69 — 6 + 3n)E¢(;) (y).
Observing that e Eg)(y) < {g(y), we obtain

Ec(y)

(69 — 6 +3n)?
< f lG(y).

We must now bound uniformly the maximum of rib lengths for o#. For this purpose, we
bound the distance between any point of the surface to the boundary for the metric 0. Recall
that the injectivity radius at a point ¢ € X for the hyperbolic structure o, here denoted 1, (g),
is the supremum of all p > 0 such that there is a locally isometric embedding of an open
hyperbolic disk of radius p. Since the area of (X, o) is 2(2g — 2 + n), which must be greater
or equal to the area of such disks, we have

1o (q) < V2(29 -2 +n). (6.1.6)
Besides, it is clear that
1, (g) = min {%syso.(q), dist (g, 82)}, (6.1.7)

where sys,, (¢) is defined to be the infimum over the lengths of non-constant geodesic loops
based at g. We apply this to the hyperbolic structure o-#. Using the lower bound (6.1.5), we
remark that

Be < syspg < sysgs < syses(q).

B >pe= w, we deduce from (6.1.6) and (6.1.7) that

Vg € X, dist ;5(q,0%) < V2(29 —2+n).

In particular, choosing for ¢ the vertices of G, we find rg < /2(2g — 2 + n). Together with
(6.1.5), it shows that

lop () _ [, 18Y2(29—2+n)>
2 < o

which gives the thesis. m

VB> e VyeSs, te(y) < te(y),

CONVERGENCE OF TWISTS

Studying the convergence of twists along the flow by a direct geometric method requires
bounds on the distance between the hyperbolic and combinatorial seams. Instead of following
this direction, we use the hyperbolic (9g — 9 + 3n)-theorem to write the hyperbolic twists in
terms of hyperbolic lengths of certain curves, than show that these formulae converge with
help of Proposition 6.1.1, and compare the limit to the expressions for the combinatorial twists
underlying the combinatorial (9g — 9 + 3n)-theorem established in Section 3.5.

PROPOSITION 6.1.3. Let X be a bordered surface of type (g, n), fix a seamed pants decomposition
and let (T,-)?:gl_ " be the associated combinatorial twist parameters. For any compact K C Fycomb
and G € K, we denote o = sp~ 1 (G) and 0B = sp~ (BG). There exists constants Bx > 1 and
ck > 0 depending only on K such that, for any 8 > Bk andi € {1,...,3g — 3+ n}, we have

Ti(O'ﬁ)
B

- 69
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II. The combinatorial model of the moduli space of curves

An immediate consequence of the above bound is the convergence result for twist parameters.

COROLLARY 6.1.4. In any fixed seamed pants decomposition, for o € Tz, we have

m Ti(O'ﬁ)

P—0o0

=1 (sp((r)), (6.1.9)

and the limit is uniform when o belongs to an arbitrary compact of Tz,

Before starting the proof of Proposition 6.1.3, we recall the formulae which allows us for
four-holed spheres and one-holed tori to express the change of Fenchel-Nielsen coordinates
under a flip of the pair of pants decomposition. They can be found in [Okag3, Theorems 1.1
and 2.1}, or deduced from [Busto, Sections 3.3 and 3.4].

Let X be a four-holed sphere and o~ € 7x(L1, L2, L3, Ly). We place ourselves in the situation
described in Section 3.5. Namely, we fix a coordinate system, which in turn defines a simple
closed curve y separating X into a pair of pants having boundary components (61 X, 94X, y)
and another pair of pants having boundary components (92X, d3X,y); we have § a sim-
ple closed curve intersecting y exactly twice and separating X into a pair of pants having
boundary components (91 X, 92X, 6) and another pair of pants having boundary components
(03X, 04X, 6); finally, let n be the curve obtained from y by applying a Dehn twist along 6.
Let o € Tx(L1, Lo, L3, L) and denote £ = £, (y), {’ = £,(5) and "’ = £, (1), and define 7 to
be the hyperbolic twist determined by the seamed pants decomposition. If we define

Ci ()= coshQ(%) + cosh2(%) + Cosh2(%) + 2cosh(%) COSh(%) cosh(g) -1, (6.1.10)
the length of 6 is then given in terms of Fenchel-Nielsen coordinates by
Cosh(m%) sinh2(g) = cosh(%) Cosh(%) + Cosh(%) cosh(%)
+ cosh(g) ( cosh(%) cosh(%) + cosh(%) cosh(%)) (6.1.11)
+ cosh(7)yC1,4(€)Ca,3(¢),

while the length of 1s £ (¢, 7) = €' (¢, 7 + 0).

Likewise, if T is a one-holed torus, o € 97(L), and we are in the situation described in
Section 3.5, the length of ¢ is given by

, cosh(Z) [cosh(%) + cosh(¢
cosh(f (K’T)) = (2)\/ 3 © (6.1.12)

2 sinh(%) 2 ’
while the length of nis ¢ (¢,7) = (¢, 7 + ¢).

Proof of Proposition 6.1.3. Fix o in a compact K of 75, and denote G = sp(co-). We use repeat-
edly Proposition 6.1.1, which implies that for any simple closed curve v chosen in a fixed
finite subset of & U 4%, we have

Cop(V) CK

{g(v) < L < c(v) + —

B B
for any B > Bk and some constant ckx > 0 depending only on the compact K and this finite
set. In what follows, ck, ¢, . .. denote positive constants depending on K and whose value
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6. Rescaling flow: from hyperbolic to combinatorial geometry

may change from line to line. We denote lengths and twists with a superscript § to refer
to the hyperbolic quantities measured with respect to o#, while lengths and twists without
superscripts denote the combinatorial quantities measured with respect to G.

As the twist parameters 77 and 7; are computed locally in each piece ; of type (0,4) or (1,1)
defined by the seamed pants decomposition as in Section 3.5, we can restrict our attention to
each piece separately. On X; we have the curve ; defined by the seamed pants decomposition,
and for every k € Z we consider the curve obtained as the image of 6; after kK Dehn twists along
¥i. Denote by fi(k)’ﬁ its hyperbolic length with respect to o?, and by fl.(k) its combinatorial
length with respect to G. Compared to the notation of Section 3.5,

B _ p(0).B mB _ p(1).B r _ p(0) r _ p(1)
5[ - g[ B gl - gl s gl' — gl ) {i - gl .
As we work with a single piece at a time, we in fact often omit the subscript i. Suppose X; = X

is a four-holed sphere. With the labelling matching the one described in Section 3.5, we denote
Liﬁ =,5(0;X) fori € {1,2,3,4}. According to Lemma 3.5.2, we have

6™ =max {Ly + Lg = £, Ly + Ly = £,2|7 + k| + My 4(£) + Mo 3(0)} (6.1.13)

L,‘+Lj—f
2

where M; ;(£) = max {O, Li—C(L;—¢, } The open sets

UW ={Ge T |2t <tk <at),  kez

cover the compact K, so we can select finitely many indices k1, ...,ky € Z to cover K. If
G e UM NK forsomek € { ki,...,kn }, the maximum in (6.1.13) is given by the last argument,
that is

%) = 2(r + kf) + My 4(€) + M2 3(0)

which we see as an expression of 7 + k¢ in terms of other lengths. We would like to compare
it, when 3 is large, to the expression of 78 + k{# which we can access via Equation (6.1.11),
namely

18 18 B B
cosh(tP + k£P) = [cosh( 5 ) hz(%) - cosh(Tl) cosh(Tz) — cosh(L—3) cosh(%“)
B B
- cosh B (cosh COSh(LTS) +cosh(L22 ) cosh )]C_1/2 f'B)Cgé/Q(f'B).
(6.1.14)

To obtain an upper bound for the right-hand side of (6.1.14), we can ignore the negative terms
and use as upper bound for the numerator

osh(M) sinh2(§) <

and as lower bound for the factors in the denominator

B B, B
B B L +L" +0 8B
Cl,J(fﬁ) > %emax {[ﬁ,Li ’Lj’ L 2} } > Z%Lemax {Li ’Lj’

Is5
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Combined with arcosh(x) < log(2x) for x > 1, this results in

—|TIB -;kﬂﬂ log 2 + (e +8 — %max {Lﬁ, L'f, —Lf%;f#ﬁ} - %max {L’B, L’g, —Lg+L2§+€ﬁ}
<£(2£+€——max{L1,L L1+—L4+€} max{Lg,L3,L2+TL3+€}+%
(o ¢
<5 - §(M1 4(0) + M 3(0)) + F
and thus B 4 kP, -
 <r+kt+ X

IR
We now look for a bound from below for (6.1.14). We first observe that by Equation (6.1.2),

we have ¢# > ¢ for B > 1. Since on the compact K, ¢ is bounded from below by ex > 0, we

deduce that )
. 1—e<K
with Mg = % > 0.

This leads to a (rather crude) lower bound for the numerator of the right-hand side of (6.1.14)

sinhQ(g) > mKe'fﬁ

B B B
osh([( )ﬁ) ( > ) — cosh( )cosh(%) — cosh(LT?’) Cosh(%)
B B B B

- cosh(%)(cosh(%) cosh(%) + cosh(%) cosh(%‘*))

s oo UisLh LE+Lf Parferf PeLfeLf (6.1.15)

m—QKe 7 T _ T 2 —e 2 —e 2 —e 2

[\

v

e®-F (k).5 1 B, B 1B B 1B, B BB
%e 3 +£"8+ %e 3 +['B_485max{L1+L2,L3+L4,L1+L3+€ﬁ,L2+L4+£ﬁ}.

We split the first term in order to exhibit positivity of our lower bound — which is therefore
not useless. Indeed, using Proposition 6.1.1 and Equation (6.1.13) on U¥) N K we get

£(k).B

+ 0 > max {LP + L5, L5+ 15, L + L5 + 0P 15 + L + 0P} + B,

for some constant ¢ > 0. Consequently, there exists Sx > 1 such that for any 8 > Bk the
expression inside the bracket in (6.1.15) is positive, and can be ignored in the lower bound. To
obtain an upper bound for the denominator of (6.1.14), we write

L4148
lj(fﬁ)<5 max{f L LB T}

Combined with arcosh(x) > logx, this implies for 8 > Bk

B+ kP 1 BirBier
u > —| log (_K) 1g(k)ﬁ _ _maX {fﬁ LB,LB, Ly+Ly+¢ }
ﬁ ﬂ 20 4 2

B, 1B B

(08,18, 28, Bt
c///
>74+kl- X
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using the arguments we already used for the upper bound. We deduce that on U¥) N K and

for B > Bk
|78 + kP

B

A similar argument shows that on U¥) N K and for 8 > Bk, we have

—(t+k?)

< CFK (6.1.16)

|78 + (k + )P
B

(r+(k+1)0)| < CFK, (6.1.17)

for perhaps larger constants Bk, cx > 0. We can now conclude by using (6.1.16)—(6.1.17) to

estimate
B (| (k+ D | kPP 2k + 1)
B 2P B B 28
Since # > ex > 0 on the compact K, we arrive on U®) N K and for B > Sk at the inequality
B
T ‘ < C—K, (6.1.18)
B B

for perhaps larger constants Sk,cx > 0. These arguments were done for a fixed k €
{k1,...,kn}, and as (U(ki))l.lz1 cover K, we can find constants Bk and ck such that the same
estimate (6.1.18) holds uniformly over K for 8 > Bk.

A similar argument can be carried out for X; being a one-holed torus, in the situation described
in Section 3.5. Instead of (6.1.14) we should estimate 7@ + k€# via the formula

2
+ cosh(€B)

cosh (T — cosh A sinh (2
() o () b ) ||

coming from (6.1.12), and compare it to the expression of 7 + k¢ deduced from Lemma 3.5.4.
As the estimates in this case are much easier and without surprise, we omit them.

We conclude that the desired estimate (6.1.8) is valid for any fixed i € {1,...,3¢9 — 3+ n}, and
since this set is finite we can choose constants Sk and ck independently of i: in the end, they
only depend on the fixed seamed pants decomposition and on the compact K. O

6.2 — PENNER’S FORMULAE

The combinatorial Fenchel-Nielsen coordinates on 7§°°mb described in Theorem 3.4.5 depend
on a seamed pants decomposition (#,S). Notice that changing & amounts to changing
7;(G) — 7:(G)+k;t;(G) by some k; € Z, while {;(G) remains unchanged. The most interesting
case occurs when we change the pair of pants decomposition . From [HT80], these changes
are generated by local changes in four-holed spheres and one-holed tori and were firstly
described by Penner in [Pen82; Pen84] for the case of multicurves. A generalisation of such
action to measured laminations can be found in [PHg2]. Notice that the same formulae
apply to 7°™P, as the different behaviour of the foliations at the boundary do not affect the
coordinates themselves (cf. Subsection 3.1.2).
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Ll L2 L] L2

Ly L3 Ly L3

Figure 6.1: Change in the coordinate system of X.

L L

Figure 6.2: Change in the coordinate system of 7.

In this section we give a new proof of Penner’s result, by flowing their hyperbolic analogue
found by Okai' [Okag3]. We now report on these hyperbolic formulae.

Four-HOLED sPHERE. For a four-holed sphere X , consider the hyperbolic Fenchel-Nielsen
coordinates (¢,7) € Tx(L1, Lo, L3, L4) relative to the system of curves (#,S) of Figure 6.1.
Then the change of seamed pants decomposition to (#’,$”) is given by Equation (6.1.11) and

cosh(7'(¢,7)) = [sinhQ(@) cosh(g) - cosh(%) cosh(%) - cosh(%) cosh(%)
- COSh(%) ( cosh(%) cosh(%) + cosh(%) cosh(%))]Cl,g(f)_1/2C3,4({’)_1/2
(6.2.1)
with sgn(7’) = —sgn(r) and C; ;(£) has been defined in (6.1.10).
ONE-HOLED TORUS. For a one-holed torus T, consider the global coordinates (¢, 7) € 7r(L)

relative to (P, 8) of Figure 6.2. Then the change of coordinate system to (#’,8’) is given by
by Equation (6.1.12) and

cosh(#) = COSh(g

)J coshQ(%)(COSh(%) + cosh(f)) - 251nh2(§) (6.2.2)

Cosh2(§)(cosh(%) + cosh({)) + sinh%%)(cosh(%) -1
with sgn(7’) = —sgn(71).

Using the convergence under the rescaling flow of hyperbolic length and twist parameters to
the combinatorial analogues, we can give a new proof of Penner’s formulae.

'In [Okag3, Theorem 2.ii] there is a misprint in the denominator of the formula giving 7’ for the one-holed
torus. More precisely, the first cosh(£) should not be squared, and the second cosh(%) should be replaced with
p Y> 2 q > 2 P
cosh(%) — 1. We report the correct formula (6.2.2) here.
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6. Rescaling flow: from hyperbolic to combinatorial geometry

ProroOsITION 6.2.1 (Penner’s formulae).

SPHERE WITH FOUR BOUNDARY COMPONENTS. For a four-holed sphere X, consider the global
coordinates (£, 1) € 7;(°°mb(L1, Lo, Ls, Ly) relative to the system of curves (P, S) of Figure 6.1.
Then the change of coordinate system to (#',8") is given by Equation (3.5.2) and

l7'(¢,7)| = % 207] + €+ M1 4(€) + Ma3(6) — € (€,7) — My 2(L') — M3 4(C")] (6.2.3)

with sgn(t’) = —sgu(tr). We recall here that M; j(£) = max{0,L; —{,L; — ¢, Li+12‘j_€}.

TORUS WITH ONE BOUNDARY COMPONENT. For a one-holed torus T, consider the global
coordinates (€,7) € 7}C°mb(L) relative to the system of curves (P, 8) of Figure 6.2. Then the
change of coordinate system to (#',8’) is given by Equation (3.5.4) and

ITenl=lt-[5-cn] (6.2.4)
with sgn(1’) = —sgn(7).

Proof. The formulae follow from Equations (6.2.1)—(6.2.2) by direct computation, together
with the convergence of length and twist parameters and using relations of the form

1
Va,b € R,, ﬁlim Elog (eﬁa + eﬁb) =max{a,b}.

The reader can check that the limit of Equations (6.1.11) and (6.1.12) coincide with Equa-
tions (3.5.2) and (3.5.4). o

Remark 6.2.2. As stated in the introduction, Penner’s original formulae for the action of
the mapping class group on Dehn-Thurston coordinates are expressed in a different (but
equivalent) way. We present here a comparison for the one-holed torus. In this case, Penner’s
formulae reads (cf. [Pen82, Theorem 6.1])

b =1r=1nll , ,
) ) il = 1623 +7 = £
r :r+fll _511 , (6.2.5)
’ ’ Sgn(tl) = _Sgn(tl)
523 =|n|-r +511
and the translation from his notation to ours (cf. [Pen82, Figure 6.4]) is
L= 2(511 + I")
C=r+{s3
- (6.2.6)
=154,
T=0nh

and similarly for the primed quantities. We can now check that Penner’s original formulae
are equivalent to ours. First of all, we should find that the length of the boundary is fixed, i.e.
L’ = L. Indeed:

L' =2(r"+1;) =2(r+ €11 — by +€1;) =2(r+411) = L. (6.2.7)

Let us check now that the change in the length coordinate agrees with Equation (3.5.4):

O=r"+lg=r+0 -0+t —r+6, =|0|+01 =7+ (6.2.8)

L—2£]
R
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L/2

oT

At

£/2

Figure 6.3: Twist change at the boundary for 7.

Similarly, the change in the twist parameter agrees with Equation (6.2.4): indeed, the signs
agree and the modulus is given by

(6.2.9)

) ) L-20
|T|=|r+€23—€11|=’f—[ 5 ] .
+

Remark 6.2.3. To give a complete description of the action of the mapping class group on
combinatorial Fenchel-Nielsen coordinates, one should consider the effect of the change of the
coordinate systems described in Figures 6.1 and 6.2 to the twisting numbers at the boundary
components (cf. Equation (3.4.7)). Although Okai does not consider this, one can easily
compute the change on the twisting numbers at the boundary components using hyperbolic
trigonometry, and flow such formulae to obtain the analogous results in the combinatorial
setting.

We present here the argument for a one-holed torus T, and remark that the same reasoning
applies verbatim to a four-holed sphere. In order to talk about twisting number at the boundary,
we fix an isotopy class of a hyperbolic metric on T, as well as geodesics representatives of
curve as in Figure 6.3. In particular, we have well-defined Fenchel-Nielsen coordinates (¢, 7)
and (¢, 7’) relative to (P, S) and (P’,8’) respectively, as in Proposition 6.2.1, and twisting
numbers at the boundary 7 and #’.

In order to find the change in the twisting number at the boundary, we need to compute the
distance between the seam s; and the seam u;, whichis ¢’ — ¢ = % + At. In particular At is the
signed distance between v and u;. First, notice that sgn(Ar) = —sgn(7’). On the other hand,
from the orthogonal non-convex hyperbolic hexagon At — u; — 7/ — us — At — v, we get

cosh(7’) = sinh?(Ar) cosh(v) + cosh?(Ar). (6.2.10)

The orthogonal pentagons on the right-hand side of Figure 6.3 give sinh(%) sinh(%) = cosh(¥),
so that

Cosh2(§)
—_— +

cosh(7’) = 2 sinh?(At
() ()(mm%§)

1) +1, sgn(Ar) = —sgn(7’). (6.2.11)

Using the rescaling flow, we obtain the following formula for the combinatorial quantities:

2 2

|At| =
2

, sgn(Ar) = —sgn(7’). (6.2.12)

+

11 L
i [5
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6. Rescaling flow: from hyperbolic to combinatorial geometry

Figure 6.4: The graphs of ¢/(¢,7) and 7/(¢,7), with L = 2.

As in the case of measure foliations, completion of the set of multicurves, we can conclude a
p
piecewise linear structure on the combinatorial Teichmiiller space.

COROLLARY 6.2.4. Let X be a bordered surface of type (g, n) with two seamed pants decompo-
sitions (P, S) and (P, 8"), defining combinatorial Fenchel-Nielsen coordinates

D, P : ‘7§C°mb —s (R, x R)39737, (6.2.13)

Then the change of coordinate @' o ®~1 between open subsets of (R, x R)3973" is piecewise
linear. In particular, the combinatorial Teichmiiller space To™® is endowed with a canonical
piecewise linear structure.

Remark 6.2.5. The above transformations are not continuous on the whole of R, x R. The
locus of discontinuity actually identifies a subset of the non-admissible twists, i.e. the creation
of saddle connections in the measured foliation perspective (cf. Question 3.B). For instance,
the plot of ¢ and 7/ on Ry x R 5 7,°™ (L) for a one-holed torus is illustrated in Figure 6.4.
Notice that along the line

[=[L,+o0) x {0},

the function ¢’ is identically zero, while 7" has a discontinuity. But I is not in the image of
7,c°mb (L) under the map @ of Theorem 3.4.5. Thus, having ¢’ = 0 and 7 discontinuous along
[ is not contradictory.

63 — GEOMETRIC RECURSION IN THE FLOW

Geometric recursion in the hyperbolic and combinatorial settings produces functions respec-
tively on the moduli spaces M, ,(L) and M;?,‘lnb(L). The main result of this section is that
the flow in the B — oo limit takes the hyperbolic geometric recursion to the combinatorial
geometric recursion.

6.3.1 — RESCALING INITIAL DATA

Before considering the behaviour of geometric recursion amplitudes in the flow, we discuss
the rescaling of initial data.
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DEFINITION 6.3.1. Let (Ag, Bg, Cg)g>1 be a family of triples of measurable functions on R?.
We say it is uniformly (strongly) admissible if the constants in the (strong) admissibility can be
chosen to be independent of g > 1.

We remark that here, the triple (A, B, C) is completed by a natural choice of D, according to
Subsection §.2.3.

We introduce now the rescaling operator, acting on a function ¢: R¥ — R by

pp«d(L) = ¢(BL). (6.3.1)

We notice two basic properties of this rescaling. Firstly, limits of uniformly admissible rescaled
initial data (if they exist) are automatically admissible.

LEMMA 6.3.2. Let (Ag, Bg, Cg)ps1 be initial data such that pg.(Ag, Bg, Cp) is uniformly ad-
missible and converges to a pointwise limit (A, B,C). Then (A, B, C) is admissible.

Proof. This is clear by taking the 8 — co limit in the inequalities specified by the uniform
admissibility. m

Secondly, if we rescale initial data that do not depend on g, the limit (if it exists) must be
supported on small pairs of pants.

LemMA 6.3.3. If (A, B, C) is admissible, then pg.(A, B, C) is uniformly admissible, with same
bounding constants. Besides, if pp.(B, C) has a pointwise limit (B, C) when 8 — oo, then

(>L+L = B(L,L’,¢) =0,
(6.3.2)

(+¢ > L — C(L,t,¢") =0.
Proof. The bound on pg.A is clear. For the bound on B, we write

sup |B(BL,BL,BO)|(1+[6-L-L'],)" <
L, L', t>€

, N T (e A LV

Since B > 1, we can bound the last expression by the supremum over L, L, £ > €. We also

1+[t/B]+
1+[e]+

bounded by 1. Using the initial bound for B we get the desired bound for pg.B. The bound
for pp.C is proved similarly.

To establish the vanishing property for B, we fix (L, L’, ) such that £ — (L + L’) > € and
min{L, L’, €} > € > 0 for some € > 0. Specialising the admissibility condition for Bats =1
and rescaled lengths, we have

observe thatt — is equal to 1 for # < 0 and is decreasing for 7 > 0, hence it is uniformly

Me,l

|B(BL,BL’, B0)| < T+ e

Taking the limit 8 — oo yields the claim. The vanishing property of C is proved similarly. ©

Remark 6.3.4. If (A, B, C) are continuous functions on R3, then (pg.A, pp.B, pp.C)p=1 forms
an equicontinuous family. By Arzela—Ascoli theorem, for any fixed compact, it must admit
uniformly converging subsequences, and the vanishing properties in Lemma 6.3.3 must hold
for any limit point. Therefore, the assumption that pg.(A, B, C) converges is rather weak.
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6. Rescaling flow: from hyperbolic to combinatorial geometry

6.3.2 — RESCALING GEOMETRIC RECURSION AMPLITUDES

THEOREM 6.3.5. Let (Ag, Bg, Cg)p=1 be initial data such that - pp=(Ag, Bg, Cp) is uniformly
admissible and converges uniformly on any compact to a limit (A, B, C). Let us denote by Qz.p

the result of the Mes(7s)-valued GR with initial data (Ag, Bg, Cp), and by By the result of the
Mes((/;"mb)—fvalued GR with initial data (A, B, C). We have for any bordered surface ¥ and
=53

hm QZﬁ(O"B) Es (sp(0)), (6.3.3)

and the convergence is uniform for o in any compact of Ts. Besides, there existst > 0 depending
only on the topology of Z, such that, for any € > 0 there exists M > 0 for which we have, for
any B > 1, any o € T such that sys,(,) = €,

’QZ;ﬁ(Oﬁ” <M. 1_[ (1 +£7SP(0)(b))t (6.3.4)
bGﬂo(@Z)

and the same inequality holds for the limit Es (sp()).

Before proving the theorem, let us specialise (Ag, Bg, Cg) to Mirzakhani’s initial data (AM, BM, M)
of Theorem 2.4.25, which can be conveniently rewritten as

AM(Ly, Lo, L3) = 1,
BY(L1 L2.0) = 5 —(F(Li+ Ly =0+ F(Ly = Ly = )
6.3.
bl 0 =P =L o0) (¢35)
cM(Ly,¢,0) = (F(L1 —(-0)-F(-L - t-1),
for F(x) = 2log(1 + ¢*/2). Then Theorem 6.3.5 gives another proof of the combinatorial

Mirzakhani-McShane. Indeed, the hyperbolic Mirzakhani-McShane identities immediately
show that Q) (c#) = 1 for any o € 75 and 8 > 1, and the convergence

F(Bx) ~ lim 21og(1 + eP¥/?)

li = [x]4, 6.3.6
ﬁl_r)%o B e B [x]+ (6.3.6)

which is uniform on any compact of {—co} U R, implies that
Jim pp(AM, BM, M) = (AX, BX, %) (6.3.7)

uniformly on any compact of R. Thus, the 8 — oo limit of Q}(0#) — which must be the
constant function 1 — converges to the function X (sp(c)) sat1sfy1ng the geometric recursion
for the initial data (AX, BK, CX).

Proof of Theorem 6.3.5. It is enough to prove the result for connected surfaces, and we pro-
ceed by induction on the Euler characteristic. Throughout the proof, we denote by G = sp(o).
Recall that for any boundary component b, we have €,,5(b) = Bl (b) = Bls(D). For a pair of
pants P, we have

Qpp(aP) = Ag(Lys(0P)) = Ag(BLs(IP)) = Ag(Bl(IP)),
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which by assumption converges uniformly on any compact to A({g(9P)) = Ep(G), and is
bounded by a constant independent of 8 on any e-thick part of 7™,

For a torus with one boundary component T, we have by the convention

Qrp(a?) = " Cp(Bla(OT), Cop (7). Lon (7). (6:3.8)
YEST

Let K be a compact subset of ’Gcomb and € a lower bound of the systole on K. Lety €
St and G € K. Since the function £g(y) is bounded from below and from above on K,
Corollary 6.1.2 implies that 871¢,5(y) converges to {g(y) uniformly for o € sp™*(K). By
uniform convergence of pg.Cg on that compact, we deduce that

Jim Cy(B6(9T), Cor (7). Los (1)) = C((6(T). ls (1), o ()

uniformly for oo € K. Next, we would like to bound each term in (6.3.8) by a summable
(over y) quantity depending only on K and not on . If this holds, we can conclude by the
(Banach-valued) dominated convergence theorem that Qr.z(c#) converges to Er(G) when
B — oo, uniformly for o € K.

To prove the bound, we notice that by uniform admissibility we have for any s > 0

M s

1+ [Qﬁ_lfoﬁ (Y) _ﬁ_lfaﬁ(aT)]+)s
ME,S

= U+ 2660 — @D

|Cs (B (IT), Los (7). L ()] < (

where the second inequality used the lower bound Bfg(y) < €,5(y) of Proposition 6.1.1.
Since the number of small pairs of pants is bounded by the number of oriented edges, there
are at most 6 curves y € St for which the denominator is equal to 1. Hence

Z 1 <6+ I{Veé’TIf@(V)SLH}L
(1+[266(y) - c(0T)]+)" Lot 2 (1+2L - £5(aT))°

Ye (‘S’T

Thanks to Proposition 8.1.7, the numerator is bounded by m (L + 1)? for some constant m
depending on € only. Therefore

6+m. Z (1+f@((9T)/2+L)2

[@rp(e)] < ME’S( (1+2L)°

L>0

By choosing s = 4 we find that |Q7.5(c)| is bounded by a polynomial of degree 2 in ¢5(7),
whose coefficients are independent of 8 but may depend on e. This proves the theorem for
z2=T.

Now let X be a bordered surface with yy < —1, and assume the thesis for all £’ such that
x> > xz. Let K be a compact subset of ‘7£c°mb and € a lower bound on the systole on K. The
geometric recursion gives

Qsp(cf) = Z XP;ﬁ(Zo—B(aP)) Qs_ps(cPls-p).
PePy
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For each P € Pz, we can repeat the previous arguments to show that Xp (£, (dP)) is con-
verging to X PiB (E@((?P)) uniformly for G € K. If the initial data were the one of Mirzakhani
(2.4.20), the factor Qs_p.g would be the constant function 1. Then, we could finish the proof
very similarly to the case of £ = T. However, in the general case, we only know by induction
hypothesis that Qs_p.g(57) converges to Zx_p(G) uniformly for G = sp(F) in any compact
of 752°mb._ To employ this information, we shall compare the two hyperbolic structures oz p
and 6# = sp~1(BG|x-p), by means of their length functions. Since the combinatorial cutting
does not decrease the systole, Proposition 6.1.1 on ¥ and £ — P respectively imply for 8 > B
andy € Ss_p

lg(y) < f"ﬁ’# < é’@(v)(l + %)

Cs6(y)

lgls_p(¥) < < lgly_p (7)(1 + K—e)

B

where we can use for k¢, B¢ the constants provided by Proposition 6.1.1 for . The combina-
torial and hyperbolic cutting procedures are such that

VyedSs-p Lo p(¥) =le(y) and {Lop), . (¥) =Lop(y).
Therefore

-1
Vy € Sz-p (1 + %) Cop(¥) S loply p(¥) < 5&3(7)(1 + %)

Further, for any component of dP N X° and 9% N d(Z — P), we have exactly {5, ,(y) =
{58 (y), so that the above bounds extend to all simple closed curves y of £ — P. From the
description of the combinatorial Teichmiiller spaces’ topology (Theorem 3.2.3), we deduce
that 87 1sp(cP|s_p) remains in a compact of 7E°_°1’.§‘b independent of 8 when G € K, and that it
converges to G|x_p uniformly for G € K. By the induction hypothesis, we have

ﬁh_rgo Qs_pp(cPls-_p) = Es-p(Gly-p)

and the convergence is uniform for G € K. Supplemented with a summable (over P € Px)
bound whose derivation is similar to the case £ = T and therefore omitted, this proves the
theorem for X, and thus in full generality by induction. m

64 — TOPOLOGICAL RECURSION IN THE FLOW

Thanks to the result of the previous section, we can prove an analogue of Theorem 6.3.5 after
integration over the moduli spaces. This result generalises Mirzakhani’s argument in the proof
of Witten’s conjecture [Miro7b] to a large class of initial data.

THEOREM 6.4.1. Let (Ag, Bg, Cp)ps1 be initial data such that pg.(Ag, Bg, Cg) is uniformly
strongly admissible and converges uniformly on any subset of the form (0, M]3 c R3 to a limit
(A, B,C). Then, (A, B,C) is strongly admissible and

lim <Qg,n;,3> (:BL)

B—co ﬁGg—6+2n = <§‘§,">(L)’ (6.4.1)

with uniform convergence for L in any subset of the form (0, M]" c R
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Proof. We prove the result by induction on 29 — 2+ n > 0. For (¢,n) = (0,3), we have
(Q0,3.8)(BL) = Ag(BL), which converges uniformly on any compact of R? intersected with
R3 to A(L) = (E9.3)(L). For (g,n) = (1,1) we have

Q1. L tdt
( 1,1,2)2(,3 1) Z‘/IR Cp(BL1, £,0) =% = Cp(BLy, BE, B)LAE.

BB R,
Note Cg(BL1, Bt, B¢) converges uniformly on any (0, M]? to C(Ly,¢,¢). Strong uniform
admissibility means we can bound the integrand by an integrable function independent of .
Moreover, the uniformity of the convergence around zero implies that we can exchange the
integral and the limit, so that

lim W: lim / Cp(BLy. B, BOLAL = / C(Ly,6,0)tdt = (E11)(L1),
B—o B B—oo Jr,

+

and the convergence is uniform on any (0, M]. This proves the two base cases.

The general argument follows along the same lines as the (g, n) = (1, 1) case. Assume the result
for (¢, n’) such that 2¢’ —2+n’ < 2g—2+n. The topological recursion for (Q, ,.5)(BL) yields

<Qg,n;,8>(18L1’ o vﬁLn) _
:36g_6+2n -

R (Qn-1:6)(6BLa, ..., BLy, ..., BLn) € dl
- n;/R+ Bg(BL1, fLm, () [59-6+2(n-1) IEF

1 o ((2g-1,n41,8) (6,0, BLa, . .., BLy)
T3 /Rz Cp(BL1 6L )( B6(g-D=6+2(n+1)

N Z Qg 14151180 (6 BL1) (Qgy 141110 (U BL1y) \ €L dL Al
:36g1_6+2(1+|11|) ﬁ6g2—6+2(1+|12|) ﬁ? ,32 :

g1+g2=g
11|_|12={2 ..... n}

Now rescaling the integration variables, we get

<Qg,n;ﬂ>(ﬁL1’ cee sﬁLn) _

369-6+2n
= ;/R+ Bg(BL1, BLu, BE) <Qg,n—1;ﬁ>(ﬁfgfgliz;é(-’;:ﬁLm, e ,ﬁLn)M{)

+ % /R , CalBL1. L. ﬁm(<Qg‘1’"*“géfﬁf’fi;ﬁff; o Pln)

C Y e e e

gi1t+g2=9
Lulx={La,...,L;;}

By induction hypothesis, the topological recursion amplitudes =69 =6+27)(Q , ., 5} ap-
pearing on the right-hand side of the equation converge uniformly on any (0, M]". For
X € { B, Cp }, we assumed that Xz(BL) converges to X(L) uniformly on any (0, M]® and
moreover that Xg(BL) is uniformly admissible. Therefore, using the strong uniform admis-
sibility, we can bound the integrals around infinity by integrable functions independently
of B and that can be uniformly chosen on compact sets of L. The uniformity in compacts
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6. Rescaling flow: from hyperbolic to combinatorial geometry

around zero then implies that we can interchange the integral and the limit, which again by
our induction assumption reproduces the topological recursion for (Z, ,)(L) uniformly on
any (0, M]". O



II. The combinatorial model of the moduli space of curves
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ParT III

ENUMERATION OF MULTICURVES AND
QUADRATIC DIFFERENTIALS






CHAPTER 7 — COUNTING MULTICURVES AND QUADRATIC
DIFFERENTIALS

Recall from Subsection 2.4.1 that we denote by 1y the set of multicurves in £ (empty curve
included). In [Miro8b], Mirzakhani defines a function on the hyperbolic Teichmiiller space
that counts the number of multicurves with hyperbolic length bounded by some parameter
teR,:

Ne: TE(L) xRy = Z,,  Nz(os)=[{cellly | lo(c) <1} (7.0.1)

Moreover, she calculates its average over the moduli space as a sum over stable graphs. In this
chapter we show how this counting can be computed by geometric recursion, and its average
by topological recursion, after a Laplace transform in the cutoff variable 7.

TaeoreM 7.A (Hyperbolic multicurve count). Consider the Laplace transform of the hyper-
bolic multicurve count Nx(o;s) = s fR+ N (o t)e™s'dt.

e The function Ns is computed by geometric recursion for (s-dependent) initial data
(A, B,C, D) given by Mirzakhani’s initial data rwisted by the function f(€;s) = 12—5:1,

o [tsaverage <K/g,n) (L; s) over the moduli space (Mg (L), pwp) is computed by topological
recursion and by a sum over stable graphs.

Driven by the parallelism between hyperbolic and combinatorial geometry developed in the
previous chapters, we prove the corresponding results in the combinatorial setting, i.e. for the
function

Ngomb qreomb (1) x Ry — Zy,  NEO™(Gir) = [{c e My | Le(c) <1} (7.0.2)

THEOREM 7.B (Combinatorial multicurve count). Consider the Laplace transform of the
combinatorial multicurve count Nzcomb(G; s)=s /R Ngomb(G; t)e Stdt.
+

o The function N™ is computed by geometric recursion for (s-dependent) initial data
(A, B,C, D)™ given by Kontsevich’s initial data twisted by the function f(€;s) =

e—sﬁ

1-e=st:

e [ts average (/Qgcﬁlmb) (L; s) over the combinatorial moduli space (M;’O,‘lnb(L), UK) IS com-
puted by topological recursion and by a sum over stable graphs.

In particular, we can effectively compute the average number of multicurves with bounded
hyperbolic/combinatorial length by topological recursion (cf. Tables 7.1 and 7.2).

We also note that the combinatorial multicurve count suggests a connection with quadratic
differentials with double poles. Indeed, if we identify metric ribbon graphs with Jenkins—
Strebel differentials and multicurves with core cylinders attached to such quadratic differentials,
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III. Enumeration of multicurves and quadratic differentials

we deduce a similar recursive structure for the counting of square-tiled surfaces weighted by
their core area. More precisely, consider the generating function

1
N® (L: — - CoreArea(S)’ o.
(L3 @) ZS: Gk (7.0.3)

where the sum is taken over all quadratic differentials on a surface of genus ¢ with n double
poles of residue L = (L1, ..., L,) and integral periods (i.e. square-tiled surfaces).

Trrorem 7.C (Square-tiled surfaces count). The generating function N ,,(L; q) is computed by
discrete topological recursion for (q-dependent) initial data (A, B, C, D)" given by Kontsevich’s

initial data twisted by the function f(;q) = 12—2[,, and by a sum over stable graphs.

7.0.1 — RELATION WITH PREVIOUS WORKS AND OPEN QUESTIONS

In [Miro8b], Mirzakhani introduced the above count of multicurves in the hyperbolic setting,
and computed its average over the moduli space as a sum over stable graphs (in her language,
as a sum over mapping class group orbits of primitive multicurves). The novelty of our
work is the connection between Mirzakhani’s counting and the length statistics of Andersen—
Borot—Orantin [ABO17], allowing us to deduce geometric and topological recursion results
for the (Laplace transform of such) counting and its average over the moduli space. Moreover,
thanks to the complete parallelism between hyperbolic and combinatorial geometry developed
in the previous chapters, we proved analogous results in the combinatorial setting.

One of the main properties of the multicurve counting is its connection with the Masur—Veech
volumes of the principal stratum of the moduli space of quadratic differentials with simple
poles, developed by Mirzakhani in [Miro8a] and discussed in the next chapter.

7.0.2 — ORGANISATION OF THE CHAPTER

The chapter is organised as follows.

® In Section 7.1 and (resp. Section 7.1) we prove that the count of multicurves with
bounded hyperbolic (resp. combinatorial) length is computed by geometric recursion,
and its average by topological recursion and by a sum over stable graphs.

* In Section 7.3 we introduce the moduli space of quadratic differentials with double
poles, and prove that the number of integral points is computed by discrete topological
recursion and by a sum over stable graphs.

7.1 — COUNTING MULTICURVES: THE HYPERBOLIC CASE

DEFINITION 7.1.1. Let X be a bordered surface of type (g, n). Define the function counting
multicurves with bounded hyperbolic length, i.e. N5: 75(L) X Ry — Z, defined as

Ns(ost) =[{ceMyz | Lls(c) <t }. (7.1.1)

The function is invariant under the action of the pure mapping class group, and we denote by
Ny, the induced function on the moduli space.
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7. Counting multicurves and quadratic differentials

The counting function Ny was studied by Mirzakhani in [Miro8b], where she proves that N, ,,
is integrable with respect to the Weil-Petersson measure uwp and (the Laplace transform of)
its average over the moduli space can be expressed as a certain sum over stable graphs. The
following is a restatement of some of her results.

THEOREM 7.1.2 ([Miro8b] revisited). The multicurve counting function Ny ,(X;1) is integrable
over (My.n(L), uwp), and its average is a polynomial of degree 3g — 3 +nin L2,...,L2,1?,
symmetric in the length variables. Furthermore, its Laplace transform in the cutoff variable t
is given by the following sum over stable graphs

/ / Ny (X: 1) dparp(X)
NI Mg (@)
Loe~Stede,

1
= — |Aut(r)| /EF g(l)) n(v)((ge)eEEU, (L/l)/lEAU) n 1- e__st,e .

F g veVr ecEr

e Stdt =

(7.1.2)

Proof. We explain how to derive the above formula from Mirzakhani’s results. We remark that
she considered Teichmiller spaces and moduli spaces of punctured surfaces (i.e. (L1,...,Ly) =
(0,...,0)), but her results generalise straightforwardly to bordered surfaces.

The integrability result is given in [Miro8b, Proposition 3.6]. In her notation, Nx (o, 1) cor-
responds to bx(L). For the integral of the counting function, she considers the class of a
multicurve on X under the action of the mapping class group, which is determined by the data
(T, a) of a stable graph T € G, ., together with an integral tuple a € Z2" giving the multiplicity
of each component (G, » corresponds to S, in Mirzakhani’s notation, and a multicurve ¢
is denoted by 3%, a;;). She then considers the frequency of the multicurve in the mapping
class orbit (T, a) with geodesic length bounded by :

ss(osTya,t) =|{ce (T,a) | ls(c) <t}.

It is a non-negative mapping class group invariant function, which descend to a function s, ,,
on the moduli space (sy,,(X; T, a,1) corresponds to sx(L, a - 77) in Mirzakhani’s notation of
Theorem §.3). Moreover, it is related to the counting function as

|[Aut(T', a)|
Ng,n(th) = Z Z ng,n(xv;r,a,t).
FeGo.n aEZfF

The integral of s, , over the moduli space is given in [Miro8b, Proposition §.1]":

/ sy (X: Ty, 1) i (X) =
M L

g.n

1
= VWP n (f )eeE,,’ (L/l)/lel\ f dfe,
|Aut(T", a)l (a,ly<t vle_V[r g(0)n () ele_E[r

where (a, €) = ¥ g, aele. From this formula, one can easily obtain the polynomiality state-
ment, knowing that the Weil-Petersson volumes V,'(L) are polynomials in the squared

"We remark again that Mirzakhani [Miroya; Miro8b] considers a different orbifold structure on My 1(L),
ignoring the elliptic involution. Hence, our result differs from hers by factors of 2.
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III. Enumeration of multicurves and quadratic differentials

length variables L?,...,L2. We now perform some new computations that lead to Equa-
tion (7.1.2). Notice that for any polynomial p(¢) in the variables (£2).cg.., we can take the
Laplace transform of its integral over (a, £) < t. We claim that

p(€) ¢, de ) “Stdt = / p(0) e~Sdelep, de,.
./[R{+ (~/(;z,t’><t JE_EIF Rfr ele—E[r
To prove such a formula, we can start by direct integration of a monomial over the standard

. ) Loy | . . .
k-simplex: [, [T, £ dt; = e aani- By linearity and a rescaling argument, one can

infer the left-hand side of the above formula. The right-hand side can be easily computed by
direct integration, and comparison yields the claim. From this, we find

/ ( / Ny (X:1) duWP(X))e_“dt -
+ My,n(L)
= Z |Aut(F)| Z / ('/<‘ ]><[ V;g}; n(u) ((ge)eGElﬂ (L/l)/leAv) l—l fe dfe)e_szdt

FeGy.n veVr ecEr
1 / s
e (Ce)ecE,> (La)aen, e Sdetep, de
s rezg:g |Aut(F)| Z la g(v) n(v)( ele€ € )el:E[F e dte
_1 WP Lee™Ste dt,
52 / o L] Vot (Cedeer (Ranen) | | 5=
g ecEr

O

Notice how the above result resembles Corollary 2.4.28, computing the average over the
moduli space of length statistics of multicurves weighted by a general function. The main
difference is that, in that case, multicurves are weighed multiplimtively with respect to the
lengths of each component: [], ¢, () F({s(y)). On the other hand, in the counting func-
tion we rather consider multicurves weighted additively with respect to the lengths of each
component: £5(¢) = Xy eny(c) Co (¥)-

The above restatement of Mirzakhani’s result, together with this simple remark, were the
starting points that led us to a connection between the counting problem of Mirzakhani and
the length statistics of multicurves in the sense of Andersen-Borot—Orantin. Indeed, the
counting function Ny, can be rewritten as

Ne(oi) = Y H(t=Llo(c), (7-1:3)

Cenlz

where H is the Heaviside function. Furthermore, the connection between multiplicative and
additive statistics is taken into account precisely by the Laplace transform and a specific choice
of F as a decaying exponential function:

1
Hl|t - Stdr = - —slo(y) . .I.
/ ( > 50(7))e dr = - [] e ., R(s5)>0 (7.1.4)
+ yemg(c) yemo(c)

The main consequence of this observation is that we can compute the Laplace transform of the
counting function by means of geometric recursion (Theorem 2.4.26). Moreover, the average
number of multicurves is computed by topological recursion (Corollary 2.4.28).
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7. Counting multicurves and quadratic differentials

THEOREM 7.1.3. The Laplace transform of the counting function with respect to the cutoff
variable t, namely Nx(o;s) = s fR+ Ns (o3 t) e™S'dt, is computed by geometric recursion:

n

Ns(ois)= > >, By (9P);s) /Vz_P<a|z_p;s>+§ D, Clo(3P);5) Ns-p(als-p:s),

m=2 Pe By PeCys
» (7.15)
where B and C are Mirzakhani’s kernels twisted by f(¢;s) = #S_J, Le.
1 cosh(L) + cosh (Lt -st
L cosh(5 ) +cosh(=5=) | 1-e
L o+t ’
9 es +e 5 e—s[e—sf
C(L,t,{t';s)=~=1 —| + -
( ) I 0og (e_é N e€+2€ ) (1- e—s{’)(l —e—st ) ( o
, 7.1.
es¢ 1 COSh(g) + cosh(%)
e |18 ; L-C’
e cosh(5) + cosh(=5-)
. oSt 1 . cosh(%) + COSh(LTM)
1—est L cosh(%) + cosh(LT_[) ,

. o .. = . = =sto (y)
with imitial conditions Np (o s) = 1 for pairs of pants and Ny (o5 s) =1+ 3 e, :T[:m for
one-holed tori.

Proof. Notice that, combining (7.1.3) and (7.1.4) and applying Fubini’s theorem (which
requires R(s) > 0), we have

Ns(oss) = Z este (),
Cenlz

e~s

On the other hand, we can apply Theorem 2.4.26 with f(¢;5) = l—e“i[ to Mirzakhani’s initial

data (2.4.43) and obtain the following geometric recursion amplitudes:

e_S[a'(y)

Qs[f] = Z l_l T oslo) Z 1—[ e ste ),

ceNy, yemno(c) ceNly, yenp(c)

The second equality follows from rewriting the sum over all multicurves (and not only
. .. . . . -st =

primitive ones, cf. Remark 2.4.27), together with the relation Y5, e ¢ = 4=z Thus, Ny

coincides with the geometric recursion amplitude Qs [ f] computed from the initial data (7.1.6).

To conclude, we remark that the amplitudes associated to one-holed tori can be written as

— e—Sfa()’) e—Sfa()’)
Nr(o;s) = Z 1—este(y) 1+ Z 1 —esta(y)’
cenl), yeST
since for one-holed tori we have 17, = {@} U S7. |

175



III. Enumeration of multicurves and quadratic differentials

(g:n) | (Ng.n)(L;1)
(0,3) | 1
(0,4) %m<1)+(2+§)ﬂ'2

2 2 4
(0,5) %m@) + %m(lz) +(3+ L)n%m(y) + (10+ % + 55

2
+ i)’

smaz) + (13 + 13
1

1 1 2
(1,3) 1152’"(3> 192 (2 1)+ o6msy + (31 + 3361)7 m2) + (5 + ) 7w m(z2)
3¢2 6 6

(1, 1) 4sm<1> +(1
(1,2) 19—2m(2) +

<°|’—‘ wl’_‘

13 14 , 712 11 1118
+(24+ ) my + (g + Ti1 * 3156 * Go130)7
29 22 139 49¢2 119¢4 4
(2.1) | Tagsesm(4) + ( 38240 t _7_648) m3) + (53010 + 27618 * 331 60)” m(2)

502 119r%

169 6 11562 | 4199r%
+ (2850 + 576 * Tas010 * 138240)” mey +

201 78
102 * T728 * 1244160 * 18432 + 1—03219200)

Table 7.1: The average number of multicurves with geodesic length bounded by ¢ on an
hyperbolic bordered surface of perimeter (L1, ..., L,) for low values of 29 — 2 + n. Here m, is
the monomial symmetric polynomial associated to the partition A, evaluated at L2, ..., L2.

COROLLARY 7.1.4. The average over the moduli space of the Laplace transform of the multic-
urve counting function with respect to the cutoff variable t is computed by topological recursion:

<}/\7g,n>(L1, coos Ly; S) =

=y / B(L1, Lin, 6;5) (Nyu-1)(€, Loy ..., Ly ..., Ly3 s) £dt
1 ’ N/ ’
+ 5 /2 C(Ll’f’f ;S)(<Ng—1,n+1>(€a € ’ L29 AR Ln7 S)
|:R+
D Naraan (6 Liys 8) Ny 1) (€, Ly; s) | €€ dede’

(7.1.7)

with initial data <ﬁ0’3>(L; s)=1and (K/Ll)(L; s) = = + —2 + 155 Moreover, (Ng W) (L;s) 1s
given by the sum over stable graphs of Equation (7.1. 2)

Remark 7.1.5. A consequence of the above corollary is an effective way to compute the average

number of multicurves over M, ,(L) with length bounded by 7, 1.e. (N ,)(L;t). Indeed,

one can use topological recursion to compute (N, ,)(L; s), then inverse Laplace to obtain the
actual count. We remark that, in this specific case, the inverse Laplace is computationally

easy, as (Ny.»)(L; s) is a polynomial in s~*. See Table 7.1 for some multicurve polynomials
computed in this way.

The above topological recursion can be translated into the Eynard—Orantin residue form.

PROPOSITION 7.1.6. Consider the 1-parameter family of spectral curves on P! given by

2 2
z 1 1 bis 1 dz1dzo
x(z) = —, z) = ——sin(2nz), B(z1,22) = + - »
() 2 y(2) 2 (272) (21,22) (z1 — 22)? SIHQ(JT—leZQ) 2

(7.1.8)




7. Counting multicurves and quadratic differentials

and define the projection operator (from meromorphic one-forms to meromorphic functions)
and Laplace transform operator

Plolzo) =Res 2E rf1(0) = /R F(Lye L LdL. (7.1.9)

z=0 z9 — 2

Then the Laplace transform with respect to the cutoff variable and boundary lengths of the
average number of hyperbolic multicurves is computed by topological recursion a la Eynard—
Ovrantin on the above spectral curve:

P [wgn] (21,2 2ni8) = LP (NG (2123 9). (7.1.10)

Proof. The twisting of geometric recursion amplitudes, described by Theorem 2.4.26 and Corol-
lary 2.4.28, corresponds to a shift in the bidifferential in the spectral curve formalism, as
described in Theorem 2.3.11. The precise relation is given in [ABO17, Section 10.3]. In this
specific case, twisting Mirzakhani’s initial data by a certain function f corresponds to shifting
the standard bidifferential of Mirzakhani’s curve (given in Proposition 2.4.17) by

e~ (z1—22)0 4 p—(z2-21)¢
2

dz1dzs . (
(z1 — 22)? (z1 - 22)?

The integral on the right-hand side is considered as a formal series in 21,22 > 0 as z1,22 — 0
(we are then allowed to analytically continue the expression obtained in this way). With the

+ () fdf) dzidzs,
Ry

particular choice f(¢) = lfe—?_sg, we have

~(z45)C —amsy
e 1 e s 1 Z+s

de = — de = — ( ) ,
/[R+ 1—est 52 /W;Jr 1-e? 52 ¥ s

2 . . . . .
where 1 (u) = # log I'(u) is the trigamma function. Using the recurrence relation and the
reflection formula for ¥, given by

2

1 T
Yr(u+l) =ya(w) - —, Y1l -—w)+yi(w) = ——,
u sin® (7ru)
we obtain the thesis. o
7.2 — COUNTING MULTICURVES: THE COMBINATORIAL CASE

As in the spirit of the previous chapters, we develop similar results in the combinatorial
setting by replacing hyperbolic length of multicurves by their combinatorial analogue, and
the Weil-Petersson measure by the Kontsevich measure.

DEFINITION 7.2.1. Let X be a bordered surface of type (g, n). Define the function counting
multicurves with bounded combinatorial length, i.e. Ngomb: 7;C°mb(L) x R, — Z, defined as

NE™P(G; 1) = [{ c € M | bg(c) <t} (7.2.1)

The function is invariant under the action of the pure mapping class group, and we denote by
Ngc";Lmb the induced function on the combinatorial moduli space.
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III. Enumeration of multicurves and quadratic differentials

THEOREM 7.2.2. The Laplace transform of the combinatorial counting function with respect to

; Avcomb (. ) — b(- —st ; ;
the cut'offfvarmble t, namely NS°™ (G s) = s /[R+ NLO™2(G; 1) e™*' dt, is computed by geometric
recursion:

n

NE™(Gis) = >0 > B (Le(9P); 5) NS5 (Gls-ps s)

m=2 PeBs

: R (7.2.2)
*3 Z C™ (L6 (OP); 5) NP (Gls-p; 5),
PeCy
where BMP gnd Comb gre Kontsevich’s kernels twisted by f(t;s) = e—vin Le.
e—st’
Bcomb(LL {)S)— ([L L -], - [- L+L,—f]++[L+L,—€]+)+1—_s€,
—e
) e—sﬁe—sf’
ceomb(r, e, ¢ =_L—€—€' + ;
( 5) L[ I+ (1- e—S")(l —e—st )
e (7.2.3)
e—s[’ 1 , , ,
with initial conditions N Comb(G s) = 1for pairs of pants and N, Comb(G $) =1+ 2yesr 15 eb‘iG}‘f(;)‘/)

for one-holed tori.

Proof. A straightforward adaptation of the proof of Theorem 7.1.3: itis a combination

of the combinatorial length statistics (Theorem 5.4.1) with the choice f(¢) = ;*=7 and the
Kontsevich initial data Equation (5.3.1) generating the constant function 1 on the combmatonal
Teichmiiller space. m

COROLLARY 7.2.3. The combinatorial multicurve counting function NO™°(X ;1) is integrable
7-2:3 g g.n g

over (M°°mb(L), UK), and its average is a homogeneous polynomial of degree 3g — 3 + n in
L2, .. L2 12, symmetric in the length variables. Furthermore, its Laplace transform in the
cm:off variable t, namely

</Vg°ﬁ,mb>(L; 5) = S/ (/Mcomb(L) Ngcglmb(G; 1) dug (G) | e dt, R(s) >0, (7.2.4)

is computed by topological recursion:
(Neom) (L1, Lus) =
= Z/ B©™(Ly, Ly, ;5) (NSO™8)(€, Lo, ..., Lips ... L 5) Ll

1 —~
+5 /R by, f’;s>(<N;:’asz+1><f, 0, Lo, L)
+ Z (NEomE L Ly s) (NSO (€, Liy; s) |e€'deat’

(7.2.5)
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(g.m) | (NSSPY(L;1)
0,3) | 1
(0, 4) %m(l) +1L

2.2

2.2 4 _4
(0,5) | gmz) +5m(12) + = m(1>+t )

6.6
(0.6) | Fgmea) + Fmea,1) + 3mrs) + L mg) + 35 m 2y + BgFom ) + 5
22
(1, 1) 18'"(1) + 5= ”
(1,2) 1%2’”(2) + 96’"(12) + S me) + 384

IG 6
(1,3) 1152’"(3)+ 192”‘(2 1)+96m(13)+ 2304 m(2)+ 48 m(12)+ 384 ’"(1)+ 69120

1 1 2 2
(1L4) | gargma) + 765 (3, 1) + —4’”(22) * T2 —4’”(14) + mm@)

1372 6114
+ —1536 mg1) + 1 m(13) + 55796 m(2) + 256 m(12) + _4_6080 m( + 122880

1 t2x2 19¢4 74 1676 2918 8
(2,1) | z22368"(4) + 27648 (3) + —3317760’”(2) + 138240 (1) * 103219200

1 1 29 t2 72 272 49¢2 72
(2,2) —4423680m(5) + 294912’"(4 1) + 2211840’"(3 2) + —221184’"(4) + _18432’"(3 1) + 142368 (22)
4 10 10
337t
+ —2211840’"(3) + —2211840’”(2 nt 294912m(2) + 92160’"(12) + 6—8812800m(1) + 33415020800

272 2714 1t 820316 n6 81078 8
(3,1) —53508833280’"(7) * 1274010820 (6) + —76441190400’"(5) * 2207897497600 ™ (4) * 5350883328000 " (3)
1157t10 10 23¢ 12 12 4111t14 14
—4586471424000’”(2) + —1648072065024m(1) * 23138931792036960

Table 7.2: The average number of multicurves with combinatorial length bounded by 7 on an
embedded metric ribbon graph of perimeter (L1, ..., L,) for low values of 2g — 2+ n. Here m,
is the monomial symmetric polynomial associated to the partition A, evaluated at L?, ..., L2.

with initial data (NSG™)(L; 5) = 1 and (N$S™) (L: 5) = L2 + £, Moreover, (NSS™)(L; s) is
given by the following sum over stable graphs:

Lee Stedt
Z |Aut(r)| /Er q(v) n(v)((ge)eeEva(L/l)/leAv) l_l ﬁ- (7.2.6)

TeGyn ecEr

Again, we can consider the topological recursion a la Eynard—Orantin for the combinatorial
counting function.

PROPOSITION 7.2.4. Consider the 1-parameter family of spectral curves on Pt given by

72 1 7r2 1 dzidzo
=, =—% B ) = — 5 s
)C(Z) 9 y(Z) Z (Zl Z2) (Zl _ Z2)2 2 SIHQ(ﬂ'Zl SZQ ) 2 (7 2 7)
and define the projection operator and Laplace transform operator
ol =R 2L, 111 = [ e tLaL (7:2.8)
020—2 R,

Then the Laplace transform with respect to the cutoff variable and boundary lengths of the
average number of combinatorial multicurves is computed by topological recursion a la Eynard—
Orantin on the above spectral curve:

P [wgn) (21, 2n38) = LETNS™N (21, . 2 5). (7.2.9)
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III. Enumeration of multicurves and quadratic differentials

7.3 — QUADRATIC DIFFERENTIALS WITH DOUBLE POLES

An alternative description of the count of multicurves in the combinatorial Teichmiiller space
can be depicted as follows. For any combinatorial structure G and multicurve ¢ on X, consider
the non-backtracking representative of the primitive components y; of ¢ along G. If y; has
multiplicity m;, we can imagine to cut G along y; and glue a flat cylinder of height m;. The
resulting structure is not a combinatorial structure anymore (embedded ribbon graphs do not
form cylinders except for the ones around boundary components). However, we can realise
such structure as a quadratic differential with double poles.

Following this intuition, in this section we introduce quadratic differentials with double poles
and their counting. We refer to [Str67; Zvoo2; BK20] for further readings.

DEFINITION 7.3.1. Let g,n > 0 such that29—2+n > 0, and fixa tuple L = (Ly,...,L,) € R".
We consider the moduli space MQ, (L) parametrising quadratic differential with double
poles, i.e. the moduli space of tuples § = (C,x1,...,x,, ¢) where

® C is a compact Riemann surface of genus g with n labeled marked points x1, ..., xp,

® ¢ is a meromorphic quadratic differential on C, holomorphic on C - {x1,...,x,} and
with double poles at x; of residue?

L;

. 20

When we do not fix the residue at the double poles, which can be any complex number, we
denote the associated moduli space of quadratic differentials by MQ, ,.

The local geometry induced by a quadratic differential ¢ as above can be described as follows.

e If x is a point on C that is neither a zero nor a double pole, then ¢ has a square root
in a small neighbourhood of x. That is, there exists a holomorphic differential, unique
up to a sign, such that @? = ¢. Then the integral [* w is a biholomorphic mapping
from a neighborhood of x in C to a neighbourhood of 0 in C, and the preimages of
the horizontal (resp. vertical) lines in C under this mapping are called horizontal (resp.
vertical) trajectories of the quadratic differential ¢.

e If xq is a zero of ¢ of order m, then there are m + 2 horizontal trajectories issuing from
xo, also called saddle connections.

e Ifx; is ais a double pole, then x; is surrounded by closed horizontal trajectories forming
a semi-infinite cylinder.

From this analysis, it should be clear that a quadratic differential determines a horizontal and
a vertical foliation on C. Moreover, the saddle connections are precisely the singular leaves of

21f x; is a double pole for ¢, then in a neighborhood of x; the quadratic differential ¢ has an expansion

dz?

—ai————= 4.
L

The number a; € C, which does not depend on the choice of the local coordinate, is called the residue of ¢ at x;.
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7. Counting multicurves and quadratic differentials

the horizontal foliation, joining the singular points of the foliation that correspond to zeros
of the differential.

Another description of the geometry induced on C comes from the fact that ¢ induces a
flat metric on C — {x1, ..., x,} with conical singularities at the zeros of ¢. The geometry of
the flat metric in a neighbourhood of a double pole x; of residue —(4%)? is that of a semi-
infinite cylinder as described above, whose circumference (or width) is precisely L;. The
point x; itself is at infinite distance from the rest of the surface. For each double pole, there
is 2 maximal such semi-infinite cylinder that avoids the zeros of ¢. We call the convex core
of (C,x1,...,xn, ¢) the surface obtained by removing the union of the maximal open semi-
infinite cylinders around each pole (the surface might be degenerate, i.e. a union of straight
line segments; see Figure 7.1b). The convex core with the metric induced from ¢ is still a flat
metric and has n horizontal boundaries of lengths L1, ..., L, which is the union of saddle
connections bounding the maximal half-infinite cylinder around x1, ..., x,, respectively. The
core area of (C,x1,...,x,,¢) denoted CoreArea(C,x1,...,X,, ) is the area of the convex
core of (C,x1,...,x,,¢). Itis a finite non-negative real number (contrarily to the area of
C—{x1,...,xn}).

The space MQ, (L) admits a stratification with respect to the degree of the zeros. More
precisely, fix a partition (u, v) of 49 — 4 + 2n, where u = (2a,)’,_, are the even partand v =
(2B — 1); _, are the odd parts, with m,, n;, > 0. Define the stratum MQ}; (L) parametrising
quadratic differential whose associated divisor is of the form

(p) = Zr: 20424 + 2(2/317 - 1)227 - i 2x;. (7-3'2)
a=1 b=1 i=1

Notice that deg(¢) = 49 — 4, and in particular s is even.

When we do not fix the residue at the double poles, the anti-invariant relative homology of
the canonical double cover provides a convenient coordinate system on each stratum MQ%"),
called period coordinates, that we now describe.

For each point (C,x1,...,xn, ¢) € MQ;’,’,’, consider the canonical double cover 7: C — C,
ramified over the odd zeros of ¢, which comes with a canonical (up to sign) meromorphic
one-form w such that w? = 7*¢ and a canonical involution 7: € — C interchanging the sheets.
The genus of C is computed by Riemann-Hurwitz as § = 2g — 1 + 5/2. The even zeros and
double poles of ¢, whose associate divisors are denoted by Z and P respectively, have two
preimages under 7, and we denote by Z and P the associated divisors on C. In particular, we
can consider the 7-anti-invariant part of the relative homology group H; (C - P, Z; Z), which
has rank 29 — 2 + n +r + 5. Indeed, we can realise

Hl_(é_p’27 Z) :Hl(é_p’ Z’ Z)/ﬂ'*Hl(C_P,Z,Z), (7'3'3)
from which we get the rank
hi(C—-P,2;Z)=h(C-P,2;Z) — h)(C - P, Z; Z)
=(29+2n+2r-1)—29+n+r-1) (7.3-4)
=29-24+n+r+s.

2g—24+n+r+s
Y of

Fix now a point (Co, xo, ¢0) € MQ}, with a neighbourhood U and a basis {yq,i};7;

HY (Co - Py, Z0; 2), providing a homeomorphism
Hy (Co = Py, Zo; Z) = 7207275, (7-3-5)
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_— _—
()

(2) A square-tiled in MQ? | (L) with two (b) A square-tiled in MQ? (L) with a
simple zeros. zero of order 2.

Figure 7.1: Square-tiled surface of type (1, 1).

For (C,x,¢) € U, there exists 7: C — C and 7 with the corresponding properties, since the
canonical double cover can be constructed in families. In particular, we can parallel transport
the basis {yo;}; from Hl_(éo — Py, Zo; Z) to a basis {y;}; of Hl‘((:‘ -P,7;2). Integration of w
along this basis provides a map from

2g—2+n+r+s

U— CW72mrts - (C,x,q) — (7{ w) . (7.3-6)
Yi i=1

and this is the desired coordinate system. Notice that, for the principal stratum parametrising
quadratic differential with simple zeros (i.e. 4 = @ and v = 14974+2")  the dimension is 6g—6+2n.
To summarise, we have the following result.

PROPOSITION 7.3.2. The moduli space MQ . is a complex orbifold of dimension 6g—6+3n. The
stratum MQY) parametrising quadratic differentials with zeros of order (u,v) has dimension
29 —2+n+L(u)+L(v).

7.3.1 — COUNTING SQUARE TILED-SURFACES

The moduli space M@Qy,,,(L) has a natural integral structure, denoted by MQgZ’ 2 (L): when all
the L; are integral and all periods are in Z @ iZ, we say that the surface is square-tiled (notice
that the set MQgZ,n(L) is empty if 3", L; is odd). A square-tiled surface can be obtained by
gluing side by side as many squares as the core area (which is integral) and leaving open some
of the horizontal sides forming n topological circles of length L = (L1, ..., L,), on which we
can attach semi-infinite cylinders.

Contrary to the combinatorial moduli space, the set of square-tiled surfaces with fixed residue
is infinite. However, once the core area is fixed, there are only finitely many square-tiled
surfaces. In particular, this means that we can count integral points in MQZ, (L) weighting
them by their core area: ‘

CoreArea(S)

q

NG (Lt Luig) = : 3.

gn(L1 i q) ) A5 (73-7)
SeM@f, (L)

ExaMPLE 7.3.3. Let us describe the set Mle,l(L). Its intersection with the principal stratum
can be parametrised as follows (see Figure 7.12).
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7. Counting multicurves and quadratic differentials

® There are two positive integers a and b parametrising the length of the saddle connections
of ¢. If we fix the residue at the double pole to be —(%)2, then we find 2(a+b) = L

* We have a non-negative integer i parametrising the height of the core cylinder separating
the two zeros of ¢.

® There is a “twist” parameter 7 € Z N [0, a), measuring the distance between two vertical
trajectories issuing from the zeros of ¢.

Similarly, the intersection of MQ{ ; (L) with the codimension 1 stratum can be parametrised
by two positive integers a and b satisfying 2(a + b) = L, corresponding to the length of the
saddle connections of ¢ (see Figure 7.1b).

In ordered to count square-tiled surfaces in MQ? (L), let us distinguish between zero and
non-zero core area. In the former case, it should be clear from the analysis above that there is
an homeomorphism of 0-dimensional orbifolds

{ Se Mle’l(L) CoreArea(S) = } Mcomb Z (L).

In particular, there are Ny 1 (L) square-tiled surface of type (1, 1) with vanishing core area
(here Ny (L) denotes the number of lattice points in the combinatorial moduli space, cf.
Corollary 5.3.4). If the core area is non-vanishing (see Figure 7.1a with 4 > 1), we can
count such square-tiled surfaces by fixing an integral metric ribbon graph in /\/(Corrlb “Z(L,a,a),
parametrising the horizontal trajectories 1ssu1ng from the zeros of the quadratlc differential,
and glue a core cylinder of height 4 with a twist 7 € ZN [0, a). In this case we obtain the count

—ZNO;»,(Laa)Z Z ZNgg(Laa)

a>1 h>10<71<a a>1

Here the 1 takes into account the non-trivial automorphism of such square-tiled surfaces (the
elliptic involution). All in all, we obtain the g-series

N7 (L;q) = Nii(L) + - ZNog(L a, a)

a>1

We can generalise the above argument as follows. First, note that square-tiled surfaces with
vanishing core area are exactly the Jenkins—Strebel differentials [Jens7; Str67], i.e. differentials
all of whose period coordinates are purely real. Hence, the constant coefficient of N/, (L; q)
(seen as a g-series) is the number of lattice points in the combinatorial moduli space:

Ngn(L;q) = Ngn(L) + O(q). (7.3-8)

Moreover, if the core area is non-vanishing, we can obtain such square-tiled surfaces by gluing
core cylinders on integral metric ribbon graphs by specifying the heights of the cylinders and
a twist. As a result, we obtain the counting of square-tiled surfaces as a sum over stable graphs,
with vertex weights given by the integral metric ribbon graphs counting Ny ,, (L1, ..., L,) and

edge weights given by the functlon c , where ¢ is the width of the glued cyllnder
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PROPOSITION 7.3.4. Let g,n > 0 be non-negative integers such that 2g — 2 +n > 0 and let
(Li,...,Ly) € Z". We have

1 L qfe
NQDJL(L;q) = Z |Aut(D)| Z 1—[ Ng(v),n(u)((ge)eeE(u)v (L/l)/leA(v)) 1—[ 1i—€e,
FeGyn (:Er—Z, veVr ecEr ‘1( |
7-3-9

where Nyn(1,...,0,) are the number of lattice points in the combinatorial moduli space
computed by Norbury’s recursion (cf. Corollary 5.3.4).

Proof. Each square-tiled surface admits a decomposition into horizontal cylinders and saddle
connections between the zeros of the differential g. The union of all saddle connections forms
a union of ribbon graphs that we call the singular layer of the square-tiled surface. To such
decomposition, we associate a stable graph I" by the following rule.

e A vertex in I' corresponds to a connected component of the singular layer, where the
genus and number of half-edges are respectively the genus and the number of faces of
the associated ribbon graph.

® An edge of I' between two vertices correspond to a core cylinder, whose ends belong to
the components of the singular layer corresponding to the two vertices. Note that each
end is a face of the corresponding ribbon graph.

Let us now fix a stable graph I' in G, ,. We claim that the term

1 {;q&?
m Z l_l Ng(v),n(v)((ge)eeE(v), (L/l)/leA(v)) l_l W

C:Er—Z, veVr ecEr

appearing in the right-hand side of Equation (7.3.9) is the generating series of square-tiled
surfaces whose associated stable graph is I'. Indeed, to reconstruct the singular layer one
needs to choose a ribbon graph for each vertex v € Vi and fix the lengths of each edge. This
is counted by the term Ny(y) n(v) ((€e)ecE(w)> (La)aea(v))- Next, one needs to reconstruct the
core cylinders. The cylinders are glued on faces of ribbon graphs and have a height parameter
h (which is a positive integer) and a twist parameter 7 (a non-negative integer strictly smaller
than ¢;). The generating series for this cylinder is just

IPIRCE

he10<7<t, q

leg'e
1 — gt
This concludes the proof. m

The expression for the g-enumeration of square-tiled surfaces is an example of the discrete
q{’
1-gt°

twisting procedure presented in Proposition §.4.4, with the function f(¢) = In particular,

we can compute it by discrete topological recursion.
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7. Counting multicurves and quadratic differentials

COROLLARY 7.3.5. The counting of square-tiled surfaces satisfies the discrete topological recur-
sion:

n

NgD,n(Ll’ . aLmQ) = Z ZgBD(L].’Lbe) ‘I) Nzn—l(f’L27' . "Er‘h' . ’Ln7Q)
m=2¢(>1

1 4 ’ ’
s CD(L1,€,€;q)(NgD_LnH(f,f,Lg,...,Ln;q)

S (7.3.10)
+ Z Nng,1+|11|(€’ Lll;q) N;1,1+|12(€,,L12;q))’
g1+92=g
Lul={2...,n}
where we have N} | = N, = 0 by convention, the recursion kernels are defined as
1 q‘)
Bo(L,L',t;q) = —([L—L’ )y —[-L+L — €]y +[L+L —€]+) + :
2L 1-4¢
a 1 qf+f'
C°(L,t,t';q)=—=[L—-€-C"],+ —+
Sl (7.3.11)
+ 1_q€i([L—€—€]+— [—L+6—0],+ [L+€—€]+)
q" 1
+1_—q£,i([L—f )y = [~L+C — €], +[L+¢ —€]+),

for integral lengths summing up to an even integer and zero otherwise, and initial conditions

Ng 3(L1, Ly, L3; q) = No3(L1, Lo, L3),

fq‘) (7.3.12)

1
o = —_
N1,1(L) =Ni1(L)+ 2ZN0,3(L,€,€) "

£>1 1

This result can also be brought in the residue formalism of Eynard—Orantin. To this end, let
us recall the spectral curve computing lattice points on the combinatorial moduli space.

THEOREM 7.3.6 ((Nor13]). Consider the spectral curve on P! given by
dz1dzy
(21— 22)%
Then the associated topological recursion differentials w, ,(z) compute the number of lattice

points on M;?,f,nb’z(L): forany L € 77,

x(z) =z+ % y(z) = -z, B(z1,22) = (7.3.13)

n L;

Z
Non(Lis .o L) = (—1)"(1‘[ Res ;)wg,nm, ). (7.3.14)

i=1

By shifting the bidifferential B, we can obtain a topological recursion for N, via Theo-
rem 2.3.11.

ProPoOsSITION 7.3.7. Consider the spectral curve differing from (7.3.13) only for the choice of

7T2E2(¢I))

dzy1dz 1
B%(z1,22:q) = =2 +—(go(u1—u2;q>+ duydus, (7.3.15)

1
2 (z1-22)2 2
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where zx = exp(2riug), 9(u; q) is the WeierstrafS function for the elliptic curve C/(Z & 72)
where q = e*™7, and E5(q) is the second Eisenstein series

Exq)=1-24) —

€>1

t’q

(7.3.16)

Then the associated topological recursion differentials w3, (z; q) compute the number of square-
tiled surfaces: for any L € Z%,

n qL" -1 ZLi

i [m] .
Res (1 + m) L_i)wg,n(zl’ cszniq). (7:3.17)
Proof. We first make some preliminary computations. First, the vector space V from The-
orem 2.3.11 can be identified with the space of meromorphic 1-forms ¢ on P! whose poles
are located at +1 and such that ¢(z) + ¢(1/z) = 0. Moreover, we claim that the operator
©: Sym?V — C[¢] from Theorem 2.3.11 can be realised as

V4 €

£ 2125
Olw] = Z 4 Res Res —w(11,22)
,/1’>11_q€Zl iz £

i=1

Indeed, since elements of V are odd under the involution z — 1/z, we can write

Olw] = ( Res Res O ( )w(zl,zg) + Res Res Oq(i—j)w(zl,zg)),

z21=00 z9=0 0 zg=00

where 0,(z) = X»1 7 (1 ég) € Clz][[¢]- Recall the expansion of the Weierstrafl function
when u — 0, expressed in terms of the (2m)-th Eisenstein series:
(27Ti)2m g2m—1q£’

_ ot
2m - 1)! = 1-¢q

P(uiq) = -5 + 22+ DGokaa (@, Ganlq) = £(2m) +
k>1

From the identity Y;50 £ (2k)u?* = =Z% cotan(7u), we deduce that
2
> 202k + )2k +2) u = T — - L

PR
u
>0 S~ wu

Adding/subtracting the k = 0 term in the expansion of the Weierstrafl function and computing
separately the contribution of the Riemann zeta values yields

71.2 2(2ﬂi)2k+2€2k+1
Pl q) = —5— = 2Ga(q) + ), KZ u?

sin® u =l (2k)!
n? Lqf(zf +77¢

- 26+ (2 Y M

sin? tu = -q°
where we have set 7 = 2™, Since E5(q) = %Gg(q), setting zx = €™k yields
72
(847(%1 —ug;q) + §E2(Q))du1duz =
1 1 g ((z1/22)" + (z2/71)¢
:( - Z g ((z1/z2) [( 2/ 1)))d11dm
(z1—z2) 122 7o 1-¢
0,(2}/25) dz1dz, 0,(z4/7}) dz}dz,

dz1dzo.

1
_— Res Res es Res
((Z1 “22)? gm0 (21— 2222 — )2 a0 ghee (21 — 2)2(2a — 25)°
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7. Counting multicurves and quadratic differentials

Hence, we find

’

Z] z
B(z1,22) — —(Res ResO ( })B(Z1,Z'1)B(Z2,Zé) + Res Res Oq(—,2
2y 21=0 zg=c0 Z

Z1=00
1 z2= 1

)B(ZLZi)B(Zz,zé))
B dzidzo m2E5(q) )
3

1
= — duidus,
2 (21 — 22)? 1

1

5(@(”1 —u; q) +
which we took as definition for B"(z1, z2; ¢). This proves the above claim. We then apply
Theorem 2.3.11, which expresses wg,,(z; ¢) as a sum over stable graphs, with vertex weights
given by wg(y) n(v), the operator © acting on each edge, and the operator

Plel(z0) = ), Eieg(/ BD(-,Zo;q))qﬁ(z), peV

ae{-1,1}

acting on each leaf. Here we can chose an arbitrary primitive of BY(+, z; ¢), and the final result
does not depend on this choice since it is not changing the residue. We also remark that this
expression should be considered an equality of g-series. It remains to compute the expansion
of wy,, near z; — oo (more precisely, one should expand as a g-series, and then expand each
term when z; — o). For ¢ € V, we find

— Res z5 P[¢](z0) = Z Res Res zé(/zBD(',ZO§Q)) ¢(2)

Z0=00 =@ Zp=o0

=- Z Res #(z) Res S 20 ( 1 —z57 e+ 2 g (“1))
aci-1,1} ° -

{’>1
s
E Res #(2) - (1+2(1 qL))

ae{-1 1}
L qL
= —Ri 1+ ——.
Z:ecs: ¢(Z) : ( 2(1 - qL))

Recalling (7.3.14), we deduce that

n qLi -1 Z_L,t
-1)" R 14 — > ), O T
=y (szi( 2(1—qu)) L; )‘”g,n(zl Zn3 q)

coincides with the right-hand side of (7.3.17) and this concludes the proof. i
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CHAPTER § — ASYMPTOTIC COUNTING AND
MASUR—VEECH VOLUMES

In [Miro8b] Mirzakhani consider not only the problem of counting multicurves of length < 7
on a hyperbolic surfaces, but also its asymptotic as t — +o0. In [Miro8a] she shows that the
average number over the moduli space of this limiting value gives the Masur—Veech volume
of the moduli space of quadratic differentials with simple poles (as opposed to the previous
section, where we considered quadratic differentials with double poles).

In this chapter we are going to review Mirzakhani’s analysis of the asymptotic number of
multicurves in the hyperbolic setting, and perform a similar analysis in the combinatorial one:

. Ncomb Gt
Bs (o) = tlim Ne(o1) @gomb(G) = lim —= (&:1)

1, 769—6+2n e T f69—6+2n (8.0.1)

Surprisingly, we find that such asymptotic value does not depend on the boundary lengths, is
the same in both the hyperbolic and combinatorial setting, and (thanks to Mirzakhani’s result)
it coincides with the Masur—Veech volume V)Y of the principal stratum of the moduli space
of quadratic differentials.

TaEOREM 8.A (Asymptotics of multicurves and Masur—Veech volumes). The following equal-

ities hold:
Von' ~ / By dpryyp = / B dpig, (8.0.2)
Mg.n(L) MEmb(L)

where ~ means “equality up to a combinatorial factor”. Moreover, both quantities on the
right-hand side are independent of L € R.

In particular, thanks to the analysis of the previous chapter, we can express the Masur—Veech
volumes as a sum over stable graph and as the constant term of a family of polynomials
computed by topological recursion. Employing the computational power of topological
recursion, we were able to formulate a series of conjectures regarding the polynomial structure
of Masur—Veech volumes for fixed genus and varying number of poles (see Table 8.2 for a list
of such polynomials for g < 8).

ConJECTURE 8.B (Polynomial structure of Masur—Veech volumes). For any g > 0, there exist
polynomials ay, by € Q[n] such that, for any n > 0,

MV _ odg-2+n _6g—6+2n (29 —3+n)!(4g—4+n)! 1 49— 6+ 2n
Von =2 d (69 — 7+ 2n)! () + i | 9y — 340 )P0
(8.0.3)

Thanks to Goujard’s work [Gou1s], we also derive a similar conjecture for area Siegel-Veech
constants, and get explicit asymptotics as n — oo for both Masur—Veech volumes and Siegel-
Veech constants.

We conclude by connecting the asymptotic count of square-tiled surfaces with double poles
to Masur—Veech volumes.
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TaEOREM 8.C (Asymptotics of square-tiles and Masur—Veech volumes). Let L € Z" such that
Li+---+L, €2Z. Thelimit

N2 (TLy,...,TLy;e™T)

71220 T69-6+2n (8'0'4)
Te2Z,
exists, is a polynomial in L2, ..., L2, and its constant term is the Masur—Veech volumes V),
(up to a combinatorial factor).
8.0.1 — RELATION WITH OTHER WORKS AND OPEN QUESTIONS

As we will discuss in the next chapter, Conjecture 8.B was proved shortly after its formulation
by Chen-Moller-Sauvaget [CMS+19] using algebraic-geometric tools.

Notice also that the theorems above are the realisation of Masur—Veech volumes as limits
of multicurve counts in the hyperbolic and combinatorial setting, as well as a limit of the
square-tiled surface count. For all such results, we relay here on the Mirzakhani’s work
concerning the hyperbolic multicurve count. It would be interesting to prove such results in
an independent way.

QuesTioN 8.D. Prove independently that the Masur—Veech volumes of the principal stratum
of the moduli space of quadratic differentials with simple poles are realised through:

* the asymptotic count of combinatorial multicurves,
* the asymptotic count of square-tiled surfaces with double poles.

A hint towards this can be found in the work of Delecroix-Goujard—Zograf-Zorich [DGZZ2o0,
Proposition 2.4]: the counting of integral metric ribbon graphs of genus g with n faces of
length L = (L4, ..., Ly) and p univalent vertices are computed by evaluation of Norbury’s
polynomial of type (g,n + p), and in the limit by Kontsevich’s volume of type (g,n + p):

Ngip (L1, ... L, 0,...,0) = VoS (L1, Ly, 0,...,0) + Lo.t. (8.0.5)

Such evaluations are exactly the ones appearing in the asymptotic counts of combinatorial
multicurves and square-tiled surfaces with double poles. In particular, the univalent vertices
appearing here should corresponds to simple poles of quadratic differentials considered for
the Masur—Veech volumes. Moreover, this approach would suggest a connection between
Masur—Veech volumes and Kontsevich volumes of lower (odd) strata. Such a connection is
currently under exploration by Duryev and Goujard.

To conclude, it would be interesting to have a better understanding of the functions Bs (o)
and @g’mb(G). Integrability properties of the latter are currently under investigation in a joint
work with Borot, Charbonnier, Delecroix and Wheeler [Bor+]. In particular, we found the
range of s € R for which (@g’mb)s is integrable over (M;f’,?b(L), uk): surprisingly, it depends
on the topology of the surface =. This contrasts with the situation for hyperbolic surfaces
where Arana-Herrera and Athreya recently proved square-integrability [AA20].

8.0.2 — ORGANISATION OF THE CHAPTER

The chapter is organised as follows.
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8. Asymptotic counting and Masur—Veech volumes

* In Section 8.1 we discuss the asymptotic of hyperbolic and combinatorial counts of
multicurves.

e In Section 8.2 we recall the definition of Masur—Veech volumes, as well as Mirzakhani’s
result. We then employ the topological recursion results for multicurve counts to
formulate our main conjecture regarding the polynomial structure of Masur—Veech
volumes of the principal strata. We also deduce similar results for Siegel-Veech constants.

® In Section 8.3 we discuss the connection between square-tiles with double poles and
Masur—Veech volumes.

8.1 — UNIT BALLS IN MEASURED FOLIATIONS

Let T be a bordered surface of type (g, 7). In Subsection 3.1.2, we considered the space MF3;
parametrising measured foliations on X up to Whitehead equivalence, allowing all types of
boundary behaviours. We consider now the subset MFx ¢ MFZ that contains only those
measured foliations whose boundary is made up of a union of singular leaves (that is, internal
points are described as in Figures 3.7a and 3.7d and leaves at the boundary are of parallel
type, cf. Figures 3.7¢ and 3.7f). In other words, on each boundary component there is at least
one singularity, and the singularities on the boundary are connected by singular leaves. For
convenience, we include in M¥y the empty foliation. Notice that MF is disjoint from the
image of 7,70 in MFZ%.

The space MFy has (real) dimension 6g — 6 + 2n and admits a canonical piecewise linear
structure. It also admits an integral structure given by My, the set of multicurves in which
components are not allowed to be homotopic to boundary components of X (see Figure 8.1 for
an example). We denote by gy, the Thurston measure on MF s associated to this piecewise
linear integral structure’. That is, for an open set A ¢ MF s we have

|- A) Ny
,LtTh(A) =t£m W (8.1.1)

+00

The Thurston measure allows one to define a counting of multicurves associated to any length
function on M¥Fs. In fact, MFy is a completion of the set of formal Q. -linear combinations
of simple closed curves.

8.1.1 — THE HYPERBOLIC CASE

In the hyperbolic context, for any o € 75 the hyperbolic length function ¢, : 1My — R, has a
unique continuous extension {,: MFy — Ry that is compatible with the piecewise linear
structure. Mirzakhani [Miro8b] introduces a function measuring the volume of the unit ball
in M¥ s with respect to £,

DEerINTTION 8.1.1. The Mirzakhani function Bs: Tz — (0, +c0] is defined by
Bs () = pm({ F € MFs | Lo(F) <1}). (8.1.2)

It is manifestly Mods-invariant, hence descends to a function B, , on Mg ,,(L).

On MF s, the normalisation by counting lattice points differs by a power of 2 from the normalisation obtained
by taking the top power of the Thurston symplectic form.
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III. Enumeration of multicurves and quadratic differentials

Figure 8.1: Example of a foliation associated to a simple closed curve (in green) on a one-holed
torus. The singular leaves are depicted in blue. Note that the boundary of the torus is the
union of two singular leaves.

By definition of the Thurston measure, this function describes the asymptotic growth of the
number of multicurves of length < # when # — co, namely

[{ceMs|lo(c) st} Nz (o3 1)
Bs(0) = Em /69—6+2n tl_)m (6g—6+2n ° (8.1.3)
The main properties of B established by Mirzakhani for punctured surfaces —1i.e. on M, ,,(0)
— can easily be generalised to the case of bordered surfaces.

THEOREM 8.1.2 ([Miro8b, Proposition 3.2 and Theorem 3.3]). The function By, takes values in
R, is continuous on Ts, and By, is integrable on My ,,(L) with respect to piyp.

We remark that finiteness of By is non-trivial, and it comes from a the following bound on the
number of simple closed curves, known since [Rivo1] for punctured surfaces and extended to
bordered surfaces in [ABO17, Theorem 7.2]:

{yeSs| toly) <t}] <mg 097642 (8.1.4)

for all o € 7z such that sys, > €, for some positive constant m,. depending on € and the
topology (g, n) of the surface.

As a consequence of Theorem 7.1.2, using the final value theorem for the Laplace transform,
we obtain an expression of the integral of B, ,, over My ,,(L) as a sum over stable graphs. We
attribute this result to Mirzakhani [Miro8b, Theorem 5.3], and restate it here following our
conventions and notations.

THEOREM 8.1.3 ([Miro8b, Theorem 5.3]). The integral of By, is computed as

(6g—6+2n)'/ By.n duryp =
M(/n(

ge dfe (815)
= |Aut(F)| /Er Ll g(v) n(o) ((Ce)ecE, (02)acn,) l_l o1

Feg ecEr

Notice that we have Kontsevich volumes at the vertices, rather than Weil-Petersson volumes.
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8. Asymptotic counting and Masur—Veech volumes

Proof. From Theorem 7.1.2, with the change of variable ¢, + £, /s, we have

S/ (/ Ng,n(o_;t) dﬂWP(O—))e_Sldt =

R\ My (L)

— 1 WP -1 s_2€e dt,
= Z M/Rff l_[ Vg(v),n(v)((s ge)eeE,,a(L/l)/leAv) l_[ o

Fegg,,, veVr ecEr

1 ! K t.de,
= s6g6+2n( Z |Aut(r)| /Er l_[ Vg(v),n(v) ((fe)eeE,,, (OA)AEAU) 1_[ eff——l + O(S)).
reGyn R, veVr

ecEr

Here we used the relation |Er| + ¥ ey (39(v) =3+ n(v)) = 3g — 3+ n and the observation that
the rescaled Weil-Petersson volumes are given by Kontsevich volumes, up to lower order
term:

4 l 1
WP [ ‘1 k K
‘/_[],n (_S ,...,_S ,Lk+1,...,Ln) = s69_6+2n (Vg’n(€197€k70790)+0(s))

From properties of the Laplace transform, we find

Nyn(07;1)
s — d,uWP(O'))e_‘”dt =
/+ (//‘\/lg,n(L) t6g—6+2n

1 1 « ¢ dt,
= g —6+am Z M/REF H Votoyn(oy (LedecE,s (02)aca, ) ]_[ m+0(8),
reGyn +

veVr ecEr
and from the final value theorem for the Laplace transform, we have the thesis. m

On the one hand, the integral of Mirzakhani’s function can be computed by taking the 7 — o
limit of the stable graph sum of Theorem 7.1.2. On the other hand, the average number of
multicurves can also be computed using the topological recursion of Corollary 7.1.4. As a
consequence, we obtain a topological recursion statement for the integral of Mirzakhani’s
function. We will come back to this in the next section, after a brief discussion of the above
asymptotic in the combinatorial setting.

8.1.2 — THE COMBINATORIAL CASE

For G € 7£°°mb the combinatorial length function £g: My — R, has a unique continuous
extension {g: MFyx — Rsq that is compatible with the piecewise linear structure. We can
now introduce a combinatorial analogue of Mirzakhani’s function measuring the volume of
the unit ball in M¥s with respect to £g.

DErFINTTION 8.1.4. The combinatorial Mirzakhani function Q%g’mb: ’/Ecomb — (0, +o0] is de-

fined by
BL™(G) = ppy ({ F € MF s | l6(F) < 1}). (8.1.6)

It is manifestly Mody-invariant, hence descends to a function CB;?,;“I’ on M;f’,?lb(L).

By definition of the Thurston measure, this function describes the asymptotic growth of the
number of multicurves of combinatorial length < 7 when 1 — oo, namely

@Eomb(G) = lim |{ c €y | KG(C) <t }| - 1 NE(G§t)

t5+oo £69—6+2n = o f69-6+2n "

(8.1.7)
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III. Enumeration of multicurves and quadratic differentials

In order to prove that BL™ takes value in Ry, rather than (0, +o0], we need a parametrisation
of multicurves adapted to different cells of the combinatorial Teichmiiller space.

Consider an open cell 35,6 on 7;°™®, that is a trivalent ribbon graph G together with a
marking f: £ — |G|. Assigning to each edge e € Eg the number of times a non-backtracking
representative on G of ¢ € 1y, passes through it, we obtain a map

mgz,c: mz — NEG. (8.1.8)

We show that in fact this map gives a parametrisation of 1M1x. Let us first introduce some
notation to describe its image.

DEerINITION 8.1.5. Given a trivalent ribbon graph G, a corner is an ordered triple A = (e, ¢’, ¢”’)
where e, ¢’, " are edges incident to a vertex in the cyclic order. Equivalently, a corner consists
of a vertex v together with the choice of an incident edge e. We say that a corner belongs to
afacef € Fg if ¢’ and e’ are edges around that face. We denote by €(f) the set of corners
belonging to f, and by €¢ the set of all corners. If we have an assignment of real numbers
(Xe)ecE; and A = (e, e’,€”) is a corner, we Set Xp = Xe» + Xor — Xe.

LEMMA 8.1.6. The map mg, ; is a bijection between the set of multicurves My and the set

(8.1.9)

— Eg
ZG_{meN Vie Fg, 3A € €(f) s.t. mpa =0

VAE@G, mA€2N }

Proof. As mg, ; is additive under union, it is enough to prove that for any simple closed
curve y € 8x, Mg, ;(¥) € Zg and there is a unique multicurve corresponding to each m € Zg.

For the first part, we decompose the geometric realisation |G| into strips S, for each edge e and
small triangular neighbourhoods U, of each vertex as in Figure 8.2a, and pullback this structure
to X via f. If y € Sy is a simple closed curve in £, we can isotope y to a non-backtracking
simple representative y that has m, parallel paths in the strip corresponding to e € Eg. At
each vertex v, it is possible to draw pairwise non-intersecting arcs connecting inside U, the
endpoints of y in AU, in a non-backtracking way if and only if ma € 2N for each corner
A. When these conditions hold, there is in fact a unique way (up to isotopy relative to dU,)
to draw such arcs as in Figure 8.2b. Namely, we can label the points in U, Ny N S, by
Pels---»Pe.m, following the cyclic order around v. Then, p. ; must be connected to

. 1
o Pe"” ,mon+1—-i fOI' 1<i< il’l’LA/,

1 L1 _
P for sma <i < 5(mp +mpr) = me.

This proves that mg, ; is injective on Sy and its image is included in {m € NG | mp € 2N }.

Let (e;);ez/nz be the sequence of edges around a face f, and A; be the corner containing both
e; and e;,;. Then, the %mAi arcs in y N S,, which are closest to f are connected to the %mAl.
arcs in y N Se,,, which are the closest to f. In particular, the 2 min; { my, } arcs which are (in
each strip around f) the closest to f are connected and form loops, which are homotopic to the
boundary component of X that f represents. By definition of S5, we must have min; { m,, } = 0.
This proves that mg, ;(Sx) C Zg and the first part of the claim.

Conversely, if we are given m € Zg, we draw m, parallel arcs in S, and connect them inside
each U, in the unique non-intersecting and non-backtracking (as explained above) way. We
obtain a collection of simple closed curves, none of them being homotopic to a boundary
component of X. O
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8. Asymptotic counting and Masur—Veech volumes

>\> —{/

(a) (b)

Figure 8.2: Decomposition of ¥ into strips S, around edges and triangular neighbourhoods
U, around vertices.

As a consequence, we obtain a polynomial growth of the number of essential simple closed
curve of bounded combinatorial length.

ProrosITION 8.1.7. Let X be a connected bordered surface of type (g,n) and € > 0. For any
Ge 7§°mb such that sysg > €, and any t > 0, we have

H veSy | {g(y) <t }| < m 19976+ (8.1.10)
for some positive constant m¢ depending on € and the topology (g, n) of the surface.

Proof. Lety € 8y and denote by Eg(y) the number (with multiplicity) of edges y passes
through. We recall from the proof of Proposition 6.1.1 that for sysg > € we have

(69 — 6+ 3n)? p
€

Eg(y) < (7).

If the underlying graph G is trivalent, from this bound and Lemma 8.1.6 we deduce

69 — 6 + 3n)2
€

ecEg
and the claim follows, as the latter is the set of integer points with bounded L'-norm in a
polytope of dimension 6g — 6 + 2n. If G is not trivalent, we resolve it in an arbitrary way into
a trivalent ribbon graph G’ and the same argument works with G’. m

{ryess| tely) <t} =

Remark 8.1.8. A second proof of Proposition 8.1.7 can be obtained by invoking the corre-
sponding result on 73, with respect to hyperbolic lengths, namely Equation (8.1.4), and flowing
it to the combinatorial setting using the fact that hyperbolic length of multicurves flows to
their combinatorial analogue (cf. Proposition 6.1.1).

We first notice that BL™ takes values in Rs, as a consequence of Proposition 8.1.7, and
is continuous since the length function ¢, : 7™ — R3* is continuous (and, in particular,
measurable). The integrability result is more delicate. We derive it from the explicit expression
as a sum over stable graphs.
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III. Enumeration of multicurves and quadratic differentials

THEOREM 8.1.9. The integral of B is computed as

(69 — 6+ 2n)! / BEOmP gy =
Mgomb (L)

’ 8.1.11)
B 1 K b de, (
= 2. Emmi /R [ 1 V5o me (et O0aen) [ | 225

Fegy,n vVEVR ecEr

Proof. As in the hyperbolic case, we start from the sum over stable graphs (7.2.6) expressing
the combinatorial counting function N9 and perform change of variable £ - €. /s. The
only difference is in the presence of Kontsevich volumes at the vertices, for which we have

4 Cr 1
V;?n (%,...,?,L]H.l,...,Ln) = W (Vﬁn(fl,...,fk,O,...,O)‘FO(S)) .
We then conclude similarly. m
8.1.3 — HyPERBOLIC VS COMBINATORIAL

By comparing the asymptotic counts in the hyperbolic and combinatorial settings, we get that
the two agree and are independent of boundary lengths.

COROLLARY 8.1.10. The following equality holds:

/ By dirp = / BT duy (8.1.12)
Mg.n(L) MG (L)

Furthermore, both quantities are independent of L € R”.

Using the rescaling flow, we can actually say more: the combinatorial Mirzakhani function
can be obtained as a limit of the hyperbolic one.

PROPOSITION 8.1.11. For any connected bordered surface T of type (g,n), we have

i o700 B (o F) = BL™ (sp(0r)) (8.1.13)

and the limit is uniform for sp(o) in any thick part of ‘Ecomb.

Proof. Lete > 0and G € 7£°°mb such that sysg > €. We denote o = sp™'(G) and of =
sp~1(BG). Since the length of a multicurve is the sum of lengths of its connected components,

Proposition 6.1.1 implies that for any ¢ € My, we have plg(c) < €,5(c) < (B + ke)ls(c).
Therefore

{cemz {g(c) < ﬁ-:Ke } c {cemg {,5(cC) St} c {cemg {,5(C) Sé}
and thus Beomh(G) .
(ﬂ_'_ifm < Bx(dP) < ﬁzﬁ,g_w.
Multiplying by 5%~6+2" and taking the limit 8 — oo yields the result. O
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8. Asymptotic counting and Masur—Veech volumes

We remark that the above proposition is not enough to derive Corollary 8.1.10. Indeed, we
can certainly write

1 Rgdpwr
Bpwdiwe= [ BTG, Ry k. g =
/Mg,,.(ﬁL) g.n ML) gn ©8p)IB B BO9-6+2n gy
(8.1.14)

where Rg: 7£°°mb(L) — T2(BL), Rg(G) = sp*(BG) is the rescaling flow. We know by
Theorem 6.A due to Mondello that Jg converges pointwise to 1, and by Proposition 8.1.11
that gS9~6+20(®_ . o Rg) converges to Q%gf’,?b uniformly on compacts. This is however not
sufficient, as we would need an effective and integrable enough bound independent of 3 to
conclude that the integral of B, ,, coincide with the integral of its combinatorial analogue
by dominated convergence, and such a bound is not currently available. Note that one
cannot hope for a bound by constant, because BX°™(G) can diverge when sysg — 0. Getting
effective and uniform bounds for the Jacobian Jg over 7;2°™ is a question of broader interest
(cf. Question 6.E): it would allow to study the behaviour for large boundary lengths L of the
integral on M, ,(L) of a larger class of functions.

Remark 8.1.12. It is convenient to notice that the integral of B, ,, or @g?nmb coincides with

the (Laplace transform of the) average number of combinatorial multicurves /Vgc’%mb(L; s)
evaluated at s = 1 and L = 0 (cf. Equation (8.1.11) with Equation (7.2.6)). In particular, one
can use topological recursion at s = 1 to compute such integrals. We will come back to this
observation in the next section.

8.2 — QUADRATIC DIFFERENTIALS, MASUR—VEECH VOLUMES AND
TOPOLOGICAL RECURSION

In this section, we review the connection between the integral of Mirzakhani’s function and the
Masur—Veech volumes of the principal stratum of the moduli space of quadratic differentials
with simple poles.

Fix an integer partition (u, v) of 4g — 4, where u = (2a,4)!,_; and v = (28}, — 1);_, are the even
and odd parts respectively, with @4, 85 > 0. Consider the moduli space Q (1, v) parametrising
quadratic differential with simple poles and zeros of prescribed order, 1.e. the moduli space of
tuples (C, ¢) where

* (C is a compact Riemann surface of genus g,

* ¢ is a meromorphic quadratic differential on C that is not a global square of a one-form
and with associated divisor

() = Z 20q2q + Z(Qﬁb - 1)z}, (8.2.1)
a=1 b=1

Contrary to the previous section, double poles are not allowed, but we consider simple poles
when some B, = 0, which are regarded as “zeros of order —1”. Similarly quadratic differentials
are allowed to have ordinary marked points, i.e. when some a, = 0, which are regarded as
“zeros of order 0”. There is a natural C* action on Qy(u, v) given by rescaling of the quadratic
differential, and we denote by PQ,(y, v) the quotient space.
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III. Enumeration of multicurves and quadratic differentials

Similarly to Section 7.3, the anti-invariant relative homology groups H; (C,Z;Z) of the

canonical double cover 7: C — C with the one-form w provide period coordinates for
Qy(u, v). Here Z is the preimage of the even zeros of the differential. In particular, integration
of w along a basis of H (C, Z; Z) provides a the period coordinates map

2g—2+r+s

U —> G224+ (C, ) — (-7{ a)) . (8.2.2)
vi Ji=1
In particular, Q,(p, v) is a complex orbifold of dimension 29 — 2 +r + 5.

Such local coordinates provides Q,(u, v) with a natural volume form by considering a linear
volume element in the vector spaces C29~2*"* normalised in such way that a fundamental
domain of the lattice (Z @ iZ)?9~%"*S has area one. It can be proved that the induced measure
does not depend on the choice of local coordinates used in the construction, so the volume
element pyry, called the Masur—Veech measure, is defined canonically.

On the other hand, we have a well-defined area function Area: Qq(u, v) — R, given by

. | )
Area(C,go):/ |¢|=i/wAw=—Area(c,w), (8.2.3)
c 4 Je 2

and the measure uyy defines a canonical measure vy (also called Masur—Veech measure) on
the unit hyperboloid

dumy
dArea’

Qh(v) = { (C.¢) € Qylp,v) | Area(Cow) =1}, dvgy = (8.2.4)
The following result, proved independently by Masur and Veech, states the volume of the unit
hyperboloid is finite.

TuEOREM 8.2.1 ([Mas82; Vee82]). The total volume of any stratum Q}(u,v) of meromorphic
quadratic differentials with at most simple poles with respect to the Masur—Veech measure is
finite:

VI (1, v) = vaay (@ (1, v)) < +oo. (8.2.5

In the following, we will be mainly interested in the principal stratum of the moduli space,
parametrising quadratic differentials with only simple zeros and simple poles: u = @ and
y = (14974 1) To simplify the notation, we denote such volumes simply by V}}V:

vy = vV (qtem e g, (8.2.6)

The main connection between Masur—Veech volumes and the asymptotic counting of mul-
ticurves is the following result, due to Mirzakhani, who proved it in the case of hyperbolic
surfaces with punctures.

THEOREM 8.2.2 ([Miro8a]). The Masur—Veech volumes of the principal strata of the moduli
space of quadratic differentials are computed by the average of the asymptotic number of
hyperbolic multicurves:

VMY = 2872 (49 — 4 4 )l - (69 — 6+ 2n) By diryp. (8.2.7)
Mg.n(L)
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Moreover, it is computed by the following sum over stable graphs:

VMV _ gtg-2em (49 = 4+ n)!
(6g 7+ 2n)!
, de, (8.2.8)

|Aut(F)| /Er Ll g(v) n(w) ((Le)ecE,s (02)aen,) l_l T
r

ecEr

e ggn

Remark 8.2.3. Let us remark that Mirzakhani did not compute the normalisation factor in
Equation (8.2.7), which was recently and independently computed by Monin-Teplukhovskiy
[MT19], Arana-Herrera [Ara20], and Delecroix-Goujard-Zograf—Zorich [DGZZ20]. The
expression of Masur—Veech volumes as a sum over stable graphs was also proved in [DGZZ20]
by purely combinatorial methods. We also give a short remark about normalisation conven-
tions (cf. [AEZ16, Remark 1.2] or [DGZZ20, Section 2.1]). In this context, it is customary to
consider quadratic differentials with labelled zeros. This convention is responsible for the
normalisation factor (4g — 4 + n)! in Equation (8.2.7). Moreover, the Masur—Veech volumes
are defined as the volumes of the hyperboloid of quadratic differentials of area 1. This second
convention is responsible for the factor 24972 in Equation (8.2.7).

Combining Mirzakhani’s result with the topological recursion computing the integral of B, ,,

we obtain our major contribution from [And+19] to the theory of quadratic differentials: a

topological recursion formula for VY.

THEOREM-DEFINITION 8.2.4. Define the Masur—Veech polynomials by the following topologi-
cal recursion: for2g—2+n > 1

VMV (Ly, ..., Ly) =

:Z/ B (L, L, OO VMY (6, Lo, Do, L) €

1
+§/ cMV (L, ¢, {’)( MY (6 Lo, Ly) (8.2.9)
R2

+

D VN (G L) Vi (¢ LIQ))a”dW

g1+tg92=g
Lul={2,..., n}

where we have VMV VMV 0 by convention, recursion kernels

1 1
MV ’ _ 7’ _ I ’r_ ’r
B (L,L,f)—QL([L L' =]y = [-L+L — €], +[L+L f]+)+e[_1,
1 1
cMV(L, 6, 0)==[L-t-C],+ S
L T (el = 1) (el - 1) (8.2.10)
1 1 / / ’ o
_12L([L 0], - [—L+€—€]++[L+€—€]+)
L 1 (T N O R N I R
—12L + + |
and initial conditions V W(Ly,Ly, L3) = 1 and VMV(L) = ’f—; They are computed by the
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III. Enumeration of multicurves and quadratic differentials

following sum over stable graphs:

VMV(Ll, ... Ly

- e dle (8.2.11)
- |Aut(F)| /EF g(v) n(v)((€ )eeEua (L/l)/leA ) l_l eee _ 1

Te g ecEr

Moreover, the Masur—Veech volumes VMY of the principal strata of the moduli space of
quadratic differentials coincide with the constant term (up to a normalisation constant) of the
Masur—Veech polynomials:

(49 — 4 +n)!

VMV 24g 2+n
(69 — 7+ 2n)! 9 "

Y (0,...,0) (8.2.12)

Proof. As explained in Remark 8.1.12, the integral of B, , (or equivalently Q%;?,ﬁ“b) coincides

with the Laplace transform of the average number of combinatorial multicurves Ngcfilmb(L; s)
evaluated at s =1 and L = 0. O

By recursion, it is easy to prove that V;\’/[,Y(L) is a homogeneous polynomial in 7%, L2, ..., L2
of degree 3g — 3 + n with rational positive coefficients. Hence, the Masur—Veech volumes
VMY € n6976+2nQ, . See Table 8.1 for some Masur—Veech volumes computed by topological
recursion.

Remark 8.2.5. So far we only considered bordered surfaces, so thatg > 0,n > 0 and 29—2+n >
0. However, Masur—Veech volumes makes sense for n = 0 too, and a natural question is whether
the above results extend to the n = 0 case. The answer is affirmative, and in particular Theorem-
definition 8.2.4 can be used to compute Masur—Veech volumes of the principal stratum of
holomorphic quadratic differentials, i.e. for n = 0, using the dilaton equation:

2
Ln+1
2
2

L . L} . . .
Here [%] extract the coefficient of 2t on the polynomial on its right-hand side. In
particular, we can obtain the Masur—Veech volumes of the principal stratum of holomorphic
quadratic differentials as

V(L1 Ly, Lyt) = (29 =2+ )V (La, .., Ly). (8.2.13)

VMV _ g4g-2 (49 — 4)! [L2

9,0 — (29 2)(69 7)' VMV(L) (8.2.14)

We refer to [And+19, Lemma 3.4] for the proof.

By computing a large quantity of Masur—Veech volumes, we were able to formulate some
conjectures [And+19, Conjecture §5.4] about their behaviour for fixed genus and varying
number of poles. The conjecture in genus zero was previously formulated by Kontsevich and
proved by Athreya—Eskin—Zorich [AEZ16].

CONJECTURE 8.2.6. For any g > 0, there exist polynomials ay, by € Q[n] of degrees

-1
degay = VTJ and degb, = [gJ (8.2.15)
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n\g \ 0 1 2 3 4 5 6
0 _ _ 1 115 2106241 7607231 51582017261473
15 33264 11548293120 790778419200 101735601235107840000
1 _ 2 29 4111 58091 35161328707 1725192578138153
3 840 2223936 592220160 6782087854080000 6307607276576686080000
2 _ 1 337 77633 160909109 27431847097 236687293214441
3 18144 77837760 3038089420800 9796349122560000 1601932006749634560000
3 4 11 29 207719 14674841399 5703709895459 37679857842043
60 2880 384943104 512424415641600 3767985230929920000 471817281090355200000
4 2 1 919 16011391 9016171639 143368101519407 13237209152580169
10 168480 54854392320 582300472320000 175211313238241280000 306665505466027868160000
5 1 163 653 6208093 442442475179 259645860580231 6359219722433607397
3024 221760 39382640640 52900285261824000 587375069141532672000 272686967460391980367872000
6 1 29 88663 5757089 1537940628689 229686916047007 43310941179948284069
2 1008 56010240 67781007360 340912949465088000 962777317187911680000 3440050974115714213871616000
7 1 1255 295133 2598992519 643391778377 11267167909498433 74408487930504838727
4 82368 348281856 56936046182400 264869710110720000 87618715847436533760000 10957199399035237866405838000
8 1 2477 1835863 1769539 127802659622551 2762333771707 76034947449385560773
8 308880 4063288320 720943441920 97895844856922112000 39907473380632166400 20780895411963382160424960000
9 1 39203 12653167 6756335603 76170641989903 46331482996262911
16 9335040 52718561280 516534771916800 108773160952135680000 1245354014578231266508800
10 1 1363 5219989 2863703603 364975959330977
32 622336 41079398400 410578921267200 973541287193739264000
11 1 308333 644710519 28221517763
64 270885888 9612579225600 7606514751897600

Table 8.1: Masur—Veech volumes 7~ (64-6+20)yMV_ \¥e display in black the values that were honestly computed from the recursion, and in

grey the values that the conjecture predicts. The polynomials a, and b, appearing in Conjecture 8.2.6 have been determined by the values
g+ 1.

MV
Vin

withn=1,..
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III. Enumeration of multicurves and quadratic differentials

g | ag(n) | by(n)

01]0 1
1 1

L5 2
5 n 7

2| 301 2160 T Ti52

3| _245n_ 643 223n_ 6523
3981312 T 1990656 088640 T 8709120

4 17570, _ 95413 37079n> | _5110337n | 5951381
382205952 T 3185049600 12009254400 | 112086374400 T 37623398400

5 382130 | 42186Tln__ . __ 63657059 1306751n% _ | _3134026741n__ | __ (3849553
880602513408 T 2403012567040 T T2842119987200 | 4899775795200 | 685968611328000 T 3310859059200

Table 8.2: Polynomials conjecturally appearing in the Masur—Veech volumes for g < 5.

wi e convention that ag = 0) such that, for any n > 0,
th th tion that 0) such that yn >0

MV _ odg—2+n _6g—6+2n (29 =3+ m)!(4g — 4 + n)! 1 (49-6+2n
— o9 9 '
Vo Vg (69— 7+2m)] ag(n) + 2161 | 29— 341 by(n)
(8.2.16)
The first few polynomials are displayed on Table 8.2.

The notation here slightly differ from [And+19, Conjecture 5.4], where we have 2492 (ay, b,) =
(Pg, qq). From the above conjecture, we can examine the asymptotic behaviour of Masur—
Veech volumes of principal strata with a large number of poles (i.e. whenn — ).

CONDITIONAL THEOREM 8.2.7. Assuming Conjecture 8.2.6 to hold, the Masur—Veech vol-
umes of the principal strata of the moduli space of quadratic differentials have the following
asymptotic behaviour as n — oo:

7T6g—6+2n

MV e(9)/2 . g/2 0 ifgis even
g,n 92g—5+n el )/ n / Oy €(g) = {

8.2.
1 ifgis odd (8.2.17)

where o, € Q is the top coefficient of a, if g is odd and the top coetficient of by if g is even.

Proof. From Stirling’s approximation k! ~ 2nk(§)k as k — oo, we find

6g—6+2
odg=2+n 1 69—6+2n (29 —3+n)!(4g -4 +n)! ~ 9Ag=2+n ;69-6+2n Van - gomorn N
(69 — 7+ 2n)! 96g-7+2n ~  92g—5+n :

On the other hand, applying Stirling’s approximation again, we find

1 4g—-6+2n 1
249-6+2n\ 29 — 3 +n

N

As a consequence, considering the degree of a, and by, we obtain that

1 49— 6+ 2n ag ~ Nni=l oy if gis odd
ag() + S | g — 340 1290~ 1 ag-sen o1 o
g n 949-6+2n ( 2g—3+n )bg ~ P O-g lf g 1s even
= \/ﬂ'f(g)—lng—l O-g-
Altogether, this gives the thesis. O
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8. Asymptotic counting and Masur—Veech volumes

After we formulated the above conjecture, Chen, Moller and Sauvaget [CMS+19] found a new
formula to compute Masur—Veech volumes via intersection theory, from which they could
prove our conjecture. Their approach will be discussed in the next chapter.

8.2.1 — SIEGEL-VEECH CONSTANTS

Let us move our attention to some applications to Siegel-Veech constants. The area Siegel-
Veech constant ¢3 oo V oof Qg 4g-1+20 (149747 —1M) is a positive real number related to the asymp-
totic number of flat cylinders of a generic quadratic differential. More precisely, given an

element (C, ¢) € Qg ag-142 (1974, —1") we define

1
narea(C,tp;t):m Z Area(c), (8.2.18)

cCep
w(c)<t

where the sum is over flat cylinders ¢ of ¢ whose width w(¢) (or circumference) is less or equal
to t and Area refers to the total mass of the measure induced by the flat metric of ¢. By a
theorem of Veech and Vorobets [Vee98; Voros], the number

1 1
6‘2,\; = m_z Narea(C, @51) dvmv (C, ¢) (8.2.19)
g,n

1 4g-4+n _1n
Qr/4g 4+2n(1 g =1 )

exists and is independent of # > 0. It is called the (area) Siege/~Veech constant of the principal
stratum of the moduli space of quadratic differentials.

Remark 8.2.8. As shown by Eskin and Masur, the asymptotic count of cylinders is almost
everywhere constant over the moduli space: for a.e. (C,¢) € Qg ag-412,(1%974", ~1") the
limit

Marea(C, 93 1)

tli)ngo Area(C, ¢) pvs

(8.2.20)

exists and is independent of (C, ¢). In particular the constant value is the Siegel-Veech constant
c5V,» which can be recovered by integration over the moduli space.

In [Gours], Gou]ard showed how to compute ¢3Y, in terms of the Masur—Veech volumes.

Her result is in fact more general, as it deals with all strata of the moduli space of quadratic
differentials, while the present dissertation is only concerned with the principal stratum. To
state her result cleanly, consider the rescaled Masur—Veech volumes

VMrY = 249—2”‘—(49 —4+n) ~M,Y. (8.2.21)
(6g—7+2n)! &

THEOREM 8.2.9 ([Gours, Section 4.2, Corollary 1]). For g,n > 0 such that 29— 2 +n > 1, we
have

|
oSV MV _ 1 n!
o Von = (Vg L2 ¥ 5 § 1 Vgl 14n1 V o, 1+,,2 (8.2.22)
' Nn1:n9:
g1tg2=g
ni+ng=n

In [Gours] the contribution of VMVVMV

in the sum if we remark that Vé\g/ 4 (see Table 8.1) and

| Was written separately, but this term can be included

(2n - 5)!
(n=3)!|,

rn-4) 1

T T o) T 2 (8:2.23)
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III. Enumeration of multicurves and quadratic differentials

Using topological recursion for Masur—Veech volumes, together with Goujard’s formula, we
were able to compute a large amount of Siegel-Veech constants (see Table 8.3). Moreover,
combining Goujard’s formula with the conjectural form of Masur—Veech volumes, we can
obtain formulas for the area Siegel-Veech constants. In genus zero, the conjecture reduces to
a result of Eskin—Kontsevich-Zorich [EKZ14].

CONDITIONAL THEOREM 8.2.10. Assuming Conjecture 8.2.6 to hold, there exist polynomials
a’, b’ € Q[n] with degrees

9°7g
g+1

degay = [gJ and deg b, = {TJ (8.2.24)

such that, for any n > 0 such that 2g-2+n > 1

. 29-3+n (4g—6+2n\ 1.

sy n+5-5yg 1 ag(n) + 2499-7;(299—3:;) by(n)

Com = = + 27 =3+ 1 1g—6+2n ) (8.2.25)
n 9 =3+ ay(n) + 375 () _5en ) by(n)

Again, the notation here slightly differ from [And+19], and we refer to the original article
for a complete proof which goes via generating series. Indeed Conjecture 8.2.6 is equivalent
to a certain polynomial behaviour for the generating series of Masur—Veech volumes, while
Goujard’s result can be rewritten as a relation between the generating series of Masur—Veech
volumes and that of Siegel-Veech constants. Combining the two result, one can deduce the
above polynomial structure for Siegel-Veech constants.

As for Masur—Veech volumes, we were able to deduce the asymptotic behaviour of Siegel-
Veech constants as n — co.

CONDITIONAL THEOREM 8.2.11. Assuming Conjecture 8.2.6 to hold, the Siegel-Veech con-
stants of the principal strata of the moduli space of quadratic differentials have the following
asymptotic behaviour as n — oo:

+5-5 1 o
SVl " “t+om™h (8.2.26)
g

gon 672 1€@+3/2,1/2 o
where o7 is the top coefficient of aj if g is even and the top coefficient of b if g is odd.

A consequence of the above result is a refined version of Fougeron’s conjecture [Fou18]

for the n — oo asymptotic behaviour of L} ,, the sum of the g Lyapunov exponents of the

Hodge bundle along the Teichmiiller flow on the principal stratum of the moduli space of

quadratic differentials. Based on extensive numerical experiments, Fougeron conjectured

that for each g we have L}, = O(n~'?) as n — . On the other hand, by a result of

Eskin-Kontsevich-Zorich [EKZ14, Theorem 2], L} ,, are related to Siegel-Veech constants by
n? gy _n+5-95¢g

= g + L;’n. (8.2.27)

The above formula, together with Equation (8.2.17), gives the following asymptotic refinement
of Fougeron’s conjecture:

*

3 il

Ly o~ -2
91 " pel9)-12p172 o

+0(n™h). (8.2.28)

We remark again that, thanks to the work of Chen—-Moéller—-Sauvaget [CMS+19], the above

conditional theorems are now theorems.
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n\gl| 0 1 2 3 4 5 6
0 _ _ 19 24199 283794163 180693680 806379495590975
6 8625 105312050 68465079 309492103568838
1 _ _ 230 529239 14053063 533759417507 4346055982466800
87 205550 5518645 210967972242 1725192578138153
) _ 7 8131 2843354 11842209371 606925117339 122318875814791931
3 3370 1164495 4827273270 246886623873 49704331575032610
3 _ 47 11041 73870699 35221419482 82681229028041 5057811587495459887
22 4785 31157850 14674841399 34222259372754 2085014933689449405
4 3 44 688823 187549387 1414826039249 1031120131654286 1339844245835171101
2 21 303270 80056955 595067328174 430104304558221 555962784408367098
5 5 2075 96716 87365995 15788133716389 1245335246460801 321899861240823487478
3 978 42445 37248558 6636637127685 519291721160462 133543614171105755337
6 11 697 8622217 1433623484 7380284015613 18305424406953487 3150765025310943712637
6 319 3723846 604494345 3075881257378 7579668229551231 1299328235398448522070
7 2 17101 10506949 12557689333 32906433038620 165332043184123111
7530 4426995 5197985038 13511227345917 67603007456990598
8 13 17630 44927707 3273823127 1905176709014543
6 7431 18358630 1322965425 766815957735306
9 7 194829 480821458 515867741141
3 78406 189797505 202690068090
10 5 202415 905804827
2 77691 344519274
11 8 5054467
3 1849998

Sot

Table 8.3: Siegel-Veech constants 72c;",. They are computed from Masur—Veech volumes of Table 8.2 using Goujard’s formula. In grey, the
values computed from the predicted Masur—Veech volumes.
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III. Enumeration of multicurves and quadratic differentials

8.3 — ASYMPTOTIC OF SQUARE-TILED SURFACES AND MASUR-VEECH
POLYNOMIALS

In the previous section, we described how Masur—Veech volumes can be computed as the
constant term of some polynomials VMV(Ll, ..., Ly). In this section we show how such
polynomials can be recovered by con51der1ng a certain limit of the square-tiled surface count
presented in Section 7.3.

THEOREM 8.3.1. Let L € Z" such that Ly + - -+ L, € 2Z. We have

N° (TLy,...,TL,; e YT)
i = = 227207V (L, ., Ly). (8.3.1)
Te2Z,

Proof. Let T be an even integer and set ¢ = e~/ The strategy of the proof is to start from
Equation (7.3.9), expressing NJ',, as a sum over stable graphs, substitute ¢ = ¢™'/” and analyse
the limit as 7 — co. To this end, fix a stable graph I of type (g, n). We want to compute the
large T behavior of

le
Z l—[ Ng(v) n(u)((f )EEE(U) (TLA)/IEA(U)) l—[ 1—q)

le
0:Er—Z, veVr eckr 4
) T¢
= Z 1—[ Nywy,n(w) ((Tle)eek w)» (TLA)aenw)) ]—[ 7 .
¢ Er—T-17, veEVR ecEr efe —1

Let L € ZEr be the sublattice defined by the congruences

Yv € Vr, Z lo + Z L,e2Z.
e€E(v) A€E(Q)

From Norbury’s result (cf. Corollary 5.3.4), we know that the vertex weights N, (,),n(v) vanish
unless (T¢,), € Ly = Zfr NL. In this case, they limit to the Kontsevich volumes, up to powers
of 2. More precisely,

T6g(v)—6+2n(v)

Ng(u),n(u) ((Tge)eEE(u)’ (TL/I)AEA(U)) ~ VgK(U),n(U) ((ée)eeE(u)’ (L/l)/leA(u))

92¢(v) —3+n(v)

up to an error that will produce subleading terms when 7' — co. We are left with analysing
the large T behaviour of the following sum:

T69(0)-6+2m() . Té,
Z 1_[ 29 s Ve, n(o) (C)ecEw)s (L) aerw)) l_l i1
ferT-11, VEVP ecEr €°
Now, since V!fn(Ll, ...,Ly) are polynomial in Li,..., Ly, the function of ¢ appearing in

the summands is a continuous function of £ € R, which is Riemann-integrable due to
the exponential decay in the edge weights. Taking into account the relation between the
Kontsevich measure and the Lebesgue measure (cf. Lemma 4.1.6) as in Proposition §.2.7, we
obtain that the above sum is asymptotically equivalent to

TGQ(U) 6+2n(v)

-1V K 5
2!-IVrl /Er 1—[ PR Vi, n(o) ((LecE @) (L) aeaw)) 1_[

ecEr e

T2¢,d¢,
e 1
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8. Asymptotic counting and Masur—Veech volumes

when T is large. The overall powers of 2 and T can be easily computed as

L= Vel = > (29(0) = 3+n(v)) = (29 = 3+n),

veVr

9|Er| + Z (6g(v) — 6 + 2n(v)) = 6g — 6 + 2n,

veVr

which are independent of I'. Performing the (finite) sum over all stable graphs of type (g, n)
weighted by automorphisms, and dividing the result by 7-(69=6*2") 'one finds exactly the sum
over stable graphs computing the Masur—Veech polynomials in Equation (8.2.11). m

Remark 8.3.2. The scaling TL; of the boundary term L; is of strange nature. Indeed ¢” is
of order 1, suggesting that the typical contribution in N/, comes from surfaces with core
area O(T), but scaling the area with T usually rescale the boundary by VT. So the limit in
Theorem 8.3.1 somehow reflects a blowup of the contribution coming from the boundaries of
the square-tiled surface, that is necessary in order to obtain the Masur—Veech polynomials.
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CHAPTER 9 — AN INTERSECTION THEORETIC APPROACH

In this chapter we present some results of Chen—-Moller—Sauvaget [CMS+19] concerning the
Masur—Veech volumes of the moduli spaces of quadratic differentials in term of intersection

numbers on the moduli space of curve involving the Segre class s(&?); u) = 22903”’ uksy of
the quadratic Hodge bundle & — M, ,:
n
<skOTk1--~Tkn)g:/M skol_[(//fi, ko+ki+---+k,=39-3+n. (9.0.1)
g.n =1

We then show how topological recursion can compute such intersection numbers. In turn, we
find a new topological recursion for computing Masur—Veech volumes.

TaEOREM 9.A (Topological recursion for (sg, 7k, - - 7x,, ) g)- The above intersection numbers
are computed by topological recursion on the spectral curve on P! given by
dz1dzy
(21 = 22)?

by expanding the correlators on the basis of differentials determined by 6% (z) = (15 4-)* %

x(z) =log(z) — z, y(z) = 22, B(z1,22) = (9.0.2)

n
Wy (21,7 ,20) = g~ (29=2m) Z (SkoThy "~ 'Tkn>g l_l do* (z), (9-03)
i=1

ko,-.., k>0
ko+:-+kn,=39—-3+n

In particular, the Masur—Veech volumes of the principal strata of quadratic differentials are

computed as
n

23—n 6g—6+2n
| |Res
1

VMV — 1 39—3+n
= (6g — 7+ 2n)!

Wy, n(215 .05 2n0). (904)

The Segre class of the quadratic Hodge bundle is a specialisation of Chiodo’s class, namely
s(E@)) = Cglﬁ(ln) in the notation of Subsection 2.2.2. Indeed, we obtain the above spectral
curve by specialising the topological recursion for Chiodo’s class weighted by a degree param-
eter. This result generalises the topological recursion of [LPSZ17] (where no degree parameter
appears) and the topological recursion of [CMS+19, Appendix A] (where only Chiodo classes
for r = 1 are considered).

To conclude, we show how the Chern class of the same quadratic Hodge bundle capture the

Euler characteristic of the moduli space of curves, and present an intersection-theoretic proof
of the Harer-Zagier formula [HZ86] via Hodge integrals.

THEOREM 9.B (Harer—Zagier formula via Hodge integrals). The orbifold Euler characteristic
of My n is given by

z“V P [ ac 1)]_[w;‘171. (905)

>0 O ui,.. Le>1Y Mgnse
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III. Enumeration of multicurves and quadratic differentials

Moreover, the above linear combination of Hodge integrals is evaluated as

(-1)"3(n - 3)! g=0,n2>3,
X = 3 (=)t g=1n>1, (9.0.6)

Bs
9.0.1 — RELATION WITH PREVIOUS WORKS AND OPEN QUESTIONS

The strategy of Chen—-Moller—Sauvaget [CMS+19] uses a good metric % (in the sense of Mum-
ford) induced by the area function on the compactified strata, and prove that the corresponding
volume form v, coincide with the Masur—Veech volume form vyy. On the principal strata,
the top Segre class of the quadratic Hodge bundle corresponds to vj. A natural question
would be to generalise this argument to moduli spaces of higher differentials.

QuEsTion 9.C. Generalise the result of Chen—Moéller-Sauvaget to (principal strata of) moduli
spaces of higher differentials.

It is interesting to notice that, as of now, there are two ways of computing Masur—Veech
volumes of the principal strata of quadratic differentials via topological recursion.

1. The first recursion [And+19; And+20], explained in the previous chapter, computes
the average number of multicurves (in the hyperbolic or combinatorial setting), i.e. the
polynomials

(Ngn)(Li) — or  (NS™bY(Lso). (9.0.7)

We then recover the Masur-Veech volumes as the coefficient of %976+ corresponding
to the asymptotic number of multicurves [Miro8a].

2. The second recursion [CMS+19, Appendix A], explained in Section 9.2, computes the
intersection of the Segre class of the quadratic Hodge bundle with y-classes. We then
recover the Masur—Veech volumes by taking a specific residue extracting the top Segre
class intersection.

A similar situation occurs for the Euler characteristic of the moduli space of curves.

1. The first recursion [Norro, Theorem 2] computes the number of lattice points on
Mg b(L), i.e. the quasi-polynomials

1
Ny (L) = _ .0.8
GeME>2 (L)

Norbury recovers the Euler characteristic of My, as the constant term of Ny, (L).
2. The second recursion, developed in Section 9.3, computes the intersection of the Chern
class of the quadratic Hodge bundle with y-classes. We then recover the Euler charac-

teristic by taking a specific residue extracting the top Chern class intersection.
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9. An intersection theoretic approach

9.0.2 — ORGANISATION OF THE CHAPTER
The chapter is organised as follows.

® In Section 9.1 we present the original work of Chen-Moller—Sauvaget, expressing
Masur—Veech volumes via intersection theory.

® In Section 9.2 we find the spectral curve computing Chiodo’s class intersection numbers
with a degree parameter. We then specialise it to recover the Segre class of the quadratic
Hodge bundle.

* To conclude, in Section 9.3 we compute the Euler character sic of Mg, via the Chern
class of the quadratic Hodge bundle, expressing it in terms of Hodge classes, and we
prove the Harer-Zagier formula via intersection theory.

9.1 — MASUR—VEECH VOLUMES AND INTERSECTION THEORY

The new major contribution of Chen—Moller—-Sauvaget is a conjectural expression for the
Masur—Veech volumes of the moduli space of quadratic differentials via intersection the-
ory, proved for the case of strata with odd zeros only (see also [CMSZ20] for analogous
results on the moduli space of holomorphic differentials). In order to talk about intersec-
tion numbers, a compactification of the moduli space is required. To this end, Bainbridge—
Chen-Gendron—Grushevsky—Moller [Bai+19] introduced a compactification [P’ag (u, v) of the
projectivised strata of quadratic differentials, called the incidence variety compactification. Let
¢ be the first Chern class of the universal line bundle O(1) on [P’ag (i, v), and denote by ¥,
and ¥, the pullbacks to the strata Pag (1, v) under the map [P’ag (u,v) — /Vg,rﬂ forgetting
the quadratic differential (here r = €(u) and s = £(v)).

CONJECTURE 9.1.1 ([CMS+19, Conjecture 1.1]). The Masur—Veech volumes of strata of
quadratic differentials are expressed as the following intersection numbers:

_ 2r—s+3 (27Ti) 2g—2+s

VMV(IJ’ V) -
g (29 -3+7r+9)! Jpa,(u.v)

{29”_3‘Pm N (9.1.1)

where Wy, ..., Yy, are the classes associated to the r even order zeros.

THEOREM 9.1.2 ((CMS+19, Theorem 1.2]). Conjecture 9.1.1 holds for strata with odd zeros
only (i.e. u=9o):

23—5 271i 29—2+s
ViV (v) = r @m7 7 / SRS (9.1.2)
(29-3+9)! Jpg,(

The above theorem has a particularly nice expression for the principal strata, which we
recall correspond to quadratic differentials with only simple zeros and simple poles: u = @
and v = (149747 —1"). In this case, the projectivisation of the quadratic Hodge bundle
&® — M, provides an alternative compactification for PQ,(1%~%", —1"), where the top
self-intersection of the ¢-class corresponds to the top Segre class of the quadratic Hodge
bundle &®. Here we recall that the quadratic Hodge bundle corresponds to Chiodo’s
construction (see Subsection 2.2.2) for r = 1, s = 2 and all @; = 1. In other words, the fiber
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III. Enumeration of multicurves and quadratic differentials

over a stable curve (C,x1, .. .,x,) is given by the vector space H(C, w%Q (x1+---+x,)), hence
parametrising quadratic differentials with at worst simple poles at the marked points. In this
case, Chiodo’s class coincide with the Segre class, i.e. Cglﬁ(l”) = 5(&®@), since by degree
reasons H'(C, ng (x1+---+xp)) =0, and thus R*z,. L = 2.

Thanks to Chiodo’s formula for the Chern character of R*n. L, we can express the Masur—
Veech volumes of the principal strata of quadratic differentials in terms of Hodge integrals:

</lmTk1 e Tkn>g = ‘//\/( /lm '70]1{1 e 'ﬁn"- (913)

g.n

As in the previous section, denote by V)Y the Masur—Veech volumes of the principal stratum
Q (14g—4+n _1n).
g ’

THEOREM 9.1.3 ([CMS+19, Theorem 1.3]). The Masur—Veech volumes of the principal strata
of quadratic differentials are expressed as the following linear combination of Hodge integrals:

22g+1 6g—6+2n
vMV _( 1)30 3+l’l— S(8(2))
(6g — 7+ 2n)! o

(9-1.4)

39-3-k
_ o2g+1n_6g-6+2n (49 — 4 +n)! Zg: 59-5—k\ (T )g
(6g = 7+2n)! £ . (Bg=3-k)"

Here (x), =x(x+1) -+ (x +n — 1) denotes the Pochhammer symbol.

As a consequence of the above expression, Chen-Moller-Sauvaget were able to prove Conjec-
ture 8.2.6 regarding the polynomial structure of Masur—Veech volumes for fixed genus and
varying number of poles (cf. [CMS+19, Theorem 1.4]), and consequently the conditional re-
sults 8.2.7, 8.2.10 and 8.2.11. In particular, they found a closed expression for the polynomials
appearing in Conjecture 8.2.6 and Conditional theorem 8.2.10 in terms of Hodge integrals.

It is worth mentioning that Kazarian [Kaz21] and Yang—Zagier-Zhang [YZZ20] independently
proved an effective recursion for the Masur—Veech volumes using techniques from integrable
systems, based on the above formula for VY. This allowed them to conjecture the large genus
asymptotics of Masur—Veech volumes and Siegel-Veech constants, later proved by Aggarwal

[Agg20].

9.2 — ANOTHER TOPOLOGICAL RECURSION FOR MASUR—VEECH
VOLUMES

In the previous section, we saw how Masur—Veech volumes are expressed in terms of intersec-
tion theory of the Segre class of the quadratic Hodge bundle. In this section, we prove that
their intersection theory is computed by topological recursion on the spectral curve on P!
given by

x(z) =log(z) -z, y(z)=2% B(z1,22) = M@Q. (9.2.1)
(z1 - 22)

Notice that the above spectral curve differ from the one in [CMS+19] by a minus sign in front
of the logarithm, and agrees with the analysis of [LPSZ17]. However, we emphasize that there
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9. An intersection theoretic approach

is no contradiction in this: the two spectral curves store the same intersection numbers, and
the only difference is in the multidifferentials multiplying them. In order to give a complete
overview of this fact, we consider the more general case of the Chern polynomial of the derived
pushforward —R*n. L on the moduli space M;; of twisted spin curves (cf. Subsection 2.2.2),

for which we compute the associated spectral curve.

9.2.1 — TOPOLOGICAL RECURSION FOR THE CHIODO POLYNOMIALS
Fix a positive integer r, and integers s, a1, . . ., a, satisfying the modular constraint
n
Z a; =s5(2g—-2+n) (modr). (9.2.2)

i=1

. .. . el . . .
Recall from Subsection 2.2.2 the definition of the moduli space™ M, of twisted spin curves: it
parametrises stable curves (C,x1, ..., x,, L) of genus g with n marked points and a line bundle

L — C satisfying L®" = w® (- }; a;x;). It has a universal curve and a universal line bundle
log i

—r,s —r,s —r,s

m:Cyly = My L—-Cyq (9-2.3)

N

. . - rwi
and it comes with a forgetful map e: M, — M, ,.

DEFINITION 9.2.1. Define the Chiodo polynomial as

C;”Z(al, coanyT) = 6c(—R°m.L;T) € H'(/Vg,n)[r], (9.2.4)
where
c(—E®;7) = exp Z(—T)d(d —1)!chg(E®)]. (9.2.5)
d>1

Here R*n, L is the derived pushforward of £, and ¢(-;7) is its Chern polynomial.

The aim of this section is to prove, thorough the Eynard—-DOSS correspondence, that the
intersection theory of the Chiodo polynomial C;, (a; 7) is computed by the spectral curve on
P! given by

dz1dzo

—(Z1 )2 (9.2.6)

x(z) =tlog(z) - 7', y(z) = 2%, B(z1,z2) =

for t = 71 € C*. These computations generalises those in [SSZ15; LPSZ17], where only ¢ = 1
was considered, and those in [CMS+19, Appendix A], where only r = 1 was considered.

We first choose an arbitrary determination of the logarithm whose branchcut is away from
the ramification points, and we point out that the choice will not affect our discussion. The
same holds for choices of an r-th root and a square-root of 7. The ramification points of the
spectral curve are given by

- t i
ain’<;) , whereJ:eQT,izo,l,...,r—l, (9.2.7)

IContrary to Subsection 2.2.2, here we use the notation s instead of k to avoid confusion with indices.
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III. Enumeration of multicurves and quadratic differentials

Let us choose c[k] = \/;27 forallk =0,...,r—1landc = g(f)_%_l, so that we have local
coordinates ,
2(z
x(z) = —42—5) +x(a;). (9.2.8)

We choose the following local expansion for z in the local coordinate ¢;:

z=a;+ %&(z) +0(£(2)), (9-2.9)

which in turn determines the local expansion of y as

. sa; )
y(2) = al + —{i(2) + 0(47(2)). (9.2.10)
\tr
With this choice, A’ = s\f and ¢ = < in the notations of Subsection 2.3.1. Moreover, the

underlying topological field theory on V C<eo,...,er—1) 1s given by

r—1 JlS‘ JiS\ —(2g-2+n)
n(ei,ej) =0; j, t_ Ty n(e;, ® - -®e;) =0, in(t_) .
i=0 r

(9.2.11)
Let us compute now the other ingredients for the Eynard-DOSS formula. In the following
lemma, the translation is expressed in terms of the associated T (cf. Equation (2.3.30)).

LEMMA 9.2.2. Fort ¢ R_, the auxiliary functions, R-matrix and translation associated to the
spectral curve (9.2.6) are given by

£(z) = Vir a,l—z (9.2.12)
R_l(u)j =- ZJk(j_i) exp|— i —BmH(%) (=u)™ (9.2.13)
Iy ot P £ m(m+ 1)t ’ 9213

S _ - Bm+1(%) m
T'(u) = n; W(‘”) , (9-2.14)

fori,j=0,...,r =1

Proof. For the auxiliary functions, we simply have

i _ ¢ B(é/l(w)’)
¢ = / déi(w)

_a /Z dz _a; 1
weai NtrJ (ai=2? Nrai-z

For the R-matrix, inserting the expression for &' in the definition of R and integrating by parts,

we get
R ()] = —\/i / dg'(¢)e” %

e —5 &} i de;.

r V2rtu ./[R 1— Z((J
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Cu

/b
Figure 9.1: The Hankel contour.

We perform now the change of variable ¢; +— w determined by z = J f'(%)%, so that

& ay="_"."t 1 (w)

~L=x-x(aj)=—~-— ogl—),

2r / ror s t

and differentiating both sides we get {d{ = (1 - %)dw. Note also that w runs along the Hankel
contour Cyy when ¢; runs from —oo to +co (see Figure 9.1 for a representation of the Hankel
contour). As a consequence,

1 / 1
F\2rtu Jog 1 —Jf‘i($)%

ek 7—1 - "
/ ——— ¢ udu.
" N2nrtu Jcy L=J/7t ()

On the other hand, we have the geometric progression formula

r—1 k
-2 :

JkGi- z)( )
1—Ji~ ’( )7 k=0

and the integral expression for the reciprocal of the Gamma function, together with its
asymptotic expansion as v — 0 (valid for | arg(-v™!)| < 7) involving Bernoulli polynomials:

(o)

Z Bm+1(a) l)m ( 21 )
m(m+1) | 9213

( )U +a+i 1 —
ev\/_r =ev / (vw) dw ~ exp
(a—v- o fowe]

Thus, for 7 ¢ R_ we get

I

R_l(u)lf JkG- ’)/ ity " e dw
\/27rt =0
-1 Lk
- / JkG- ’)/ e du rescaling w — uw
k
1r : k(j—i - Bm+1(1__) u\m
~Z) JRU=D oxp Z—r(_) )
réd fo? m(m+1) \1t

We conclude using the property of Bernoulli polynomials B,+1(1—a) = (=1)™*!B,,,1(a). For
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III. Enumeration of multicurves and quadratic differentials

the translation: performing the change of variable ¢; — w, we find

s r t _ﬁ
exp(-T0) = e [ dut@ e
sa; \ 2nu Jr
P [y 2@
= R . m —d .
sa; \ 2mu ‘/RSZ (G)e dg; <
e (w)ﬁ—l’f% _w
= — e udw
V2rtu -/CH t
u u \u-l+y )
— / (—w) e Ydw rescaling w — uw
2t Ch 1

B+ (1_%) u\m
> e (o) )

NES

=e

~ exp

m=1
We conclude again using the aforementioned property of Bernoulli polynomials. m

Notice that the computations for the R-matrix and the translation required the technical
assumption ¢ ¢ R_, that we used in order to apply the asymptotic expansion of the Gamma
function. We can work around it thanks to the following polynomiality result. As we need to
stress the dependence on 7, we momentarily denote by wy ,(z1, .. ., zn; 1) the multidifferentials
associated to the spectral curve (9.2.6), by x(z; 1) = tlog(z)—z", and by dé%+/(z; 1) the differential
forms given by

i) = . dyko Y L A |
dé:kv (Z;t) _d((I—I"Zr d_Z) f (Z7t))7 f (Z;f)— \/Zr(;) m (9216)

We alsoset I =Nx {0,...,r —1}.

LemMa 9.2.3. Consider the expansion of the correlators wg ,(z;t) in the basis of differentials
g
n
wg,n(le -->Zn;t) = Z Fg;(ll ..... a/,,(t) l_ldé‘:ai(zl';l‘). (9217)
al,..., an€l i=1

Then, denoting by C4[7] the space of polynomials with complex coefficients in the variable
of degree < d, we have

—(s_-1 - —
Fg;(u ..... ay (t) € (_t) (r 2)(2g 2+n)C3g—3+n[t 1]- (9218)
Proof. We first claim that
—(s - -1 -1
wg,n(Zl,-‘-,Zn;t) = (-t) (++1)(g 2+n)wg,n((_t) T2l e, (1) anQ_l)-

Indeed, one can simply check that x(z;7) = (—t)x((—t)‘%z; 1) +cand y(z) = (-1)* ((—t)‘%z)s
for some ¢ independent of z, so that

s _1
wo,1(z;1) = (=) M wo 1 ((-1) 7z -1),
1 1
wo,2(21,22:1) = wo,2((=1) "7 21, (=1) "7 295 —1).
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Thanks to the homogeneity property of topological recursion (see Theorem 2.3.6), we obtain
the claim. Notice that the claim holds for n = 0 too (cf. Definition 2.3.7).
On the other hand, by induction on k one can check that

dgt (z30) = (=) 2dgM (=) 7rzi-).

We deduce that, denoting a; = (kj,i;),

...........

— (_t)—(%—%)(Zg—2+n)+Zl'.‘:1 ki—(39—3+n) Fg;aq ..... o (_1)‘

Since Y, k; < 3g — 3+ n, we have the thesis. m|
COROLLARY 9.2.4. The R-matrix and translation formulae of Lemma 9.2.2 hold fort € C*.
Proof. In the notation of the previous lemma, we have that for 7 ¢ R_:

Fya..a,(t) = (%(;)—5—1)29—2”;‘//\4

g.n

n

k.

Qunlen® - @eiin) | v,
Jj=1

where @; = (kj,i;) and Qg , = RTw,, is the CohFT obtained from the data of Equa-
tions (9.2.11), (9.2.13) and (9.2.14). The CohFT is a polynomial in 71, so that the right-hand
side is a polynomial in #~! up to the prefactor (g(f)‘%‘l)%‘%”. Thus, the equality holds for
t e C~. O

Consider now the change of basis on the vector space underlying the cohomological field
theory, from (e, ..., e,—1) to (v1,...,0,):

r—1 Jai r )

Vg = E —e;, e, =t E J v,. (9.2.19)
. tr
i=0 a=1

In the following lemma, the indices of the Kronecker deltas are taken modulo r.
LEMMA 9.2.5. In the basis (v1, . .., v,), the following holds.

* The underlying ropological field theory is given by

1 _
n(va,vp) = t2_r§a+b’ Ty n(Va; ® - ®g,) = (tr)% 2"5a1+---+a,,—s(2g—2+n)- (9.2.20)

Moreover, the unit is given by vy.

® The R-matrix and translation are given by

“1/. N _ o diag,_, (Bm+1(%)) m
R " (u) = exp(— ,,; o (m + Dy (=)™, (9.2.21)
¢ Bm+1(§) m
T(M) = u(l - exp(— mZZI W(—M) ))US. (9.2.22)
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III. Enumeration of multicurves and quadratic differentials

o The auxiliary functions 6 = t Y12} J~“& are given by

., _ ’ 1_% 00 (rm-l—tr—a m (rmrr—a)%(2)
0%(z) =Vt 7 Z — ¢ . (9.2.23)
i m!
Proof. The pairing is given by a simple computation:
1 r—1 1 r—1 1
, — Jai+bj i ) = J(a+b)l - _(5 .
U(Ua Ub) (tr)z i;{) 77(6 e]) (l,r)Q ; th a+b

Similarly for the TFT, the R-matrix elements, and the translation. To conclude, let us compute
the basis of auxiliary functions after the change of variable.

r—1 r=1 ,_ i k a —
L \/; J(a+k)1 ik F\l-4 gr-a

94 _ Jaigl — (_) k _ t(—)
(2) Z(; €)== o) = ;

-r —_L,r’
77" r 1-7%z

In particular, one can compute %= = %%, so that setting @ = r — a we find
t
a M=% t dZ7* Wt d rory =
0% = ‘/;(‘) = — —W(——er ) .
t r—a dx r—adx t

We can now use the expansion of the Lambert function (see [Cor+96, Equation (2.36)] as a
reference)

W(-)\Y < a(m+a)™!
oy Smsar,
m=0 :
to finally get
td S (m+l-2ym=l 0 (ma-g
961 — t—_ —r(_ ?x)
\/_r dx V;) m! te
j_a X (rm+r—a m
— \/;(Z) r Z t e(rm+r—a)x
t i m! '
O

THEOREM 9.2.6. For every t € C*, the CohFT Q4 , = RTw,, coincides with the Chiodo
polynomial:
Qg,n(vm ®--- Uan) = l‘2g_2C;”;:(a1, -5 dn; t_l)- (9.2.25)

Moreover, the correlators wy , are expressed as
wg,n(zla SR Zn) =

n i i r,s L1
— t3g—2+n (1)29—2+n Z (C)b ( (,U7)[,u ]e#iX(Zi)) an(<,u> ) t- ) , (9226)
s t [pi]! Moo i (1= Eru)

........

where b =
(i) for 1 < (i) <.

w and the integers [p;], {u;) are uniquely determined by u; = [p;1r +r —
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Proof. From Lemma 9.2.5 and the definition of R-matrix and translation action, we get the
following formula for Qg ,:

| . (=)™ Byrar (2)
Z Z )mfr,* 1—[ (tr)?90)=2p . eXP(Z WK’"(U))

T€Ggn weW. (a veVr m>1

(=1)" By (2220

1 - oxp (— Sst T B Co ) ()™ - (—w)m))

X (t2r) .
el;[r Yn+n
e=(h,h’)
(=1)"Bps1(5H)
< 1 exp(_z OB ) ).
A;EAr m>1 m(m + 1)tm

if 37 a; = (29—2+n)s (mod r), and zero otherwise. Here W[* (a) is the set of s-weightings
modulo r are simply keeping track of the Kronecker deltas in the TFT and the R-matrix (see
[JPPZ17, Subsection 1.3] for more details). Collecting the powers of r, we get the exponent

|Er|+ ) (29(v) =1) = 29— 1= h'(I),

veVr

and collecting the powers of 7, we find the exponent

21Er|+ ) (29(v) =2) =2 - 2.

vevVr

Comparing it to Chiodo’s formula for the Chern character of R*7. L, we see that the resulting
sum over stable graphs coincides with pushforward of the Chern polynomial ¢(R*x. L; 7),
with 7 = 7! and up to the global factor 12972

For the second part of the theorem, we apply the Eynard-DOSS correspondence of Theo-

rem 2.3.12 to get

wg,n(zle cee Zn) =

_ (ﬁ (5)—5—1)29—2+n .

s \r

n
/ Qv ® - @0a) [ | 3 wlidehe (2.
My

ai,..., an=1 i=1 k; >0

Taking into account that

0%4(2) = (1i)k 6%(2) = w(f)l_%_k i

rdx t

( rm+r—a )m+k
t e(rm+r—a)x(z)

' b

o m!

setting u; = rm; +r — a;, and converting the double sum over (m;, a;) into a unique sum over

i, we find the thesis (see [LPSZ17] for more details on a similar computation). Notice that

b = 2o=2)sHil 5o o integer, thanks to the modular constraint in the definition of the moduli

space of twisted spin curves. O
9.2.2 — SPECIALISATION TO THE SEGRE CLASS OF THE QUADRATIC HODGE BUNDLE

Let us consider the moduli space of quadratic differentials. The previous theorem specialised
tor = 1and s = 2 gives the following result.
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III. Enumeration of multicurves and quadratic differentials

THEOREM 9.2.7. Consider the intersection numbers
n
k.
(SkoTkl"'Tkn>g:/ skon'vbil’ ko+---+k,=39g-3+n, (9.2.27)
Mg,n =1

where s(EP) = 1+ 51+ -+ S3g-3+n 1S the homogeneous decomposition with respect to the
complex degree. They are computed by topological recursion on the spectral curve (9.2.1) as

Wgn (21,7 ,20) = 9~ (29-2+n) Z (SkoThy * 'Tkn>g 1_[ doki (zi), (9.2.28)

ko+---+ky Sg 3+n

where 0% (2) = (52 L)X 122, In particular, the Masur-Veech volumes of the principal strata of

quadratic differentials are computed as

n

23—n 6g—6+2n
1—[ Res

VMV — 1 3g9—3+n
(-1) (6g — 7+ 2n)!

Wy, n(215. .5 20)- (9229)

9.3 — THE EULER CHARACTERISTIC OF THE MODULI SPACE OF CURVE

In this last section, we show an application of Chiodo’s formula to compute the Euler charac-
teristic of the moduli space of curves. Although it has nothing to do with the enumeration of
multicurves, it uses the Chern class of the quadratic Hodge bundle &®) (as opposed to the
Segre class for Masur—Veech volumes).

Firstly, let us recall a generalised Gauss—Bonnet formula, expressing the orbifold Euler char-
acteristic of certain open orbifolds as integrals of the Chern class of the logarithmic cotangent
bundle. A proof of the formula can be found in [CMZ20], and we refer to it for the precise
definitions.

PROPOSITION 9.3.1. Let M be a compact smooth m-dimensional orbifold and D ¢ M be a
normal crossing divisor. Set M = M \ D. Then the orbifold Euler characteristic of M can be
computed as

x(M) = (—l)m'/Mcm(Qzlw(log D)), (9.3.1)
where cm(QL(log D)) is the top Chern class of the logarithmic cotangent bundle.

Let us apply the above proposition to compute the Euler characteristic xg.» of the * (open)

moduli space of curves My, = Mgy, \ 9M,.,. The logarithmic cotangent bundle of M, , is
the quadratic Hodge bundle &®). On the other hand, consider Chiodo’s class with parameter

r=1,s=-land a; =--- =a, = 0. Itis the Chern class of the ( priori virtual) bundle over
Mg n, whose fiber over a curve (C,x1,...,x,) is
Hl(C7 L) _HO(C’L)a L = (a)C,log>_1- (932)

By degree considerations, H(C, L) = 0, while by Serre duality H*(C, L) = H°(C, w&? (Zix)
Thus, we find that

Xon = / Cyrn H(0™). (93-3)

g.n
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Specialising Chiodo’s formula, we get Cgl,’n_l(O") = A(-1) exp(— Xyns1 %Km). This is a simple
consequence of the identity B,,(=1) = By, + (—1)"'m, together with Mumford’s formula for
Hodge classes (cf. Equation (2.2.26) for the Hodge class and Proposition 2.2.19 for Chiodo’s
class). We can convert the evaluation of the above class into a combination of simple Hodge
integrals:

Xg.n = ‘//\/( A(-1) exp(— Z %Km)

g.n m>1

( l
=/ ACD+ § / ACD [ utst.
j=1

g.n £>1  ui,..., He>1 .‘]"*‘f

(9:3-4)

Notice that the sum over £ terminates at £ = 3g — 3 + n, and the sum over y’s is also finite.
Moreover, the summand corresponding to £ = 0 vanishes for degree reasons, unless (g,n) =
(0,3) or (1,1). In these cases,

Joren=foaet e I R CED)

Thus, we find the following intersection-theoretic expression for the Euler characteristic of
the moduli space.

PROPOSITION 9.3.2. The orbifold Euler characteristic of Mgy, is given by
_ 1 (—1 pit+l
Xgn = 09.00m3 = 5700.10m.1+ ) == Z A(-1) ]—[ g - (93.6)
£>1 0 ui,..., ‘u/>1 _/ n+t

Thanks to the above intersection-theoretic expression of the Euler characteristic, together
with an explicit formula for Hodge integrals due to Dubrovin—Yang—Zagier (see [DYZ17,
Section 1.3]), we are able to give a new proof of the Harer-Zagier formula [HZ86].

THEOREM 9.3.3 (Harer—Zagier formula). The orbifold Euler characteristic of Mgy is given by

(-1)"3(n - 3)! g=0,n2>3,

Xgn =1 (= 1)"(" = g=1n>1, (9-3.7)
Bay
(-1)" (2g—3+n)!W212)! g>2,n>0.

Proof. We first write the Euler characteristic as

Xon= Y %mg,n,g, Myne = Z / A(-1) ]_[ e,

>0 L, 1r>1Y Mgnse

with the convention that mg .0 = 64,0003 — 5704.10n,1-

Claim 1. For every (g,n, ) such that2g —2+n > 0 and ¢ > 1, we claim that

Mg nil,0 = f(mg,n,g +(29—-2+n+¢- l)mg,n,g_l).
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III. Enumeration of multicurves and quadratic differentials

Such relation is a consequence of the string and dilaton equations for Hodge integrals [G] Vo1,
Equations (8) and (10)]: applying the string equation, we find

14

+1

Mg n+l,6 = Z / A(—l)l_[l’bgij
J=1

..... £,>1 qn+£’+1
d 1
- Z Z / A( 1)l//n+1 l_l wni]
i=1 pi,..., o1 MJ n+l J#EL
ui+l i+l
¢ Y [ oA 1>ﬂwni, S YRD YR I YEIN § P
ptseeopie 21 ¥ Maune =1 pry it 21 Mot J#i

Notice that, for £ = 1, the last factor vanishes by degree reasons, unless (g, n) = (0,3) or (1,1).
In such cases, we find

/M A=) = /M AC-1) =1, /M ALz = /M A =

Thus, we have

Mg ne1,1 =Mgn1+0g00n3— 50,1001 = Mgn1+ (29 —2+n)mgno

24
with the above convention for mg ,, . For £ > 1, we can safely use the dilaton equation in the
second factor:

4

i+1

Mgmire = € Z Lol
j=1

----- He>1 Mg, n+e
-1 .
+0(29-2+n+(-1) Z / A(_l)l_lw:g;
H1seees Me—1>1 gn+€ 1 j=1
= f(mg,n,t’ + (29 —2+n+{- 1)my’n,[_1),

This proves the first claim.
Claim 2. The Euler characteristic satisfies x4 41 = —(29 — 2 + 1) x4,n. Indeed, Claim 1 implies

(- 1)’f (- 1)"
Xg,n+l = Z — Mg.n+l,6 = Z (mg,n,f + (2.9 -2+n+{- 1)mg,n,€—1)-
£>1 >1

Relabelling the index in the second sum, we obtain

Sy (= 1)"
Xg.,n+l = (5 Mgn,e — (29-2+n+ f)mg,n,t’) =-(29-2+ n)/\/g,w
>1

Claim 3. The Harer—Zagier relation holds true. Indeed, as a consequence of Claim 2, we just
have to compute xo.3, 1.1 and x,.0 for g > 2. Clearly, xo,3 = 1, so that g, = (=1)""3(n - 3)\.
In genus one we compute

1 1
- A(=1)y2 =
Xi1=-g9; -//\/11,2 (= )1/12 I
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Thus, the relation x1,, = (-1)" 5= (" ! Finally, in genus g > 2, we can use the explicit formula
of [DYZ17, Section 1.3], namely

Za 2 J A ”W“” D

£>1 " ui,..., [1[>1

As the left-hand side equals Xg,0 by Proposition 9.3.2, we have the thesis. m

Thanks to the above expression of the Euler characteristic of the moduli space of curve as
Chiodo integrals, we find a new spectral curve computing the Euler characteristic of the
moduli space of curves by specialising Theorem 9.2.6.

PROPOSITION 9.3.4. The topological recursion applied to the spectral curve on Pt given by

_ dz1dz
() =log(@d) -z y@=7"  Blanz) = (9:3:8)
(21— 22)
computes the Euler characteristic of the moduli space of curves as
n
Xgn = (_1)n 1_[ Res (z; — 1)) wg,n(zls s Zn)- (9'3'9)
i=1 9=

Remark 9.3.5. We remark that a compact way to restate the Harer—Zagier formula is via a
generating series

h2g—2+n
X(h) = Z Xg.n 0 (9-3-10)
g>0,n>0 n
2g—2+n>0

Then X(7) is the asymptotic expansion as # — 0 of the function

X(h) ~ log (\/ghh_leh_ll“(l +h—1)). (9.3.11)

See for instance [Pen88; Kong2].

From the works of Norbury [Nor1o; Nor13], it is known that another spectral curve on P!
computes the Euler characteristic of the moduli space of curves:

dz1dzs
(z1 —22)%

The computation of the Euler characteristics is somehow indirect, though. Indeed, the above
spectral curve computes the number of lattice points on the combinatorial moduli space, and
it capture the Euler characteristic of the moduli space as a residue at co. On the other hand,
the spectral curve from the theorem above computes the intersection of the Chern class of the
log tangent bundle to the moduli space and y-classes, so that the Euler characteristic is given
by the top intersection numbers.

x(z) =z+ % y(z) =z, B(z1,22) = (9.3.12)

As noted in the introduction, a similar situation occurs for Masur—Veech volumes: the spectral
curves counting multicurves of bounded hyperbolic and combinatorial length somehow
capture the Masur—Veech volumes, while the spectral curve (9.2.1) computes the intersection
of the Segre class of a compactification of the principal stratum of the moduli space of quadratic
differentials with y-classes, so that the Masur—Veech volumes is given by the top intersection
numbers.
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CHAPTER 10 — PRELIMINARIES ON SPIN HURWITZ
NUMBERS

As explained in Section 2.6, double and single Hurwitz numbers with completed cycles,
enumerating branched covers of P! satisfying given conditions on their ramifications, enjoy
many interesting properties and connections with different areas of mathematics.

1. Through the monodromy representation, they count certain decompositions of the
identity in the symmetric group and can be computed via Burnside’s character formula.

N

. They can be expressed as vacuum expectation values on Fock space, from which one
can deduce (among other things):

2.1. connections with the KP and 2d Toda hierarchies, as well as a cut-and-join equation,

2.1i. chamber polynomiality and wall-crossing formulae for Hurwitz numbers as func-
tions of partitions specifying the ramification profiles over 0 and oo on P

3. They are computed via topological recursion.
4. Through ELSV-type formulae, they are expressed as intersection numbers on M,_,.

5. They compute the stationary sector of the Gromov—Witten theory of P! via the cele-
brated Gromov-Witten/Hurwitz (GW/H) correspondence.

In this last part of the dissertation, we consider a type of Hurwitz numbers called spin Hurwitz
numbers, introduced by Eskin—-Okounkov-Pandharipande in [EOPo8]. The defining feature
of these numbers is the presence of a spin structure (or theta characteristic) on the source, and
the count is weighted by the parity of this theta characteristic. For these type of Hurwitz
numbers, some of the above properties are already known.

1. Through the monodromy representation, they count decompositions of the identity in
the Sergeev group and can be computed via Gunningham’s character formula [Guni6].

2. They can be expressed as certain vacuum expectation values on the neutral Fock space
of [DKMS81; DJKMS2].

The aim of this chapter is to recall the above facts, and in particular give a precise definition of
spin completed cycles, already appearing in some form in [MMN20] (cf. Definition 2.6.6 for
the non-spin version) and their connection with the neutral Fock space. It contains almost
no new results, but it collects various facts scattered in literature in a way that facilitates the
development of Chapters 11 and 12, where we are going to obtain the following results.

2”. Introduce a spin version of the Okounkov-Pandharipande operators, to deduce:

2.1. a generating series expression for the spin cut-and-join operators (the connections
with the BKP hierarchy of the Kyoto school and existence of a spin cut-and-join
equation was already known from [Leerg; MMN20; MMNO:20]).
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IV. Spin Hurwitz theory

2.ii. chamber polynomiality and wall-crossing formulae for spin Hurwitz as functions
of partitions specifying the ramification profiles over 0 and co on P!,

3. Conjecture a spectral curve computing spin Hurwitz numbers via topological recursion,
now proved by Alexandrov-Shadrin [AS21].

4. Prove that topological recursion on this spectral curve is equivalent to an ELSV-type
formula involving Chiodo classes and Witten 2-spin class.

10.0.1 — RELATION WITH OTHER WORKS AND OPEN QUESTIONS

As already mentioned, spin Hurwitz covers were introduced in [EOPo8]. The main motivation
was the connection with the Masur—Veech volumes of the corresponding strata of holomorphic
differentials [EOo1; KZo3]. The completed cycle version of these numbers were indirectly
considered in [MMN2o0], and we give here a definition that is parallel to the non-spin version.

Another important feature of spin Hurwitz numbers is the conjectural connection with the
Gromov-Witten theory of Kihler surfaces [LPo7; MPo8]. More precisely, let X be a Kdhler
surface with a smooth canonical divisor D, so that each component of D with its nomal bundle
N is a spin curve. Under certain assumptions, the Gromov—Witten invariants of X can be
expressed in terms of “local” Gromov—Witten invariants of the (irreducible components of
the) spin curve (D, N):

GWyn(X,B) = Z Gngo,f,(Di,Ni,ﬁi), (10.0.1)

We remark, however, that an explicit algebraic construction of a Gromov—Witten theory of
spin curves does not exist yet. Assuming the foundational issues will be solved, one expects
such a theory to be related to spin Hurwitz numbers via a spin analogue of the GW/H
correspondence. The base cases of this correspondence have been proved for degree 1 and 2,
and conjectured for d > 3 [LP13].

GW theory of GW theory of || GW/H | Spin Hurwitz

Kihler surfaces spin curves ? theory

QUESTION 10.A. Properly formulate a Gromov—Witten theory of spin curves, and prove the
spin Gromov—Witten correspondence.

An easier version of the above question is to formulate a Gromov—-Witten theory of (P!, O(-1)).
As the original ELSV formula represents a key ingredient of Okounkov—Pandharipande’s
approach to the GW/H correspondence on P!, we hope that the result of Chapter 12 would
contribute towards a spin version of this correspondence.

10.0.2 — (ORGANISATION OF THE CHAPTER

The chapter is organised as follows.

* In Section 10.1 we review the theory of spin-symmetric groups, and their relations with
the Sergeev algebra and strict/odd partitions.
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e In Section 10.2 we recall some basic facts about the neutral fermion formalism, and
explain its connection with supersymmetric functions and the BKP hierarchy.

* To conclude, in Section 10.3 we review the definition of spin Hurwitz numbers, recall
Gunningham’s character formula, and define spin Hurwitz numbers with completed
cycles.

10.1 — SPIN REPRESENTATIONS

In order to fix the notation, consider the following presentation of the symmetric group:
Sy = <0'1, e Od-1 |a'l-2 =1, (0y0041)° =1, (0',~0'j)2 =1 for |i—j | > 1). (ro.1.1)

DEFINITION 10.1.1. The spin-symmetric group of order d is the (unique) non-trivial central
extension of S : B
1>7/27 - G5 — S5 — 1. (1o.1.2)

Explicitly, it can be presented as follows:
éd = (sl, .. .,sd_l,e|e2 =1, s? =€, (5;5141)° = €, (s,~s_,~)2 = € for fi —J | > 1> ,  (10.1.3)

and the map S, — Gy is given by s; > 0y, € > 1. It has a natural Z/27 grading given by
deg(e) = 0 and deg(s;) = 1. The representations of S, that do not factor through &, are
called spin representations.

LEMMA 10.1.2. Spin representations are exactly the representations of the twisted group algebra
Sy =C[G4]/(e+1), (10.1.4)
where € is the added central element. It inherits a Z |27 grading, and hence is a superalgebra.

For many explicit computations, it is easier not to work with the twisted symmetric group
algebra, but with the Sergeev algebra, which we now introduce.

DEFINITION 10.1.3. Let D be a set of 2d elements and ¢ a fixed-point free involution on D. We
define the hyperoctahedral group $q of order d to be the centraliser in Sy4 of ¢. The Sergeev
group of order d is the (unique) non-trivial central extension of $g:

15 Z/2Z = $4 — Hq — 1. (10.1.5)

It has a natural Z/2Z grading, with the added central element € of degree 0.

Remark 10.1.4. Alternatively, one can realise the hyperoctahedral group and the Sergeev
group as N
Hq = Gy = (Z/22), Ha = Gy = Cly. (10.1.6)

Here €1, is the Clifford group (the unique non-trivial central extension of (Z/2Z)?), and &,
acts on (Z/2Z)? and €1, by permuting factors. The Clifford group is explicitly presented as

Cly = <§1""9§d’6|§i2 =€ = 1, &iéj = €€éi fori # j>. (10.1.7)
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DEFINITION 10.1.5. The Sergeev algebra is the twisted group algebra of the Sergeev group:

Hy=C[Sal/ (e + 1), (10.1.8)
where € is the added central element. It inherits a Z/2Z grading, and hence is a superalgebra.

The link between the representation theory of S; and that of H, is realised through the
Clifford algebra, i.e. the twisted group algebra of the Clifford group

Cly = C[€ly]/(e+1). (10.1.9)
It coincided with the Clifford algebra from Example 2.5.2.
THEOREM 10.1.6 ([Yamgg, Theorem 3.2]). There is an isomorphism of superalgebras
SyCly = Hy. (10.1.10)

In particular, there is a bijection between simple supermodules for Sy and simple supermodules
for Hy, given by tensoring with the unique simple supermodule C( 4 for Cl 4.

The classification of simple supermodules for Sz and H,; had both been done before, respec-
tively by Schur [Schi1] and by Sergeev [Ser84], recast in the language of superalgebras by
Jozefiak [J6289; J6z90]. To give it, we will need some preliminary definitions.

DEFINTTION 10.1.7. A partition is odd if all its parts are odd and strict if all its parts are
distinct. We write OP 4, and SP, for, respectively, the set of odd partitions and the set of
strict partitions of d. Also write OP = J 590 OP4 and SP = U 59 SP4 for the sets of all odd
and strict partitions (including the empty partition 0).

By a classical result of Euler, the set of odd partitions and the set of strict partitions of d are of
equal size: |OP4| =|SPal.

ProrosiTiON 10.1.8 ([Ser84]).
* There is a bijection between SP 4 and irreducible supermodules Vy of Hy.

o Let u € OP,. The conjugacy class O, in $q of a permutation of cycle type u has
cardinality |O,| = 2““’”%. Moreover, the elements

C, = Z n e Hy (ro.1.11)

776@#
orms a linear basis of Zy, the even part of the centre of Hy. We call C,, the spin conjuga
p u 4 jugacy
class element of type p, and Z4 the spin class algebra.

Asa consequence, we can talk about characters ya(u) of irreducible supermodules V, evaluated
at au, with u € OP,4 and 1 € SP,.

The basic correspondence between the representation theory of the symmetric group and its
spin counterpart are summarised in the table below.

Ordinary Spin
Main algebra ClG4] Cl%al/(e+1)
Class algebra Za Za
Index set class algebra Py OP,
Index set irreps Pa SPa
Characters xa(p) Xa(p)
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10.2 — NEUTRAL FERMION FORMALISM

As explained in Subsection 2.5.1, the Fock space is the highest weight module of a certain
infinite-dimensional Clifford algebra. Moreover, it can be realised as the space of semi-infinite
wedges, or alternatively as the space of Maya diagrams. In the spin case, a Fock space can
still be defined as the highest weight module of another infinite-dimensional Clifford algebra,
or alternatively as the space of half-line Maya diagrams (cf. [FWZo9]), although there is no
description in terms of wedges. As the non-spin and spin theories are related to A- and B-type
Dynkin diagrams respectively, we also refer to them by these letters. The material of this
section follows the exposition from [DKMS81; DJKMS82; You89; Ale21].

DerFINITION 10.2.1. Let 8 be the infinite-dimensional complex vector space with basis ¢y
for k € Z integers. Consider the bilinear form

(-Dk
2

(DK, 1) =

Oktls (10.2.1)

and define the space of neutral fermions as B = CL(VB, (-,-)). It has a Z/2Z grading B, & B,
with 8,, spanned by products of m elements with m = p (mod 2). Moreover, it has canonical
anticommutation relations (CAR) given by

{$r 1} = (1) Skut. (10.2.2)

DEFINITION 10.2.2. Consider the subspace L8 of /8 generated by ¢ for k < 0, which is
maximal isotropic for (V5, (-,-)). Define the (fermionic) Fock space of type B as the unique
graded highest-weight left module of B:

&8 =8/(8-LP). (ro0.2.3)

We write |0) for the class of 1, also called the vacuum state, and |1) = V2¢q |0). The space F5
inherits the Z/2Z grading: §% = & ® %, and |p) € ‘&5.

With the dual construction, (i.e. considering the unique graded highest-weight right module)
we define the dual Fock space §&* and the covectors (0| and (1|. In particular, we have a
pairing & x F& — C denoted by

(wlny = (@l n)). (10.2.4)

Moreover, for any O € B we can define its vacuum expectation value (O) as (0|0|0). Since
the (right) action of 8 on the dual Fock space is the adjoint of the (left) action on the Fock
space, there is no ambiguity in the notation.

LEMMA 10.2.3.

1. The vacunm expectation values of quadratic expressions in the ¢’s are

if 1 >0,

if1=0, (10.2.5)
ifl <0.

(prdr) = (=D 6kqull]l,  ull] =

O = =
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2. For A € SP, define |A) = dpa, -+ b, |P(D)), where
p(l) =£(1) (mod 2) (10.2.6)
is the parity of . Then {|A) | A € SP } form a basis of FE.

We can now define an infinite dimensional Lie algebra acting on &?. Recall from Defini-
tion 2.5.10 the bi-infinite general linear algebra gl(co) spanned by band matrices (am n)m.nez-
It has a basis { Ex; | k,1 € Z} such that (Ex.1)m.n = 6k.mO1.n-

DEFINITION 10.2.4. Consider the involution ¢: Ex; + (=1)**'E_; _, and define the bi-
infinite orthogonal linear algebra

g0(c0) = { g € gl(c0) | g =-g}. (10.2.7)

It has a standard basis given by { E7, = (-D)'Ex;— (-D*E_; }ypoe and commutation
relations

[Efj’Elﬁl] = (_1)j6.i,kEfl - (_1)i5i,1E1€j + (_1)j5j+lE£_i - (—1)i55+kE£3j’l. (IO.2.8)

PROPOSITION 10.2.5. There is a representation of the central extension go(co) = go(eo) & C ro
the space of neutral fermions B, defined on the central factor by 1 — 1 and on go(co) by

Elﬁl — Elf,z =913, (10.2.9)

where :p;p;:= ¢idp; — (Pid;) is the normal ordered product. Moreover, the following parity
relation holds
E,ﬁl = —Efl’_k, (10.2.10)

and the commutation relation between basis elements is given by

EP

o Bl = U650 E) = (<161 EL ; + (=16 EL ;= (<1) 61 EZ

ey
Ho)™ (51""5‘31 - 6j+16i+k) (u[j] - u[i]). (r0-2.11)

Remark 10.2.6. In [GKL21], we used a different choice of basis elements, namely Fy; =
(-1)k :¢x¢;:. Here we changed the convention, following [DKM81; DJKMS82; Ale21]. More-
over, with this convention most of the formulae are completely parallel to the A setting of
Subsection 2.5.1. See also the table at the end of this section.

EXAMPLE 10.2.7. Examples of elements in go(oo) are given as follows. They are the B-type
analogue of the operators ¥, and J,, acting on the Fock space & of A-type. The main difference,
as often in this chapter, is the introduction of signs and factors of 2.

e For any positive odd integer m € Z944, we have the diagonal operators
1 .
B kympB
T =5 DUDRRER,,
keZ

called (fermionic) completed cut-and-join operators of type B. They can be defined for
even m, but they would vanish due to the parity relation (10.2.10).
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e For any odd integer n € Z°4, we have the elements

1 .
B _ § k B
Jn - 5 (_1) Ek—n,k’
keZ

also called currents of type B. Again, they can be defined for even m, but they would
vanish. They form an Heisenberg subalgebra of go(w), i.e. they satisfy the canonical
commutation relation (CCR):

m
[JB JB] = —Om+n-

m>vn 2

We also define the generating series J5(t) = 3 _odd 1, ], that will play an important

role in the neutral boson-fermion correspondence.

* In the next section, we will introduce for the first time the B-analogue of the Okounkov—
Pandharipande operators.

As explained in [Ale21] one can introduce the B-analogue of the (big cell of the) Sato Grass-
mannian, also called orthogonal Sato Grassmannian. In this case, the Pliicker relations can be
expressed in terms of the generating series of neutral fermions

#(z) = Z ¢kzk (10.2.12)

keZ

as the following quadratic relations for elements of PFZ:

12:{:%3 #(2) |w) ® ¢p(—2) |w) % =0. (10.2.13)
See [DJKMS82; Ale21] for further details.

10.2.1 — SUPERSYMMETRIC FUNCTIONS AND NEUTRAL BOSON-FERMION
CORRESPONDENCE

The bosonic counterpart of the fermionic Fock space of type B is given by the algebra of
supersymmetric functions, that we now introduce.

DEFINITION 10.2.8. Define the algebra of supersymmetric functions (or bosonic Fock space of
type B), denoted by T, as the free algebra on the odd power-sum symmetric functions:

I'=Clp1,p3,...]. (10.2.14)

Another important basis is the one consisting of Q-Schur functions (see [McD9g8, Section I11.8]).
They are indexed by strict partitions, and the following lemma expresses the duality between Q-

Schur and odd power-sum symmetric functions. For an odd partition y, define p,, = ]_[f:('f 'p i

LEMMA 10.2.9. The change of basis from Q-Schur functions to odd power-sum symmetric
functions is grven by the irreducible characters of the Sergeev group:

0, = 2L@/2] Z Mp,u’ Pu= Z ﬂQﬂ. (10.2.15)

¢ £(2)/2
ey 3 ase 20 (p)+1E() /2]

Here 3, = Hf:(f) Wi [Tnso {i | i = m}|! is the order of the centraliser of an element of cycle

type w in the symmetric group.
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As in the charged case, we can now relate the fermionic and bosonic Fock spaces of type B.

THEOREM 10.2.10 (Neutral boson-fermion correspondence). Let t,, = £~ The map

B B
oB FF TP -1, o) 0le! Plw) +(1e’” P w) ¢ (10.2.16)
is an isomorphism, called the neutral boson-fermion correspondence. Moreover, the action of

the currents is given by

B .
B (J,Il9 lw)) = {at"o— () ifn>0, ne z°4, (10.2.17)

—21_n0B(lw)) ifn<0,
and that of the neutral fermions by

-k
<
B (4(2) |w)) :%exp Z 2t |exp| -2 Z Tatk B (|w)). (10.2.18)
kez9dd kez9dd

Via the boson-fermion correspondence, one can compute the action of the completed cut-and-
join operators and that of currents on the fermionic Fock space as follows.

PROPOSITION 10.2.11.

* For any strict partition A and odd integer m, the action of the completed cut-and-join
operator F,B of type B is given by

Fe |0) = pm () |2), (10.2.19)

where p is the usual symmetric power-sum of odd index.

e For an odd partition y, set J$, =J2, ---J2, . Then
VADENSY ) JBy = AW g )
H op () /2+€ () ’ M 2P () /2+€ () ’
AeSP(|ul)

Here p(Q) is the parity of A, defined by Equation (10.2.6).

Again, one can translate the quadratic relations satisfied by elements in the big cell of the
orthogonal Sato Grassmannian into an infinite collection of non-linear PDEs, known as the
BKP hierarchy. The first equation of the hierarchy, the BKP equation, reads

(Dg B 5D§1Dt3 - 5Dt23 +9Dy, D) [r, 7] = 0. (10.2.21)
Moreover, one can consider a B-type analogue of the Toda hierarchy, known as the 2-BKP

hierarchy. We refer to [DKMS81; DJKMS82; You89] for further readings, and to [Alez21] for a
modern account.

A short comparison between the A- and B-type theories is given in the following table.
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A type B type
Index set 7' =7+3 Z
Vector space VA =P,z (Cys @ Cyl) VP = Diez Cor
Inner product W) = 25 W s) = Wl ud) =0 (Br, ¢1) = (~1)k 25
Isotropic subspace LA=P, (Cys @ Cyly) L% =D, Coi

Clifford algebra
CAR

Fermionic Fock space
Basis of &

Lie algebras

Currents

CCR
Bosonic Fock space

B-F correspondence

Fermionic C‘n’] operators

Integrable hierarchy

A=ClWVA, ()
Wropd} =6res WL 0d} = {Wrys} =0
= A/ (ALY 5 F
) =a, - Y, 10) (1 €P)
gl(c0), gl(c0)
I =Ssez Elyy (me2)
JA®R) = ez, SR ta
[Jins Jit] = M pmin
A=Clt,t2,13,...]
oA FE S A, w) e (0l B w)
Fn = Dgezr S"ER,  (m € Zy)
Ft ) = pm(2) 1) (1€ P)
KP and 2d Toda lattice

B=Cl(VE, ()
{x> d1} = (=1) 6k
¥ =8/(8- L8> Fp
) = ba, -+ Bay IP(D) (A € SP)
g0(00), §o(0)
I =3 Sk CDYER, o (m e Z°%)
JP(t) = 5, cz0 I tn
[Tms IR = 5 6min
I'=ClJt,13,15,...]
oB: g T, |w) - (0le’" B w)
Fow = 5 Zkez (CDMKMEL, (m € Z3%)
F 1) = pm(D)|2) (1€ SP)
BKP and 2-BKP

slhoqunu Zirmanpy HFdS uo SQ?.IBUELUHQ.I('[ ‘01
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10.3 — INTRODUCTION TO SPIN HURWITZ NUMBERS

Spin Hurwitz numbers are weighted counts of covers of a curve equipped with a spin structure
or theta characteristic, where the weight includes a sign taking into account the parity of the
spin structure [EOPo8]. This is captured in the following definitions. For more background
on spin Hurwitz numbers in relation to integrable hierarchies and supersymmetric functions,

see also [Lee19; MMN20; MMNO2o0].

DEFINITION 10.3.1. A spin structure or theta characteristic on a curve C is a line bundle ¢ — C
such that 9%2 = wc. A spin curve is a pair (C,9) of a curve C with a spin structure ¢ on it.
Define the parity of a spin structure ¢ — C as

p(9) = h°(C,9¥) (mod 2). (10.3.1)
Thus, we can talk about even and odd theta characteristics on C.

The parity is a deformation invariant of (C, 9), a fact proved for smooth curves by Riemann in
the language of theta functions, or more abstractly by Mumford [Mum71] in the algebraic and
Atiyah [Ati71] in the analytic settings. Mumford’s proof was extended to nodal spin curves
by Cornalba [Cor89, Section 6]. The same authors also proved that, for a genus g curve, there
are 2971(29 + 1) even theta characteristics and 2971 (29 — 1) odd ones.

Spin structures can be pulled back along branched covers, as long as all ramifications are odd:
in that case the ramification divisor is even.

DEFINITION 10.3.2. Let (B, #) be a spin curve and f: C — B a branched cover with only odd

ramifications. Denote by Ry its ramification divisor. Then the twisted pullback of 9 along f is
defined as

Nyg = "9 ® O(3Ry). (10.3.2)
It 1s a spin structure on C.

In this dissertation, we will focus on ramified covers of the spin curve (P!, O(-1)), counted
with respect to the parity of the twisted pullback.

DEFINITION 10.3.3. Let p1, ..., px be distinct points on P!, and p?, ..., u* odd partitions of
d > 0. Define the spin Hurwitz number as

91 ky _ (=DMro-y
Hd(ﬂ,-..,u)—%;m, (10.3.3)

where the sum runs over all isomorphism classes of Hurwitz covers f: C — P! of degree d
and ramification data u!, ..., u*. As usual, when dealing with disconnected covers, we add a
superscript e.

In the spin setting, the analogue of the Burnside character formula is expressed in terms of char-
acters of the Sergeev group. In this form, it was proved by Eskin-Okounkov-Pandharipande
[EOPo8, Theorem 2], and later generalised by Gunningham [Gun16] to arbitrary covers of a
spin curve (B, ). Following [Lee19], we will refer to it as Gunningham’s formula.
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THEOREM 10.3.4 (Gunningham character formula [Gun16]). Disconnected spin Hurwitz
numbers are given by

H:i’ﬂ(,ul, o ,'le) _ QZi(t’(ulgfd)*%l Z ( dlm(/l) ) 1—[ f'u (/1) (1034)

(D2
AeSP4 2p d!

Here f,,() = |O,,| Cﬁfn(f%, where O, is the conjugacy class in $a of a permutation of cycle type
W, xu(A) are the irreducible characters of the Sergeev group, and dim(Q) s the dimension of
the irreducible representation of the Sergeev group labeled by A.

As in the case of ordinary Hurwitz numbers, the character formula suggests to replace the
functions f,, (1) with power-sums, so to get an expression of the corresponding Hurwitz
numbers as vacuum expectation values in the neutral Fock space. In particular, one can extend
the definition of f, as function on the set SP of all strict partitions (cf. Section 2.6), and
consider the map

b @Zd — CS%, (/~’ﬂ — fu. (10.3.5)

d>0

DEFINITION 10.3.5. For u € OP 4, define the spin completed conjugacy class elements as

d —~
EB Zm. (10.3.6)
m=0

For pu = (d) with d odd, we call the associated element (d) = C (a) spin completed cycle.

_ L=y
Hi Mi

We can now define the spin analogue of double and simple Hurwitz numbers with completed
cycles through Gunningham’s character formula.

DEFINTTION 10.3.6. Let i, v be odd partitions of d, r a positive even integer. Define the
disconnected spin double Hurwitz numbers with (r + 1)-completed cycles as

A A N
h;;lz _ | U.t('u)ll]! ut(V)lH:i,ﬂ (,U, ((I" + 1))b7 V)
Aut(u)| |Aut o dim(2 (A (10.3.7)
| (u)lljl M y1-g-24 Z (2pu)(/231') e )(p 1( )) £.00).

The value b is determined by the Riemann-Hurwitz formula: rb = 2g — 2 + () + £(v).
Similarly, define the spin single Hurwitz numbers with (r + 1)-completed cycles as

. |[Aut(u)] ——\b
hg;:;" = THd’ﬂ (,u, ((r+1)) )

Aut dim(2 a(a (10.3.8)
- ) (Iu)|21 o Z (2p<a)(/2311) Ju(A )(pri(l)) ’

Again, the value b is determined by the Riemann-Hurwitz formula: rb = 29 — 2 + {(p) + d.

Remark 10.3.7. As stated in Remark 2.6.8, certain papers (e.g. [MSS13; SSZ15; Bor+21;
KLPS19; DKPS19]) on the non-spin version of these numbers use the term r-spin Hur-
witz numbers for what would be called (r + 1)-completed cycles Hurwitz numbers here, to
emphasise the relation to r-spin structures on the moduli spaces of curves.
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IV. Spin Hurwitz theory

Combining the definition of spin Hurwitz numbers with completed cycles and the action
of the operators 7%, JB (cf. Proposition 10.2.11), we obtain the following expression for
spin Hurwitz numbers in terms of vacuum expectation values. The case r = 2 can be found in

[Leerg, Equation (3.10)], and the case r > 2 can be deduced from [MMN20; MMNO:20].

THEOREM 10.3.8. The disconnected spin double and single Hurwitz numbers with (r + 1)-
completed cycles can be expressed as the following vacuum expectation values on the Fock space

of type B:

R N

) Hizl Hi r+l Hjil) Vj

BB
! Hi:lil wi\r+1 d!

These formulae will be the starting point to study spin Hurwitz numbers in the following
chapters.
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CHAPTER 1T — QON SPIN DOUBLE HURWITZ NUMBERS
WITH COMPLETED CYCLES

In the non-spin case, double Hurwitz numbers with completed cycles satisfy several properties,
such as an evolution equation via explicit bosonic cut-and-join operators, chamber polynomi-
ality with an explicit expression within each chamber, and they exhibit explicit wall-crossing
formulae. The crucial tool in the proof of such properties is the Okounkov-Pandharipande
algebra.

The goal of this chapter is two-fold. Firstly, we develop the B-type analogue of the Okounkov-
Pandharipande operators.

THEOREM 11.A (B-Okounkov-Pandharipande operators). The operators
1 o Sn
EB(z) = 5 Z (—1)ke(k_5)zE,f_n,k + T coth(%), (r1.0.1)
keZ
acting on the Fock space of type B, satisfy the following commutation relation:

="

5 s(det[ F1)EB , (z—w). (11.0.2)

(850, 8 ()] = Ss(detl % 518D, (e +w)+

Here ¢(z) = 2sinh(%).

Since EB(z) specialises to the fermionic completed cut-and-join in the expansion around z = 0,
we were able to express the bosonic version of the latter in terms of an explicit generating
series.

THEOREM 11.B (Spin cut-and-join equation). Define the bosonic completed cut-and-join
operators of type B as the operators corresponding to the fermionic completed cut-and-join
operator of type B via the boson-fermion correspondence:

s(Fm B _B B
o (7 |w)) =W, o (|w)), forall |w) € Fy. (11.0.3)

Then the partition function of spin double Hurwitz numbers with (r + 1)-completed cycles
Z"%(B; p, q) satisfies the cut-and-join equation

apz"? =wB 7z, (11.0.4)

r+l
and the cut-and-join operators can be effectively computed via an explicit generating series.

We remark that the spin cut-and-join equation was already proved in [MMN20]. Our contri-
bution is an explicit generating series for W2 (Proposition 11.1.6 in the main text).

In the second part of the chapter, we employ the relation between the operators E5(z), the
fermion cut-and-join operators F,Z, and the currents JZ to study chamber properties of spin
double Hurwitz numbers. The following theorem summarises (without details) the results of
Theorems 11.2.6, 11.2.10 and 11.2.19.
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IV. Spin Hurwitz theory

THEOREM 11.C (Chamber properties). Consider the space

Ft(m,n) = { (u,v) € OP x OP 5('””)1:”" t(v) =n,}

I1.0.
i=1 i = ZT:l Vj ( )

which has a chamber structure defined by walls Wy j = { (u,v) € H(m,n) | Ticy i = Xjes Vi }

for I c [m], J c [n]. Then spin double Hurwitz numbers hiyp, ,, considered as functions of
(1, v) € #H(m,n), satisfy the following properties.

o Within each chamber, h;;’g’v is computed by an explicit generating series.

o Within each chamber, h;;;iv is a polynomial in (u,v) with a specific homogeneous decom-
position.

® The difference between values of h;;g’v on neighbouring chambers is computed by an
explicit generating series.

11.0.1 — RELATION WITH PREVIOUS WORKS AND OPEN QUESTIONS

In the non-spin setting, Bloch-Okounkov defined in [BOoo] an algebra that interpolates
between the fermionic cut-and-join operators and the currents, later packed into generating
functions by Okounkov-Pandharipande in [OPo6] (cf. Equation (2.5.22)). Here we adapted
their definitions to the spin case.

As of the chamber polynomiality of double Hurwitz numbers, it was originally conjectured
for simple Hurwitz numbers by Goulden—Jackson—Vakil [G]Vos], later proved by Johnson
[Johrs] and generalised to the completed cycle case by Shadrin-Spitz—Zvonkine [SSZ12]. In
fact, once the relations between the various concepts and constructions are in place, the proofs
of our results are simple adaptations of the arguments of Shadrin-Spitz—Zvonkine.

On the integrability side, Lee [Leerg, Theorem 1.1] has found that a generating series for
3-completed spin double Hurwitz numbers squares to the generating series of 3-completed
non-spin double Hurwitz numbers after a proper tuning of the weights. A natural question
would be whether this generalises to higher r.

QUuEsSTION 11.D. For every even r, find (and justify) the right linear combination of fermionic
completed cut-and-join operators of type A and B of lower order, i.e.

A § A B E A
‘7 = ar+1,s7—;+1, g = br+1,57—;+1’ (11'0'6)
0<s<r+1 0<s<r+1
s odd

such that the associated 2d Toda and 2-BKP tan functions

A= <le(t+)e§Ae—Jf‘(t,)> ’ B — <eJ§(t+)egBe_JP(t,)> (11.0.7)

satisfy (t8)% = v4,,,_,. Lee’s result for (r + 1) = 3 corresponds to (a3 3,as2,as1) = (%, 3. 13)

and (bz3,b31) = (3, 2).

B)Q

Note that in general, any BKP tau function squares to a KP tau function (see for instance
[You89, Proposition 1]). The content of Lee’s result is that both of these tau functions have a
geometric interpretation in terms of spin and ordinary Hurwitz numbers.
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11. On spin double Hurwitz numbers with completed cycles

11.0.2 — ORGANISATION OF THE CHAPTER
The chapter is organised as follows.

* In Section 11.1 we introduce the B-Okounkov—Pandharipande operators, and prove
some of their basic properties. We also introduce the bosonic cut-and-join operators,
and express their generating series.

e Section 11.2 is devoted to the study of spin double Hurwitz numbers, in particular their
chamber and wall-crossing structure.

11.1 — B-OKOUNKOV-PANDHARIPANDE AND CUT-AND-JOIN
OPERATORS

In the neutral boson-fermion correspondence, Theorem 10.2.10, we translate the action of
the neutral fermions ¢, into the action of a certain operator on the bosonic Fock space. A
similar statement holds for quadratic terms in the ¢’s, i.e. elements of the Lie algebra go().
To express the correspondence, we introduce the generating series

:p(2)p(w):= Z prde: 2wl (rr.1.1)

k,teZ

THEOREM 11.1.1 ((DKMS81]). Under the boson-fermion correspondence, the normal ordered
products of neutral fermions act as

B (:p(2)p(w):|w)) = YB(z,w) 0B (|w)), (11.1.2)
where YB(z,w), called the (regularised) vertex operator, is given by
~ 17— -k -k
YB(z,w) = 52 +Z))(exp( Z (ZF + wk)tk) exp(—2 Z (ZT + wT)atk) - 1). (r1.1.3)
kez9dd kez9dd

1 . . . . . .
Here — s interpreted as the Laurent series expansion in the region |z| > |w|.

We are now armed to define an algebra that interpolates between the fermionic cut-and-join
operators F2 and the currents J5.

DEFINITION 11.1.2. The B-Okounkov—Pandharipande operators are defined for any n € Z by

1 ny, ~ 0
EB(z) == E (~Dke*=22EE 4+ = coth(3). (11.1.4)
2 " 4

keZ
We also define the non-corrected operators
- 1 ny, A
B 2 ‘ k,(k-2)z (B
&n(2) =352, eNTEIER k. (11.1.5)

keZ

Notice that E8(0) = J& for n € 2°34, and 75 = m![zm]ég(z) form e 7944,
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IV. Spin Hurwitz theory

Remark 11.1.3. The motivation behind the hyperbolic cotangent correction term has the same
origin as in [OPo6]: we would like ¥ (2) to be

1
&7(2) =" ) (D e*piopi (11.1.6)

keZ

without normal ordering, but its vacuum expectation value would be

%(Z ek 4 %) = icoth(%), R(z) >0, (11.1.7)
k<0

which is well-defined for R(z) > 0 only. Thus, we define &f (z) using normal ordering and
add the vacuum expectation value term by hand.

We collect here some other useful properties of the B-Okounkov-Pandharipande operators.
LEMMA 11.1.4. The following results hold.
1. The operators B and EB obey the parity relations

ER(=2) = ()™ &7 (2), ER(=2) = ()" EL(2). (11.1.8)
2. Under the boson-fermion correspondence, the operators EE act as

O'B(éf(z) lw)) = = [x7"] Y8 (xez, —xe_%) a’B(|a))). (11.1.9)

N~

3. The subspace of go(o0) spanned by the coefficients [z¥|EB(z) is a Lie subalgebra. Explic-
itly,

(-n*

5 S (det [ W 1) &l (z — w).

(11.1.10)

[8(2), 88 (w)] = %g(det[’,’l‘ ZNEE, (z+w) +

Proof. For the parity property, use that EZ, = —E® _ . For the second property, we simply
note that

:p(xe?)p(—xe 3): = Z (—l)lxk_le_%zﬁﬁl.

k,leZ

Taking the coefficient of x™" yields 262 under the neutral boson-fermion correspondence via
Theorem 11.1.1. To conclude, the commutation relation follows from an explicit calculation:
using the expression

1 _n
() =5 ) (DR TIEE
kezZ
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11. On spin double Hurwitz numbers with completed cycles

where E,ﬁl = ¢ p_1, together with the commutation relations (10.2.8) in go(e0), we find

1 _m _n
[851(1), Sf(w)] = Z E (—1)k+l€(k 3)z+(-5)w [E]f—m,k’ Ellin,l]
k,leZ

1 ~-m - (3 —
=1 D (Dbt ((Cnhs R~ (DS EL,
k,leZ

+ (- k6 EL - (_1)k_m6k—m+l—nE?k’l)

l-n,—k+m

1 | (l-n-m -n B 1 k (k-2 k-m-2 B
- Z_L Z(_l) 6( n—3)z+( Q)wEl—n—m,l _ Z Z(_l) 6( 5 ) z+(k—m Z)wEk—m—n,k
leZ keZ
D L D L P
4 leZ 4 kez

_ ;1 Z(_l)k(e(k—n—%)z+(k—g)w _ e(k—%)z+(k—m—g)w)Ef_m_n’k
keZ

_ m
L i) DD (e mg ke ey g
keZ

keZ

_]. m n m n m m+n
L N (o e L
keZ

mw — nz
2

nz +mw

= sinh (
2

)8,?+m(z +w) - (—1)’"sinh( )af,im(w ~2).

Now use the parity property. |

We can now shift our attention towards the bosonic completed cut-and-join operators. In
the non-spin case, they are the analogues of multiplication by the completed cycles in the
symmetric algebra, or equivalently the fermionic cut-and-join operators under the boson-
fermion correspondence.

DEFINITION 11.1.5. Let m € 7944, Define the m-th (bosonic) completed cut-and-join operator
of type B, denoted W, as the operator corresponding to the m-th (fermionic) completed
cut-and-join operator of type B:

O'B(g%ig w)) =’W£O'B(|a)>) (11.1.11)

forall |w) € .
We can explicitly compute their generating series as follows.

PROPOSITION 11.1.6. The generating series of spin completed cut-and-join operator is given by

‘whB coth(%) & on - ag;
(WB = E m m _ 2 E E —_— Z| | ki — B .I.
o Zodd (m ~ 1)!Z 4 =1 ki+--+kn=0 n! i=1 s(ki2) ki (rrxr2)
i Py Sy S =

ki Odd

243



IV. Spin Hurwitz theory

where

ko, k>0,
ai = II.I.1
g {%t_k k <0. ( 3)

As usual, the normal product of the ay’s moves all derivatives to the right.

Proof. From Equation (11.1.9), we find W8(z) = %[xO]YB(xe%, —xe~3). Computing the
right-hand side, we find

(w3<z>:[x°]C°tz(5)(exp( 3 g(kz)rkxk)exp (2 3 g(kz)%x‘k)—l),

kez9dd kezgdd
and expanding the exponentials finishes the proof. O
11.2 — PROPERTIES OF SPIN DOUBLE HURWITZ NUMBERS

In this section we employ the algebra of B-Okounkov-Pandharipande operators to analyse
and derive several structural properties of spin double Hurwitz numbers. These properties
will be described and referred to as:

1. Vacuum expectation in terms of the algebra of E2(z);

2. Integrability and cut-and-join equation;

3. Chamber structure and wall-crossing formulae.
Each of these results have been observed and proved for several non-spin Hurwitz enumerative
problems over the past years, by developing new techniques via the Fock space formalism,
and represent major advancements in the field of Hurwitz theory. By now these techniques
are more consolidated, and we can prove analogous results by a suitable adaptation of these
methods. We therefore derive the results and refer to the original proofs, only pointing out
the necessary adaptations.

11.2.1 — VACUUM EXPECTATION IN TERMS OF THE ALGEBRA OF E5(z)

Point (1) is a simple restatement of Theorem 10.3.8. We include it here, since it is the starting
point to obtain (2) and (3).

PrOPOSITION 11.2.1. Disconnected spin double Hurwitz numbers with (r+1)-completed cycles
are given by

_ {(u) oB b t(v) B
. 219 (r1)P &l (0) X &L, (0)
hyy = o EARRERE A | | ﬂ,u~ | | &S (zk) | | VJA , (11.2.1)
’ i=1 L k=1 j=1 J

2g—2+C(u)+€(v)
r

where b = is given by the Riemann—Hurwitz formula.
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11. On spin double Hurwitz numbers with completed cycles

I1.2.2 — INTEGRABILITY AND CUT-AND-JOIN EQUATION

Integrability properties of spin double Hurwitz numbers were investigated in [Lee1g] and
further generalised in [MMN20; MMNO:zo0]. Such results can also be easily obtained from
Section 11.1, and we include them below for completeness.

DEFINITION 11.2.2. Define the generating series of spin double Hurwitz numbers with (r +1)-
completed cycles as

qm) )
Zr,ﬂ(ﬁ;p,q):;;w;opd h 02971 g (f( 5 ﬂpur)({;(v)v U ) (11.2.2)

The summands with b = w ¢ N are set to 0.
THEOREM 11.2.3 ([Leerg; MMN20; MMNO20]).

1. The generating series Z"" can be expressed as the following vacuum expectation value

Zr’ﬂ(ﬁ;p,q)=<exp( > J,Ifl%") p( )exp( >k q”)>, (11.2.3)

dd dd
meZ? neZ?

and it is a hypergeometric tau function of the 2-BKP hierarchy (identically in B). Its
expansion in terms of Schur Q-functions is given by

7 Bpa)= Y 2 Wexp (ﬁM)QA(%P)QA(%Q)- (11.2.4)

AeSP r+l
More generally, define the generating series

Zﬂ(t;p,q)=<exp( > Jﬁ%)e@( D Bfk)exp( S qn)>

mez9dd kez9dd nezdd

= Z 2=t exp( Z Pk(/l)%k) ( )Qﬂ(% )

AeSP k€Z$dd

(11.2.5)

Then Z? (t;p, q) is a hypergeometric 2-BKP tau function in p and q (identically in t).
Furthermore, Z% (t;p = Sm.1,q = 6n.1) is a KAV tau function in t and Z% (t;p = 6,m1, q)
is a 2-BKP tau function in q and t.

2. The generating series Z” satisfies the the partial differential equation (the spin cut-and-
join equation,):

VAL VA (11.2.6)
for any even r. Consequently,
Apz"? =wB 77, (11.2.7)
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IV. Spin Hurwitz theory

The essential ingredient for this theorem is Gunningham’s formula. Most results then follow
almost immediately from the definitions and various isomorphisms, such as the boson-fermion
correspondence. However, the fact that Z? (t; 6,n.1, 6,.1) is a KdV tau function in ¢ is not just
a formal consequence, and we refer to [MMN20] for a complete discussion.

Furthermore, as mentioned in the introduction, [Lee19, Theorem 1.1] finds a particular linear
combination of completed 1-, 2-, and 3-cycles for both the spin and non-spin case, such that
the generating series for the spin case squares to the generating series of the non-spin case. It
would be interesting to develop such a square formula for higher r as well.

11.2.3 — CHAMBER STRUCTURE

It is known for the non-spin case that some rich structure underlies the double Hurwitz
numbers h;;;i v» when considered as functions of u and v for fixed lengths m and n. In fact,
the entries of the odd partitions ¢ and v can be seen as coordinates in an affine space that can
be divided into chambers: in each chamber the Hurwitz numbers can be represented by a
chamber-dependent polynomial, and its homogeneous decomposition also satisfies several
constraints.

DEFINITION 11.2.4. Let us define the subspace

FH(m,n) = { (1, v) € (Z394)™ x (z944)"

iﬂi:ivj} (11.2.8)
i=1

=1
and we view spin double Hurwitz numbers as a function in the following sense:

9, ,
hy”: 3t (m,n) — Q, (> v) ¥— hyy . (11.2.9)

DEFINITION 11.2.5. Let I ¢ [m] and J ¢ [[n] be non-empty proper subsets. Define the
hyperplane (or wall) indexed by (1, J) as the set

WI,J = {(/’l’ V) € %(m’n)

Z,ui:Zvj}. (11.2.10)

iel JjeJ

Define the hyperplane arrangement W(m,n) c #(m,n) to be the union of all walls ¥ ;. A
connected component of # (m,n) \ W (m,n) is called a chamber.

THEOREM 11.2.6 (Strong piecewise polynomiality). Let g be a non-negative integer and let m,
n be positive integers such that (g,n+m) # (0,2) and b = M is a positive integer. Then
within each chamber ¢ of the hyperplane arrangement \ (m, n) there exists a polynomial Py

such that

h;;/’iv = P;’ﬁ’c(,u, v), forall (u,v) € ¢ (rr.2.11)

Moreover, Py has the homogeneous degree decomposition

g

9 >,

P;’ﬁ"(u, V) = Z P;”k (u,v), deg”,V(P;’k Y=2g—-1+b - 2k. (rr1.2.12)
k=0
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11. On spin double Hurwitz numbers with completed cycles

We are going to prove the strong piecewise polynomiality from Proposition 11.2.1 and from
an explicit generating series of the vacuum expectations involved within each chamber. The
method used to compute such generating series is based on a simple commutation procedure:
positive-energy operators (i.e. &8 with n > 0) are commuted to the right until they hit and
annihilate the vacuum. This refines an algorithm by Johnson for double Hurwitz numbers
[Johts]. We start by defining a particular subclass of operators &2 that play a special role in
this commutation procedure.

DEFINITION 11.2.7. For I € [m],J € [n], K C [b], and € € {1}X, define

S(I’J’K’E):SﬁIIfIVJI(ZK’f)’ (11.2.13)

where py = Yicp i, vi = Yjesvj> and zx.e = Yiek €x2k. Moreover for any collection of
disjoint pairs I, M C [m], J,N C [[n], K, L C [[b], and for € € {+1}K, 5 € {1}, define

57K e = oot lurl = vsl zk.e _ I1.2.1
s(uits) g(e [|,UM|—|VN| L8 ( !

The commutation relation (11.1.10) expressed in the new notation turns into:

1
[6(1,1,K,€),8(M,N,L,5)| = §g(A’,[]{,’Zg)S(IUM,JUN,KUL,eué)

(—)l11 (11.2.15%)
—Tg(j{ﬂfvfg $£)EUUM,JUN,KUL,(-€)USJ).

On the other hand, spin double Hurwitz numbers are expressed in terms of the E’s as

h;;,’j,’f _ 21_919(!’"!)17 [Z§+1 .. .ZZ+1]
[184-0.0.0 ﬁ £0.0, k), (11 [ [ E0AL00) R
i=1 Hi k=1 i1 v;
where the & symbol refers as usual to the absence of the correction term.
DEFINITION 11.2.8. A commutation pattern P is a set of tuples
{ (ItP"ItP’KtP’EtP;MtP’NtP’LtP’(Sf) },e[[m+n+b_1]] (11.2.17)

where IP, MF c [m],JP, NP c [n], KP,LF c [b], eF € {£1}K", 6P € {£1}X are such that
we get a non-vanishing contribution to the vacuum expectation value (11.2.16) when we go
through the algorithm that commutes the rightmost positive-energy operator to the right, in
such a way that the #-th commutator computed is

el if kF,ef), 6P ,NF LT, 6D)]. (11.2.18)

A fundamental point is that commutation patterns do not depend on the specific partitions u
and v, but only on the signs of the expressions || — |v,| (that is, the energies of the operators
produced during the commutation process), and therefore only on the chamber ¢ considered.
This consideration allows to define the set CP* of commutation patterns relative to a chamber
¢ as independent of (u, v).
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IV. Spin Hurwitz theory

Remark 11.2.9. Within a chamber ¢ of #(m, n) there are no disconnected covers. In fact,
in order to have one of a certain degree d, a splitting [m] = I U I’ and [n]] = J U J’ such
that |u;| = |vy| = d is needed, for the ramifications indices of u; and of v; to lie on the same
connected component of the cover. Therefore within a chamber ¢ the notations 4% and

gk
7, 9 . . . s 9
hgy coincide and we refer to them simply as Ay}, , .

THEOREM 11.2.10 (Chamber generating series). Within a chamber ¢ of #(m,n) we have:

1-g- b
hr,ﬂ _ 279 T(r!) [Z;i+1 . _Zr+1]
' b
o = P e I, s
Coth(zubn,etPustP) . (11.2.19)
2 P yP gP _P

PINGIRE c( i )

PeCP* 4 =1 M NS KE 87

c =

where T = m+n+b —1is the total number of commutations for each commutation pattern, and

(P =181+ ) T+ 1I7L, (11.2.20)
seS

where S C [[t] is the set indexing the times the summand —e’ was chosen (as opposed to the
first summand, involving € with no minus sign), out of the t-th commutator.

Proof. The proof is a straightforward adaptation of the argument in [SSZ12]. O

Remark 11.2.11. This statement can be slightly generalised to disconnected Hurwitz numbers
on the walls, see [SSZ12, Theorem 4.6].

Proof of Theorem 11.2.6. The proof is an adaptation of the argument in [SSZ12]. The only
differences consist in the introduction of an extra signed summand at each commutator and
the introduction of the coth(z) function replacing the 1/sinh(z) function. The latter does not
spoil the polynomial argument, as coth(z) = cosh(z)/sinh(z), so that multiplying by cosh(z)
does not introduce new poles (and therefore, already proved to be removable) and also does
not spoil the parity argument in the degrees.

The introduction of new summands does not change the fact that the sum over CP® and the
product over ¢ are finite, and the degrees in the x; and in the v; are coupled to degrees in
the zx as in [SSZ12], therefore collecting the coefficient of Z*! - z/*! again guarantees a
polynomial in the y; and v;. The parity of the functions involved determines again even jumps
in number g for what concerns the homogeneous degrees, again starting at the same top degree

2g—1+0b. O

Remark 11.2.12. The only part of the statement [SSZ12, Theorem 6.4] that is in principle not
guaranteed anymore by Theorem 11.2.6 is the positivity of the polynomials in the homoge-
neous decomposition. Such a statement could still exist in some form, but it falls beyond the
scope of the current dissertation.

In the special case of one-part spin double Hurwitz numbers, that is the case of a generic
ramification u € OP 4 over zero and a total ramification v = (d) over infinity, the chamber
structure is trivial. Thus, we can get a closed formula that does not depend on the choice of a
chamber. We also derive two specialisations of this formula. Following [OPo6], we denote

S(z) = # (11.2.21)
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11. On spin double Hurwitz numbers with completed cycles

COROLLARY 11.2.13. Let u € OP 4. The one-part spin double Hurwitz numbers are given by:

91-9-bgb=1(,1)b coth(ke) P “ s (kizpp).e)

re T — 2 7 —

WY = - A Z . HS(de) 1_[ P
ee{x1}IP] k=1 i=1

(11.2.22)

Proof. Itis a specialisation of Theorem r11.2.10: since there is a single negative energy operator
within the vacuum expectation, that operator has to be involved in every commutations
until the end of the commutation procedure, therefore the sum over commutation patterns
collapses. m

We further derive two specialisations for spin single Hurwitz numbers, having in mind conjec-
tural applications in Gromov—Witten theory of (P!, O(-1)).

COROLLARY 11.2.14. Let d be an odd integer. The one-part spin single Hurwitz numbers are
given by:

21—g—bdb—1(r!)b Coth(zﬂh"’e) b
r, 9 _ r r 2 d
b = o [&5o) Y e slaend) | [ Sz, (12.23)
ec{=1}l2] k=1
.. r, _ 1 r, 9 . dy| —
Proof. From Definition 10.3.6, we see that h ey = Tam hg;(ld),(d)' Using that |Aut(14)| =
d!, the result follows from Corollary 11.2.13. O

COROLLARY 11.2.15. For b =1 we have:

21-9y cosh(%) F—u+1
rd  _ 2g 2 d-1 _ M
h ) = m (2] 5 S(2)7 S8(dz), 9=—15

(11.2.24)

The formula above is conjecturally related to the spin Gromov-Witten correlator of (P!, O(-1))
with a single point insertion relative to the partition u via the conjectural spin GW/H corre-
spondence (cf. Question 10.A).

We are now armed to define and derive wall-crossing formulae for double spin Hurwitz
numbers.

DEFINITION 11.2.16. A wall-crossing formula for spin double Hurwitz numbers is an expres-
sion for the quantity
r, 9 _ 3,0 _ 0
ch’l,J(ﬂ,V) = hy, |t1 hy, |(2 (11.2.25)

for two neighbouring chambers ¢; and ¢2 separated by the wall W) ; = {(u, v) | |us| = |vs| = 0},
where we fix ¢; as chamber with |u;| < |v;| and ¢5 the chamber with [u;| > |vy].

DEFINITION 11.2.17. Define the generating series for multi-completed cycles as:

ol-g [ &8 (0) L . n &2, (0)
H veeesZp) = ‘ &Y J : 2.26
uv(z1 Zb) Bl 1:1[ o g o (zk) g v (11.2.26)

Moreover, within a chamber ¢, let H (2155 2D) be the sum of the contributions in the
statement of Theorem 11.2.10 of all those commutation patterns P € CP¢ whose last sign
vector €f U 6T is 0.
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IV. Spin Hurwitz theory

Remark 11.2.18. Piecewise polynomiality results extend to multi-completed cycles generating
series, in the sense that collecting the coefficient of arbitrary 7!*" - - - zZ”H (as opposed to along
the diagonal r; = r) imposes completed cycles of different sizes on the ramifications, but the

piecewise polynomiality structure still stands.

What is peculiar about wall-crossing formulae is that the vast majority of the terms arising
from the vacuum expectations defining WC, ; s cancel out, and what remains can be expressed
as a finite sum of quadratic terms in the generating series H.

THEOREM 11.2.19 (Wall-crossing formula). Let I € [m] and J € [ n] be non-empry proper
subsets, and denote their complements by I’ and J' respectively. Let A = |uy| — |v;|. We have:

, 0
WCT (o v) = A2 [27* - ]

’

HeE (zk) He (zx7)
ur,vyUA - ) ppr YA, vy
(E(I,J,K,e)E(I',J',K',€)) .
xuiapey (EUT- K. E-a(0) (EA0)E(I", T, K", €))
ec{+1}K
e’ e{+1}1K
(11.2.27)

Remark 11.2.20. The formula above suggests the appearance of two poles arising from the
vacuum expectations in the denominator, but these poles are removable. For example, the first
vacuum expectation gives

1 4 2
(E(1,J,K,€)E_5(0))  coth(zk,e)s(Azk,e) ((-1)2 = 1)

giving a pole for even A. In fact, the entire commutator (E(1, J, K, €)E_4(0)) simplifies against
each term of the expansion of Hf |\ (zk) by definition (we inserted the operator &_4(0)
to the right and we ask the linear combination of the variables to be zk ¢, so it is always
possible to run the commutation process in such a way that (€(1,J, K, €)E_4(0)) is the last
step of it, for each commutation pattern). The same reasoning leads to the simplification of
(EA0)EI',J',K', €")) against H;;,UA’VJ, (zx7)-

Proof. The proof is a straightforward adaptation of the argument in [SSZ12, Theorem 6.6]. O
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CHAPTER 12 — A sPIN BoucHARD-MARINO
CONJECTURE AND ELSV rorMULA

We now move our attention to single spin Hurwitz numbers. In the non-spin case, single Hur-
witz numbers are known to satisfy topological recursion: this was first conjecture by Bouchard
and Marifio [BMo8], proved in [BEMS11; EMS11], and later generalised to completed cycles,
orbifold and monotone variations.

As explained in Subsection 2.3.1, topological recursion is a way to compute enumerative
quantities from (0, 1) and (0, 2) data (the spectral curve), recursively on 2g — 2 + n. In Hurwitz
theory, the cut-and-join equation is, roughly speaking, a recursive procedure to compute
Hurwitz numbers. Thus, one would expect topological recursion to hold and, applying the
Eynard-DOSS correspondence of Theorem 2.3.12, to obtain an ELSV-type formula.

0,1)- aND (0, 2)-FREE ENERGIES
1) ( 3_ PR TororocicaL|,  |ELSV-TYPE

RECURSION FORMULA
CUT-AND-JOIN EQUATION

To actually prove topological recursion for Hurwitz problems, an extra property quasi-
polynomiality is required. However, the actual shape of the spectral curve can be obtained by
looking at the (0, 1)- and (0, 2)-free energies.

In this chapter, we compute such unstable free energies for single spin Hurwitz numbers via
the fermion formalism, and we conjecture that the stable free energies can be computed by
topological recursion on a specific spectral curve. We then give evidence for this conjecture
by proving it in genus zero and for (¢g,n) = (1, 1).

CONJECTURE 12.A. Let r be a positive even integer. The spectral curve on P! given by

x(z) =log(z) = 7", y(x) =z, B(z1,22) = %((a —122)2 + @ :ZQ)Q)dzldzg. (12.0.1)

generates via topological recursion spin single Hurwitz numbers with (r + 1)-completed cycles:
for2g—2+n>0

n
w;:g(zl, ceesZn) = Z h;;g l_[ wi et @ dx (). (12.0.2)
i=1

In a recent paper, Alexandrov and Shadrin [AS21] prove topological recursion for a wide class
of hypergeometric BKP tau-functions, using methods similar to [BDKS20]. In particular, they
confirm our conjecture.

We remark that the above spectral curve does not satisfy one canonical requirement imposed
by the theory of topological recursion in the classical sense: the (0, 2)-correlator B(z1, z2)
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IV. Spin Hurwitz theory

has poles when z; and z5 approach two distinct ramification points of x. However, the way
these extra poles arise encode in a beautiful way some extra structure of this curve. First of all,
these new poles are of order two and with the same biresidue. More importantly, the number
of critical points is even and they come in pairs because of an underlying Z/2Z-action: the
double poles only arise for zo approaching either the same critical point z;, or its conjugate
with respect to the group action. We then realise the quotient of the conjectural spectral curve
modulo the group action, reducing by half the number of ramification points. Surprisingly,
we find that the correlators w, , of the quotient spectral curve differ by the initial correlators
just by some simple prefactor. We export this principle to the more general setting of spectral
curves with a finite group acting on them.

In the second part of this chapter we apply the Eynard-DOSS correspondence to compute
the cohomological field theory representing spin Hurwitz numbers, and realise such CohFT
as a Chiodo class (also appearing in the non-spin case) twisted by Witten 2-spin class.

THEOREM 12.B (Spin r-ELSV formula). Conjecture 12.A is equivalent to the following ELSV-
type formula: for every u = (ui, ..., tn) € OPg4,

no(pi\ Ll
(r+1)(2g—2+n)+d (_)
hrfﬂ =qgr— 7 | | r
s [u:]!

i=1

f Con” (1) 5 )
M

Mg.n e, -y (12.0.3)

where w; = ru;] +r — (2{u;) + 1), and C;”,ll’l9 is the Chiodo class twisted by the Witten 2-spin
class (see Corollary 12.4.9 for the precise definition).

It is worth remarking that the product of the Chiodo class and the Witten 2-spin class has a
particularly clean expression as a sum over stable graphs, and we use this expression in the
proof.

12.0.1 — RELATION WITH OTHER WORKS AND OPEN QUESTIONS

In principle, Conjecture 12.A can be proved by adapting the well-established techniques that
have provided in the past a proof of topological recursion for the analogous statement in the
non-spin case. This procedure involves the fermion formalism and is rather technical. On the
other hand, the recent work of Bychkov—Dunin-Barkowski—Kazarian—Shadrin [BDKS20]
proves topological recursion for a large class of hypergeometric KP tau functions, including
all known cases of non-spin Hurwitz numbers. While working on [GKL21], we learned that
Alexandrov and Shadrin were adapting the techniques of [BDKS20] to the BKP setting. Their
proof of Conjecture 12.A is an application of their general statement to the specific case of
spin Hurwitz numbers.

Itis also worth noting that the twist obtained by intersecting with Witten’s class in the Gromov—
Witten potential for Kihler targets already appeared in [JKVor; CZog]. However, both these
appearances in a sense take place on the Gromov—Witten side of the GW/H correspondence,
whereas our result reveals the Witten class on the Hurwitz theory side.

The class Cgr,’,’f 7 is also related to a forthcoming work by Costantini-Sauvaget-Schmitt [CSS].
For a fixed value of k and a satisfying }; m; = k(2g — 2 + n), the usual Chiodo class C;,’,]f (m)
(after multiplying by a certain power of r) is a polynomial in r for large values of r. The
constant term of this polynomial is denoted by DR}, (m), and is called the (twisted) double
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12. A spin Bouchard—Marifio conjecture and ELSV formula

ramification cycle. The restriction to My, of the Poincaré dual of this class is the locus

M, (m) = { (CoX1s- ey Xn)

k ~
0% = Oc (T mixy) |

_lc ) 3n a meromorphic k-differential on C (12.0.4)
B with div(n) = 3 (m; — k)x;
and intersection numbers of the form DR}g‘,n(m) . t//fg 3 appear in the computation of the
orbifold Euler characteristic of M;" L (m).

It is expected that the classes C!x*” (a) satisfy the same polynomiality in r, thus allowing one

g.n
to define a class DR‘/’;’,’?l (a). In particular, if k = 2/+1 and the m; = 2a;+1 are odd, then the space
Mg’n(m) splits into components with a constant parity of the spin structure O(}; a;x;) ® wal.
Costantini, Sauvaget, and Schmitt conjecture that the restriction of DR’;,’,’? (a) to My, 1s a sum
of the classes of components of MY, (m) with a sign determined by the parity. Besides, they
propose some conjectural properties of this class, allowing them to compute the intersection

k, % 29-3+n
numbers DRy, (a) - /] .
12.0.2 — ORGANISATION OF THE CHAPTER

The chapter is organised as follows.

e Section 12.1 contains our main conjecture: single spin Hurwitz numbers are generated
by topological recursion. We also give evidence for this conjecture by proving it in
genus zero and for (g,n) = (1,1).

e Since the conjectural spectral curve differs from the usual definition, in Section 12.2 we
define and analyse G-quotients of spectral curves, and reduce them to the usual setting
of topological recursion.

® We then employ the correspondence between topological recursion and cohomological
field theories in Section 12.3 to derive the representation of spin Hurwitz numbers as
intersection numbers on My, involving an explicit CohFT.

e To conclude, in Section 12.4 we show that such CohFT is constructed from a twist of
Chiodo’s class and Witten 2-spin class.

I12.1 — THE SPECTRAL CURVE

Let r be a positive even integer. Consider the spectral curve on P! given by

1 1 N 1
2\(z1 —22)%2 (21 +22)?

x(z) =log(z) =z", y(x) =z, B(z1,22) = dzidzo.  (12.1.1)
As noted in the introduction, this spectral curve does not satisfy the usual axioms of topological
recursion, since B has poles when the two arguments approach different ramification points.
Nevertheless, one can define the topological recursion correlators w)> via the Eynard-Orantin
topological recursion formula (2.3.9). Our main conjecture relates the multidifferentials w?:}?
and the spin Hurwitz numbers free energies.
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IV. Spin Hurwitz theory

DEFINITION 12.1.1. The free energies for spin single Hurwitz numbers with (r +1)-completed
cycles are
, 9 n) — , nXn
Fgr’n (e*,...,e™) = Z h;;;; eH1X1 | gHnXn (12.1.2)
CONJECTURE 12.1.2. The coefficients obtained by expanding the correlators wly)! near e*i =0
are exactly the (r + 1)-completed cycles spin single Hurwitz numbers:

w;:}?(zl, ey Zn) = 0g.00n,2 w(r):g(ex(zﬂ, @)y =g, ... ang”’,’?(exl, co et (e’ (12.1.3)

Alexandrov and Shadrin [AS21] recently proved topological recursion for a wide class of
hypergeometric BKP tau functions, confirming our conjecture.

THEOREM 12.1.3 ([AS21]). Conjecture 12.1.2 is true.

The remaining part of the section is devoted to proving the conjecture for g = 0 (fact that
originally motivated our conjecture) and for (g,n) = (1,1). In turn, we also prove that genus
zero spin and non-spin Hurwitz numbers are related by a simple formula.

12.1.1 — SPIN HURWITZ NUMBERS IN GENUS ZERO

When the source of a spin Hurwitz cover is rational, two simplifications occur. First, P! has a
unique spin structure, and we see that in Definition 10.3.6

pP(Nfo(-1)) =p(0(-1)) =0 (12.1.4)

for any cover in the count. Therefore, for g = 0, the spin Hurwitz numbers h(r)’g are actual
counts, without any sign.

For the other simplification, recall the Riemann—-Hurwitz formula: for a ramified cover of
Riemann surfaces f: § — T of degree d with ramification profiles u/,

2-29(8) = d(2-29(T) = ) (d =€), (12.1.5)

Looking at the definition of spin single Hurwitz numbers, Definition 10.3.6, we see that
b= w is chosen such that we do get a genus g source curve if we have one branch
point with ramification profile u and b branch points with ramification profile (r +1,1,...,1)
(recall that we always have ¢g(T) = 0). However, the definition uses the spin completed cycles

6(,+1). From Definition 10.3.5 and [Ivao4, Proposition 6.4] we see that

-
Cir+1) = Cra1) € @Zd (12.1.6)
d=0

In particular, for any u € OP, withd < r,wehaver +1 - €(uU (I"*1"9)) =d — t(u) < r =
r+1—{((r+1)). It follows that for any cover of P! with ramification profiles u and b choices
of partitions occurring with non-zero coefficients in C, (r+1)> the genus of the source curve is
at most g, with equality occurring exactly if we choose (r + 1) every time. This occurrence
of a source curve whose genus is lower than expected is called genus defect in e.g. [SSZ15].
As a consequence, for g = 0, there are no contributions from the completions C, (r+1) — C, (r+1)»
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12. A spin Bouchard—Marifio conjecture and ELSV formula

as this would require a connected source curve with negative genus. This means that in the
definition of hg;g, we may replace the C(,41) by the Ciyiq).

The same argument holds for the non-spin case: there we may also replace the completed
cycles C(r41) € @ZZ}) Za by the non-completed C,+1) for g = 0 Hurwitz numbers (for more
background on completed cycles for the non-spin case, see e.g. [OPo6; SSZ12]). Hence,
because C(+1) and C~’(r+1) represent the same partition (r + 1), we get:

PROPOSITION 12.1.4. Let r be a positive even integer and p € OP. Then the spin and non-spin
Hurwitz numbers with these arguments are equal:
r, _ pr
ho = hiy- (12.1.7)
As a corollary, we obtain that the spin free energies are the anti-symmetrisations of the
non-spin ones.

COROLLARY 12.1.5. Let r be a positive even integer. The genus zero free energies for the spin
case are the anti-symmetrisations in all arguments of those in the non-spin case:

n

1
F(;,}?(exl, ce, ) = o Z l_l € |Fon(ere™, ... ee™). (12.1.8)
€1,....,pe{x1} \i=1

In particular, Conjecture 12.1.2 holds in genus zero:

‘”0 " (zl, ceesZn) —O0n2 w(r):g(exm),ex(zz)) =d - ..ang::?(eX1, e - (12.1.9)
Xi=x(Zi

Proof. The first part follows directly from Proposition 12.1.4: antisymmetrising is the same
as restricting to odd powers of ¢ in the series expansion. For the second part, the unstable
free energies for the non-spin case were computed in [MSS13; KLPS19]. In that case the
(0, 1)-free energy is already odd, so it must be equal to its spin counterpart w’ 7. For w! 7,
Equation (12.1.9) is the antisymmetrisation of the non-spin case. The case n > 2 follows by
induction. m

In the next part of this section, we will exploit the operator formalism to get a closed formula
for the one-part free energies (i.e. n = 1 and general g).

12.1.2 — ONE-PART SPIN SINGLE HURWITZ NUMBERS

A GENERAL FORMULA FOR VEVS IN THE NEUTRAL FERMIONS FORMALISM

Following [KLPS19], our starting point is the following expression for spin single Hurwitz
numbers

¢ B

orﬂ 1-g[, rb JB ur?;Biﬁ—l ) J—/,(l urT;ﬁ-l _JB

hyy” =2 [ ] e’1 e i 1_[ e U1 ). (12.1.10)
i=1 /‘ll

This can can easily obtained from Theorem 10.3.8 and the fact that JZ and 78, annihilates
the vacuum. The advantage of this formulation is that we now have ¢ ( ) factors of the same
shape, namely

() @B r(u) B
h;;ﬁ 2! g[ rb] et l_l _:l , @Br(u) =e" rr++11 JB e W T (12.1.11)
i=1 t

which we can describe uniformly.
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IV. Spin Hurwitz theory

LEMMA 12.1.6. Let u € 794, Then:

(12.1.12)

B. I , (I+H)r+1 T+l B
OFrwy= > (-1)'e" Ef
I+u/2>0

Proof. Using the symmetry of the base elements, we can express the fermionic cut-and-join
operators and currents in terms of the elements ElBj = ¢ip_j as

r+1 - Z( l)kkrﬂElfk Z ( 1) El+,ul

k>0 l+u/2>0

More generally, write /%, = 3, /220 901(,11)Efm , for any function ¢ of (I, u). Then, using the
commutation relations (10.2.8), we find

(FE. 080 => > (D o(wlEE . EE,,]

k>0 l+p/2>0

Z K (p) (5k,l+pE£1 - 5k,1Eﬁﬂ,k + 5k+zElIi#,_k - 6k+l+,uE§k’l)-
k>0 l+pu/2>0

The last summand vanishes because of the conditions in the sum, and for the others, the k-sum
gives certain restrictions on p. Collecting the terms together, we find

[ r+1’ ] ((l t ﬂ)r ! lr 1)<P1(H)El+ N —J_l//#,
u
I4+u/2>0

where Y (1) = ((I+ )" = ") (). Applying this inductively, we get

(adys )75, = > (=D U+ -1 ELE,

I+u/2>0
and, to conclude,
@B , B Mrb d 3 1 g Gt (l+#)r+1 lr+1 EB
(u) = Z 4 bI(r + 1)b( TrBu Z (=D)'e Ll
I+p/2>0
O
PROPOSITION 12.1.7. Let pu € 794, Then:
(A f)(l) L1 (A"~ 1)(0)
1(93r(u)e i —Z Z (-1l =L Eﬁ” Whs SR (12.1.13)

t= Ol>f+12ﬂ

)r+1 _lr+1

where f (1) = exp(u” WT), omitting its dependence on r, p1, and u, and A is the backward

difference operator, i.e. Af(l) = f(I) — f(I - 1).
Proof. We claim that

t : Orst  \
(adyp) O5r )= ) (DA NDEL,,+ (A 1)),

t+1-pu
2=
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12. A spin Bouchard—Marifio conjecture and ELSV formula

which would prove the proposition by summing over 7. We prove the claim by induction on .
For ¢t = 0, this is Lemma 12.1.6. Suppose now the claim holds for 7. Then

(ads) M OZr ) = Y (DN A )W) ad,s B,

I> t+1 t+l-p

=3 > A HO[EE, R,

k>Ol>i+1 M

= 2 DA AW Sk i B+ Sk EE

k>0 1> t"‘12_H
B B
+ Okt Epy okt 6k—1+l+/4—tE_k’l)-

A simple case analysis shows that the first and last Kronecker deltas give

-t-1 _
D DA NHWOEL, g+ 00D (AN (FE) B 1,
H2-p
2

>

while the second and third Kronecker deltas give

D, CVTANU-DEE,

+2-p
1>k

Using the fact that Eg g = ¢2 = 3, we get the thesis. m

ONE-PART SPIN SINGLE HURWITZ NUMBERS

In order to compute spin single Hurwitz numbers with £(¢) = 1, also known as one-part
Hurwitz numbers, we may first realise that in this case there is no difference between connected
and disconnected counts: if the ramification profile over a point has length 1, clearly this
connects the source. In particular, connected one-part spin single Hurwitz numbers are given
by
#B ]B #B rb
hr P _ ol- ar rb] le; ur rr++11 —ur Lt e—JlB> — 21—yu <eJlB(9£3l,1r(u)e—Jf3>’ (12.1.14)
[ 7

for u € 794 and rb = 2g — 1 + p. First note that, as (¢;¢;) = (=1)'6;4u[;], the vacuum
expectation of each summand from Equation (12.1.13) including ¢’s vanishes. Hence we get
that " .
oo _ LT A 0)
B2 (p-1)!
(l+/1)r+1flr+1

Let us set Py, (1) = — , so that f(I) = exp(u"P,,,(1)). Because u only occurs in this
formula in combinations u” P, , (1), we get

o1 (AP (0)

(12.1.15%)

dn = 9,7 -1 (12.1.16)
Notice that P, is a polynomial in [ of degree r:
o (r+ 1)\ pttt
P,,(l)= —" .1
ru(l) ;)(a+1)r+1 (12.1.17)
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IV. Spin Hurwitz theory

Therefore, taking the b-th power, it gives a polynomial (P, ,)?(I) = X2 C421"P=% in [ of
degree rb with coefficients

b (O
c®b = a+b 12.1.18
" ;({Af—ﬁiﬁl}izl)(g r+1(/li+1))ﬂ ( )

where the multinomial coefficient is

( b ) b! _
{/lT /1,T+1}121 (b - f(/l))IHDI(AT /1+1), 12.1.19

Here A7 is the conjugate partition of A, obtained by transposing the associated Young tableau.
Applying the backward difference operators, only few of these terms are going to contribute,
as AV.I" = 0 whenever v > n. For us it means that only the terms for 4 — 1 < rb — a contribute

non-trivially, i.e. a = 0, ..., 2g. On the other hand, the expression A”.I"|;=o can be explicitly
computed in terms of Stirling numbers of the second kind (cf. [KLPS19, Lemma 4.5]):
AV.I",-
A" =0 = (—1)"+”{n}. (12.1.20)
v! %

Collecting all the ingredients and taking into account the parity conditions r + 1, u € Z9%, we
find a closed formula for the one-part Hurwitz numbers.

PROPOSITION 12.1.8. One-part spin single Hurwitz numbers with (r + 1)-completed cycles of
genus g and degree pu have the following closed formula:

r1 aca a
e N

M

where by Riemann—H urwitz b =
coefficients C&L are defined in (12.1. 18)

{‘Z} are Stirling numbers of the second kind, and the

EXAMPLE 12.1.9. For g =1, we have rb = u — 1 and:

h?ﬂ 11 b n+1 —E,ub“ Holy br(r—1)+b(b—1)r2 e n-1 '
" 2;1219' u—1 2 u—1 6 8 u—1

Using the following expressions for Stirling numbers

{#"‘1}_#(#—1)(3#2"‘#—2) {#"‘1}_#(#—1) {#—1}_1
-1 24 ’ u-1-— 2 u-1f 7

together with rb = u — 1, we obtain the closed formula (where we denote r = 2s):

2, b-1
1
hig =2 K (,u + ;) . (12.1.22)

12 (b —1)!

In the following we compute the genus one spin Hurwitz numbers via topological recursion,
implemented through the software Mathematica [Inc]. Employing the symmetric properties
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12. A spin Bouchard—Marifio conjecture and ELSV formula

of the spectral curve (12.1.1), the Taylor expansion of the Galois involutions around each
ramification point (cf. Section 2.3) read:

1 2 _9\2
00(2) = ag — (z - ag) — (25)% 253 (2 — ag)? - (25) & B2 (7 - ap)?
3
—(29)% 76s3—360s2+525s—270(Z _ ao)4 " 0((z _ a0)5)’

250
0i(2) = J'oo(J7'2).

. .
where a; = (25)"2J!,J = e~ . As a consequence, the (1, 1)-correlators turn out to be

2t =52 +1+5)
245(1 — z2)3

s—1
1 Z
wi?(2)=d —F(r;—), F(r;z) =
A simple computation shows that
251 2 b-1
9 sz d sz s° U 1 (2)
; =d||———+1| —/———=|=d ) ——F—= |u+-]e"",
11 (2) ((1 — 257 dz ) 12(1 - 2sz2S)) ; 12 (b - 1) (“ s) ¢

where again y = 2s5b — 1. In the last equation, we used the expansion of the Lambert function,
Equation (9.2.24), and some algebraic manipulations that we omit. In particular, this confirms
Conjecture 12.1.2 for (g,n) = (1, 1).

2,9 4,9 6,9
9 ‘ H ‘ hgiu 9 ‘ H ‘ hyiu 9 ‘ H ‘ hyi
1 1 1 1 1
1 1 1
303 5 7 7
015 3 0 i 013 3
[ 13 8 19| L
27 289 625
1 3 z 5 4
3| ¥ T
1 5 % 1 11 2'{53 1 17 37257
7 % 15 11225 23 42?52445
2645 1694173 7780091
9 13 19 48 29 12
1 1 49
Ll % 1 30 3 2
13 451 11109
3% 2 = : 1
5975 84987 2134515
215 Wur 219 S5 2|15 S
7| LT 13 | 1233181 21 | 14054082
2556603 416853311 88146516681
9 0320 17 906 27 180

Table 12.1: One-part spin single Hurwitz numbers computed via topological recursion. The
numbers agree with the neutral fermion computations of Proposition 12.1.8.
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g | (g | 02l g | (urpz) | hyl g | (rpzps) | 02l
(1,1) 1 (3,1) 3 (1,1,1) 4
(3,1) g (1) | 2 (3,1,1) 12

o GO | R ol &3 | 7 (5,1,1) 50

27 243
(39 3) 4 (9, 3) 2 (39 3: 1) 36
(5.3 | 3B (7,5) | 122 o] 333 108
(5,5) | 3% 9,7) | 1L (5,3,1) 150
5 53,3 450
Ly | 2 wy | 3 (5 ’ 1) o
@D G| (5’ 5 3) 1875
ey | B MG (5.5.3) ) 1875
99 (5,5,5) ==
(3,3) = (7,3) 784 2
(5.3) | & (5,5 | %=
(5,5) | 5332 (7,7 | 5%

Table 12.2: More spin single Hurwitz numbers computed via topological recursion. In genus
zero, the numbers agree with the non-spin Hurwitz numbers (see Proposition 12.1.4).

12.2 — EQUIVARIANT TOPOLOGICAL RECURSION

A central point in the original formulation of topological recursion by Eynard and Orantin is
that the germ of the bidifferential B near the ramification points has a double pole along the
diagonal and no other pole. The spectral curve defined by Equation (12.1.1) does not satisfy
this constraint. However, the particular Z/2Z symmetry realised by the map z — —z will
allow us to reduce the computation to half of the ramification points, where we can actually
apply the original formulation of topological recursion.

More generally, in this section we develop a theory of topological recursion for spectral curves
whose associated bidifferential has poles at different ramification points, but satisfying a certain
symmetry. The spectral curve (12.1.1) is a specific example of such a curve with symmetries,
and we will use the theory developed in this section to find the ELSV-type formula associated
with this spectral curve in Section 12.3.

12.2.1 — (GLOBAL TO LOCAL SPECTRAL CURVES WITH SYMMETRIES

In the following, we denote by G a finite group, and by e € G its unit.
DEFINITION 12.2.1. A G-equivariant spectral curve is the data S = (C, ¢, x, y, B, x, v, B) of

* a Riemann surface C, not necessarily compact nor connected, with a free action ¢: G X
C — C, which we will often write ¢(y, 2) = ¢z = yz,

e afunctionx: C — C such that its differential dx is meromorphic and has finitely many
zeros ai, . . ., d, that are simple (called ramification points),

* a meromorphic function y: C — C that is holomorphic at the ramification points and
such that dy is non-zero at the ramification points,
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12. A spin Bouchard—Marifio conjecture and ELSV formula

* a symmetric bidifferential B on C x C,
e three one-dimensional representations y, v, 8: G — C*,

such that forany y € G

dx(yz) = xy dx(2), y(yz) = vy y(2), B(yz1,22) = By B(z1,22), (12.2.1)
and B(z1,z2) — B¢ (z1, z2) is holomorphic as z; — yza, where

1 d(nz1)dzs

m. (12.2.2)

1 -
B9P(z1,29) = @ Z By
neG

The topological recursion is defined by the usual Equation (2.3.9).

EXaMPLE 12.2.2. Identifying Z/2Z with { £ }, then the spectral curve in Conjecture 12.1.2 is
a Z/2Z-equivariant spectral curve with ¢,z = £z, x the trivial representation, and v = B the
sign representation.

LEMMA 12.2.3. For any G-equivariant spectral curve as in Definition 12.2.1, we have 5% = 1,
re. B: G — {1}

Proof. Tt is sufficient to consider the polar part BY# as z; approaches any element of the
G-orbit of z5. Let y € G; then

L d(@ydyz1)dza
(pndyz1 — 22)?

= L Z ﬁ_l d(¢7¢7’177y21)d22
|G| g

(¢7¢7’1777Z1 - 22)2

1
ByB P (21,22) = BOP(¢yz21,22) = — Z B
G| = !

neG

1 _ d(¢yyz1)d (¢ 22)
- ﬁ Z ’87717’7‘1 3

n'eG (¢7]'Z1 - ¢‘;112)2

= B9’ (21,6, '22) = B,' B9 (21, 22),

using that § is one-dimensional, and where ~ means “equality up to holomorphic terms”. It
follows that ,83 =1forally € G,so B> =1. i

Let a be a fixed ramification point. Then dx(ya) = xydx(a) = 0, so ya is a ramification point
as well. Choose a local coordinate ¢, such that £, (a) = 0 and x(z) = £.(z)?+x(a) around z = a
(we call such a coordinate adapted to x at a). Also choose a square root v/y, i.e. a function
\Vx: G — C* such that (\/)_()3 = xy. We also require (y/x)e = 1, but 4/ is not necessarily an
homeomorphism. Then near ya we have a local coordinate defined by ¢y (z) = (vx)y&e (y ' 2).
Indeed, we get ¢, (ya) = 0and, as x(z) = x,x(y~'z) +C(z) for some locally constant C, around
z =ya we find

x(2) = xyx(y7'2) + C(2) = xyle(y '2)? +x(a) + C(2) = £, (2)* +x(ya). (12.2.3)

Therefore, ¢, is a local coordinate adapted to x at ya. Note that the ambiguity in the choice
of 4/ corresponds to the fact that —¢, is also a local coordinate adapted to x at ya.
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IV. Spin Hurwitz theory

We define the times as the Taylor coefficients of y in these coordinates as z — ya:
k
y= Z tkyly,s (12.2.4)
k=0

Then, around z = ya,

Dty (2 = y(2) =vpy(y D) = vy ) Lk () = ) oy (VIO EDEE(R), (12.2.5)

k>0 k>0 k>0

SO th,y = Uy (VX); * Ik Similarly, define jumps as the Taylor coefficients of B in these coordi-
nates as z; — Y14, 22 — Yad:

ﬁ Yivy2 dz;’}’l d§y2 ok
) +Y U b S . (12.26)
|G| (é’yl_é“yQ)Q k1%>0 1,71),(k2,72) 691 695 G6y1 A6y

This expansion is justified by the assumption B = B¢*# up to holomorphic terms. Moreover,
we have u(k, 11, (ka,ya) = Uka,y2),(ki,y1) DY symmetry of B, and by expanding around z; = y;a,

we find wk, 1), (koyye) = ,Byln(\/)_();fl_l(\/)_();2](2_1u(k1,e),(k2,e).

This analysis is local around G-orbits of ramification points. If we have s|G| ramification
points {a; };es such that the index set I has a free G-action GXI — I: (y,i) = yiand ya; = a,;,
then in the same way we can choose a system of representatives {a;},.j of the G-action and
local coordinates £; adapted to x around a; such that £,i(z) = (vx)yZi(¢;'z) fori € I. And
then with the expansions

y= Ztk,iélk,

k>0
2yeG ByOiyyiy diide; (12.2.7)
B = : s+ Uk i), (i) CE C 2 ALy AL
|G| (&iy = &in)? k1%>0 G0, (aof2) S0 o Ton B0z
we get the relations
-k U(ky,i),(k,iz) = U(ka,iz),(k1,i1)
tk,yi = Uy(\/)_()y tk,i, { —ki—-1 —ko—1
u(k2s72i2),(kls')’1i1):BVI?’Q(\//?)'}’II (\//?)722 U(ky,ir),(ke,i2)

(12.2.8)
fori,iy,io € I. This is the structure for the local G-equivariant spectral curve, as defined in
the next subsection.

12.2.2 — THE QUOTIENT OF A LOCAL EQUIVARIANT CURVE

DEFINITION 12.2.4. For a fixed s > 1, a local G-equivariant spectral curve Sg is given by
the following data: we fix an index set I of size s|G|, with free G-action and system of
representatives 1, and as above three one-dimensional representations y, v, 8 of G such that
B% = 1, along with a square root \[y. The curve is | |;c; Spec C[[¢;], with &y; = (\[x)y¢: for
i €1,and

X)) =8 +ai,  y) = Z tilf, (12.2.9)

k>0

and

2yeG ByOiyyiy Al dl;
T Sy Z Wky ) (hovi) 1 402 dL ALy, (12.2.70)

B(gil’ giQ) =
|G| (gil - §i2)2 k1,ko>0
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12. A spin Bouchard—Marifio conjecture and ELSV formula

with coefficients satisfying (12.2.8).

To lighten the notation, we may write ¢ for any ¢; if the index is not important. For multid-
ifferentials, we may also use an index in {0, . . ., n} to denote which argument we mean. We
define the topological recursion correlators as usual:

wg,n+l(§0’ g[[n]]) = Z ReSK(évOa gl)(wg 1 n+2(§l’ —is {[[n]])

l€I
no (0,1) (12.2.11)
+ Z Wgr 141011 (Gir 1) Wgo, 141051 (=8 £15) |
g1+92=9
J1I_I12=[[n]]
where 3
f—éi B({O’ )

K (o, ¢i) =

(12.2.12)

1
2 (y(&) - y(=&0))dx (&)
LEMMA 12.2.5. All of the wgy, constructed via (12.2.11) (i.e those with 29 — 2 +n > 0) are

G-equivariant in any of the individual variables: for any 1 < m < n,

wg,n(gﬂm—l]] > gyi,ma gﬂm+1,n]]) = ﬁng,n(gﬂm—l]] s Sims g[[m+1,n]])’ (12'2‘13)

Proof. This is a standard induction argument. Noting that wy; does not occur in Equa-
tion (12.2.11), and the base case wg2 = B follows immediately from Equations (12.2.8)
to (12.2.10).

For the induction step, there are two cases: if m > 1, it follows immediately from the induction
hypothesis and the shape of (12.2.11). If m = 1, it follows from (12.2.11) together with

[ BGi0 [ BB
2(wo.1(£j) —wo1(=¢;))  2(wo.1(¢)) — wo.1(=¢)))

K(&yio.¢5) = = ByK(Li0, ).

O

DEFINITION 12.2.6. Let S be a G-equivariant spectral curve. The G-guotient spectral curve
or reduced local spectral curve S /G = S,.q associated to Sg is the curve | |;c; Spec C[[{,]]
with the same x, y, and B restricted to this curve. Then define the reduced correlators wfff, via
the usual (non-equivariant) local topological recursion on 8™4. The reduced correlators can
be extended to the full index range I by G-equivariance as in Lemma 12.2.5; we will denote

these extended reduced correlators by the same symbols.

The main point of considering S™4 is that the bidifferential B, once restricted to the reduced
curve, has double poles along the diagonal only. The next proposition states that correlators
computed on the equivariant spectral curve Sg coincide with the reduced correlators, up to a
global power of |G].

PROPOSITION 12.2.7. For a local G-spectral curve Sg, the correlators wg. ,, defined via Equa-
tion (12.2.11) are zero, unless x - v = B, in which case they are equal to the extended reduced
correlators wred defined via S,.q, up to powers of |G|:

wq,n(§|[n]]) = |G|2g 2n rc (§[[n]]) (12.2.14)
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IV. Spin Hurwitz theory

Proof. This is again proved by induction. The main step is the reduction of the sum over s|G|

ramification points in Equation (12.2.11) to a sum over s ramification points. For this, we
need

K (L0 Lyi) = Byx;, v, K (Lo, &)

By Lemma 12.2.5, we may as well prove the equality on S,.q, i.e. with indices restricted to 1.
Then, from the definitions, we see

wo2(d1. ) = w81, 82), K(Lo,0) = K440, 0).

For the induction step, we calculate

wWg.n+1(£0s ([n]]) = Z Res K (Lo, gz)(wq 128 =4, §|[n]])

l€I
+ Z w91s1+|-]1|(§i’ éfl)wg2,1+|J2|(_§ia {JQ))
g1tg2=9g
J1|J12:|In]]
- Z Reb K({O {l)ﬁ’)/)(’y (Bglwg—l,n+2(§i’_{is gﬂn]])
yeG
iel
+ Z ﬁng1,1+|h|(§i,CJl)ﬁng2,1+|J2|(—§i,CJQ))
g1tg2=g
J1I_1J2:|Il’l]]
= Z |G|6)(UB ReSK(gﬂ é“l)(wg 1 n+2(§1, {1, {[n]])
iel
+ Z a)gl,1+|.ll|(§i’§h)wg2,1+|J2|(_§i,§J2))
g1t+g2=9g
J1LJJ2:|In]]
|G|2q 2+(n+1)6 ﬂZReSKred(éo gl)( g 1n+2(§l’ é‘l, é’[[n]])
iel
red
+ Z g1, 1+|Jl|(§l’§J1)w 9, 1+|J2|( gi’évlz))
g1t+g2=g
J1LJJ2=[[I’1]]

= 6y u gl G2 W (L. L)

The first equality is the definition, the second applies equivariance, the third gathers characters.
The fourth equality applies the induction hypothesis and gathers factors of |G|, and the last is
the definition of the reduced correlators. O

COROLLARY 12.2.8. The correlators calculated on Sg are invariant under permutation of the
variables.

Proof. This symmetry is well-known for usual Eynard—Orantin topological recursion [EOo7a]
(see also [ABCO17] for an algebraic proof). Therefore, it follows immediately from Proposi-
tion 12.2.7. i

Because of Proposition 12.2.7, we propose the following definition:
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12. A spin Bouchard—Marifio conjecture and ELSV formula

DEFINITION 12.2.9. Let G be a finite group. A (local) G-spectral curve is a (local) G-equivariant
spectral curve as in Definition 12.2.1, respectively Definition 12.2.4, such that yv = g.

Thus, G-spectral curves are those G-equivariant curves for which the stable correlators are
not necessarily trivial due to Proposition 12.2.7.

12.3 — A CoHFT FOR sPIN SINGLE HURWITZ NUMBERS

We can now apply the Eynard-DOSS correspondence to express spin single Hurwitz numbers
with completed cycles as a certain CohFT on the moduli space of curves, intersected with
powers of y-classes. Throughout this section, we consider r = 2s to be an even, positive
integer.

Recall the conjectural spectral curve on P! for spin single Hurwitz numbers with (r + 1)-
completed cycles:

1 1 1
_ 2s _ —
x(z) =log(z) —z*°, y(z) =2z, B(z1,22) = 3 ((Z1 " + EETSE dzidzo.  (12.3.1)

Itis Z/2Z-spectral curve, with y the trivial representation, and v = S the sign representation.
The ramification points of the full spectral curve are given by

J? in
S

a; = —, J =
(2s)2s

, i=0,1,...,2s =1, (12.3.2)

Q

with Z/2Z-action given by (-1).i =i+ s (mod s). Here we identify Z/2Z with {1}. Thus,
we can choose the system of representative ramification points to be I = {0,...,s —1}. Asa
consequence of Proposition 12.2.7, together with a rescaling of B (cf. Theorem 2.3.6), we get
the following result.

LemMma 12.3.1. Consider the spectral curve on P given by

1 N 1
(z1—-22)?  (21+22)?

x(z) =log(z) - 225, y(z) =z, B(Zl,ZQ) = dzidzo. (12.3.3)

Denote by oy} the multidifferentials obtained by summing over the ramification points indexed

by {0,...,s = 1}. Then

w;:g(Zl, R ] Zn) = 21_y—nd)!r]::’l9(zl’ R ] Zn) (1234)

Proof. Reducing the set of ramification points to I gives a factor of 22972 while the rescaling

B+ B = 1B gives a factor of 273¢+3-21, O

The main consequence of the above lemma is that we can safely apply the Eynard-DOSS
correspondence, Theorem 2.3.12. Indeed, although we do not sum over all zeros of dx, one
can easily check that this does not spoil the argument of [Eyn11; DOSS14]: the computation
to express the multidifferentials as a sum over stable graphs is local, and the expression of the
edge weights in terms of the R-matrix of Equation (2.3.25) only requires a compact curve and
dx meromorphic.
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IV. Spin Hurwitz theory

Let us choose c[i] = —\/% and ¢ = (QS)%“, so that we have local expansions
1 (2 a;
x=—§2— +x(a;), y=ai+2—;{i+0(§i2). (12.3.5)
With this choice, A = 7t and =L ~. Moreover, the underlying TFT on V = C (e, ..., e5_1)
is given by
s—1 .
]l Jt\ —2g9+2-n
n(ei,ej) = oi;, = 25 P Wgr’r’?(eil ® -®e;)=0i... in(%) . (12.3.6)

Let us compute now the other ingredients for the Eynard-DOSS formula (cf. [LPSZ17] for
similar computations).

LEMMA 12.3.2. The auxiliary functions, R-matrix and translation associated to the spectral
curve (12.3.1) are given by

£(2) = 2Aiﬁ’ (12.3.7)

) 1 s—ll o 00 m+1(2k+1
R—l(u)l{ — ; Z J(2k+1)(1—l) exp(— mZ:1 m(_u)m)’ (1238)
T'(u) = Z m’;‘;jf;i (~u)™. (123.9)

fori,j=0,...,s — 1. Moreover y and B are compatible, in the sense that Equation (2.3.31) is
satisfied.

Proof. For the auxiliary functions, we simply have

i _ ZB(([,Z) Al < 1 1 _ i Z
fo= [ gi:o‘A/ ((ai—z>2+<ai+z>2 e E

d{i i

For the R-matrix, inserting the expression for & in the definition of the R-matrix and integrat-

ing by parts, we get
R W) = —\/i RGeS

Z((/ —QL(?
= usi lid(l;.
\/27ru / a? —z2(¢;) £ e
We perform now the change of variable ¢; — w determined by z = J)j —w2. We find
(2s)2s
147 1
~395 =¥ -x(aj) = g(l - w +log(w)),

and differentiating both sides we get —={d{ = (% — 1)dw. Note also that w runs along the
Hankel contour Cy when ¢ runs from —co to +c0. As a consequence,

: 11
Y N2ru Jow J2(25) 7 = J2(25) S ws w

_ w1 1TY Laewrogw) gy,

sV2ru Joy 1— J20-Dps
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12. A spin Bouchard—Marifio conjecture and ELSV formula

On the other hand, we have the geometric progression formula

s—1
JQk(j—i)w§
1 —J2(.] l)w; k=0

and the asymptotic expansion for the reciprocal of the Gamma function, Equation (9.2.15), so
that

R—l(u)lf Z](2k+1)(] l)/ JETIRTE P
2rtu

eﬁ u 3 - + .
=— /2— Z J@kD =D / (uw) ey rescaling w — uw
S T C
k=0 H

s—1 © Bo(l— 2k+1
J(2k+1) (i) exp Z m+1 2s J m|
P — m(m+1)

We conclude using the property By.1(1 — a) = (—1)"* B,,41(a). The translation is given by
(2.3.30) and therefore does not depend on the (0, 2)-correlator, but only on x and y. Therefore,
we can use the result of [LPSZ17, Lemma 4.1] which, with the special case and change of
notation s = 1 and r = 2s, computes the relevant integral for the spectral curve for non-spin
Hurwitz number with completed cycles, with the same x and y. The result is

Ai _ng = m+1(25) _\m
m/Rdye exp( 2intme ))

and dividing by A’ gives the result. For the compatibility, we need to check that

1 / 51-2 SZ_I .
dye % ~ » R7'(u)! Al
V2ru JR =0 '

The left-hand side is given above, while the right-hand side follows from the formula for the
R-matrix elements:

s—1 1 s=1s-1 00 1 2k+1 Ji
-1\ Al _ = (2k+1) (j—i) — m— —u)™m
ZR (w); A s Z J exp( mzzl m(m + 1) (=u) ) :

i=0 i=0 k=0 (2s)2*
R (1 Sz‘i J- ka) J(2k+1) ) exp(— i B (P (—u)"‘)
(28)2 (25) 541 k=0 \* =0 L m(m+1)
JJ o Bl
= ERE= exp(— Z m(m Efi; (—u)™ )
So the two sides are indeed equal. m
Consider now the change of basis on the vector space underlying the CohFT, from (ey, . . ., e5-1)

to (vg,...,0s_1):

s—1 J(2a+1)l

s—1
e = 221_(2“+1)iva. (12.3.10)
a=0

i=0

In the following lemma, the indices of the Kronecker deltas are taken modulo s.
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IV. Spin Hurwitz theory

LEMMA 12.3.3. In the basis (v, . . ., vs-1), the following holds.

* The underlying topological field theory is given by

1 (25)%71
N00r00) = Oasbes @y (00, © B 00,) = Gy raygrr (123.10)
Moreover, the unit is given by v.
® The R-matrix is given by
© diagsj 1(2a+1
R~ (u) = exp| - Z a_O( it )(—u)m . (12.3.12)

— m(m + 1)

o The auxiliary functions 64 = 2 Y52 J=Ca+Vigl gre given by

() =20z 5 ot B2 iz,

(12.3.13)
~ m!
Proof. The pairing is given by a simple computation:
1 s—1 . ) 1 s—1 . 1
N(vg,vp) = (25)2 Z J(2a+1)l+(2b+1)JU(€i, ej) — (2s)2 ZJZ(a+b+1)z — £5a+b+1-
i,j=0 i=0

Similarly for the TFT and the R-matrix elements. To conclude, let us compute the expansion
of the auxiliary functions after the change of basis:

s—1

1
47 . 1 2((2s) 3s 2s—-2a-1
Hu(z) =9 E J- (2u+1)z§ (Z) E J—Qala _ (( S) Z) )
=0

s2v+ . - s
(25) 7+ 12 72 1— 2572

On the other hand, the spectral curve equation express y = z in terms of x through the Lambert
W-function: )

_(W(=25e%%)\¥

(M=)

In particular, from the relation ‘if = % with @ = 25 — 2a — 1, we find that
2(25) T dgPsm2an) 2 d s-2a-1
4= (-W(- 2se2sx)) =
2s —2a—1 dx (25—2a—1)dx

We can now use the expansion given in Equation (9.2.24) to finally get

g - zi i (m+ 2s—225a—1)m—1
h h) m

(2serX)m+2S’22S“’l

s—2a 2 +2s —2a —1
:2(2@%2 (2sm Sm' a—D" (2sme25-2a-1)x
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We can now express the cohomological field theory Q7 = R.w,; as a sum over stable graphs.
Because of the simple expression of the underlying topological field theory and R-matrix,
the result can be expressed in a concise way through weighted stable graphs. The following
definition is an adaptation of [JPPZ17, Subsection 1.1] to our setting.

DEFINITION 12.3.4. LetI' € G, , be a stable graph of type (g, n), and consider some weights
a=(ai,...,an), 0 < a; < s—1,satisfying the modular constraint Y} ; a; = g — 1 (mod s).
A spin weighting modulo s of T is a map w: Hr — {0,...,s — 1} satisfying the following
modular constraints.

* VERTEX CONDITIONS. For every vertex v € Vr,

Z w(h) =g() -1 (mod s). (12.3.14)

heHr (v)
* EDGE conpITIONS. For every edge e = (h, ') € Er,
w(h) +w(h’)=-1 (mod s). (12.3.15)
® LeAr conDITIONS. For every leaf A; € Ar corresponding to the markingi € {1,...,n},
w(d;) =a; (mod s). (12.3.16)
Denote by Wlf’ﬂ(a) the set of spin weighting modulo s of T".

PROPOSITION 12.3.5. The CobhFT Q;j,'? = R.wgr,’,? evaluated at vg, ® - - - ® vq, 1s given by the
following sum over stable graphs

2g—1-h(T) (—l)mB (i)
$ m+1
229—2 e 2s
2 2 Tmamr el eXp(Z ey
F€Gg.n wews ¥ (a) veVr m=1
(=1)™ By ( 2w(h)+1 )
1- eXP(— Zim=1 m(mt D) ()™ = (—Ll’h')m))
X (12.3.17)
[ e
ecEr h h
e=(h.h')
I
exp|— "
AieAr =1 m(m+1)

if Y ya; =g—1 (mod s), and zero otherwise.

Proof. From Lemma 12.3.3 and the definition of unit-preserving R-matrix action, we get the
following expression for Q;j,l?(val ® - ®ug,):

(2 )2y(v) 1
2 2 |Aut<r)| l_[ : P

TGyn wews? (mz1

_1\ym 1
Z( 1) Bm+1(QS>Km(v))

m(m+1)

(=1)" Byt (2501

1= eXP(— Zim=1 m(m+1) ((%//h)m — (=Yw )m))

4s) -
8 el;lr( ) Yn+w
e=(h,h")
T ‘Z( D" Bt (2555)
/liEArexp m>1 m(m+1) w/li .
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if ' a; = g—1 (mod s), and zero otherwise. The spin weightings modulo s are simply
keeping track of the Kronecker deltas in the TFT and the R-matrix. Collecting the powers of
s, we get the exponent

|Erl+ > (29() = 1) =29 -1 - h'(D),
veVr
and collecting the powers of 2, we find the exponent

21Er|+2 ) (9(v) = 1) =29 -2.

veVr

We have all the ingredients now to state the main result of this section.

THEOREM 12.3.6 (Spin ELSV formula). Conjecture 12.1.2 is equivalent to the following state-
ment. Forr = 2s and pu = (u1,...,un) € OPgy, the spin single Hurwitz numbers are given

by

(12.3.18)

n iy L]
1)(29-2 d —
A (ﬂ (5)

L0
/ Q' (U<u1> ® - ® ()
i=1 [pe]! M

My i (1= Eryy)

Here we wrote u; = rui] +r — (2{u;) + 1), with 0 < (u;) < s — 1.

Proof. Combining Lemma 12.3.1 and the Eynard-DOSS formula of Theorem 2.3.12 in the
basis (vo, . . .,vs-1), we find that the topological recursion amplitudes w;:,’? computed on the
spin Hurwitz numbers spectral curve are given by

9l-9- " (2s )(2v+1)(29 2+n) Z / Q,r ﬂ(va) H(Z w{(idekj,ai (Zi)),

ai,..., an=0 k; >0

_ - : : 1d _14d
where v, = vg, ® -+ - ® v4,. With our choice of constants c[i], we have —Zdc = dx Thus,

RN
Wy, 1s given by

—gmn (o) oy 25t 20-2em) ; gai
di-edy Y /M Qi (0a) 2728 T ]_[(;”s d) (i)
g.n

0<as,..., an<s
ki,..., k>0

_ (25+1)(2g-2+n)+3; (2s-2a;-1)
=dy-dy Y / Q- (vg) 2179(25) =
Mg,n,

0<ai,..., an,<s
ki,..., k>0

ki itki
x ﬁ (ﬁ) Z (257’)’1,‘ +25 —2a; — 1)m k e(25mﬁ25—2a;—1)x(zi)'
m

|
m; >0 t

For p odd, let us write i = 2s[u]+25—(2 (u)+1). Then, after substituting u; = 2sm;+2s—2a; -1,
the above formula reads

, 0 iy L]
di---d Z M 1-9(9 )Wwﬁ(glemﬂa)
b i T (- By ]! '
H1seees >0 g.n i=1 2s i=1 t
u; odd

Comparing the above expression for w;:}f (z1,- - -»2n) with the statement of Conjecture 12.1.2,
we get the thess. O
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12. A spin Bouchard—Marifio conjecture and ELSV formula

ExaMpLE 12.3.7 (The case (g,n) = (1,1)). Let us explicitly write the CohFT forg=n=1. We
have Qg:f\(a) = Contr + %Con‘cp, where the stable graphs are

r=-e and I'=—@)

and their contributions are given by

L Bo(L+ _
Contr = 04,0 8 (1 - 2(2 ) ) (1 + %%) € H.(M1,1),

1 w+1

Contr = dg,0 (— Z ) € H* (MO,B)-

w=0

Using the relations k1 = ¢ and fr = [pt] = 12y, together with the Bernoulli polynomial
identity —12s 33~ B» (2) =1, we ﬁnd

Q;:lﬂ(a) (s + %)

In particular, the ELSV for g =n =1, u = 2sb — 1 reads

b-1
rd_ 2 H '7” el
R M( 2)(1+ )

g2 P p! Ky
(b—l)' M11 2 2s

S2 /’lb 1
= + -
12 (b - 1) (” s)

which coincides with the expression of Equation (12.1.22) obtained via Fock space computa-
tions.

Remark 12.3.8. For the special case r = 2, 1.e. s = 1, we can use Proposition 2.2.13 to write the
(1-dimensional) CohFT ngg (1®") in exponential form. Moreover, thanks to the Bernoulli
polynomials property Bm+1(%) = (27™ — 1)B,y31 and Mumford’s formula (2.2.26), we can
rewrite the CohFT Q_ﬁ;}f(ﬂ ®1) as a product of two Hodge classes:

2g-2 _ m+1( ) _ 0292 _1
2 exp( E m(m+1)( E Ui+ )) =2 A(D)A( ) (12.3.19)
In particular, the ELSV formula for y; = 2b; — 1 reads
ADA(-%
2,9 _ odg—4+2n 2
hgu =2 (l | b _1)|) v T (= g’ (12.3.20)

expressing spin single Hurwitz numbers with 3-completed cycles in terms of double Hodge
integrals.
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IV. Spin Hurwitz theory

12.4 — THE CoHFT As spiN CHIODO CLASS

As explained in Subsection 2.6.1, the (non-spin) single Hurwitz numbers with (r+1)-completed
cycles can be expressed in terms of intersection numbers of the Chiodo class [Chio8b] by
Zvonkine’s r-ELSV formula [Zvoo6], proved to be equivalent to topological recursion in
[SSZ15]. In this section, we show that the cohomological field theory Q"% of Proposi-
tion 12.3.5 can be interpreted in a similar way. The main difference, as more often in the spin
setting, is the introduction of a sign and powers of 2.

Since we are going to modify Chiodo’s construction, let us recall the basic setup, which we
specialise to our setting. It should be noted that there are three different, but equivalent,
constructions of the compactified moduli space of spin bundles: by Jarvis [Jarg8; Jaroo] using
curves with A, -singularities at the nodes and relatively torsion-free sheaves, by Caporaso—
Casagrande—Cornalba [CCCo7] using iterated blowups at nodes (bubbled curves), and by
Abramovich-Jarvis and Chiodo [AJo3; Chio8a] using stacky curves with p,-automorphisms
at the nodes. For an excellent introduction into this theory, see [CZo9].

We fix a positive integer r as above. In [Olso7; Chio8a], the authors construct alternative
compactifications of M, , adapted to spin structures. In particular, we will need the moduli
space of r-stable curves, for which the main result for us is stated below. The exact definition
of an r-stable curve is given in [Chio8b, Definition 2.1.1]. Informally, an r-stable curve is a
nodal one-dimensional stack, whose coarse space is stable, whose smooth locus is an algebraic
space, and whose nodes are described by

[ Spec (A[z,w]/(zw — 1)) /p] — Spec, (12.4.1)

for some t € A, where p, is the group scheme of r-th roots of unity, and an element ¢ € p,
acts by (z,w) — (€z,& w).

THEOREM 12.4.1 ([Olso7; Chio8a]).

1. The moduli functor My ,(r) of r-stable n-pointed curves of genus g forms a proper, smooth,
and irreducible Deligne—Mumford stack of dimension 3g — 3 + n, and My ,(1) = M .

2. If r = Is, there is a natural surjective, finite, and flat morphism fI: Myn(r) — Mgy n(s)
that is invertible on the open dense substack of smooth n-pointed genus g curves and
yields an isomorphism between coarse spaces (and hence on Chow and cobhomology).
The morphism is not injective: indeed, the restriction to the substack of singular r-stable
curves has degree | as a morphism between stacks.

Fix k € Z and n numbers 0 < m; < r — 1 satisfying the modular constraint

Zml— =k(2g—2+n) (mod r). (12.4.2)

i=1

For a genus g curve with n markings, define

n
K:wﬁ’;(—Zmixi). (12.4.3)
i=1
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12. A spin Bouchard—Marifio conjecture and ELSV formula

As we briefly explained in Subsection 2.2.2, we will be interested in the moduli space of r-th
roots of K: line bundles L such that L®" = K. In the smooth case, there is a natural torsor on
M, of curves with an r-th root of K. There are different ways of compactifying these, but
the most natural for us is the construction of [Chio8a]: its compactification parametrises r-th
roots of K on r-stable curves. The main properties of this moduli stack are given below. We
will write m = (my, ..., my).

THEOREM 12.4.2 ([Chio8a, Theorem 4.6]).

1. The moduli functor M of r-th roots of K on r-stable curves forms a proper and smooth
stack ofDelzgne—Mumford type of dimension 3g — 3 + n. For k=my=---=m, =0, the

stack M m 15 a group stack G on Mg n(r). In general M m 1S a finite torsor on Mg n(r)
under g

2. The morphism p: M;Z — M. (r) is étale. It factors through a morphism locally
isomorphic to the classifying stack Bu, — Spec C (a p,-gerbe) and a representable étale
r?9-fold cover; therefore it is has degree r?9~1.

Note that we need not restrict the m; to lie between 0 and r—1. However, forany ¢ = (t1, ..., 1,),
there are canonical equivalences

—r,k

s —r,k
i M et — Mo (Cox, L) — (C,x,L(Zl’.‘zltl-xi)). (12.4.4)

We will use these maps implicitly to always reduce to 0 < m; < r — 1. Similarly, there are
canonical equivalences

—r,k+r

—rk
oM — M;,m, (C,x,L) — (C,x,L®w™?). (12.4.5)

g.m

. . —r.k —s.k
Moreover, if r = Is, there is a map € : Mg m = My m (mod 5)> which takes the I-th power of

the line bundle and the Bp,-structure at the nodes (and incorporates the index restricting
from Equation (12.4.4)). This factors through a p;-gerbe and a representable /29-fold cover.
We get p o €] = fI o p. In particular, for s = 1, we have €] = f[ o p.
These moduli spaces have a universal curve and a universal r-th root
—r,k

m: Cgm—>Mg o L—Cy e (12.4.6)
Moreover, there is a natural substack Z c C con51st1ng of the nodes of the singular curves.
This has a double cover, j: Z — Z, parametrlslng nodes of singular curves with a choice of
branch at the node. We denote its deck transformation, i.e. the map sending a node on a curve
with chosen branch to the same node with opposite branch, by y — 5. On Z’, there are two
natural line bundles whose fibres are the cotangent lines at the two branches of the node; we

denote their first Chern class by ¥ and .

A node with chosen branch y has two natural lines over it: L], and T, C, where C is the nor-
malisation of C, both of which are p, -representations (by the local structure of r-stable curves
atanode). Let ¢(y) € Z/rZ be the number defined by L], = (T;5)®q(y) as representations.
This is locally constant on Z’, and we get a decomposition

’ . . , —r,k
I_I Zy» Ja=Jlz,: Zg = Mg . (12.4.7)
qeZ/rZ
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IV. Spin Hurwitz theory

THEOREM 12.4.3 ([Chio8b, Theorem 1.1.1]). With notation as above,

(d+1)! chy(R*m. L) = Bd+1( )Kd—ZBd+1( e+ ZBd+1( Jig(va-). (12.438)

Here Yd = Zz+] d( lr//) '70]

As stated in Proposition 2.2.19, Janda-Pixton—-Pandharipande-Zvonkine concluded from the
above formula an expression for the Chiodo class

C;:,I:(ml, ey m,,) = (E{)*C(_R.N*L)

= (€1)s exp(Z(—l)d(d —1)! chy(R*7.L)] € H' (M,.) (12.4.9)

d>1

as a sum over stable graphs, and thus its Givental-Teleman data (for this it is important to
restrict the m;, cf. Equation (12.4.4)).

In our current setting, we want to understand what the correct geometric adaptation to the
construction of some Chern class should be in order to obtain the sum over stable graphs
of (12.3.17). To this end, we have to introduce a sign, again given by the parity of a theta
characteristic. For this, we assume k = 2/ + 1 1s odd, r = 2s 1s even, and moreover m; = 2a; + 1
is odd for all i. Recall the notion of theta characteristic and its parity, Definition 10.3.1.

Theta characteristics on a nodal curve were considered by Cornalba [Cor89], and are a partic-

ular case of 2-spin curves in the bubbled curves framework of [CCCo7], with all the m; = 1.

In [Cor89, Section 6], Cornalba indicates how to extend the proof of deformation invariance

of the parity to nodal curves (still defined as h°(C, ¢) (mod 2)) in this case. In our language,
—2.1

this shows that parity is a locally constant function on M,

DEFINITION 12.4.4. Let g,n > O such that 29— 2+n > 0,r =2s € Z&" k =2/ + 1 € 7°%4

and 0 < myq,...,m, < r—1such that m; = 2a; + 1 and
n
Dai-1)=@+1)(g-1) (mod s). (12.4.10)
i=1

. —— 1.k . ..
For an r-spin curve (C,x, L) € M ,,, we get that ol€s (L) is a theta characteristic on C, and
we define its parity to be the parity of this theta characteristic. As the parity is locally constant,

we get a decomposition
—r,k  —r,k+ —rk,-

My =My UM (12.4.11)
Here, we identify Z/2Z = {+1} for clearer notation. We will use these superscripts more
often to denote objects restricted to these subspaces. The spin Chiodo class is defined as

Crk(ar, ..., an) = (€))c(=R T LY) = (] )uc(—R°n; L7) € H* (Myp).  (12.4.12)

Remark 12.4.5. Recall that we restricted the indices m; to lie between 0 and r — 1. This is

essential: the map €} “untwists” L®” to a theta characteristic. In particular, it also “untwists”

—2,1
at the nodes: the Z;, from Equation (12.4.7) is mapped to Z in My 1n. We may then

mod 2)
extend the a; to all of Z in this definition, but we get canomcal equivalences between the
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12. A spin Bouchard—Marifio conjecture and ELSV formula

spaces for a; and a; + s, which preserve the parity by construction. Note that we require
m; = 2a;+1and k = 2/ +1 to be odd. This is necessary to obtain an honest theta characteristic,

o : —2,1
whose parity is well-behaved. For even m; or k, there is no clear map to M, 1, where the
bundles with theta characteristic live.

As suggested by A. Chiodo, the class C"*%? can be expressed as a product of the usual Chiodo
class with Witten 2-spin class

. 21
(W;’n € H* (M 1n). (12.4.13)

We refer to [JKVor; Chio6] for the definition Witten’s spin class on the moduli space of spin
curves.

PROPOSITION 12.4.6. In the situation of Definition 12.4.4, the spin Chiodo class can be given
by multiplying the usual Chiodo class with Witten 2-spin class on the moduli space of 2-spin
curves:

Crk?(ay,. .. ay) = (ef)*(wg’{n : (65)*c(—R’7r*£)). (12.4.14)

Proof. By [JKVor1, Theorem 4.6], cf. also [Chio6, Section 6.3], the 2-spin Witten class on
M;,ln is non-zero if and only if m; is odd, and in that case it is given by 1 on the component

of even spin curves and —1 on the component of odd spin curves. Therefore

(2 *(Win . (65)*c(—R'ﬂ*£)) - (ef)*(e;)*((e;)*w;,n . c(—R'mL))
= ()oc (=R T L) = (€7 Nuc(—R 72 L7),

which is the spin Chiodo class. O

o — . .
In other words, spin Chiodo classes naturally “live” on M, 1», which makes some sense, as it
is related via the ELSV formula (12.3.18) to spin Hurwitz numbers.

Remark 12.4.7. Proposition 12.4.6 allows us to extend the definition of the spin Chiodo
class to even m; by taking the right-hand side of Equation (12.4.14) as definition, as the class
naturally vanishes in that case. It is also natural to define a “I-spin Chiodo class” analogously,
as was also suggested to us by A. Chiodo: if r = Is

C;”,kl’l_Spm(ml, ce,My) = (e{)* (ngn . (elr)*c(—R°7r*.£)), (12.4.15)

which vanishes if any of the m; is divisible by /. This class, or a related construction, could
be useful for the local Gromov—Witten invariants of Lee-Parker [LPo7; LP13], relating the
Gromov—Witten invariants of Kahler surfaces to spin Hurwitz numbers. Note that for / > 2,
Witten’s class is not zero-dimensional anymore. We will not pursue this in this dissertation.

As suggested by D. Zvonkine, the CohFT Q"% coincides with the spin Chiodo class, up to
powers of 2.

PROPOSITION 12.4.8. Let r be a positive even integer. The CobFT of Proposition 12.3.5 is
equal to the spin Chiodo class for k = 1:

Q;:,’f(val Q- ®Uy,) = 2g‘1C§:n1”9(a1, ce,dn). (12.4.16)
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IV. Spin Hurwitz theory

Proof. In the non-spin case, the corresponding expansion in stable graphs is given by [JPPZ17,
Corollary 4]. We emphasise here the changes coming from the inserted sign. Let us start from
a slightly more refined formula for the Chern character of R*7. L, [Chio8b, Corollary 3.1.8]:
(d+1)! chg(R*n.L) is given by

P*(Bdﬂ(%)Kd - ZBd+l(%)¢/l€l +; Z Bd+1(q(}: I))(i(h,l))*(yd_l))

0<h<g
IC(n]

r—1
r q\, .
+§ qZ:O Bas (7) (J(irr,q))*(yd—l)-

Let us explain the notation in this formula. Here the singular locus Z’ has been decomposed
more than in Equation (12.4.7): consider a spin curve (C,x, L) with a node y, denote by
v: C — C the normalisation at y and L = v*L.

If the node y is separating, denote C = C; L Cy with the chosen first branch C; of genus
h and marked points x; for some I C [n]]. Then the value of g(h, 1) is determined by
2h =2+ (1| +1) = Xy mi + q(h,I) € rZ (and in particular must be odd), so Z(h - z o)
and

L% ¢, = wcl,log((q -1y - Z mixi)-

iel

We denote by i(,.1y: V/, ;) — M.(r) the double cover that fits into the following diagram.

(’h’l)

Jnay . ——r.k

(hI) : Mgm

P(h,l)l \LP

(h 1) H Mgn(r)

Yh.n)

’

If the node y is non-separating, then the moduli point lies in Z C Z; for some g, and we

(irr,q)
have
_ n
L% ~ wé,log((‘] -ry—qy- Z mixi)-
i=1
JR— ’k .
We denote by jirr,q) Zzirr o M;m the double cover of the relevant singular locus.

Now, let us start with the local picture, near a spin curve (C, x, L) with a node y, and let us
write L = v*L, ¢ = €} L (which is a twist of L®", recall Remark 12.4.5) and 9=y = e/ L. The
analysis is similar to [Cor89, Examples 6.1 & 6.2], which is in the bubbled curve formalism.
If y is separating, then (C1,x7, L|c,) and (Ca, xje, L|¢,) are r-spin curves, and have parities.
Moreover, although the L|¢, do not determine L (there are r choices of glueing at the node), it
is clear that H(C,#) — HO(C1,9|c,) ® HY(C2,9|c,) is an isomorphism, so the parities add.
If y is non-separating, and the arithmetic genus of C is g, then that of C is g — 1. There are two
distinct cases, given by the parity of g.

e If g is odd, then ¥ is a theta characteristic on C such that ¢ is a theta characteristic on C. C,
and in the same way as the previous case, h°(C, ) = h0(C,d). Moreover, we can glue L
onCinr ways.
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12. A spin Bouchard—Marifio conjecture and ELSV formula

e If ¢ is even, we see that ¥ is not quite a theta characteristic: in fact 92 = ws(y+7). By
the argument of [Cor89, Example 6.2], such line bundles on C can be glued to theta
characteristics on C in two ways, and the resulting theta characteristics have opposite
parity.

— ’ + ’ -
(Z(irr,q)) L (Z(irr,q)) , and the maps

f does not decompose, and the maps
(irr.q)

](1rr q)° Z(1rr q) — Mg m are such that P (J(lrr q)) =D« (j(_irr,q))*'
For the global calculation, we use [JPPZ17, Proposition 4]: the class ¢(—R*7.L) equals

Rewriting this, we get that if ¢ is odd, then Z/ (irrq)

J(irr,q) preserve parity. However if ¢ is even, then Z

lEOL

Fegg n wEWr 1 veVr A;€Ar

< | ]

ecEr
e=(h,h’)

—1)" Byps w(h)
- exp(— a1 = ()™ = ()™
Yn+Yn

’

where Cy and Cy are the same contributions as in Equation (12.3.17), and W{Jl(m) is the set
of 1-weightings modulo r of T (see Definition 2.2.18). The sum over weights w encodes the
values of g at the different nodes. All of the terms of this formula are pulled back from the
base, so in order to calculate the spin Chiodo class, we only need to analyse for each pair
(', w) which part of the contribution lies in M;,lf and which part in M;i_ We will use the
local analysis for this.

If w takes an even value at a half-edge & (and therefore also at #’), then we know this can only
be on a non-separating edge, and by our previous argument, it can be glued in two ways with
opposite parity. Hence, all of these contributions cancel, and we may restrict to odd values.

If w only takes odd values, then each of the M, (U) n(v) actually splits according to parity, and
taking parities {p(v) | v € Vr} results in a spin curve with parity [], p(v). So for fixed parities
{p(v) | v e Vr}, we get

1—[ 520 99(0)=1(99(0) 4 1 (p))
veV(I)

curves. As each r-spin bundle on the stratum I has exactly 7V automorphisms, subtracting
the number of odd-parity curves from the number of even-parity curves, we get

l_l Z p(v)SQg(U)—129(0)—2(29(0) +p(v) = 1_[ $29(0)=19g(v)-1

veVr p(v)e{x1} veVp

as the degree for (p* — p~) on the stratum (T', w). After pushforward, s and 2 occur a total of

|Erl+ > (2() = 1) = [Er| = Vel +2 ) g(0) = (/"(T) = 1) +2(g = k() = 29— 1 = k' (T)

veVr veVr
and
Erl+ > (g() = 1) = |Er| = Vel + ) g(v) = (B1(T) = 1) + (9= k' (D)) =g - 1
VeV vEVT
times, respectively. Comparing this with Equation (12.3.17) yields the result. O
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IV. Spin Hurwitz theory

COROLLARY 12.4.9. Conjecture 12.1.2 is equivalent to the following spin ELSV formula: for
r=2sand for u= (1, ..., un) € OP 4, the spin single Hurwitz numbers are given by

o ez ﬁ(%)“‘” / Com " (Gp11) - Gt
s il ) Ji (- By

i=1 Mg.n

(r+1) (2g—2+n)+d n (’%)[Hi] (Wan . (65)*0(—R.7T*-£)
=r " 1—[ /2 1 n Mi '
[pi]! ’ [Ti5 (1= Ty)

i=1 Mg

(12.4.17)

Here we wrote u; = rui] +r — (2{u;) + 1), with 0 < (u;) < s — 1.

Remark 12.4.10. Analogously to the non-spin case, cf. [KLPS19, Conjecture 6.1], [DKPS19,
Theorem 1.18], these formulae may be generalised to spin g-orbifold Hurwitz numbers
h;;’Z’ﬂ with (r + 1)-completed cycles, i.e. spin Hurwitz numbers with one ramification profile
(4.4, - --,q),one given by a partition g, and all other ramification profiles being spin completed

(r + 1)-cycles. Then ¢, r +1 = 25 + 1, and u would need to be odd, and the cohomological
field theory would be

Cot®? (1) s (), (12.4.18)

with now y; = rqu;] +rqg — (2{u;) + 1), and 0 < (u;) < sq — 1. The spectral curve for this
problem should be

1 1 1

x(z) =log(z) =", y(z) =27, B(z1,22) = 9 (z1 — 22)2 * (z1 + 22)2

dzidza. (12.4.19)

We do not pursue this generalisation here, although we do not expect any theoretical compli-
cations.

278



APPENDIX A — EXAMPLES OF CUTTING, GLUING, AND
COMBINATORIAL FENCHEL-NIELSEN
COORDINATES

CUTTING AND GLUING

In order to make the presentation of the cutting and gluing algorithms clearer, we present
some neat examples of these procedures. The first two (Figures A.1 and A.2) cover the case of
a sphere X with four boundary components, the last two (Figures A.3 and A.4) cover the case
of a torus T with one boundary component.

In all examples, the cutting algorithm is presented in lexicographic order, i.e. the images
are labelled by (a), (b), (c), et cetera, while the gluing algorithm is presented with the same
images, but in reversed lexicographic order. The combinatorial structure is depicted in red,
the associated measured foliation in blue (only the singular leaves are reported). The cutting
curve y is depicted in green, and it coincide with the curve obtain in the gluing algorithm after
identification of two boundary components y_ ~ y,. The component y_ is always located
on the left side of the figure, while 7y, is located on the right side. The identification points
p+ € v. are depicted in grey, and no twist is performed (that is, p_ is identified with p,).
Further, the letters a, b, c, . . . are referring to edge lengths of the cutting process, while the
letters r, s,1, ... are referring to edge lengths of the gluing process.

COMBINATORIAL FENCHEL-NIELSEN COORDINATES

We present two computations of combinatorial Fenchel-Nielsen coordinates on a torus T
with one boundary component, relative to two different cells (Figure A.5 and Figure A.6).
Furthermore, an illustration of Penner’s formulae (Proposition 6.2.1) is presented.

In all examples, the combinatorial structure is depicted in red, the associated measured foliation
in blue (only the singular leaves are reported), the pants decompositions #, %’ in green and
the collection §, 8’ in yellow.
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Examples of cutting, gluing, and combinatorial Fenchel-Nielsen coordinates

CurtTtING. Consider G € 7EC°mb and vy a cut- GruinG. Consider two combinatorial struc-
ting curve as in Figure A.ra. We have tures G. € 75°™ and two boundary com-
ponents . of P, of the same length as in
lg(y)=a+b+e+f. Figure A.1f. We have
After cutting, we obtain two pairs of pants ls (y-) =r+s, le, (y+) = u+v.
P, and two combinatorial structures G, €
7;f+°mb. After gluing (with a choice of p.), we obtain

a sphere X with four boundary components
and a combinatorial structure G € 7™,

o

C

d=w

b
(e) ()
Figure A.1

+e=y¢ b+f=l)
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Curring. Consider G € 7°™ and y a cutting curve as in Fig-
ure A.2a. We have

lg(y) =2a+b+2c+2d+e.

After cutting, we obtain two pairs of pants P, and two combina-
torial structures G.. € 7;)°°mb. From Figure A.2c to Figure A.2d, a

Whitehead move is perfoirmed.

() ()

GruING. Consider two combinatorial structures G, € ’/;fiomb and
two boundary components y. of P, of the same length as in Fig-
ure A.2g. We have

lg_(y-) =r+s+2t, le,(v+) =u+v+2uw.

After gluing (with a choice of p.), we obtain a sphere X with four
boundary components and a combinatorial structure G € 7™,
From Figure A.2d to Figure A.2¢, a Whitehead move is performed.

a+c+2d+e=s

(8)

Figure A.2



Examples of cutting, gluing, and combinatorial Fenchel-Nielsen coordinates

CurtTtING. Consider G € 7EC°mb and vy a cut- GLuING. Consider a combinatorial struc-
ting curve as in Figure A.ra. We have ture G’ € 7° and two boundary compo-
nents y. of P of the same length as in Fig-
le(y)=a+c. ure A.1f. We have
After cutting, we obtain a pairs of pants P le(y-) =r, ler (y4) = 5.

and a combinatorial structure G’ € 7}°°mb.
After gluing (with a choice of p.), we obtain
atorus T with one boundary component and
a combinatorial structure G € 7™,

2
"

(a) (b)

() (d)

D

atc=r a+c=s
() )
Figure A.3
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Examples of cutting, gluing, and combinatorial Fenchel-Nielsen coordinates

CurtTtING. Consider G € 7EC°mb and vy a cut-
ting curve as in Figure A.2a. We have

lg(y) =2a+b+c.

After cutting, we obtain a pairs of pants P
and a combinatorial structure G’ € 7,5°m,

GruinG. Consider a combinatorial struc-
ture G’ € 7° and two boundary compo-
nents y. of P of the same length as in Fig-
ure A.2f. We have

o (y-)=r+s, o (ys) =1+t

After gluing (with a choice of p.), we obtain
atorus T with one boundary component and
a combinatorial structure G € 7™,

283



Examples of cutting, gluing, and combinatorial Fenchel-Nielsen coordinates

CoMBINATORIAL FENCHEL-NIELSEN COORDINATES. Consider the combinatorial structure
G € 7, on a torus T with one boundary component as in Figure A.5. We have

L =2a+2b+2c.

Further, the combinatorial Fenchel-Nielsen coordinates with respect to the seamed pants
decomposition (P, 8) = (y, B) of Figure A.5a are computed with the help of Figure A.5b and
are given by

t=a+c, T=c,

while the combinatorial Fenchel-Nielsen coordinates with respect to the seamed pants de-
composition (#’,8’) = (y’, B’) of Figure A.sc are computed with the help of Figure A.5d and
are given by

¢ =b+c, 7 =—c.

This is in accordance with Penner’s formulae:

U =|t|+ [—L_22€]+ 7/ = —sgn(71) ’5 - [—L_%;(f’ﬂ]
+
= lel+b @+ -d
=b+c, - —c.

(2) (b)
L . < > L
(c) (d)
Figure A.g
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Examples of cutting, gluing, and combinatorial Fenchel-Nielsen coordinates

CoMBINATORIAL FENCHEL-NIELSEN COORDINATES. Consider the combinatorial structure
G € 7,° on a torus T with one boundary component as in Figure A.6. We have

L =2a+2b+2c.

Further, the combinatorial Fenchel-Nielsen coordinates with respect to the seamed pants
decomposition (P, 8) = (y, B) of Figure A.6a are computed with the help of Figure A.6b and
are given by

t=2a+b+c, T=a+b,

while the combinatorial Fenchel-Nielsen coordinates with respect to the seamed pants de-
composition (#’,8") = (y’, B’) of Figure A.6c are computed with the help of Figure A.6d and
are given by

¢ =a+b, 7' =-2a - b.

This is in accordance with Penner’s formulae:

U =|t|+ [—L_22€]+ 7/ = —sgn(71) ‘f - [—L_%Q([’T)L
=la+b[+0 =-|2a+b+c) -
=a+b, =—2a - b.

(2) (b)
IRSSEE
() (d)
Figure A.6
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Examples of cutting, gluing, and combinatorial Fenchel-Nielsen coordinates
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