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CHAPTER I — NON-TECHNICAL
INTRODUCTION

This dissertation deals with several distinct, but interrelated topics that have been the
subject of my research: the moduli spaces of curves, Hurwitz theory, and integrable
hierarchies. This introduction gives an overview of all these topics and and explains
how they are connected. However, it starts with a laymen’s introduction for those
who have not yet been initiated into these topics, or into modern geometry in general.

1.1 — LAYMEN’S INTRODUCTION

In this first introduction, I will not be technical, but try to explain the most important
concepts in an intuitive way. [ will not give any references here, these can be found in
all other parts of the dissertation. A disclaimer for the more mathematically equipped
readers: statements in this section may be inaccurate, wrong, or ill-defined. If you
are interested in the mathematical background, please check the more technical parts
of this thesis.

This introduction is aimed both at people without any mathematical background
and at people with some background. Hence, a few paragraphs may be somewhat
harder to understand than others. However, the difficulty does not only increase as
the text progresses, so if you find yourself out of your depth, you can try to skip that
paragraph and continue to the next one.

The research of this dissertation is a part of the mathematical field of geometry.
This is an area of human knowledge that goes back thousands of years, as it has been
studied by the Babylonians, the ancient Greeks, and ancient Indian and Chinese
civilisations. Many of their results are well-known, such as the Pythagorean theorem,
often quoted as a? + b* = ¢?. This theorem was actually already known over a
thousand years before Pythagoras.

The truly classical, Euclidean, geometry dealt with concepts such as lines, planes,
lengths and angles. However, in the last couple of thousand years, the nature of the
beast has changed a bit. A first question would then be: what is geometry? I would
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say that geometry is the study of shape and form. However, mostly these shapes and
forms are very abstract and hard, if not impossible, to visualise. Quite often they are
high-dimensional or in other ways so complicated that we cannot picture them in
our heads, let alone on paper or a screen.

Because of this, modern geometry uses a lot of algebra. If geometry is the study of
shape and form, algebra is the study of patterns and relations. Many explicit examples
of this come from geometry, such as the symmetry of certain shapes (many animals
have a two-fold symmetry, a square has an eight-fold symmetry), but the relation
between algebra and geometry goes much deeper than that. In fact, it is a two-way
street; geometric objects can give rise to algebra and algebraic objects have geometric
properties.

I1.1.1 — MODULI SPACES OF CURVES

General geometric objects are often called spaces. Examples of simple spaces are a
point, a circle, a plane, or a parallellogram. There are a lot of different spaces (in fact,
infinitely many), so in order to study them it would be useful to bring some order
into this chaos. In more fancy terms, we would like to classify spaces. This is a very
mathematical thing to do: we find or define some kind of things that interest us and
then we want to see what kind of thing we have just defined.

A first useful way of distinguishing between different spaces is the idea of di-
mension. A line and a circle are one-dimensional, a plane, a square, or a sphere are
two-dimensional, and the space we live in is three-dimensional. You could think
about the dimension of a space as the number of numbers (or coordinates) you need
to specify a point in this space. To give a point on the circle, you only need the angle,
so the circle is one-dimensional. However, to give a point in the world, you actually
need to give three numbers: how far it is above or below you, how far to the left or
right, and how far in front or behind. Hence our space is three-dimensional. A space
consisting of one point is actually zero-dimensional, because you do not need any
numbers to specify this point in the one-point space (there is no choice at all).

Although there are only three ‘real” dimensions, it can be very useful to consider
higher-dimensional spaces. For example, suppose you want to study traffic. To
describe the position of a bicycle (this is a dutch dissertation, after all), you need two
coordinates — bicycles cannot fly. However, if you want to describe the position of,
say, three bicycles, you need two coordinates per bicycle, for a total of six coordinates.
Hence, the space describing the positions of three bicycles is actually six-dimensional.
Of course, more bicycles (or cars, or pedestrians,...) means even more dimensions.

For a given dimension, there are still a lot of different spaces. For example, in
one dimension, you could have a straight line, or a circle of any radius, or a square,
a plus-symbol, or a figure-eight. There are several other properties that geometers
like spaces to have, that make them more beautiful in our eyes. For one, we like our
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spaces to be smooth, or at least not too singular. This means that we do not really
like crossings (as in the plus-symbol or the figure-eight), or boundaries (the space
suddenly ending, such as the endpoints of the lines of the plus-symbol), or corners
(such as in the square). We also like spaces to be compact, which means that they
should not go off to infinity (like the straight line). The circle is the only object from
my previous one-dimensional list that fits these criteria, but other examples include
ellipses, or the outline of just about any racing track.

There are still a lot of spaces left now, and if we really want to classify them, we
should also think about when we consider spaces to be ‘the same’, or equivalent.
This, like our previous conditions of smoothness and compactness, for a large part
comes down to taste (although we like to say some choices are very natural, and we
do have reasons for that). For example, do we want all circles of the same radius to
be equivalent, even if they have a different centre? Do we even want to consider all
circles to be equivalent, regardless of their radius? Or, going the other way, do we
want to think of all loops to be equivalent if they have the same length (this makes
sense if you consider them as flexible strings). Or, even more radically, do we want
all loops to be equivalent (very elastic loops)? These are important questions, and
the answer depends on the kind of geometry we are doing.

Often in these cases, there is some interplay between the amount of information we
want to keep (the length of a loop, or its shape), and the difficulty of the classification.
Finding the right kind of classification, that does not lose too much information, but
is still somewhat manageable, is often more art than science.

Once we have made a choice of the kind of spaces to consider, and what spaces
we call equivalent, the next step is to describe when two different spaces are close
to each other, in the sense that we only need to deform one a little to get the other.
For example, considering all circles and calling them equivalent if they have the same
radius, they should be close if their radii are not to far apart. With this notion of
closeness, the set of spaces we consider becomes in itself a space, which we call the
classifying space or moduli space (the parameters used to descibe our objects are
often called moduli). In the previous example, the moduli space of circles, equivalent
if they have the same length, is given by the positive real line, which gives exactly
this length. This example may sound a bit artificial, but in general, it is a very useful
concept.

The kind of objects of which I study the moduli space are compact complex curves.
These are one-dimensional, compact spaces over the complex numbers. The best
way to visualise them, however, is as two-dimensional (real) spaces, called Riemann
surfaces. Important and typical examples of Riemann surfaces are the Riemann
sphere, which is the the surface of a ball, and the torus, which is the surface of a
doughnut shape. In fact, any Riemann surface looks like a torus with many holes,
the number of which is called the genus, which we often denote by g. The Riemann
sphere does not have any holes, and therefore has genus zero, while the torus has



I. Introductions

genus one. Riemann surfaces have an additional, complex, structure, and we call
them equivalent if there is a map (a function between spaces) that moves the complex
structure from one to the other.

In fact, we would like to talk not just about Riemann surfaces, but we might want
to also specify some points on this surface, which we call marked points. Hence the
moduli space we consider is the moduli space of curves with marked points. It turns
out that there is one such space for each genus and each number of marked points,
and these spaces grow larger the higher these numbers become.

A very interesting aspect of these moduli spaces of curves, is that they are not
just a couple of spaces, but they are all related. By forgetting a marked point on a
Riemann surface with n marked points, you get a Riemann surface with n — 1 marked
points, and this relates the two moduli spaces. Another thing you can do, is take one
or two Riemann surfaces, cut them open around two marked points, in the way you
would for example cut the top from a coconut to drink from it, and then glue the one
surface to itself or the two surfaces to each other along the cuts. This also gives a
relation between the relevant moduli spaces.

If we want to study Riemann surfaces with extra conditions, these often form
a subspace of the moduli space, in a similar way that the line (graph) given by the
equation y = 2x+3 is a subspace of the x-y plane. In order to study Riemann surfaces,
it is therefore very important to understand subspaces of the the moduli spaces. It
turns out that this is an incredibly complicated subject, and after decades of study,
mathematicians have still not completely understood these subspaces. In part II of
this dissertation, I study these subspaces, and prove both old and new results towards
an understanding of their structure.

1.1.2 — HURWITZ NUMBERS

Another way in which I study Riemann surfaces is via the maps between them. As
stated before, maps are like functions. for example the equation y = 2x + 3 can be
understood as a function f(x) = 2x + 3, from the (real) line to itself. In a similar
way, we can make maps from one Riemann surface to another. These maps can be
visualised as follows: consider a pile of paper on a clipboard. The sheets of paper
represent the first Riemann surface, and the clipboard the second. Then the map
projects the point on the paper sheets to the point of the clipboard lying directly
under it.

Now, I said before that any Riemann surface looks like a torus with many holes,
but these sheets of paper and the clipboard do not look like this. The paper and
clipboard have boundaries, which we did not like. Actually, most maps have a couple
of special points, called branch points, where this picture of sheets on a clipboard
does not really work, but it is more like the sheets are stapled together at that point.
In fact, you could thinks of it as a tree, with a stem which at some point splits into

6
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several branches, and this is where the term branch point comes from. So the total
map at most places looks like the clipboard-and-paper picture, but there are also
some strange points where it looks like a branch of a tree.

(The real situation is a bit more subtle: the sheets are in some way mixed together
at the branch points. For those with more background, think of the map z + z9 on
the complex numbers. In general z¢ = w has d solutions for z, but if w = 0, there is
only one solution.)

These branch points are the most interesting points of the map, and we often
want to see what maps have a given set of branch points and a given behaviour, called
ramification profile, around these points. In effect, we want to control into how many
branches the stem splits at every point. If we count the number of maps with our
chosen behaviour, we get Hurwitz numbers, which are the main subject of part III.

There are many different kinds of Hurwitz numbers, depending on the kind
of conditions we impose on the ramification profiles. Still, many of these kinds of
Hurwitz numbers behave in broadly the same way, and we would like to study this
behaviour as we change the conditions.

Some particular behaviour present in many Hurwitz numbers is quasi-polyno-
miality. This means that the numbers, when viewed as functions of a ramification
profile (in particular, of the number of branches at each point), are given by an
explicit but somewhat complicated (non-polynomial) factor, times some (non-explicit)
polynomial of known degree. This fairly explicit description helps us compute these
numbers far more efficiently and also gives more insight in what they mean.

Furthermore, the polynomial is often given by an expression involving subspaces
in the moduli space of curves, a result which was first shown by Ekedahl, Lando,
Shapiro and Vainshtein for a particular kind of Hurwitz numbers and which has been
generalised in various directions since then. The explicit factor moreover indicates
that these Hurwitz numbers, when repackaged in a nice way, have some geometric
structure associated to them, which is called a spectral curve.

If we have managed to find this spectral curve associated to the problem, which
can be found from a very small subset of all the Hurwitz numbers of a given kind,
all the other numbers can often be calculated via topological recursion. This is a
procedure that uses the glueing of Riemann surfaces as explained above to decompose
complicated maps into more simple ones. If topological recursion holds, this is
therefore a very strong technique to calculate the more difficult Hurwitz numbers,
starting from only the two simplest parts of the problem.

In this dissertation, I prove this quasi-polynomiality property for several kinds
of Hurwitz numbers, which I will not describe in this introduction, as the conditions
on the ramification profiles are quite technical. For a number of these kinds, I also
make steps towards proving topological recursion and an ELSV-like formula, and in
two subcases, I do prove it.
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1.1.3 — INTEGRABLE HIERARCHIES

The third main topic of this dissertation at a first glance does not seem to have
anything to do with the previous two. This topic, integrable hierarchies, on the
surface concerns a sort of differential equations.

Differential equations are mathematical formulae that describe how one quantity
changes when we change another quantity. For example, Newton’s second law states
that if we exert a force on an object, this causes its position to change (as the net force
exerted is proportional to the acceleration). Almost everything in physics, and many
things in other fields such as chemistry and biology, are governed by various kinds
of differential equations.

Often, a differential equation expresses change with respect to one quantity
in terms of change with respect to another quantity, and these are called partial
differential equations. An example is the wave equation, which describes moving
(sinusoidal) waves, such as light. It relates the change of the amplitude with respect
to time to the change with respect to space, in such a way that the wave only moves
in space as time progresses, but does not change shape.

In general, partial differential equations are difficult to solve. If it is possible to
find enough solutions (as many as expected from the general shape of the equation),
we call such an equation integrable.

A particular kind of partial differential equations are evolutionary equations,
which decribe the change of a state as time flows in a particularly nice way. Of these,
the Korteweg-de Vries equation is central to this dissertation. It was first studied by
Korteweg and De Vries (after whom the mathematics instutute of the University of
Amsterdam is also named), to model waves in shallow water. It is a non-linear partial
differential equation, which to readers with some background sounds like it should
be very hard to solve. However, this particular equation turns out to have far more,
and far more explicit, solutions than one would initially think.

One particular kind of solution is a lone wave, moving at constant speed without
distortion. These waves are called solitons. Solitons can have any speed, and several
solitons can exist next to each other and even overtake each other. Because the
equation is non-linear, the way they move past each other is very complicated, but
after overtaking, they return to the same shape and speed as before.

The reason this particular equation has so many solutions, is because it has a very
large symmetry. Because of this, when you find one solution, you can find a lot
of other solutions. As an analogy, consider the case of the circle. A circle can be
described in the plane by the equation x% + y? = 1. It is clear that x = 1,y = 0 gives a
solution of this equation, but how do you find all the others? The answer is symmetry.
It can be shown (and it is very straightforward for people with a mathematical or
physical background) that the equation for the circle is symmetric under rotations
around the origin. This means that given one point on the circle, i.e. one solution,
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we can rotate it to get another solution.

In the case of the Korteweg-de Vries equation, however, the symmetry is far larger.
In fact, it is infinite-dimensional. (Do not try to visualise this if you have not seen it
before, just know that mathematicians can work with infinite-dimensional spaces,
although it is often more troublesome than working with finite-dimensional spaces.
For intuition, ask your local physicist.) One interesting thing about these symmetries
is that they can be encoded in infinitely many other differential equations. These,
together with the original equation, are called the Korteweg-de Vries hierarchy, and
this is the prime example of an integrable hierarchy.

Now the question is: how is this connected to the story before? It turns out that
if you package the behaviour of subspaces in the moduli space of curves in the right
way, this gives a non-trivial, very specific solution to the Korteweg-de Vries hierarchy.
This great result was conjectured by Witten and soon proved by Kontsevich, and
hence is often called the Witten conjecture, or the Witten-Kontsevich theorem. It has
been generalised in several directions, often proving that certain functions related to
the moduli spaces of curves give solutions of the Kadomtsev-Petviashvili hierarchy,
of which the Korteweg-de Vries hierarchy is a reduction.

On the other hand, Okounkov proved that many Hurwitz numbers also give
rise to solutions of integrable hierarchies. This result, the Ekedahl-Lando-Shapiro-
Vainshtein formula, and the Witten-Kontsevich theorem form the most important
bridges between the three parts of my dissertation.

In part IV, I study integrable hierarchies in two different ways. Firstly, I give a
new proof of a recent result by Alexandrov, which generalises the Witten-Kontsevich
theorem in a certain way. This generalisation is closely related to a formula akin to
the Ekadahl-Lando-Shapiro-Vainshtein formula, called the Marifio-Vafa formula,
and I use this in the proof.

Secondly, I give a new proof of a classification theorem of Dubrovin, Liu, and
Zhang for a certain class of integrable hierarchies called semi-simple Poisson pencils.
This class is especially interesting because it contains the Korteweg-de Vries hierarchy,
and these hierarchies can be built up recursively, using the theory of Hamiltonians
often used in classical mechanics.

1.2 — MATHEMATICAL INTRODUCTION

In 1991, Edward Witten [Witg1] made a groundbreaking conjecture, relating algebraic
geometry and integrable hierarchies. Inspired by string theory, he conjectured that
two methods of calculating integrals of gravitational fields in two-dimensional gravity
should give the same result. Mathematically, this conjecture states that the partition
function of the intersection numbers of y-classes on the moduli spaces of stable



I. Introductions

curves should be a 7-function of the Korteweg-de Vries integrable hierarchy. This
conjecture was soon proved by Maxim Kontsevich [Kongz], using matrix model
techniques. This theorem gave a huge impetus to both fields involved, the study of
the intersection theory of the moduli spaces of curves on the one side, and integrable
hierarchies on the other side.

In 2000 and 2001, two more results linked both of these fields to a third topic,
namely Hurwitz numbers. Okounkov [Okooo] proved that the generating function
of what he called double Hurwitz numbers satisfies the 2D Toda lattice hierarchy,
and Ekedahl, Lando, Shapiro, and Vainshtein [ELSVo1] proved their famous ELSV
formula, expressing simple single Hurwitz numbers as integrals of the Hodge class
against Y-classes on the moduli spaces of curves.

Each of these three theorems gave a very strong link between the subjects in
question, and they have been of tremendous influence on later research. In particular,
this dissertation is focused on these three topics and their interconnections.

An important structure which lies behind many interpretations and generalisa-
tions of these theorems is that of a Cohomological Field Theory (CohFT), introduced
by Kontsevich and Manin [KMg4]. A CohFT is a coherent set of choices of Chow
classes on the moduli spaces of curves, and as such they can be very useful in studying
the Chow rings. In many cases, CohFT’s are also equivalent to Frobenius mani-
folds, defined by Dubrovin [Dubgé]. Both the Witten-Kontsevich theorem and the
ELSV formula deal with one particular CohFT (the trivial one and the Hodge class,
respectively), and they have both been generalised to other cases.

TAUTOLOGICAL RELATIONS

When studying the Chow or cohomology ring of the moduli spaces of curves, one
often restricts to a subring called the tautological ring. It is defined as the smallest
system of subrings closed under pushforwards along forgetful and glueing maps, and
it contains nearly all natural classes, such as the Mumford-Morita-Miller k-classes,
the Hodge A-classes, and the y/-classes. An explicit finite set of generators, given by
combinations of ¢ - and k-classes on stable graphs, is known to exist, so a complete
description needs to give all relations between them. These are called tautological
relations.

In 1999, Faber [Fabg9] gave a conjectural description of the tautological rings.
Although two-thirds of this conjecture, the socle and the intersection number parts,
have been proved, the last part, the Gorenstein conjecture, is not believed to be
true anymore. In fact, Pixton [Pix12] conjectured a set of tautological relations
based on a CohFT given by Witten’s spin class, proved by Pandharipande-Pixton-
Zvonkine [PPZ15] in cohomology and by Janda [Jan17] in Chow. These relations
have been conjectured to be complete by Pixton, a conjecture which agrees with
Faber’s Gorenstein conjecture for low g and n, but diverges later on.

I0
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In part II, T use these relations coming from Witten’s r-spin class, specified to
r = %, to study the tautological rings of the moduli spaces of smooth curves. In this
case, there are analogous statements to Faber’s conjectures for the stable curve case,
and I study the analogues of the socle and intersection number conjectures.

ToPOLOGICAL RECURSION AND HURWITZ NUMBERS

One of the most striking techniques developed in the areas involved in this dissertation
is the topological recursion of Chekhov, Eynard, and Orantin [CEQ0e6; EQo7a].
Originally emerging from matrix models, and hence intimately related to Kontsevich’s
proof of Witten’s conjecture, this technique has since been applied to many problems
in enumerative geometry involving curves, such as Hurwitz numbers, Gromov-
Witten invariants of Calabi-Yau threefolds, and Mirzakhani’s recursion for Weil-
Petersson volumes.

Topological recursion is a universal procedure that assigns to a spectral curve an
infinite set of symmetric multidifferentials on that curve, one for each g > 0 and
n > 1, where g is some genus parameter and n is the number of arguments. For many
practical applications, the coefficients of the expansion of these multidifferentials
in a particular coordinate give the solutions to the problem studied (i.e. Hurwitz
numbers, Gromov-Witten invariants, &c.).

Any semi-simple CohFT can be constructed from the trivial one by action of
the Givental group, and this Givental action has been shown by Dunin-Barkowski,
Orantin, Shadrin, and Spitz [DOSS14] to correspond to topological recursion on a
local spectral curve, i.e. a collection of discs. On this side, the trivial case is the Airy
curve, which recovers the Witten r-function.

The property of generating functions being expansions of multidifferentials on
a spectral curve can be reformulated as quasi-polynomiality: the numbers to be
calculated, which are the coefficients of the generating functions, should be expressed
as an explicit non-polynomial factor times a polynomial of bounded degree in its
parameters (e.g. the ramification profiles of Hurwitz numbers). This non-polynomial
factor is then determined by the spectral curve, while the polynomial should be
interpreted as ELSV-like intersection numbers on the moduli spaces of curves. Quasi-
polynomiality is also a step towards proving topological recursion.

In part III, I prove this quasi-polynomiality property for the orbifold versions
of simple, strictly monotone, weakly monotone, and spin Hurwitz numbers. In
the simple case, it was already known [BHLM14; DLN16; DLPS15]. I also derive
cut-and-join equations for weakly monotone (known by Goulden, Guay-Paquet, and
Novak [GGN14]) and orbifold spin Hurwitz numbers, and in the latter case, use it to
derive topological recursion for g = 0 and for r = 2. T also prove a related property,
piecewise polynomiality, for mixed simple/weakly monotone/strictly monotone
Hurwitz numbers and give the wall-crossing behaviour, generalising and improving a
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result of Goulden, Guay-Paquet, and Novak [GGN16]. Furthermore, I define global
abstract loop equations and show they are equivalent to global topological recursion
in the sense of Bouchard-Eynard [BE13].

INTEGRABLE HIERARCHIES

In [Kazog], Kazarian used Okounkov’s result on the Toda hierarchy for double Hur-
witz numbers and the ELSV formula to prove that, after a linear change of variables,
the generating function of single Hodge integrals satisfies the Kadomtsev-Petviashvili
hierarchy. This result generalises the Witten-Kontsevich theorem, and the proof is
also based on the proof of Kazarian and Lando [KLo7] of that theorem. Kazarian’s
main new tool was his realisation that the ELSV formula can be interpreted as a
change of variables which is an automorphism of the KP hierarchy, after modifying
the g = 0, n = 2 part of the generating function.

The ELSV formula has a generalisation to Calabi-Yau triple Hodge integrals, called
the Marifio-Vafa formula, proved independently by Liu, Liu, and Zhou [LLZ03] and
by Okounkov and Pandharipande [OPo4]. It does not link the triple Hodge integrals
to a known kind of Hurwitz numbers, but rather to some quantum deformation of
them. However, Zhou [Zho1¢] proved that these still give a 7-function for the KP
hierarchy. In chapter 10, I combine these ingredients, using Kazarian’s proof scheme,
to prove the generating function for triple Hodge integrals is a 7-function for the KP
hierarchy after a linear change of variables.

A large class of integrable hierarchies, including the KdV hierarchy (see Ma-
gri [Mag78]), is given by bi-Hamiltonian hierarchies. These hierarchies can be con-
structed recursively from one equation, provided this equation can be written as a
Hamiltonian equation in two compatible ways, in the sense that any non-trivial linear
combination of the two Poisson brackets should still be a Poisson bracket. In the case
that this Poisson pencil is semi-simple, Dubrovin, Liu, and Zhang [DLZo6] proved
that dispersive deformations of these bi-Hamiltonian hierarchies are classified, up to
Miura transform, by a number of functions of one variable, called central invariants.
Conversely, Carlet, Posthuma, and Shadrin [CPS18] proved, using the cohomological
approach of Liu and Zhang [LZ13], that any set of central invariants corresponds to
a hierarchy. In chapter 11, I give a new proof of the result of Dubrovin-Liu-Zhang
using this cohomological approach.

1.3 — OUTLINE AND ORIGINALITY

This dissertation is based on the following papers:
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[BKLPS17]

[CKS18]

[DKPS19]

[GKLS19]

[HKL18]

[KLLS18]

[KLPS17]

[KLS16]

G. Borot, R. Kramer, D. Lewanski, A. Popolitov, and S. Shadrin.
“Special cases of the orbifold version of Zvonkine’s r-ELSV formula”
(2017), pp. 1-20. arXiv: 1705.10811.

G. Carlet, R. Kramer, and S. Shadrin. “Central invariants revisited”.
Journal de PEcole polytechnique s (2018), pp. 149—175. DOL: 10 .
5802/jep.66.arXiv: 1611.09134.

P. Dunin-Barkowski, R. Kramer, A. Popolitov, and S. Shadrin. “Cut-
and-join equation for monotone Hurwitz numbers revisited”. . Geom.
Phys. 137 (2019), pp. 1-6. DOT: 10.1016/7 .geomphys .2018.11.
010.arXiv: 1807.04197.

E. Garcia-Failde, R. Kramer, D. Lewanski, and S. Shadrin. “Half-spin
tautological relations and Faber’s proportionalities of kappa classes”
(2019), pp. 1—21. arXiv: 1902.02742.

M. A. Hahn, R. Kramer, and D. Lewanski. “Wall-crossing formulae
and strong piecewise polynomiality for mixed Grothendieck dessins
d’enfant, monotone, and simple double Hurwitz numbers”. Adv.
Math. 336 (2018), pp. 38-69. DO1: 10 . 1016/ .aim.2018.07.
028.arXiv: 1710.01047.

R. Kramer, F. Labib, D. Lewanski, and S. Shadrin. “The tautological
ring of M, , via Pandharipande-Pixton-Zvonkine r-spin relations”.
Algebraic Geometry 5.6 (2018), pp. 703—727. DOL: 10.14231/AG-
2018-019.arXiv: 1703.00681.

R. Kramer, D. Lewanski, A. Popolitov, and S. Shadrin. “Towards
an orbifold generalization of Zvonkine’s r-ELSV formula” (2017).
Accepted for publication by Trans. Amer. Math. Soc., pp. 1-23. po™:
10.1090/tran/7793. arXiv: 1703.06725.

R. Kramer, D. Lewanski, and S. Shadrin. “Quasi-polynomiality of
monotone orbifold Hurwitz numbers and Grothendieck’s dessins
d’enfants” (2016), pp. 1-31. arXiv: 1610.08376.

as well as unpublished material. It is organised in the following way.

e Part II deals with tautological relations on the moduli spaces of curves, via
half-spin relations:

— Chapter 3 is based on [KLLS18]. In this chapter, I introduce half-spin re-
lations as a specialisation of the r-spin relations of Pandharipande-Pixton-
Zvonkine and use them to give a new proof of the top dimension of the
tautological ring of M, ,: dim RY"1(M,, ,) = n. I also give a new proof
that this is indeed the highest non-trivial degree of the tautological ring,
and I obtain explicit new bounds for the dimensions in lower degrees;

13


https://arxiv.org/abs/1705.10811
https://doi.org/10.5802/jep.66
https://doi.org/10.5802/jep.66
https://arxiv.org/abs/1611.09134
https://doi.org/10.1016/j.geomphys.2018.11.010
https://doi.org/10.1016/j.geomphys.2018.11.010
https://arxiv.org/abs/1807.04197
https://arxiv.org/abs/1902.02742
https://doi.org/10.1016/j.aim.2018.07.028
https://doi.org/10.1016/j.aim.2018.07.028
https://arxiv.org/abs/1710.01047
https://doi.org/10.14231/AG-2018-019
https://doi.org/10.14231/AG-2018-019
https://arxiv.org/abs/1703.00681
https://doi.org/10.1090/tran/7793
https://arxiv.org/abs/1703.06725
https://arxiv.org/abs/1610.08376

I. Introductions

14

— Chapter 4 is based on [GKLS19]. In it, I use the half-spin relations to

reduce Faber’s intersection number conjecture to a purely combinatorial
identity, involving binomial coefficients and double factorials. Because
Faber’s conjecture has already been proved before, the combinatorial
identity holds, but no purely combinatorial proof is known in all cases.
Moreover, I pose a strictly stronger combinatiorial conjecture and prove
it for n < 5, which does give a combinatorial proof for the original combi-
natorial identity in these cases;

e Part III deals with various kinds of Hurwitz numbers, mostly proving or using
polynomiality properties for these numbers:

— Chapter 5 is based on [KLS16]. In this chapter, I use an analysis of the

poles of operators in the semi-infinite wedge formalism to prove quasi-
polynomiality for the orbifold versions of weakly monotone, strictly
monotone, and usual Hurwitz numbers. I also calculate unstable correla-
tors for these numbers in the cases where these were not yet proved;

Chapter 6 is based on [KLPS17]. In it, I use similar techniques to the
previous chapter to prove quasi-polynomiality for orbifold spin Hur-
witz numbers and compute the unstable correlators. I also generalise
Zvonkine’s r-ELSV formula conjecture to the orbifold case;

Chapter 7 is based on [BKLPS17], except for section 7.6, which has not
been published before. I deduce a cut-and-join equation for orbifold spin
Hurwitz numbers and use this to prove the orbifold r-ELSV formula in
the case r = 2 and for general r for g = 0. I do this by proving the abstract
loop equations, thereby proving topological recursion holds in these cases.
In section 7.6, I define global abstract loop equations and show they are
equivalent to global topological recursion;

Chapter 8 is based on [DKPS19]. In it, I give a new proof of the cut-and-
join equation for monotone Hurwitz numbers first proved by Goulden-
Guay-Paquet-Novak, via the semi-infinite wedge formalism. This ap-
proach enlightens the occurence of a similar cut-and-join stricture, even
though the operators involved are different;

Chapter 9 is based on [HKL18]. In this chapter, I prove piecewise polyno-
miality for double Hurwitz numbers with a given number of monotone,
strictly monotone, and simple ramifications. I also determine the wall-
crossing behaviour between the chambers, expressing the wall-crossing
term recursively in terms of simpler Hurwitz numbers. Moreover, I prove
that coefficients of 2D-Toda hypergeometric 7-functions are piecewise
polynomial in the same way;
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e Part IV deals with integrable hierarchies, in two different ways:

— Chapter 10 is new and has not been published before. In it, I give a new
proof for recent Alexandrov’s result that the generating function for triple
Hodge integrals is a 7-function for the KP hierarchy, extending a proof
of Kazarian for the single Hodge integral case;

— Chapter 11 is based on [CKS18]. Here, I prove using purely cohomolog-
ical methods the result of Dubrovin-Liu-Zhang and Carlet-Posthuma-
Shadrin that infinitesimal deformations of semi-simple Poisson pencils
are classified up to Miura equivalence by their central invariants. This
theorem is a statement about certain bi-Hamiltonian cohomology groups,
and I analyse these groups using repeated spectral sequences for different
subcomplexes. I first give a clean exhibition of Carlet-Posthuma-Shadrin’s
result to introduced the methods used and then apply them to Dubrovin-
Liu-Zhang’s result.

To each of the papers on which this dissertation is based, all of the respective authors
contributed equally.
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CHAPTER 2 — PREREQUISITES

Almost everything in this dissertation is done over the complex numbers, C, although
many results generalise to Q or Z in some way. I will not go into those details.

The natural numbers, N, will always include zero. The symbols p and v will
generally be used for partititions, whose sizes and lengths are written as |u| and €(p),
respectively. For n € N, we will write [n] := {1,...,n}.

2.1 — MODULI SPACES OF CURVES

The moduli spaces of curves M, ,, are Deligne-Mumford stacks, whose closed points
parametrise smooth curves of genus g with n distinct labeled points. In fact, Deligne
and Mumford defined what are now called Deligne-Mumford stacks to properly deal
with the moduli spaces of curves [DM6g]. Their construction works over Z, and the
first part of this section will be in that generality. In the complex case, the moduli
spaces of curves had already been constructed in an analytic way using Teichmiiller
theory, but this dissertation will stick to the algebraic realm.

In the same paper, Deligne and Mumford defined a compactification of the moduli
spaces of curves, now called the Deligne-Mumford compactification. This compacti-
fication is the moduli space of stable curves.

DEFINITION 2.1.1. Let S be any scheme, and let g,n > 0 be such that 2g — 2 + n > 0.
A stable curve (C, x1,. .., x,) of type (g,n) over S is proper flat morphism 7: C — §
together with n sections x1,...,x,: S — C, such that

e Its fibres are reduced, connected, one-dimensional schemes Cy;
e C; has only ordinary double points;

e every rational irreducible component of Cy has at least three special points,
either marked (i.e. in the image of a section) or meeting another component;

e dim H'(Oc,) = g.

We will not formally construct M, ,, as it is by now a standard stack construction,
but we will list some of its useful and interesting properties.

17



I. Introductions

THEOREM 2.1.2 ((DM69)). The moduli space of stable curves My, for 2g —2+n > 0,
is a proper and smooth Deligne-Mumford stack of dimension 3g — 3 + n.

Remark 2.1.3. The condition 2g — 2 + n > 0 is necessary to ensure that any curve
h_as only finitely many automorphisms. The moduli spaces Mg,o, Mo.1, Mo,2, and
Mo can be defined as well, but they are not Deligne-Mumford. As 2g — 2 + n is the
negative of the Euler characteric, this number will occur often in this dissertation. In
particular, topological recursion, see section 2.6, is a recursion on this number.

DEFINITION 2.1.4. There are certain subloci of M, , that are of particular interest.
First of all, there is My, the moduli space of smooth curves. We also call IM,, , =
My \ My, the boundary.

The moduli space of curves of compact type, Mg,
dual graph is a tree.

The moduli space of curves with rational tails, M, is the sublocus of curves
with one genus g component and only rational components attached to it.

is the sublocus of curves whose

There is a sequence of inclusions

It ct
Mgn EMg, SMg, S Mg

g.n =

The right-most space is sometimes called the Deligne- Mumford compactification of
the moduli space of curves. In this context, the middle two spaces are sometimes
called partial compactifications.

The name of the moduli space of curves with rational tails is fairly straightforward.
The ‘compact type’ refers to the fact that this space parametrises curves whose Jacobian
is compact.

EXAMPLE 2.1.5. The simplest cases of moduli spaces of curves over C can be given
explicitly:

* Mo.s = {pt}. Indeed, this space parametrises stable rational curves with three
marked points. As there is, up to isomorphism, only one rational curve, P!, and
its automorphism group PSL(2,C) is triply transitive, any curve (C, x1, X2, X3)
is isomorphic to (P1,0,1,00), and this is the unique point.

e Moy = P'. By the above argument, any smooth curve (C,x1, xo, X3,X4) is
isomorphic to (P1,0,1,00,x), for some x € P!\ {0,1,00}. This shows that
Mo.q = P\ {0,1,00}. However, Mo,zx also contains three nodal curves, all of
whom are two rational curves intersecting in one point and with two marked
points each. This can be imagined as follows: if x tends to 0,1, e, these two
marked points ‘bubble off’ to form a second rational curve where they are
distinct. On the ‘original’ rational curve, they seem to be at the same point,
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1.75

[

1.25 ¢

Figure 2.1: The upper half-plane, with a number of fundamental domains of the
PSL(2,Z)-action indicated. They grayed area is the ‘standard’ choice for a fundamen-
tal domain.

namely the node. Hence these three nodal curve — corresponding to the three
way of splitting four points in two sets of two — are in this representation the
points x = 0,1, 00 in PL.

e M, 1 is the moduli space of stable elliptic curves. As any smooth elliptic curve
is isomorphic to C/Z + 7Z for some 7 € H, and two such curves are isomorphic
if T = g7’ for some g € PSL(2,Z), one would think the moduli space of elliptic
curves is [H/PSL(2,Z)]. see figure 2.1 However, every elliptic curve has an
automorphism, so actually M ; = [H/SL(2,Z)]. There is also one nodal curve,
namely a rational curve with two points identified. This curve lies on R or at
infinity in the given model.

Note that this moduli space has two non-smooth points as a variety, at 7 = i
and at 7 = /3. This corresponds to the respective elliptic curves having a
larger automorphism group than Z/2Z, namely Z/4Z and Z/6Z, respectively.

There are a number of natural maps between these moduli spaces, which we now

define.
DEFINITION 2.1.6. Define the glueing maps p, o and forgetful maps n between moduli
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spaces

P Mg,n+1 X Mp 1 — Mg+h,n+m ; o: Mg,n+2 - Mg+1,n ;
M M- st

T Mgnr = Mg n: (Coxt,eo o Xns1) 2 (Coxt, e, X))

The first map, p, is defined by glueing the two curves along their respective last
marked point. The map o is defined by glueing the curve along its two last marked
points. The map 7 is defined by forgetting the last marked point and constracting
any components that become unstable: if a rational component only has two special
points left, contract it and identify the two special points.

Together, we call these maps the taunrological maps.

PROPOSITION 2.1.7. The forgetful map n: My i1 — My is the universal curve
7: Cyn — My Le., for any scheme X over S, families of stable curves C of type
(g,n) over X correspond to morphisms f: X — Mg, via pullback: C = f*Cy.p.

The images of the glueing maps give natural subspaces on the moduli spaces, and

this can be iterated. This defines a stratification of the moduli space of curves as
follows:

DEFINITION 2.1.8. A stable graph is the data T’ = (V,H,L,E,g: V — Zsp,v: H >
V,i: H — H) such that

1. V is the vertex set with genus function g;

2. ¢is an involution of H, the set of half-edges;

3. the set L of legs is given by the fixed points of ¢

4. the set E of edges is given by the two-point orbits of ¢;
5. v sends a half-edge to the vertex it is attached to;

6. the graph given by (V,E) is connected;

7. for each vertex w € V, the stability condition holds: 2g(w)—2+n(w) > 0, where
n(w) = [v™'(w)] is the valence of w.

For such a stable graph, its genus is given by g(I') = ¥,cy g(v) + h1(T). The type of a
stable graph I is given by (g(I'),|L|).

For a stable graph T of type (g,n), define My = [T,ey My(w).n(0)> and define
the map &: Mr — M., by glueing all the marked points on the components as
indicated by the edges of T".

The images &r(Mr) over all stable graphs of type (g,n) give a stratification of
ﬂg,n, called the boundary stratifications. The images &-(Mr), respectively &(Mr)
are the open boundary strata and closed boundary strata.
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Looking back at the different subspaces of M, defined before, we see that M, _,,
is the open boundary stratum given by the unique stable graph with one vertex and
no edges Mg, 1s the union of all strata corresponding to stable trees, and My, is
the union of a strata corresponding to stable trees with one vertex of genus g.

From now on, we will only consider the moduli space of curves over C.

2.1.1 — INTERSECTION THEORY ON THE MODULI SPACES OF CURVES

Although the moduli spaces of curves are not schemes, it is possible to define their
cohomology and Chow groups as rings, at least over Q, see Mumford [Mum83]. This
is constructed using that M, , is globally a quotient of a Cohen-Macauley variety by
a finite group, but we will not go into details here. We will denote the Chow ring by
A*(M,.,) and the cohomology by H* (M, ).

These rings are in many cases infinite-dimensional and wildly complicated. How-
ever, as the moduli spaces of curves are by definition classifying spaces, they have a
number of natural tautological classes that generate an interesting subring. We will
introduce these notions here. Some good and more extensive references are [Vako3;
Zvo12; Tavi6; Pan18].

DEFINITION 2.1.9. Let w, be the relative dualising sheaf of : C,, n = M,, a. Let
S1yenvsSpt Mg 2 — C, Co.n be the universal marked points. Then define the tautological
line bundles L — Mg,n by L; = s5;(wx) and let the y-classes be given by y; =
c(ly) € Al(mg n)-

The Mumford-Morita-Miller k-classes are defined by «; = ) e Aj(/vg,n),

n+1
where here 7: Mg el — Mg ne
The Hodge bundle is given by E = n.(wx), and the Hodge or A-classes by A; =

cj(B) € Aj(mg,n). The full Hodge class is A(u) = c,(E) = Z?:@ .

Remark 2.1.10. All of these classes are also defined on certain subspaces of M, ,,,
such as M, ,, by restriction. Via the cycle class map c: A* — H?*, they also give
classes in cohomology. We will use the same notation for these classes.

Multi-index k-classes can also be defined by «;, . j, = ﬂLkJ(l,bf;l_:ll d/“ 'k ), where

nlkl. Mg,mk — Mg’n. There is an invertible triangular linear transformation between
multi-index « -classes and polynomials of ordinary «-classes.

There is a natural subring of the Chow ring containing all of these classes, which
we will give here.

DEFINTTION 2.1.11 ([FPos]). The tautological rings R*(My..) € A*(M,.,) are the

smallest system of (unital) subrings of the Chow rings of M, closed under pushfor-
wards along the tautological maps.
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The tautological ring in cohomology RH" is defined by the image of the tautolog-
ical ring in Chow under the cycle class map: RH* (Mg n) = c(R* (Mg n))-
Remark 2.1.12. Note that RH* is given the complex degree, so RH* ¢ H?".

These rings had been defined and studied before, but this is the most concise
definition. By the following proposition, it actually captures all we should want this
ring to safisfy.

PROPOSITION 2.1.13 ([FPoob; FPos]). The system of tautological rings satisfies the
following properties:

(1) they are closed under pullback along the tautological maps;
(12) they contain the -, k-, and A-classes.

There are many relations between these tautological classes, and between their
intersection numbers. We give two of the most important ones here.

PROPOSITION 2.1.14 (String equation).

/ ]_[w Y = Z/ ]_[wd R

q n+l j= q n j=
Here, we consider all negative powers of y-classes to be zero.

PrOPOSITION 2.1.15 (Dilaton equation).

‘/7 l_lt,// l//n+1—(2g 2+n) d.

Mg nat =1 M‘J"l

Another reason the tautological rings are important, is the Madsen-Weiss theorem,
formerly Mumford’s conjecture. For this, we first need the notion of Harer stability.

THEOREM 2.1.16 (Harer stability [Har85; Tva8y; Ivags; Bol1z; Ran16]). For x < @,

there is an isomorphism H* (M) = H*(Mgyi1).

The original version of this theorem was proved by Harer [Har85], the later
citations give improved bounds. This version of the theorem uses the bounds of
Randal-Williams [Ran1§].

THEOREM 2.1.17 (Madsen-Weiss theorem [MWo7]). The stable limit of the cohomol-
o0gy of the moduli spaces of curve is a free algebra, generated by the Mumford-Morita-
Miller classes:

glggo H*(Mgy;Q) = Q[{«i}iq].

This subject is deeply topological, hence we will not delve deeper into this here.
For more information, look at my Master’s thesis, [Krats].
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FABER’S CONJECTURES

The structure of the tautological rings is the topic of ongoing research. This study
has mostly been formed by conjectures of Faber [Fabgg].

CONJECTURE 2.1.18 (Faber’s conjecture [Fabgg]). The tautological ring of M, is
a Gorenstein ring of dimension g — 2. More explicitly, RI(My) = 0if d > g — 2,
RI"2(M,) = Q, and the product defines a perfect pairing

Rd(Mg) X Rg_z_d(Mg) - Rg_z(My) > Q.

Furthermore, for any positive integers di,. . .,dy adding up to g — 2, the following
relation holds in RI=2(M,).

(29 -3+ k)29 - 3)!! p
g d+1) 7

Kj1,....jk

This conjecture is usually decomposed into three parts: the socle conjecture, about
the structure for d > d — 2, the perfect pairing conjecture, and the intersection number
conjecture. These last two need no further explanation.

In fact, the socle conjecture was proved in the same paper, after Looijenga [Loogs]
proved the part for d > g — 2 and showed that the dimension of R~2(M,) is at most
1.

The intersection number conjecture has also been proved, in several different ways,
by Getzler-Pandharipande [GP98], by Liu-Xu [LXo9], by Buryak-Shadrin [BS11],
and indirectly by Pixton and Pixton-Pandharipande-Zvonkine [Pix1 3; PPZ16], via
the Faber-Zagier relations, see [Pan18].

The perfect pairing condition, on the other hand, is wide open, and currently
mostly considered to be false. In fact, Pandharipande and Pixton made a countercon-
jecture in [PP13]. These two conjectures agree for g < 24, but diverge afterwards.

In analogy with these conjectures, the tautologlcal rings of M, and Mg, have
also been conjectured to be Gorenstein rings, of respective dimensions 3g — 3 + n
and 2g — 3 + n, see [Pancz]. The socle conjectures hold in both of these cases, as
proved by Gaber-Vakil [GVos], using their Theorem . However, the perfect pairing
conjectures fail on M5 and Ma.00, as proved in [PT14; Pet16]. This is the reason
the perfect pairing is not expected to exist for M, either.

There are also similar conjectures for M, ,, but in this case the top degree is not

one-dimensional:

CONJECTURE 2.1.19 (Generalised Faber conjectures [BSZ16]). Assume g > 2 and
n>1

[socLE] 791 (M) = 0 and RI"1 (M) = Q", with basis {4~ ! "
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[INTERSECTION] Suppose ki,...,km.d1,....dy = 0 such that their sum equals
g—1. Then

) ﬁ‘lﬁdi _ (29 - D (29 -3+n+m)!
""" LY T @d + DT 2k + DI (29 - 2+ )]
" (29 — 2+ n)d; +Z;”_1 kj

D 1 v

i=1

[PERFECT PAIRING] The ring R*(M,,,) is level of type n: a class in RY(My ) is
zero if and only if its product with any class in R91=4(M, ) vanishes.

The socle and intersection properties were proved in [Loogs; Fabgg] for n = 1, as
part of the proof of Faber’s original conjectures on M,. The vanishing part of the socle
conjecture was proved by Ionel in [Tono2] and recently also by Clader-Grushevsky-
Janda-Zakharov in [CGJZ18], and the remainder of the socle and intersection number
conjecture were proved in [BSZ16] for general n. Also here, the perfect pairing
conjecture is completely open.

In chapter 3, we give a new proof of the socle conjecture (in fact, we show only
that dim R9™1 (M, ,) < n, not equality), and we give some more structural results on
these tautological rings.

TAUTOLOGICAL RELATIONS

An important way of approaching the structure of tautological rings is via generators
and relations. An explicit set of generators is given in the following definition, due to
Pixton [Pix12].

DEFINITION 2.1.20. Let I' be a stable graph. A basic class y on T is a product of
k-classes on the vertices of I' and y-classes on the half-edges of I':

Y = K[U]xl[u] ..... xi [v] l_[ d/gh € R*(mr),

veV heH

where we impose that for each vertex v, ¥ | x;[v] + 3. o(y=v Yn < 3g(0) = 3 + n(v).
Define S;,, to be the (finite-dimensional) Q-vector space with basis all isomor-
phism classes of pairs [I',y], where I is a stable graph of type (g,n) and vy is a basic
class onT. Define the quotient map ¢: S, — R*(Mg,n) : [0,y] = &ra(y); itis clearly
surjective.
There is an algebra structure on S, , making ¢ into an algebra morphism. With
this structure, S, , is called the strata algebra.
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Explicitly, the multiplication is given as follows: let I'y and I'; be two stable
graphs. Consider all the graphs I' whose set of edges E are a union of two subsets
E = E1 U Eg such that contracting all edges outside E; results in ;. This gives maps

Mr — Mr,. Then

[T1,y1] - [T2,y2] = Z[r"yl'}’Qb‘l‘]’ er = H -, +y.).

r ecE1NEy

DEFINITION 2.1.21. The kernel of ¢: S, — R*(M,.,) is the space of tautological
relations.

Hence, the goal of the study of the tautological ring is to find all the tautological
relations.

2.2 — COHOMOLOGICAL FIELD THEORIES

A useful kind of object to study the moduli space of curves is the Cohomological
Field Theory (CohFT). A CohFT is a way of choosing classes in the cohomology
of the moduli spaces of curves in a coherent way, compatible with the tautological
maps. This notion is due to Kontsevich and Manin [KMg4].

DEeFINTTION 2.2.1. A Cohomological field theory over a field k consists of a vector
space V with a non-degenerate pairing 7, together with maps

Qun: VO = H¥*(Myu3k),  29-2+n>0
such that

[SyMMETRY] The maps Qg ,, are S,,-equivariant, with respect to the permutation
of factors in the source and marked points on the target;

[SpLrTTING] For any glueing map p,
P*Qg+h,n+m(vl, s Upem) = Qg,n+1(”1, R /B Ua)nath,mH(Ub, Unals- - s Untm)
[Genus rREDUCTION] For any glueing map o,

O—*Qg+1,n(vl, coUp) = Qg,n+2(U1’ <o +5UnsVa;s Ub)nab .

A Cohomological field theory with unit is a CohFT as above together with an element
1 € V such that
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[Unrr] For any forgetful map r,

ﬂ*Qg,n(Ul, cees Un) = Qg,n+1(vl, <. 5 Un,s 1) ;

Qo,3(v1,02,1) = n(v1,02) .

DEFINITION 2.2.2. A topological field theory (TFT) is a cohomological field theory

concentrated in degree zero: w, , € Hom(V®", H' (M, »)).

LEMMA 2.2.3. The degree zero part of any CobFT is a TFT.

In the case V is one-dimensional, we will identify V = k asuch that n(1,1) = 1, so

the CohFT’s can be given by the images of 12" in H*(M,.,).

EXAaMPLE 2.2.4. We will give some examples of CohFT’s here.

26

. Letus start with the trivial example: the one-dimensional TFT given by wy , = 1.

This is clearly a TFT.

. A slightly less trivial example is the Hodge CohFT, also one-dimensional, and

given by Q, ,, = A(-1). This satisfies the axioms, because the Hodge bundle
E splits over the stratum of irreducible curves with one node as a trivial line
bundle plus the Hodge bundle of the normalisation of that curve.

. The class Q,,, = exp(27%k1) also gives a CohFT. It was used by Mirzakha-

ni [Miro7] to study Weil-Petersson volumes.

. Let r € Z5 and let V be a Q-vector space with basis {eq,...,e,_2}, pairing

n(eq.ep) = Sarp.r-2, and unit 1 = eg. Witten’s r-spin theory gives a CohFT
Wyn: VO — H* (M),
of degree dege Wy (€ays. . .»eq,) = C2NZUILA hich we will call Witten’s

r-spin CobFT. It was constructed in genus zero by Witten [Wit93] via the initial
conditions

WO,B(eas €p, ec) = 6a+b+c,r—2

1 _
Wo,a(er,e1,er-2,4-2) = ;[Pt] € H* (Mo 1)

and extended to all genera in an algebraic way by Polishchuk-Vaintrob [PVer],
and in a simplified form by Chiodo [Chio6]. An analytic extension was given by
Mochizuki [Moco6] and Fan-Jarvis-Ruan [FJR13]. In [PPZ15], it was shown
that there is a unique homogeneous extension of this degree to all genera,
proving that these constructions yield the same class.
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The name of this CohFT comes from the fact that it is constructed via the
moduli space of r-spin structures Mg; ; ..... a,,» Which parametrises stable curves
C together with a line bundle L such that L®" ~ K¢ (3 —a;x;). This space has
a forgetful map p to M,,, and a universal curve with a universal line bundle.
Then the r-spin class is defined as the pushforward along p of the top Chern
class of the derived pushforward of the line bundle to the moduli of r-spin
structures.

5. Given two CohFT’s (V,w,,,) and (W,9,,,), its tensor product is given by

n n n
(@&D)g.n: (VOW)®" = H'(Mgn): (R)wiew;) = wyn((X) 1)Uy n(X) w)).
i=1 i=1 j=1

6. For any target space X, one can define its Gromov-Witten theory as intersection
theory on the space of stable maps from curves to that target. By pushforward
to the moduli space of curves, along the map forgetting the stable map and
only remembering the source curve, this gives a CohFT on the cohomology of
X. It takes too far to define this here, but these theories were the motivating
examples for defining CohFT’s, and hence should be mentioned.

The data of a TFT are equivalent to those of a commutative Frobenius algebra, a
notion we will now define.

DEFINITION 2.2.5. A (commutative) Frobenius algebra over a field k consists of a
commutative k-algebra (V,-, 1) together with a non-degenerate pairingn: VoV — k
such that for all u,v,w € V, n(u - v,w) = n(u,v - w).

PROPOSITION 2.2.6. Any cohomological field theory with unit w,,, gives rise to a
Frobenius algebra on its underlying vector space. The unit and pairing are already
given, and the product is defined via n(u - v,w) = wp 3(u, v, w).

Conwversely, a Frobenius algebra defines a ropological field theory via the above
formula for wg 3, and all other components can be determined via splitting and genus
reduction, considering a stable curve with a maximal number of nodes.

Composition of these constructions on a CohFT gives its degree zero TFT. The
constructions are inverse on TFT’s and Frobenius algebras.

Pictorially, the unit, product, and pairing of a Frobenius algebra can be represented
as bordered surfaces, with boundaries on the left representing inputs and boundaries
on the right representing outputs. So the unit is a cap with a right boundary, the
product is a pair of pants from two to one boundaries, and the pairing is a ‘macaroni’
with two left boundaries.
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By composing these operations, we can get any surface with n incoming and m
outgoing boundaries. It follows from the axioms (although not completely trivially,
see [Abrg6]) that any topologically equivalent surfaces represent the same operator.

It is common to define Frobenius algebras using a different generating set of all
of these operators. In particular, the pairing is often interchanged with the trace
9:V — k: v n,1). Conversely, the pairing can be defined in terms of the trace
as n(v,w) = Mo - w).

DEFINITION 2.2.7. A CohFT is said to be semi-simple if its associated Frobenius
algebra is semi-simple. This means it splitsas k & - - - @ k.

Remark 2.2.8. Any Frobenius algebra that is semi-simple as an algebra is necessarily
also semi-simple as a Frobenius algebra. So if there is a basis {e; } such thate;-¢; = ¢;6;;,
then also 7(e;, ¢j) = ¢;6;; (and if k contains all square roots, we can rescale to set all ¢;
equal to 1).

The first three examples from example 2.2.4 are one-dimensional, hence certainly
semi-simple. The fourth example, Witten’s r-spin CohFT, is not semi-simple, not
even over C.

Frobenius algebras naturally come in families, parametrised by Frobenius mani-
folds. This theory was developed by Dubrovin in [Dubgé6], see also [Mangg] for a
more algebraic treatment. We will assume k = C from here.

DEFINITION 2.2.9. A Frobenius manifold is a manifold M, of dimension n, say, with
a smoothly varying Frobenius algebra strucure on its tangent space such that

® The inner product 7 is a flat metric on M;

 The unit vector field 1 is covariantly constant with respect to the Levi-Civita
connection V of the pairing: V1 = 0;

¢ Defining c(u,v,w) = H(uvw), the expression V c(u,v,w) must be symmetric in
its four variables.

For a given Frobenius manifold, define the structure connection to be V,: V  xY =
VxY + AX - Y. Itis a flat connection.

A Frobenius algebra is called conformal if it has an Euler vector field E acting by
conformal transformations of the metric and by rescalings of the Frobenius algebras
T;M and V(VE) = 0.

PROPOSITION 2.2.10. Locally, on any Frobenins manifold one can choose flat coor-
dinates t1,. .., 1" such that1 = 9, = 637 and there exists a prepotential F such that

F
o obar P

28



2. Prerequisites

Furthermore, if the manifold is conformal, in these coordinates
n
E= ((1-ga)" +7a)da
a=1

where qo = 0, ry is non-zero only if qo = 1, and there is a constant d, called the
conformal dimension, such that Lrn = (2 —d)n.

The equations for a function F to define an associative product are called the
Witten-Dijkgraaf-Verlinde-Verlinde (WDVV) equations [Witgo; DVVo1]. They are

3 3 3
3 OF _ ¢ O°F -y OF ¢ OF
> ot otBote *  9té ot ot > otxorrore " 9tsdtP ot

DEFINTTION 2.2.11. A Frobenius manifold M is called semi-simple if locally every-
where, Tas = O}, as Opr-algebras.

In this case there exist local coordinates, called canonical coordinates {u'}!, such
that {9, }" | are mutually orthogonal idempotents.

PROPOSITION 2.2.12. On a semi-simple Frobenius manifold with canonical coordinates
{u'} |, there is a function f, called the metric potential, such that

n

ei=n(l)= ) (B f)du';

i=1

n = (B F)du)?;
i=1

¢ =) @ f)du'y’.
i=1

This function is subject to the Darboux-Egoroff equations: defining the rotation
1_9,i0,f

coefficients Yij = §Wf07’l * ],
utJ Pyl

Yij =Yjii  OukYij = YikYkji  Oe¥ij =0 (2.1)
forany k #1,].
If the manifold is conformal, the Euler vector field is given by

n

E = Z uiaui

i=1

and

n

Eyij = Z WO, yij = ~vij -
i=k

29



I. Introductions

If we write U = diag(u', . ..,u") and assemble the rotation coefficients in a matrix
I' = (y;5) (whose diagonal elements are undetermined), the previous lemma can be
summarised as

dlI,U] =[[I,U],[T,dU]] .

If we write
d¥ = [[,dU¥,

the solution matrix ¥ is the transformation matrix from the flat frame to the nor-
malised canonical frame, given by 0,i = (A;)"/28,:, where A; = (9, f)™'. We also
write A = diag(A;,. .., A,).

PROPOSITION 2.2.13. Let V be a vector space with basis {e,}!" | and associated co-
ordinates {t*}" . A CohFT ag,, on this vector space yields a canonical structure of
Frobenius manifold on a (possibly formal) neighbourhood of the origin of V by defining
the potential to be

> u 191 ... tGn
o=y L W nlea @+ ® e4,) —1 .
M n!
n=3aj,...ap=1 0.n
2.2.1 — GIVENTAL ACTION AND CLASSIFICATION OF COoHFTSs

By proposition 2.2.13, Frobenius manifolds and genus zero parts of CohFT’s are
essentially equivalent. For the classification of all-genus CohFT’s, we need more data.
The classification of semi-simple Cohomological Field Theories was undertaken by
Givental and Teleman [Givor; Tel12] and we will outline it here. Part of this is also
taken from [DOSS14].

First, we extend the potential coming from proposition 2.2.13. For this, define
H = V((z1)), the space of formal Laurent series in z71. It is a symplectic manifold
with symplectic form

Q(f,g) = % ‘7{ n(f(=2),9(z))dz.

This space has a polarisation given by H, = V[z] and H_ = z71V[z71]. On this space
we have coordinates {g{} dual to eqz* and {p§} dual to eqz k1,

DEFINITION 2.2.14. The partition function of a CohFT g , on a vector space V with

orthonormal basis {e,}!"; is given by

7% = exp ( Z hg_lﬁ) ,

g=0
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where
al “ .. a

m n
. d d, 4 dn
%:Z Z ‘L ag,n(eal®"'®ean)lﬂ11"’wn'IT (2-2)

n a,.nan=ld,...d,=1"Ma.n

(o)

and 7 is related to ¢ via the dilaton shift

o0 (o]
quzk = Ztkzk —-z1.
k=0 k

=0

ExamPLE 2.2.15. The partition function for the trivial CohFT is called the Kontsevich-
Witten tau-function, ZXV. Tt codifies all integrals of y-classes. See subsection 2.4.1.

The fundamental object in the classification is the R-matrix.
PROPOSITION 2.2.16. Let M be a Frobenius manifold and u a semi-simple point.

e The equation VS = 0 has a fundamental solution of the form W R(z)eV/?, where
R(z) power series of matrices in z satisfying

R*(-2)R(z) = 1d; R(0)=1d;
2i+1)

e The R-matrix is unique up to right-multiplication by exp ( Y52 azi+12
where a; are diagonal, constant matrices;

>

o If M is conformal, R is determined uniquely by the homogeneiry condition
(z0; + E)R(z) = 0.

Equivalently, R(z) = Y5>, Rkz" is determined recursively from Ry = 1d by solving
¥ d(YRe-1) = [dU. Re]
for the off-diagonal entries, integrating
WL d(YRe) = [dU, Risa ]
for the diagonal entries, and fixing the integration constant via
Ry = —(tpdRy)/k
in the conformal case.
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For the Givental action, this matrix needs to be quantised. This is done in the
following way. Let

-1 2

- ;0 - ;0 h - 0
(l"[Zl) = —(Vl)llm + ;(rl){m + 5 Z(_l)m+1(rl)l,JW . (23)
=0

Writing R(z) = exp(252, 112), we define

_exp(g (-1)'rz") )

THEOREM 2.2.17 (Givental-Teleman classification). Let (V,n) be vector space with
non-degenerate pairing and orthonormal basis {eq}_ | and cohomological field theory
ag.n. Then

= YRAT .

Here T = [11", ZEV b, the quantised operator A acts as u®' — A}/zvd’i

Aifi on the i-th copy, and ¥ : v® 1 Wi 1%4,

and i —

Remark 2.2.18. In general, the classification theorem also involves an S-matrix, which
is a formal power series in z 1. However, this does not change the Frobenius manifold
structure, but only some extra data, called the calibration. For most CohFT’s, those
without quadratic terms in the potential, this S-matrix becomes trivial, while in
the case of Gromov-Witten theory, where these terms are essential, the S-matrix
combines with the W-action and results in a linear change of variables.

The action described in this theorem can also be written as a graph sum, a fact we
will use later on in this dissertation.

THEOREM 2.2.19 ([DSS13; DOSS14]). The expression RAT can be expressed as a sum
over graphs, in the following way.

Let G be the collection of connected stable graphs T (cf. definition 2.1.8) with an
extra map i: V(I') — [m], a splirting L(I') = L*(C) U L*(T) into ordinary and dilaton
leaves, and a map k: H(T) — N which maps dilaton leaves to strictly positive numbers.

Write R(z)j. for the entries of R in the normalised canonical basis. We define
the contributions from dilaton leaves A, ordinary leaves I, edges e, and vertices v,

32



2. Prerequisites

respectively by
L) = [ZWH]( ~ (R(=2) ;(vu») ;
L) = [0 (R(- ) l(U(l)) vz .

L §im)iGem) R(-z i(v(h)) R(—w i(o(h"))
8(6 — (/’l,h/)) — h[Zk(h)wk(h )]( ZS ( (+ ))s ( ( ))s ) :
z4+w

V(o) = B0 AR 202 /7 YR g,
My(o).n(v)

where {h1(v),. .., hy(0)} is the set of half-edges attached to v. Then

[T cw [] o] &e [ V.

AeL*(T) leL*(D) ecE(D) vev(D)

RAT ({v47}) = Z W tFI

Remark 2.2.20. The vertex contribution here come from the fact that we start with
the Kontsevich-Witten 7-function, the dilaton leaves correspond to the first term in
equation (2.3), the ordinary leaves to the second term, and the edges to last, quadratic
term.

This graphical interpretation matches up with a particular interpretation of topo-
logical recursion, which was used in [DOSS14] to identify the two theories. This
theorem is treated in the section on topological recursion, see theorem 2.6.5.

2.3 — SEMI-INFINITE WEDGE AND SYMMETRIC FUNCTIONS

2.3.1 — SEMI-INFINITE WEDGE AND FERMIONS

In this subsection we recall the semi-infinite wedge formalism, also known as free-
fermion formalism in physics terms. It is a standard tool in Hurwitz theory and it is
also instrumental in the theory of integrable hierarchies of KP/Toda type. Therefore,
it plays an integral part in this dissertation. For an introduction focused on Hurwitz
theory, see [OPo6b; Joh1s], and for one aimed at integrable hierarchies, see [MJDoo;
Morgg, section 4.2].

DEFINITION 2.3.1. Let V be an infinite-dimensional complex vector space with a basis
labeled by half-integers Z’ := Z + 5. Denote the basis vector labeled by m/2 by m/2,
soV = P, Ci. It can be decomposed as V = V, & V_, where V. = P Ci,
with the orthogonal projections p.: V — V..

sgn(i)=+
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We define the semi-infinite wedge space or the fermionic Fock space V := N2 V
to be the span of all one-sided infinite wedge products

1 Aig A-+-, (24)
with i € Z’, k > 1, such that there exists a constant ¢ € Z for which iy + k — % =c
for large k, modulo the relations

IA - ANk Ajgr Ao = =i Ao Niggr Aig A -+ .
The constant c is called the charge. We give V an inner product (-,-) declaring its
basis elements to be orthonormal.

We call
3

1
Vp=—=A—=A---
2 2
the vacuum vector and we denote it by |0). Similarly we call its dual vector in V* the
covacuum vector and we denote it by (0].

A basis of V is given by all elements of the form (2.4) with the sequence (ix)
decreasing.

DEerINITION 2.3.2. The Sato Grassmannian GrV is the space of all (semi-infinite)
linear subspaces H C V such that p_|,, is Fredholm and p.|,, is compact. The big cell
is the subspace where p_|, is a bijection.

The Pliicker embedding GrV — PV is the standard map sending a space H to

the wedge product of a basis of H.

DEFINITION 2.3.3. For k half-integer, define the operator ¢y : (iy Aig A ---)
(k Aiy Aig A---). Ttincreases the charge by 1. Its adjoint operator ¢ with respect
to (-,-) decreases the charge by 1.

The operators yy, y; are called fermions. They satisfy the canonical anticommu-
tation relations

{l//k";bl} =0, {lﬂz"ﬁ} =0, {lﬂk,%*} = 5k,l .

The algebra they generate is called the Clifford algebra, and will be denoted €.

The ¢ and y; for k > 0 are called annibilation operators. The y_x and y; for
k < 0 are called creation operators.

For a polynomials p in these operators, we define the normal ordering : p : by
reordering the factors in each term in such a way that the creation operators are to
the left of the annihilation operators.
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Remark 2.3.4. The notation for the fermions here, taken from [Okoo1], differs from

the one in e.g. [MJDoo]. Denoting their version by l//}(vIJD and l//Z’MJD, we have
M]JD ® *,MJD
we=v0, ui=e M

Readers should be careful, as both conventions occur in the literature.

LEMMA 2.3.5. As a module over the Clifford algebra €, V is the uniqgue module
satisfying the following two properties:

® for any annibilation operator ¢, ¢|0) = 0;
® Vs generated by |0).

Remark 2.3.6. Many of these terms are taken from Dirac’s notion of the electron sea.
All the k in the wedge represent electrons (or, more generally, fermions), with energy
k. The physical vacuum, represented by the vacuum vector, should be considered as
a sea, where all states under water (for negative energy) are filled with electrons, and
all states above water are empty. A creation operator creates an electron, while an
annihilation operator annihilates one. A ‘hole’ in the sea, i.e. a lack of an electron
with negative energy, should be interpreted as a positron.

Remark 2.3.7. By definition 2.3.1 the charge-zero subspace V) of V is spanned by
semi-infinite wedge products of the form
3

b= A= Ade =S A

for some integer partition A. Hence we can identify integer partitions with the basis

of this space:
(VO = @ @ CU,} .

neN Arn

The notation vy is consistent with this, as it corresponds to the empty partition.
We can also consider the charge I subspace V; for other I € Z. Each of these has a
distinguished vector, the charge [ vacuum |I) of minimal energy 12/2, given by
1 3
D=l =Al=2 A
1y 5 5

We denote their dual vectors in V* by ({|.

DEFINTTION 2.3.8. The normally ordered products of fermions

ypr,  ifj>0
E . == J
1 d {—w}‘wi ifj<0.
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preserve the charge and hence can be restricted to V) with the following action. For
i # j, E[ ; checksif v, contains j as a wedge factor and if so replaces it by i. Otherwise

it YICIdS 0 In the case i = j > 0, we have E/ (v,l) = v, if vy contains J and 0 if it does
not; in the case i = j < 0, we have E/ (v/l) = vy if vy does not contain j and 0 if it
does.

DEFINTTION 2.3.9. The vacuum expectation value or disconnected correlator (P)° of
an operator P acting on Vj is defined to be:

(P)" = (10),P]0)) = (0|P|0)
We also define the functions
¢(z) = €¥/% — ¢7¥/% = 2sinh(z/2)

and h
S = §(z) _ sin (Z/?).
z z/2

We will use the charge zero sector of the semi-infinite wedge space as a represen-
tation of a certain algebra, which we now introduce.

DErRINITION 2.3.10. The Lie algebra gl(co) is the C-vector space of matrices (A; ;) jezr
with only finitely many non-zero diagonals (that is, A; ; is not equal to zero only for
finitely many possible values of i — j), together with the commutator bracket.

In this algebra, we will consider the following elements:

1. The standard basis of this algebra is the set {E; j | i,j € Z'} such that (E; ;) =
0i,k0;.15

2. The diagonal elements %, = Yz k" Ey k. In particular, C := F is the charge
operator and E := 7 is the energy operator. An element A has energy e € Z
if [A,E] = eA. The operator E; j has energy j — i, hence all the #,’s have zero
energy;

3. For n any integer and z a formal variable the energy n elements

Enl(z) = Z ) +

kez' ( )

4. For n any nonzero integer the energy n elements

= En(0) = > Exonk

kez!
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Remark 2.3.11. Notice that gl(co) has a natural representation on V, but this cannot
easily be extended to V, as one would have to deal with infinite sums. However, it is
possible to extend it to a projective representation on Vy, which we will do now.

DEFINTTION 2.3.12. There is a projective representation of gl(co) by sending E;; to
E 1,1 Hence, from now on, we will omit the primes.

Equivalently, this gives a representation of the central extension gl(co) = gl(co) @
C1Id, with commutation between basis elements

|EabsEc.a| = 6b.cEad = 0a,aEe.b + 0b.c0a,a(0p>0 — 6a>0) 1d . (2:5)
Furthermore, define the Lie group GL(c) to be the Lie group associated to gl(co):
GL(0) = (X | X € gl(c0)).

With these definitions, it is easy to see that C is identically zero on Vy and Ev, =
|2|vs. Therefore, any positive-energy operator annihilates the vacuum. Similarly, so

do all 7.

LeMMA 2.3.13. The GL(c0)-o0rbit of the vacuum |0) is (the cone over) the image of
the Pliicker embedding of the Sato Grassmannian.

PROPOSITION 2.3.14. The Pliicker embedding of the Sato Grassmannian is defined by
the following bilinear identity, which are the Pliicker relations

Z«pfu@wiu:o.

i€z
Using the commutation rule, it is useful to compute:

LEMMA 2.3.15.

Z giE—a,1, Z JiEk—b .k

lez’ kez!

= Z (91-bfi = 9g1fi-a) Er-(a+b).1

lez’
+ 0atb,00a>0(g1/2f1/2-a + -+ + Ga-1/2S-1/2)
+0a+5,000>0(g1/2-pf172 +** + g-1/2fp-1/2)-

The commutation formula for E-operators reads:

[Ea(2),Ep(w)] = ¢ (det [Z 5) ) Earp(z +w) (2.6)

and in particular [ag, @;] = kSk+1,0-
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Note that E(2)|0) = 0 if k > 0, while Ey(2)|0) = ¢(z)1]0). We will also use the
& operator without the correction in energy zero, i.e.

Eo(z) = ZezkEk,k=Z7§LZ"=C+EZ+T2Z2+...

kez’ n=0

which annihilates the vacuum and obeys the same commutation rule as &p.
We will interpret the ay-operators also in a different way.

2.3.2 — SYMMETRIC ALGEBRA AND BOSONS

The theory of symmetric functions is very rich and has been studied widely. A stan-
dard reference, covering far more than needed here, is [McD9g8]. It is also strongly
connected to the semi-infinite wedge space, via the so-called boson-fermion corre-
spondence.

DEFINITION 2.3.16. For n € N, define A, to be the algebra of symmetric polynomials,
ie. Ay = C[x1,...,x,]%", where &, acts by permuting the variables. These algebras
are graded by degree as polynomials.

Define A := lim Ay, the algebra of symmetric functions, or the bosonic Fock space,
where the limit is taken with respect to the maps Apim — An: s(x1,. .., Xpem)
s(x1,. .., x,0,...,0), in the category of graded algebras.

Define the power-sum symmetric polynomials px, the elementary symmetric poly-
nomials oy, and the complete symmetric polynomials hy as elements in A, to be

or(X) :

k
Xiy X ; p(X) = )" xf

1<ii<ig<---<ir<n i=1

E Xip v X -

1<ii<ig<---<irx<n

hk(X) :

These definitions are compatible with the maps in the inverse limit, and their images in
A are called power-sum/elementary/complete symmetric functions. They are denoted
by the same symbols.

The properties of these functions are well-documented, see e.g. [McD9g8]. We
will list some useful properties.

THEOREM 2.3.17. The algebra of symmetric polynomials is a free algebra on the
elementary symmetric polynomials: A,, = Cloy,...,00]. Similarly, A = Clo,...].
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LeEMMA 2.3.18. The elementary and homogeneous symmetric functions have the
following generating series.

n

(e8] (e8] n
1
k_ . k _
kzgoo'k(xl,. coXtt = | |(1 + x;1); kéo hi(x1,. ., x)t" = !:1| ey

i=1

We will write py = [1; pa, for a partition A = (4;,. . ., Ax), and similarly for &, and
oy. The collections {pa}icp, {hi}icp, and {o 2} 1ep are all bases of A.

COROLLARY 2.3.19. For any finite set of variables X,
DXk Y (X)) = 1. (2.7)
k=0 1=0

Hence, the relation
Z hkuk Z O'[(—M)l =1
k=0 =0

also holds in A.
These functions are also related by the well-known Newton identities.

LemMA 2.3.20 (Newton identities).

N k _ _wlﬁ_i), N k _ (mlﬁi)
Za’kt —exp( Zi(t) ; tht exp Zit .
k=0 i=1 k=0 i=1
The following lemma is an easy consequence of the definitions, and can be proved

by induction on the number of arguments.

LEMMA 2.3.21. If the variables in a symmetric polynomial are all offset by the same
amount, they can be re-expressed as a linear combination of non-offset symmetric
polynomials as follows:

k
hy(x1 +A,...,xn+A)=Z

(k+n—1
i=0 i

)hk_i(xl,. XA (2.8)

k .
+i—k i
or(x1+A,...,x, +A) = (n l_ )o-k_i(xl,. LX) A
i
i=0

There are a few other natural bases of A that we will now introduce.
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DEFINITION 2.3.22. The monomial symmetric functions my are defined by

n
Ao (i
m,l(xl,...,xn) = Zl_lxi((l).
o i=1

Here, the sum is over all distinct permutations of 1 and it is assumed that n > £(2).
We define 4; = 0if i > £(2).

As special cases of these monomial symmetric functions, we see 0% = mxy and
Pk = M)

DEFINITION 2.3.23. Define an automorphism w of A by w(ok) = h. This is an
involution, by the symmetry between o and h.
The forgotten symmetric functions f) are defined by f) = w(my).

The action of w on the power-sums is given by w(pa) = (=1)HI=(Wp .

DEFINITION 2.3.24. Let n € N and let A be a partition of length < n. Then define
. /lj+n—j . . . .
ay(xy,. .., x,) = det(x; )i<i,j<n- These are antisymmetric polynomials in the x;.

Define the Schur polynomials s, to be s, := aa/ag. These are symmetric polyno-
mials in A,, and they are preserved by the maps Ay+m — A, as long as €(2) < n, so

they define elements s, € A, called the Schur functions.
The action of the involution on Schur functions is given by w(sy) = s,7.

LeEMMA 2.3.25 (Murnaghan-Nakayama rule). Multiplication of a Schur function by a
power-sum summetric function results in adding border strips:

SAPk = Z (—1)ht('f)s/lu§,
£eBS(Lk)

where BS(A, k) is the set of border strips of size k that can be added to A.

LEMMA 2.3.26. The change of basis from the Schur functions to the power-sum sym-
metric functions is given by the irreducible characters of the symmetric group:

Sa = Z X/l('u)p,u; Pu = Z xa(u)sa .

Z
prlal H Akl

We will now return to the relation with the semi-infinite wedge space.
The commutation relations between the @y can be interpreted in a completely
different way as well, as operators of differentiation and multiplication.
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DEFINITION 2.3.27. In the context of bosons and fermions, we often write A =
C[t1,t2,...], where the t,, are defined as t,, := ’% These are the natural variables from
the point of view of integrable hierarchies, see section 2.4.

The Heisenberg algebra $ is the algebra of polynomial differential operators on
A. It is generated by the bosons {a; = 1, ar = %},‘:’:1 with canonical commutation
relations

lax,ar] = 0, lap. a1 =0, lax,a;] = Ok, -

Define a normal ordering of bosons in the same way as for fermions, moving multi-
plication operators to the left of differentiation operators.

We also define the following operators:

(e8]

1 (o)
Ay = 5 Z 1aiAm—;:, M; = Z ta;ajapij:.
(o]

i=—co0 ij=—

S| =

LeEMMA 2.3.28. The Heisenberg algebra $ has a representation on the semi-infinite
wedge space via
ar — a, ka; — a_y .

We now have two different “‘Fock spaces’, a bosonic one and a fermionic one.
These two are related.

PROPOSITION 2.3.29. Define

At) = ) tnan € gl(0)t1, 0o,

n=1

O: Vo Azz 0 Zzl(l|eA(t)v.
leZ

Then ®© is (well-defined and) an isomorphism of H-modules.

Clearly, the extra parameter z indicates the charge.
We would also like to transport the Clifford algebra module structure. This can
be performed most conveniently using generating functions

W)= 3 k™R k)= Y kR

nez’ nez’
We also define
KC: Alz.z74 ] = Alzz7']: 2L f () - K2 f(t)
(k) = ) ki (2.9)
j=1
~ g 10 1290
6 = (6_[1,5(9_[2’5(9_1‘37) .
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THEOREM 2.3.30 (Boson-fermion correspondence). Under the isomorphism ®: V —
Alz, 27, the generating functions (k) and y* (k) are mapped to

W(k) = ef(t»k'l)e—f(é»k)zk—c

and

P (k) = e E6K) (£ k) =13 -C

respectively.

There is a strong link between the semi-infinite wedge space and representation
theory of symmetric groups, of which we give some evidence here.

LemMMA 2.3.31. The ay act on Vy as follows: if k < 0, ay acting on vy adds a border
strip & of length —k to A in all possible ways, and counts these with a sign:

a_gvy = Z (‘Dht(avauf :
[&1=k

If k > 0, ay acting on vy removes a border strip of size k in all possible ways, with the
same sign.

Proof. Adding or removing a border strip of size k corresponds exactly with increas-
ing or decreasinga 4; —i + 1 by k. The sign comes from commuting until the sequence
is ordered again. O

COROLLARY 2.3.32. For apar.tition W, define @y = @y, -+ @y, This is unambigu-
ous because of the commutation rule for the a’s. Then

v = D xa(pua.

Ar|p
Dually,
@uva = Ya(pvo -
Proof. Compare lemma 2.3.31 to the Murnaghan-Nakayama lemma. O

PROPOSITION 2.3.33. Under the boson-fermion correspondence, vy gets mapped to
the Schur function s,.

Proof. Clearly, vy gets mapped to s9 = 1. Now compare lemma 2.3.31 to the
Murnaghan-Nakayama rule for Schur functions, lemma 2.3.25. m
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2.3.3 — STIRLING NUMBERS

We now recall some notions on Stirling numbers. A complete treatment of the subject
can be found in [Chaoz].

DEFINTTION 2.3.34. The (unsigned) Stzrlmg numbers of the first kind [!] are defined
as coefficients of the following expansion in the formal variable T

=Y H 7"
t=0

where i, are nonnegative integers and (T); is the rising factorial, or Pochhammer

symbol, defined by

x+Dx+2)---(x+n) n>0

((x=1)--(x+n=-1)" n<0’ (2.10)

(x+1), = {

The Stirling numbers of the second kind {!} are defined as coefficients of the following
expansion in the formal variable T

i

Ti=Z{i}(T—t+1),

=0
where i, ¢ are nonnegative integers. Note that for > i we have [!] = {!} = 0.

The complete and elementary polynomials evaluated at integers are linked to the
Stirling numbers by the following relation.

oo(1L2,. t=1)= [ ! ]

t—v
hy(1,2,...,1) = {H-U} (2.11)

The expressions in terms of generating series read

LEMMA 2.3.35. We have:

j (=1 o
H = [y’_’].((;_B!’S(y)_’e‘”/z; {z} [y ™). S(y)‘e‘ﬂ/2

Moreover, the following classical property is known:

LemMA 2.3.36. We have:
t .
D (’)(—1)sz - (—1)’;!{’}.
s=0 § !
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2.4 — INTEGRABLE HIERARCHIES

Partial differential equations have been studied for centuries, as they can be used to
describe many different kinds of relations between quantities in (physical, chemical,
biological, or economic) systems depending on other quantities. They govern how
all kinds of systems react to change, or they codify equilibrium states.

In general, partial differential equations are very hard to solve, and solutions are
few and far between, or on the other hand may not be unique. In particular cases
however, it is possible to integrate the equations, to find a solution from given initial
conditions. These systems are called integrable systems. Integrability is somewhat of
a vague term, but it often comes from conserved quantities of the system, or from
underlying algebraic geometry.

In particular cases, integrable systems have infinitely many conserved quantities,
which themselves can be expressed using other partial differential equations. These
PDE’s then form an integrable hierarchy, of which I will describe the basic theory
here. This theory was mostly developed by the Kyoto school of M. and Y. Sato, Miwa,
Jimbo, Kashiwara, and Date in [SM]78; DJKM381; SS83]. Some good references on
the subject are [M]JDoo; Khagg; Dico3] (I will mostly follow the first). The most basic
example is the Korteweg-de Vries hierarchy, whose first equation, the Korteweg-de
Vries (KdV) equation

ou 6 du  d3u

o " ox T o
was introduced by Korteweg and De Vries to describe waves in shallow water. Here
t is the time variable and x is the space variable. Note that the coefficients in this
equation can be modified by scaling , 7, and x. To ease notation, I will write 9,, = a%
and u, = d,(u) for independent variables y and dependent variables u, and 9 = d, for
the specific variable x.

We are not too interested in solving for waves in shallow water in itself, but the
formal properties of this equation are far more appealing. However, these formal
properties do in fact aid us in solving the equation.

To understand why this equation is so special, we may first look at the Schrodinger
equation

=0, (2.12)

Hw = (8% + wyw = K*w . (2.13)

This is the most important equation in quantum mechanics, as it describes evolution of
awave function w with energy k2 in a potential u. Also (and not completely unrelated),
it is the simplest non-trivial linear ordinary differential equation, as zeroeth and first
order equations are always solvable via direct integration.

Suppose we now let time come into play by assuming w evolves according to a
third-order differential operator (this choice sounds arbitrary at the moment, but we
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will choose different orders later on)
dw = (0 +ad + byw = Kw (2.14)

in such a way that the Schrodinger equation is still satisfied (for the same k!). Then,
in order for the equations to be compatible (we require that dx and 9, commute), we
need a = %u, b= %Bxu, and u must satisfy the KdV equation. Of course, this is no
accident; the reason the KdV equation is interesting to us is exactly this property.

To better understand what is happening here, we should extend our idea of
differential operators.

DEFINITION 2.4.1. Let @ € Z. A psendodifferential operator of order < @ (in the
variable x) is a formal sum

L= i ;077
j=0

Composition of pseudodifferential operators is defined via
oor=Y (2@nes.
=AY

Remark 2.4.2. Clearly, differential operators are pseudodifferential as well. For @ a
natural number, the composition coincides with the one for differential operators,
and the sum becomes finite.

To understand how these pseudodifferential operators act on functions, let us
first consider w(x) = ¢¥*. In that case,

Lw(x) = Z fj[)"_jekx =& Z fjka_j.
j=0 J=0

For a function w = k¥ o WmkPT™, we can write it as w = Me** for M =
Yo W@ ™, and then Lw = (L o M)ek~.

In this language, it is possible to take a square root of the Schrodinger operator H
from equation (2.13) of the form L =  + X7, f;0~/, where all f; are determined in
terms of u by L? = H. It turns out that the operator K from equation (2.14) is given
by K = (L?),, where the subscript + denotes the projection on the differential part.
In these terms, the compatibility equation is

dL?

- = [(L*),.L?] .

This form of the equation is called the Lax form.
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There is nothing really special about the number 3 in the exponent here, except
that it is odd (for an even exponent, (L%), = L%, so the commutator vanishes). This
inspires the following definition.

DEFINITION 2.4.3. Let L = 8 + X7, fj07/ be a pseudo-differential operator such
that L2 = 02 + u. The Korteweg-de Vries hierarchy is given in Lax form by

oL?
O0tams1

= [, L?], meN.

The independent variables tox+1 are called (bigher) times and L is called the Lax
operator.

This system of equations is compatible, but we I will not prove this here.

Remark 2.4.4. One way of thinking of all these equations is that they encode symme-
tries of the KdV equation. Flowing along one of the higher times preserves solutions
of all the other equations.

The equations for j = 0,1 are

ou ou 3 N
— = Uy — = —Uly + — Uy .
an X 3 it 2 X 4 XXX

Hence, we can identify 71 and 73 with x and 1, respectively.
As before, these equations can be interpreted as compatibility equations for
another system of equations.

PROPOSITION 2.4.5. The Korteweg-de Vries hierarchy is the system of compatitbiliry
equations for the system

L*w =0 +uww = K*w;
ow

= (L¥*! , j e N.
dt2jm1 ( )+w J

A function w satisfying these equations is called a wave function or a Baker-Akhiezer
function.

In definition 2.4.3, we imposed the condition that L? be a differential operator. It
is possible to omit this condition, although it comes at a price.

DEFINITION 2.4.6. Let L = d + X2, f;07/ be a pseudo-differential operator. The
Kadomtsev-Petviashvili (KP) hierarchy is given in Lax form by

oL
v [(L™). L], me N, .
m
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Clearly, the KdV hierarchy is a reduction of the KP hierarchy obtained by requir-
ing that the solution is independent of all even times, or equivalently that L squares
to a differential operator. This allowed us to reduce all dependent variables f; to just
one, namely u. In the KP hierarchy, this is not possible, and therefore there is an
infinite sequence of dependent variables. It is possible to reduce to finitely many
variables in different ways, though.

DEFINITION 2.4.7. The r-Gelfand-Dickey or r-KdV hierarchy is the reduction of the
KP hierarchy given by the condition that all r-th time derivatives vanish, or that L"
is a differential operator. Explicitly,

r—2
L' =0" + Z ujr?r‘2‘f y
Jj=0

and all equations can be expressed in terms of the r — 1 dependent variables uo, . . . u,_o.

Remark 2.4.8. Ttis also possible to reduce in different ways, by imposing that X(L)
is a differential operator for some function X. However, these are not used in this
dissertation.

Analogously to proposition 2.4.5, we have the following result for KP.

PROPOSITION 2.4.9. The Kadomtsev-Perviashvili hierarchy is the system of compatit-
bility equations for the linear system

Lw=kw; (2.152)

ow ;

gz(Lf)er, jEN,. (2.15b)
J

A function w satisfying these equations is again called a wave function or a Baker-
Akhiezer function.

Studying the wave function can help in solving the KP hierarchy. First consider
the simple case L = 9. In that case equation (2.15) has the solution
w = 5K = exp ( Z kjtj) s
j=1

cf. equation (2.9).

If we consider a general Lax operator L as a deformation of 4, it stands to reason
to also find a deformation of exp £ that solves the linear system. Hence, we consider
a formal function

Il
—

w = £ &R Z w(zk—[ R wo
=0
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We may write this as w = M exp&, where M = 357, w,07¢, and then we get from
the ‘undeformed case’ that L = M o d o M~1. This operator M is called the dressing
operator.

PROPOSITION 2.4.10. Solving the KP hierarchy in terms of the coefficients f; of the
Lax operator L is equivalent to solving the linear system in terms of the coefficients w
of the dressing operator M.

This reformulations actually helps packaging all the infinitely many dependent
variables into one function, as shown in the next theorem.

THEOREM 2.4.11 ([SM]78]). There exists a function, called the T-function, such that

7(t - [k_l])eg(t,k) .

w(t, k) = ®

Here, [k™1] is the infinite vector given by [k™']; = .

This 7-function does not only encapsulate the entire solution of the KP hierarchy,
it also has many relations to other branches of mathematics. We will encounter some
of them later on, e.g. in subsection 2.4.1.

LeMMA 2.4.12. The function u from the KdV hierarchy (or the coefficient of 3° in L*
for KP in general) can be expressed as

u=20%logr.

The 7-functions lie in (some completion of) the bosonic Fock space, see defini-
tion 2.3.27. In fact, this observation is very useful in classifying 7-functions.

THEOREM 2.4.13 ([SS83]). Under the boson-fermion correspondence, theorem 2.3. 30,
the subspace of T-functions of KP in F corresponds to the GL(co)-orbit of the vacuum
|0). By lemma 2.3.13, this is the Pliicker embedding of the Sato Grassmannian. For
an explicit T-function

7(t.g) = (0le"Vg|0),

the corresponding wave function is given by

(1]e"y (k~1)g0)

w(t, k,g) = 0leAg10)

If we want to translate the GL(o0)-orbit to the bosonic Fock space, we need to
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calculate the images of : *(q):. Calculating this gives
& q g g
¥(p)¥*(q) = ef(t,P’l)e—-f(f},p)zp—ce—f(t,q)ef(&q’l)Z—lq—C
= 0P g=E(0.p) =£(6:0) (£(D.q71) 1y =C =1 =C
= P g6 (t.)-10g(1-pq) ,=6(8.p) £(@B.07") ), . y=C 1 =C

= L) £ OBy C o
rt-q

Realising we are working on the charge zero space, we can omit p~©¢~€. Furthermore,

WP (@): = (W () — WPl (@) = v (P (q) - P (q) -

bl

rt-q
so we get the following result.

PROPOSITION 2.4.14. Let X(p,q) be the vertex operator

X(p,q) i= eEtP E(t0) ~¢@p16@B.a7h)

and set .
il g1
2p.q) = ——X(p.g)-1) = Y Zip T2
P q jkez
Then the association
Z amnEmn = Z angm,n
m,nez’ m,nez’

defines the representation of gl(0) on F compatible with the boson-fermion corre-
spondence.

COROLLARY 2.4.15. The space of KP t-functions is the GL(0)-orbit of 1 in F under
the action as in proposition 2.4.14.

THEOREM 2.4.16 ([Hir76)). The Pliicker relations from proposition 2.3.14 correspond
under the boson-fermion correspondence to the Hirota bilinear identity for t-functions

0= Res eEEO=EW R (¢ k1) (6 + [K71])

2D TobpA HIERARCHY

In fact, the KP hierarchy is a reduction of an even larger hierarchy, called the 2D Toda
lattice hierarchy, introduced by Ueno-Takasaki [UT84; Tak84]. I will not explain
this in detail, but T will give some results.
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The 2D Toda lattice has two infinite sets of independent variables t and t and an
extra discrete parameter N. Its space of 7-functions can be described in the semi-
infinite wedge formalism.

THEOREM 2.4.17 ([Okoot)). The space of t-functions of 2D Toda is given by the space

rt:0) = GileVge Vg = 3 TiEul
kez’

where we recall that A(t) = Y5, tkax and we define A(t) = Yo, k.

COROLLARY 2.4.18. Evaluating the second set of times in a 2D Toda t-function to
numbers, finitely many non-zero, and setting n = 0, recovers a KP t-function.

2.4.1 — THE WITTEN-KONTSEVICH THEOREM

One reason the KdV hierarchy is important in modern mathematical physics is Wit-
ten’s conjecture [Witg1], proved by Kontsevich in [Kongz]. It gives a link between
intersection numbers of y/-classes on the moduli space of curves, as in subsection 2.1.1.
I will state the theorem, which I will call the Witten-Kontsevich theorem for definite-
ness, now.

THEOREM 2.4.19 (Witten-Kontsevich theorem [Witg1; Kongz]). The partition func-
tion for the trivial cohomological field theory, see equation (2.2) and example 2.2.15,
which is the generating function of y-intersection numbers given by

log ZXV = FXV(t) —Z Z / ﬂdf td;

gon =0 Mo j=

is a T-function of the Korteweg-de Vries equation after the substitution tg — (2%"—;11),.

It is the unique t-function satisfying F*V(19,0,0,...) = cmd the string equation
kv _ % N
GtOF = 5 + ]; td+16tdF

Remark 2.4.20. 'The Korteweg-de Vries hierarchy is often stated in the 74-variables
which are coupled to . In these cases the solution for the hierarchy is written as
u = 0%log 7 in stead of u = 22 log 7 as in lemma 2.4.12, and a dispersive parameter 7
is introduced, which would track the genus in FEY. After these rescalings, the KdV
equation looks like u;, = uuy, + %utototo' However, here this is inconvenient, as it
obscures the KP structure behind KdV.
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The Witten-Kontsevich theorem is a fundamental result in mathematical physics,
as it relates two areas that before were not thought to have anything in common. Since
this theorem, however, this connection have been explored intensively, for example
in the ELSV formula (see section 2.7) and in topological recursion (see section 2.6),
via cohomological field theories and the Givental action (see subsection 2.2.1).

Kontsevich used ribbon graphs for his proof. Other proofs of this theorem have
been given by Mirzakhani [Miro7] using symplectic reduction for Weil-Petersson
volumes, Okounkov-Pandharipande [OPc9] and Kazarian-Lando [KLo7] via the
ELSV formula (cf. section 2.7), and quite recently Alexandrov-Herndndez Iglesias-
Shadrin [AHS19], relating expressions for integrals against the double ramification
cycle [BSSZ15; Burry] to one for the y-intersection numbers [Okoocz2], and many
more using the one of these geometric ideas.

A generalisation of this theorem is Witten’s r-spin conjecture [Witg3]. Itis a state-
ment for the moduli space of r-spin structures which can be recast in terms of Witten’s
r-spin class, see example 2.2.4. It was proved by Faber-Shadrin-Zvonkine [FSZ10].

THEOREM 2.4.21 (Witten’s r-spin conjecture [Witg3; FSZ10]). The partition function
function for Witten’s r-spin CohFT, see example 2.2.4 and equation (2.2), is a T-function
of the r-Gelfand-Dickey hierarchy, definition 2.4.7, after the change of variables

PLONEN Ldr+a+1
4 (a+D)(r+a+1)---(dr+a+1)’

In a different direction, Dubrovin-Zhang [DZo1] constructed for any semi-simple
cohomological field theory an integrable hierarchy, now called the Dubrovin-Zhang
hierarchy, of which a specific -function recovers the potential of the CohFT.

Buryak [Burrs] constructed an integrable hierarchy for any (not necessarily semi-
simple) CohFT, called the double ramification hierarchy. In [BDGR18], Buryak-
Dubrovin-Guéré-Rossi conjectured that a certain r-function of this integrable hierar-
chy should also give the (reduced) potential of the CohFT and that for semi-simple
CohFT’s, the DZ and DR hierarchies agree.

2.4.2 — BI-HHAMILTONIAN HIERARCHIES

The Korteweg-de Vries hierarchy can also be considered in a wider class of dispersive
evolutionary partial differential equations, by noting that it has two compatible
Hamiltonian structures. More precisely, consider a convex domain U ¢ R, and
formal functions u : S' — U. Denoting the coordinate on S! by x, the partial
differential equations look like

ou' ; i ; ; i
S = AL + (B;(u)uxx + C;k(u)ufcu];)a +0(e?),
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as a homogeneous equation for the degree defined by deg d, = deg 9, = —dege = 1.
We require that this equation is bi-Hamiltonian and its dispersionless limit can be
written as a Hamiltonian equation of hydrodynamic type in two compatible ways:

ou
57 = W) Hih = {u(x), Ho}a
subject to a number of conditions that will be specified in definition 2.4.23.

The Korteweg-de Vries equation, equation (2.12), slightly reparametrised as in

2 . .
remark 2.4.20 to % = Uity + S5 Uxxx, 1s the archetypical example of such a structure,

as we have [Mag78]
{u(x),u(y)}br = 6'(x - y)

2
(W0, u(y))2 = ()9 (x = )+ 50 (D3x = ) + 56" (x~ )
M2 82
H, = /dx(; + Eu”)

2
H0=§/dxu.

An important reason for studying such structures is the possibility to extend them to
an integrable hierarchy via the recursion operator {, -}Il {-,-}o:

U {ulx). Hpht = {ux). Hy o
J

On the space of these structures, there is an action of the Miura group, given by
diffeomorphisms of U in the dispersionless limit, with as dispersive terms differential
polynomials in u. Hence, it is natural to try to classify equivalence classes of Poisson
pencils with respect to this group action. In 2004, in a series of papers, Dubrovin, Liu,
and Zhang first considered this classification problem [LZos; DLZ06]; see also [Loroz;
Zhaoz]. In particular, they proved that the Miura equivalence class of deformations
of a given semi-simple’ pencil of local Poisson brackets of hydrodynamic type is
specified by a choice of N functions of one variable. They called these functions central
invariants, and conjectured that for any choice of central invariants the corresponding
Miura equivalence class is non-empty. This conjecture was proved in [CPS18].

As any deformation theory of this type, its space of infinitesimal deformations
as well as the space of obstructions for the extensions of infinitesimal deformations
are controlled by some cohomology groups. In this case these are the so-called
bi-Hamiltonian cohomology in cohomological degrees 2 and 3, and one should

"Recently, the non-semisimple case has been considered in [DLS16].
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also consider there the degree with respect to the total d,-derivative, where x is the
spatial variable. In these terms, central invariants span the second bi-Hamiltonian
cohomology group in dy-degree 3, and the second bi-Hamiltonian cohomology
groups in dx-degrees 2 and > 4 are equal to zero.

The computation of bi-Hamiltonian cohomology is a delicate issue. It is de-
fined on the space of local stationary polyvector fields on the loop space of an
N-dimensional domain U. A useful tool for this undertaking is the so-called 6-
formalism [Getoz]. The main technical difficulty is that we cannot immediately work
with the space of densities, since there is a necessary factorization by the kernel of
the integral along the loop. For the central invariants it is done in [LZos] essentially
by hand for quasi-trivial pencils, i.e. pencils that are equivalent to their leading order
by more general transformations, called quasi-Miura transformations. In [DLZo6],
it was proved that any semi-simple pencil of hydrodynamic type is quasi-trivial,
completing the proof.

In [LZ13], Liu and Zhang came up with an important new idea: they invented a
way to lift the computation of the bi-Hamiltonian cohomology from the space of
local polyvector fields to the space of their densities. The latter can also be considered
as the functions on the infinite jet space of the loop space of the shifted tangent bundle
Ty[-1], independent of the loop variable x. Their approach was used intensively
in a number of papers: it has been applied to show that the deformation of the
dispersionless KdV brackets is unobstructed [LZ13] and to compute the higher
cohomology in this case as well [CPS16a]. More generally, this approach allowed
a complete computation of the bi-Hamiltonian cohomology in the scalar (N = 1)
case [CPS16b]. Finally, it was used to show that the deformation theory for any
semi-simple Poisson pencil is unobstructed [CPS18].

At the moment, it is not completely clear yet how widely this approach can be
applied to the computation of the bi-Hamiltonian cohomology. In the case of N > 1
the full bi-Hamiltonian cohomology is not known, and moreover, as the computation
in the case N = 1 shows, the full answer should depend on the formulas for the original
hydrodynamic Poisson brackets. So far the computational techniques worked well
only for the groups of relatively high cohomological grading and/or grading with
respect to the total d,-derivative degree. In particular, the most fundamental result of
this whole theory, the fact that the infinitesimal deformations are controlled by the
central invariants, was out of reach of this technique until [CKS18], see chapter 11.

PoissoN PENCILS

Let N be the number of dependent variables. We consider a domain U in RY outside
the diagonals. Let u!,...,u" be the coordinate functions of R restricted to U. We
denote the corresponding basis of sections of Tyy[-1] by €Y, . ..,6%. We denote by A
the space of functions on the jet space of the loop space of U that do not depend on
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the IOOP \/ariables X, that iS,
ﬂ = ‘ l} l!i’d i s
( ) { }d—_ ’:.QI’N

and we call its elements differential polynomials.
Similarly, we denote by A the space of functions on the jet space of the loop
space of Ty[—1] that do not depend on the loop variables x,

A= COO(U)[[{M[’d}iﬂ ..... N0} o N ]] :
d=12.... d=0,1.2,...

Sometimes it is convenient to denote the coordinate functions u’ by u"*?, for i =
1,...,N.
The standard derivation, i.e., the total derivative with respect to the variable x, is

given by
> [ 0 0
O, = i,d+1 : +9¢+1_ ,
' Z( gutd " g

where we assume summation over the repeated basis-related indices (here i).

DEFINITION 2.4.22. The space of local functionals on U is defined to be = A /0, A.
The natural quotient map is denoted [ dx: A — F.

Note that both spaces A and ¥ have two gradations: the standard gradation
that we also call the d,-degree in the introduction, given by degu’ = deg6¢ = d,
i=1...,N,d > 0, and the super gradation that we also call the cohomological
or the §-degree, given by degyu™? = 0, degy 8¢ = 1,i =1,...,N, d > 0. The first
degree is also defined on A. We denote by AL (respectively, F7) the subspace of A
(respectively, ) of standard degree d and cohomological degree p.

DEFINITION 2.4.23. A (dispersive) Poisson pencil is a pair of Poisson brackets {-, -},
for a = 1,2 on F[e], homogeneous of standard degree one, where dege = —1, such
that {-,-}2 + A{,-}1 is a Poisson bracket for any 1 € R.

A dispersionless Poisson pencil is a dispersive Poisson pencil which does not depend
on &. Any dispersive Poisson pencil has a dispersionless limit: this is the constant
term in &.

We will furthermore implicitly require all our Poisson pencils to have a hydrody-
namic dispersionless limit on F,

(' (0,0 (9)}a = (94 @0 + T k) 5(x — y) + O(e) .
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Remark 2.4.24. For any Poisson bracket of hydrodynamic type, g is a flat pseudo-
Riemannian metric on U with Christoffel symbols I’ , as proved by Dubrovin and

Novikov in [DN8$3].

DEFINITION 2.4.25. A Poisson pencil of hydrodynamic type is semi-simple if the
eigenvalues of g5 — Agj are all distinct and non-constant on U.

From now on, we will assume the dispersionless limit of our Poisson pencils are

semi-simple, and use the roots of det(gy — Ag}’) as canonical coordinates u' on U.
This reduces the metrics to

g7 () = fi(u)s" g (u) = u' (w57,

for N non-vanishing functions f1,..., fV, subject to the following equations derived
by Ferapontov [Ferot], cf. equation (2.1). Let H; := (f)"%/2,i = 1,...,N, be the
Lamé coefficients and y;; := (H;)"'0;H;, i # j, the rotation coefficients for the metric
determined by f1,. .., fNV. Here we denote by d; the derivative 8/du’. Then we have:

OkYij = YikVkj» itj*tk#i; (2162

Oryij + 0yyji + Zk#j Ykivij = 0, i#j; (2.16b)
' ' 1 .

Wy + W Oy + ) i W yiiye + 5 i+ v50) = 0, i#j. (2160

Note that there is no implicit summation in these equations, as these only occur in
the case of contractions of generators of A and derivatives with respect to them, and
are a shorthand for matrix-like multiplications. In the rest of the chapter, we will
often include an explicit summation sign if there is a chance of confusion. If in doubt
about an implicit summation, it will suffice to check the other side of the equation
for occurence of the same summation index.

The space of Poisson pencils has a naturally-defined automorphism group:

DEFINITION 2.4.26. The Miura group is the group of transformations of the form
u - 0t (u) + Z o X
k >
k=1

where v is a diffeomorphism of U and the @} are differential polynomials of degree k.
Hence the total degree of any Miura transformation is zero.

Given this action, it is a natural question to try to classify Poisson pencils up to
equivalence. Choosing canonical coordinates as above fixes the leading term of the
Miura transformation (the transformation of first type), so the remaining freedom
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is given by transformations with v = Idy (transformations of the second rype). The
first main result to answer this question is the following theorem by Dubrovin, Liu,

and Zhang:

THEOREM 2.4.27 ([LZos; DLZo6]). Given a dispersionless Poisson pencil {-,-}2, defor-
mations of the form

k+1
W@l W) = (W @l ()0 + Y ek Y Al 50— y).
k>1 =0

where A;(j .a @re differential polynomials of degree k +1—1, are equivalent if and only
if the following associated functions, called central invariants, are equal:

. S
! ji | i (AI{12-2 - ”1A1{12-1)
ci(u) = ——— Al AT 4 ,2; 2
0= Sy | Mse ~ Mt 2 s

ki
Furthermore, c; only depends on u'.

They also conjectured that any set of such functions has an associated deformation
class. This conjecture was settled recently:

THEOREM 2.4.28 ([CPS18]). Given a dispersionless Poisson pencil {-,-}0 and a set of

. N , .
smooth functions {c;(u) € C°°(U)}i=1, such that each c; depends only on u', there exists
a deformation of the pencil as in the previous theorem which has the ¢; as central
mvariants.

The first theorem was proved using quasi-triviality of Poisson pencils, involving
Miura transformations with rational differential functions, i.e. the dependence on the
u'? is allowed to be rational. The second theorem used more general methods from
homological algebra, using formalism and techniques developed by Liu and Zhang
[LZ13].

COHOMOLOGICAL FORMULATION

In essence, the theorems in the previous subsection are cohomological statements:
theorem 2.4.27 states that infinitesimal deformations, i.e., deformations up to O(&?),
are equivalent if and only if their central invariants are, and can be extended to at
most one deformation to all orders, while theorem 2.4.28 states that this deformation
to all orders exists. To develop the right cohomological notions, we have to introduce
some more notation.
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DEFINITION 2.4.29. On A, the variational derivatives with respect to the coordinates
on Ty [-1] are defined via the Euler-Lagrange formula as

s 9 5 9
— =) (-0 —. =) (=0) —.
Su ; dui 56, Zz;J 6}

These are zero on total d,-derivatives, so they factor through maps ¥ — A, which
we denote by the same symbols.
The Schouten-Nijenhuis bracket is defined by

N N A 0A 6B 0A 6B
] FP q p+g-1. A B / - Yy =_=
[]:FP xF9 — F (/ dx,/ dx)b—> ((59,-6u’ (-1) 5 56, dx .

In a completely analogous way to the finite-dimensional case, a Poisson bracket
{-,-} corresponds to a bivector P € #2 such that [P, P] = 0, and therefore induces a
differential dp = [P,-] on . This can be lifted straightforwardly to a differential Dp
on A.

Forapencil {-,-},, weget P, € F such that dp,dp,+dp,dp, = 0,s0d, = dp,—Adp,
is a differential on 1], and similarly, D, is one on A[1]. Explicitly, for a pencil
given by the functions f1,...,f™, D, is defined as D, := D! fL,...,u™ fN) -
AD(fY,. .. fN), where

D(g*,....g") = Z(’)S (g@ )

s>0

ou'

P
) Zas(a gt + g — B,g u 190 ._ng ui’19(-)) 3' -
S>0 g gl J aul,b

9 0 9
- ZaS(a g 090} + o/ L ’g 600! - ’? 0091)

$=0 60‘
<3 2l B et a0 U ot e

By a result of [DZor; Getoz; DMSos], H2(¥,dp) = 0 for any hydrodynamic Poisson
bivector P. This makes it possible to construct, order by order, a Miura tranformation
that turns the first Poisson bracket in a deformed Poisson pencil into its dispersionless
part. Hence, to deform the second bracket, we should consider the following:

DEFINITION 2.4.30 ([DZe1]). The bi-Hamiltonian cobomology of a Poisson pencil
P1, Py 1s
Ker dpl N Ker dp2

Imdp, dp,

BH(U7P1’P2) =
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As in similar cases, we denote by BH”) the subspace of BH of d,-degree d and coho-
mological degree p.

An interpretation of the first few of these groups has also been given in [DZo1]:

¢ The common Casimirs of the Poisson pencil are given by BHY;
* The bi-Hamiltonian vector fields are given by BH;

¢ The equivalence classes of infinitesimal deformations of the pencil are given by
BHZ2,;

e The obstruction to extending infinitesimal deformations to deformations of a
higher order are given by BH3 ..

We can restate theorems 2.4.27 and 2.4.28 together using bi-Hamiltonian coho-
mology. We denote by C*(u") the space of smooth functions on U that only depend
on the single variable u’.

THEOREM 2.4.31. We have BH? is equal to zero for d = 2 and d > 4. In the case
d = 3, BH is isomorphic to @f\il C*™(u). Moreover, BHS is zero for d > 5.

2.5 — HURWITZ THEORY

Hurwitz theory is the theory of calculating the number of ramified coverings of
compact Riemann surfaces with specified ramifications; it was initiated by Hurwitz
in [Hurgr]. As every holomorphic map between connected compact Riemann sur-
faces is either constant or a ramified covering, Hurwitz theory in effect concerns all
morphisms between compact Riemann surfaces. For a recent textbook on Hurwitz
theory, see [CM16]. In this dissertation, we will only be concerned with ramified
coverings of the Riemann sphere. The most general definition in this case is the
following.

DEFINITION 2.5.1. Letd > 0, let u',..., 4% v d, and let x1,...,x; € P! be distinct
points. A Hurwitz covering with these data is a degree d holomorphicmap 7: £ — P!,
where 2 is a connected, compact Riemann surface, with ramification profile u’ over
X;, and unramified everywhere else.

An isomorphism of Hurwitz coverings from n: £ — Pl ton’: £ — Plisan
isomorphism f : £ — X’ such that 7’ o f = 7.

By the Riemann-Hurwitz theorem, the genus of X in the definition must be given
by
k .
x=2-29=2d- ) (d-tu) .

i=1
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DEFINITION 2.5.2. Given the data as in the previous definition, the pure Hurwitz
number H(u?,. . ., u¥) is the number of Hurwitz coverings with these data, where
each covering is weighted with the inverse to the order of its automorphism group.
This definition is independent of the choice of the x;, hence they are not included in
the notation. The degree d and genus g are also not included, as they can be inferred
from the partitions.

The disconnected pure Hurwitz number H*(u',. . ., u¥) is given by the same count,
but allowing the covering surface to be disconnected.

Via the monodromy representation, these numbers can be reinterpreted as fac-
torisations in the symmetric group algebra.

DEFINITION 2.5.3. Let d,u',. .., 4" be as in definition 2.5.1. We call (o4,...,0%) a
factorisation of type (ut,. . ., u¥) if:

1. 0; € Gy forall i

2. O+ 090 =1id;

3. C(o) = y' for all i;

4. the group generated by (071, . .,0%) acts transitively on {1,...,d};

5. the disjoint cycles of the o are labeled, such that the cycle j has length ,u;

We denote the set of all factorisations of type (u',. .., 1) by F(ul,. .., ub).
Furthermore, denote the set of all factorisations that do not need to satisfy condi-
tion 4 by F*(ut,. .., ).

Remark 2.5.4. 1f we want to emphasise we mean connected (i.e. not disconnected)
Hurwitz numbers or factorisations, we may write H° or ¥°.

Then the following theorem is essentially due to Hurwitz.

THEOREM 2.5.5. Let d,p,...,uK and H(u',. .., u*) and F(u',. .., u*) be as in the
previous definition. Then

ie] 1 O
Ho(u,. . ) = i (W ) s
L] 1 o
HY (s i) = [P0 )]
In general, these numbers are very hard to compute. Hence, most research is
being done in calculating certain more manageable combinations of these numbers.

These numbers will generally have one or two specified partitions (these are called
single and double Hurwitz numbers, respectively), and a uniform rule for all the
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other partition. For these numbers, we also require the automorphisms to fix the
fibres corresponding to these partitions pointwise, multiplying the numbers by the
size of the automorphism group of the partitions. We will now define a number of
these different kinds of Hurwitz numbers.

DEFINITION 2.5.6. The simple Hurwitz numbers h,, i are defined by all the other
partitions being simple, i.e. (2,1972). Hence we have

hgp = | Aut(u)|H (p. (2,197%)") b=2g—2+d+(u);
hy v = | Aut(u)| | AutOD) H (1, (2,120 v) , b=2g -2+ () + L(v),

the single and double simple Hurwitz numbers, respectively. The automorphism
group factor is added for convenience, and should be lnterpreted as labelllng the
inverse images of the branch points. An automorphism of x is a map permuting the
parts of equal lengths.

Let (01,71, . ., Th, 02) be a factorisation corresponding to a double simple Hurwitz
number, i.e. all the 7; are transpositions, 7; = (a; b;), with a; < b;. Such a factorisation
is called strictly monotone (resp. weakly monotone) if a; < aj fori < j (resp. a; < a;
fori < j). Define 75, , (resp. 7.%,,) to be the number of strictly (resp. weakly)
monotone factorisations of the required type.

The strictly and weakly monotone Hurwitz numbers [GGN14] are defined as

[Autpll A 1
h;# L = | o, vi ; h;’ﬂ = Wh;’“’@d/z); (2.17)
Bs IAut(,u)I IAut(V)I 72| pe o Ly<
gy gyl g T g g (1)

The weakly monotone Hurwitz numbers are sometimes just called monotone
Hurwitz numbers.

DEFINITION 2.5.7. To any kind of Hurwitz numbers, we can add the adjective ¢-
orbifold for g € Z5 to specify one added ramification point with ramification (¢g%/9).
For example

_ d
W), = | Aut(u)|H (1, (2, 19727, (¢19)) . b=2g -2+ £(u) + .

gives the g-orbifold single simple Hurwitz numbers.

PROPOSITION 2.5.8 ([ALS16]). The strictly monotone condition is equivalent to the
condition that all other ramifications, i.e. those not counted by y1and v, are arbitrary,
but in the same fibre. This kind of Hurwitz numbers was called dessins d’enfant by
Grothendieck [Grog7], and they can be visualised as such: let the three branch points
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be 0, 1, and co, and consider the inverse image of the interval [0,1] under the ramified
cover. This gives a graph on the source, with two sets of vertices corresponding to 0
and 1 and faces corresponding to c.

In the particular case of 2-orbifold dessins, we can alternatively make a correspon-
dence of vertices with the inverse image of 0, edges with the inverse image of 1, and
faces with the inverse image of .

Remark 2.5.9. This proposition gives an explanation for the strange choice in equa-
tion (2.17) for the definition of single strictly monotone Hurwitz numbers: taking one
ramification trivial in the dessin d’enfant picture and fixing the second determines the
third. Therefore, these numbers would be trivial, and the 2-orbifold case is the first
interesting one. This is therefore the case to consider when not using the adjective

‘orbifold’.

Remark 2.5.10. In all cases, we will use the letter b to denote the number of generic
ramification points. This number is always determined via the other data via the
Riemann-Hurwitz formula.

All of these numbers can also be defined in disconnected versions, indicated by a
superscript o. The superscript o will be used to indicate the connected numbers in
case confusion may arise.

In order to study these numbers, it is often useful to collect them in various kinds
of generating series. We will define several kinds of these now.

DEFINITION 2.5.11. The genus-generating series of different kinds of Hurwitz num-
bers are given as follows

[ b 0 b o b
— ( ) u . . u . N o <’( )M
HD(u, ) = hg‘fﬂﬁ  H(u ) = Z By gr s H @ (4, 1) = Z hoa =

g=0 g=0 g=0

and similarly for other kinds of Hurwitz numbers.

Let p1,p2,... be an infinite set of commuting variables, and set pg = 1 and
Pu = Puy - Pmu,, for a partition u. We also define, for any kind of single Hurwitz
numbers hy ,, the partition function

1 - o ub
Zup) =exp( ) =Cn)s  Gealwp)= D Hyupa.  (218)
g=0 Mool =0 ’
n>1
The correlators are defined as
= h,
Hg,n(xla ceXg) = Z %xiq T len . (2'19)

Hiseeesfn =1

In alls these cases, we decorate Z, G, or H with the corresponding symbols to indicate
the kind of Hurwitz numbers they refer to.
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A standard fact about, and a great appeal of these generating function is the simple
relation between the connected and disconnected versions.

LEMMA 2.5.12. The partition function is a generating function for disconnected Hur-

witz numbers:
Z(u [7) Z Z q M b' p}l

J>0 .....
n>1

Another reason to look at generating functions is that, in many cases, the (differ-
entials of the) correlators satisfy topological recursion, see section 2.6.

2.§.1 — HURWITZ NUMBERS IN THE SEMI-INFINITE WEDGE

Factorisations in the symmetric group can be reformulated in terms of the symmetric

group algebra. For a partition u + d, let C, € Sy be the set of permutations of the
. — =

correspondlr'lg cycl.e type and define C, = 'Zaecﬂ o€ C[@d]. These are central

elements, so in particular, they act as a scalar in each irreducible representation, and

this scalar is clearly given by £,(1) := |C,| dﬁg‘ /)l Hence we get

H'(,ul, - ,,uk) = % if’(,ul, RN )| C(ld)]C 1 C/lk
1
(d')2 Trreg(C 1 C”k)
(d’)z DT dimATra(E (). £, (1)
Ard
k
_ Z (dlm/l)Q l_[fﬂ,(/l)
Ard i=1
dim A £
=3 () T
A-d i=1

where 3, = [T i T2, [ | e = 3L

Itis useful to study the functions f, more closely. They determine an isomorphism

@a: Z(C[Sq]) —» CP4: Cy > £, .

If we define f,(1) = (l/ll) |Cy |)d(fIg‘3 , where the character is defined via the inclusion

S(|ul) € &(]A)) if |u| < |1] and the binomial vanishes if |u| > ||, this extends to a
map

p: (P zcl@a)) - C: Gy fy.
d=0
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By a result of Kerov-Olshanski[KOg4], its image is the algebra of shifted symmetric
functions:

A" = lim C[a, .. v

where the symmetric group action is given by permutation of the A; —i and the limit is
taken in the category of filtered algebras with the natural projection maps . Elements
in this algebra can be evaluated on any sequence with only finitely many non-zero
terms, hence also on any partition. It is a free algebra on the shifred symmetric power
sums

Ny Y Ly
pr(d) = ;ul i+ =i+ 3) (2.20)
and if we write p,, = [1; p,, by Vershik-Kerov [VK81; KOg4],

1
fIJ = —pﬂ + I.O.t.,

[T; w
and in fact fo) = %pg.
If we compare this to the definition of the basis vectors in the semi-infinite wedge
space, the following lemma is obvious.
LEMMA 2.5.13. The shifted symmetric power sums are the eigenvalues of the Fy.:

Frva = pr(Dva.

This makes it possible to express certain Hurwitz numbers in the semi-infinite
wedge formalism.

PROPOSITION 2.5.14. The disconnected simple double Hurwitz numbers can be ex-

pressed as follows
o) L)
° _ aV,‘ 7:2 b a_ﬂj
h‘“”_<n Vi(2) [ 1 >

i=1 j=1
Proof. By definition, we have
hy e = | Aut(u)] | Aut(v)|H (1, (2,1972)7,v)
— | Aut(u)] | Aut(r)] ) Z, (qyp 22
ad Y By
Z )(/I(V) 5 ()P Xﬂ(#)
v [1) mj
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On the other hand, using corollary 2.3.32 and lemma 2.5.13,

¢ ‘ ‘
(15 1513 T
=Yy
i1 Vi 22 j=1 Hi j=1 Hi
¢
_U*ﬁ&(ﬁ b )m(u)
= v :
i=1 Vi Aru| I 'uf
T @ N (P2 P xalk)
= l)0 y_ Z ( 2 ) I_I .U/l
i=1 0 arful JHi
=3 Xalv )f(ﬂ)b)m(u)’
A [1; vi H] Hj
proving the two sides are equal. m

COROLLARY 2.5.15. The disconnected genus-generating series of the double simple
and g-orbifold single simple Hurwitz numbers can be expressed as

£(v) () ()
7 Ay, ag 7 Ay,
H'(M,M,V)=< _Cive ? | | —Ifj>; H(")’°(u,#)=< Te? "’>.

i=1 1 j=1 Hi j=1 Hi

In analogy with these results, we give the following definition.

DEFINITION 2.5.16. The completed r-cycle is the element ¢~ (22) € B, Z(C[Sq)).
The disconnected (orbifold) single or double r-spin Hurwitz numbers are defined

by replacing = Z by £ T”l

b
r,e . r,e — Vi r”' | | “Hi\
H (u’#’v)'_zhg”"b' '_< v,e Hj >7

in the above formulae:

g=0 i=1 j=1
b £(u)
.M Qg Fril Ay
HDT> *(u, 1) = Zhgj’}f = <e a e+l ]_[ 2 > .
g=0 j=1 Hi

Remark 2.5.17. These numbers are called spin numbers for a reason; they are (con-
jecturally) related to the moduli space of spin structures, cf. conjecture 2.7.9. Before
that, they were already used in a representation-theoretic manner in [KOg4] and
in [OPo6a; OPo6b] for studying the Gromov-Witten—-Hurwitz correspondence. In
this context, completed cycles correspond to descendants of the point class.

Comparing these formulae to equation (2.18) and to theorem 2.4.17 and corol-
lary 2.4.18, the following theorem is clear.
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THEOREM 2.5.18 (Okounkov [Okooo]). The partition function for double (spin)
Hurwitz numbers is a 2D Toda t-function.

COROLLARY 2.5.19. The partitition function for single (orbifold) (spin) Hurwitz num-
bers is a KP t-function.

It is also possible to express the strictly and weakly monotone Hurwitz numbers
in the semi-infinite wedge formalism; this was done first by Alexandrov-Lewanski-
Shadrin [ALS16]. For this, we need some definitions.

DEFINITION 2.5.20. Define the Jucys-Murphy elements gy € C[Sy], fork = 2,...,d,
by
Gi= (L) +---(k—1k).

They generate a maximally commutative subalgebra of C[S,] called the Gelfand-
Tsetlin algebra.

The Jucys correspondence [Juc74], shows that symmetric polynomials in the
Jucys-Murphy elements lie in the centre of the symmetric group algebra, and in fact
they generate this centre:

LeEMMA 2.5.21 (Jucys correspondence [Juc74]). Let s be a symmetric polynomial in
n—1variables. Then the evaluation of this symmetric polynomial on the Jucys-Murphy
elements acts as a scalar in each irreducible representation of S, and this scalar is
given by s(ct), where c* = (cf,. .., c}) is the content vector of A.

The elementary and homogeneous symmetric functions in the Jucys elements
correspond to the conditions on the factorisations to be weakly or strictly monotone,
respectively. Hence, to get an expression in the semi-infinite wedge formalism, we
need operators D" () and D) (u) such that

DM (), = Z I (cMuFoy D (), = Z o (cHuFv, .
k=0 =

PROPOSITION 2.5.22 ([ALS16]). The operators above are given by

Eou?L
(), — 7 du’ )
DM(w) = exp(( g(uQ% E) logu) ;
o . So(—uz%)
D( )(u) = exp ( - (g-(TQdiu) - E) lOgM)
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COROLLARY 2.5.23. The disconnected weakly and strictly monotone Hurwitz gener-
ating functions can be expressed as

. Qy; Ay, ° q Q—yy;
H=*(u, p,v) = <1_[ V—fz)(h>(u) ﬂ #_ﬂ>’ HS @2y, 1) = <e + DM (y) H 'u;f >;
J i i ; ;

J
Q,, . Ay aq Ay
H™*(1.7) =< S 27w i>; H=O% (1) = <f—’"~@“’><u> —>
U Vj U Hi U Mi
THEOREM 2.5.24 (Harnad-Orlov [HO15]). The partition functions for double weakly

and strictly Hurwitz numbers are 2D Toda t-functions.

In fact, Harnad-Orlov proved this corollary for a far larger family of Hurwitz
numbers.

2.6 — TOPOLOGICAL RECURSION

Topological recursion, as originally defined by Eynard-Orantin [EOQo7a; EOo8], see
also [CEo6; CEO06], is a way of recursively defining a set of symmetric multidif-
ferentials wy, , on a curve with some extra data, a so-called spectral curve, starting
from a small amount of initial data. This procedure originally came from the theory
of matrix models, where the multidifferentials encode the topological expansion in
the large N limit, but it has since been shown or conjectured to produce generating
functions for many different enumerative problems with a natural genus parameter
and a variable number of discrete parameters, such as Hurwitz numbers (see e.g.
[BEMS11; DLN16; DMSS13; DOPS18; DK17; S5Z15]), volumes of moduli spaces of
curves [Miro7; MSe8; EOo7b], knot invariants [DFM11; BE15; DPSS17], Gromov-
Witten theory [DOSS14; EO15; Her18], WKB expansion [BE17; BCD18; Mar18],
Painlevé equations [IS16; IM17; IMS18; Iwa1g], and more.

Since its first definition, there have been many generalisations and reformulations
of the topological recursion, see e.g. [BHLMR14; BE13; BEO15; DN18; BS17;
KS17; ABCO17; ABO17]. Although all of these extensions have their virtues, in
this dissertation, I will stay close to the original Eynard-Orantin formulation, and
its extension to non-simple ramifications [BHLMR14; BE13]. I will also use the
reformulation in terms of abstract loop equations [BEO15; BSt17].

Let us begin by defining the required input for the recursion.

DEFINITION 2.6.1. Let C be a smooth complex curve, not necessarily connected
or compact. A Torelli marking on C is a symplectic basis of its first homology
Hi(C;Z), i.e. aset {A1,...,Ay4,B1,...,B;} C Hi(C;Z) such that all A-cycles are
pairwise disjoint, just as all B-cycles, and A; N B; = §;;.
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Let C be a compact Torelli marked curve. Then the canonical bidifferential of the
second kind B is the unique element

Be H°(CxC;niKe ® miKe(24) 2,

with biresidue 1 on the diagonal A, i.e. in any local coordinates around the diagonal

Blzi.z2) = ( 5 +0()) derdzs.

_r
(z1 —z2)

and such that it is normalised on A-cycles,

/A[ B(-,z2)=0.

For a non-compact C, such an object is non unique, and we just call it a bidifferential
of the second kind.

A spectral curve is a tuple C = (C, x,y), where C is a Torelli marked curve, and
x,y: C — P! are non-constant meromorphic functions that generate the function
field of C and whose differentials never vanish at the same point.

The original definition of topological recursion is as follows.

DEFINITION 2.6.2. Let C = (C,x,y) be a spectral curve, and let R be the set of
ramification points of x, which we assume to be all simple. Furthermore, we assume
y does not have a pole at any of these ramification points. Topological recursion is a
procedure defining multi-differentials or correlation functions {wgy n}g>0,n>1, where
wg.n € H*(C"; Kc((6g — 4 +2n)R)®") for 2g — 2 +n > 0, invariant under permutation
of the argmuents. The unstable cases are given by

wo,1 =Y dx; wo,2 = B.

Here, the B is given canonically if C is compact, and otherwise is part of the initial
conditions.
To define the other differentials, we first define the recursion kernel

1 f[(zz) w0,2(+, Zn+1)

2 wo,1(2) — wo,1(1(2))’

where ¢ is the local involution of the branched cover x near a. Le., «(a) = a, x(«(2)) =
x(z) for all z in a neighbourhood of a, and ¢ is not the identity. The the recursive
formula is

K(zps1;2) =

gt Gt 2ns1) = Y RS K(zne1,2) @122, 42, 2p0)
a€R
! (2.21)
+ Z wg1,|l|+1(z’Zl)wg2,|1|+l(L(Z)’ZJ)) .

g1tg2=g
IuJ=[n]
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In this formula, [n] := {1,...,n} and for any set K, zx = {zk }xex. The prime on the
sum means we exclude any terms with wq 1.

Remark 2.6.3. The name topological recursion refers to the fact that the w, , are
defined recursively with respect to the negative Euler characteristic of an n-pointed
curve of genus g, —y = 2g—2+n. In equation (2.21), the (negative) Euler characteristic
on the left-hand side is 2g — 2 + (n + 1) = 2g — 1 + n, while in the first term of the
right-hand side, it is 2(g = 1) =2 + (n + 2) = 2g — 2 + n. In the second term, it is
2g1 =2+ |I| +1+2g2 =2+ |J| + 1 = 2g — 2 + n. As the prime on the sum excludes
terms with 2g — 2 + n < 0, the right-hand side does indeed only use w,; ,, with strictly
lower 2g — 2 + n.

The recursion equation may be hard to parse at first. A useful mnemonic to
understand it, is to think in terms of curves. Usually, the w,; ,, encode some kind of
property of curves of genus g with n points. From this point of view, the recursion
equation (2.21) should be seen as cutting a pair of pants, i.e. a three-pointed rational
curve, from the curve around the n + 1-st marked point in all possible ways. This
may leave the curve connected, in which case it reduces the genus by one and adds
two marked points, corresponding to the first term. It may also disconnect the curve,
in which case the genus and the marked points must be split over the two connected
components, and each component gains a new marked point. See figure 2.2 for a
visual representation.

However, the best way to understand both the formulation and the use of topo-
logical recursion is via examples, some of which are given below. In many of these
cases, the expansion of the multi-differentials at a specific point and in a specific
coordinate coincides with the generating function of certain enumerative invariants.
In this case, the expansion parameter will be given as part of the data.

EXAMPLE 2.6.4. We give several examples of topological recursion here. In all exam-
ples, the curve is P*.

1. Intersection numbers of -classes [EQo7a]. Via the Witten-Kontsevich theo-
rem, see subsection 2.4.1, the generating function of these numbers naturally
give a spectral curve, which in this context is called the Airy curve:

2
X:ZH—Z _
around z7 ' =0.
y: 7 7,

In this expansion, we get

—in d(2d + D!
W21, z) = 22972 Z / e Ry
g Z /

_, dj=3g-3+n g.n j= j
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z
Zn+l In+l
Zn] “nl
Uz)
(a) The curve to be calculated. (b) The non-separating term.

21

Zn+1 4
uz
J

(c) One of the separating terms.

Figure 2.2: The visual interpretation of topological recursion.

This is not only interesting in its own right, butitis also the ‘universal’ behaviour
of topological recursion, as any spectral curve with only simple ramifications
of x locally looks like the Airy curve around these ramification points.

2. Weil-Petersson volumes [Miro7; MSo8; EOo7b]. Recasting Mirzakhani’s recur-
sion for the Weil-Petersson volumes of the moduli spaces of bordered Riemann
surfaces, the curve

2

X177 _

L around e™* = 0.
y: 7 5-sin(2nz),

generates the Laplace transform of these volumes via
n o .
U.)g,n(Zl, . ,Zn) = l_[ / LidLie_ZiLi VOl (Mg,n(le e ,Ln)) .
i=1 70

3. Simple Hurwitz numbers [BMo8; BEMS11]. As conjectured by Bouchard-
Marifio and proved by Borot-Eynard-Mulase-Safnuk, the generating function
for simple Hurwitz numbers satisfies topological recursion for the Lambert
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70

curve

around ¢* = 0.

x:zlogz -z
y:zm z,

This means that the differentials of the correlators defined in equation (2.19)
are the expansion near ¢* = 0 of the mult-differentials:

dy @ ® dyHy ("), ., e")) = wy (21, .., 2n) -

. Orbifold simple Hurwitz numbers [BHLM14; DLN16]. A generalisation of

the previous example, including one g-orbifold point, was proved by Bouchard-
Herndndez Serrano-Liu-Mulase and Do-Leigh-Norbury. It is given by

around e* = 0.

x:zm logz—z4
y:z+— 279,

. Orbifold strictly monotone Hurwitz numbers or dessins d’enfants [Nor13;

DMSS13; DM14; DOPS18]. In this case, the formula for g = 2 was given by
Norbury and Dumitrescu-Mulase-Safnuk-Sorkin, and the general case was con-

jectured by Do-Manescu and proved by Dunin-Barkowski-Orantin-Popolitov-
Shadrin. It is

-1
x:z—> 29+ _
{ around x 1 =0.

y:z— 27,

. Orbifold weakly monotone Hurwitz numbers [GGN132; DDM17; DK17].

For the weakly monotone case, only the non-orbifold case (¢ = 1) has been
proved, by Do-Dyer-Mathews, after a conjecture by Goulden-Guay-Paquet-
Novak, in the form

z—1

Xz 5

z around x = 0.
y:z+— -z,

The general form has been conjectured by Do-Karev:

pa-1 around x = 0.
Y28 a1

{x: 7z z(1—z9)

. Orbifold spin Hurwitz numbers [MSS13; SSZ15]. For this case, mostly every-

thing is conjectural. In the case of r-spin Hurwitz numbers, Shadrin-Spitz-
Zvonkine showed these numbers satisfy topological recursion for the curve
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given below for ¢ = 1 if and only if Zvonkine’s r-spin ELSV conjecture [Zvoo§]
holds, see section 2.7. In general, a similar equivalence can be deduced from
the work of Mulase-Shadrin-Spitz, see chapter 6. The curve is

x:z logz—z9"
{ & around e* = 0.

y:z+— 274,

8. Double simple Hurwitz numbers [DK18]. If we fix one profile and weigh
double Hurwitz numbers by assigning weights w, to each cycle of length d
in the other profile, where only finitely many w, are non-zero, Do-Karev
conjectured these numbers should be given by

{x: RPN around e¢* =0

y:z P(2),

Here, P(z) = w1z + w2z? + - - - + w,z9. This generalises the formula for orbifold
simple Hurwitz numbers, which is the case where one w, equal one and the
other zero.

There is a strong link between Frobenius manifolds or cohomological field theo-
ries, as described in section 2.2, and specifically theorems 2.2.17 and 2.2.19. In fact,
there exists a similar kind of graphical formula for topological recursion, see [Eynig;
KO1c], although we do not give it here. It does yield the following identification
theorem, proved in [DOSS14], and refomulated in this form in [LPSZ16].

THEOREM 2.6.5 (([DOSS14]). Let (C,x,y) be a spectral curve such that x has N simple
ramification points. Near each of these, choose a local coordinate w; such that locally
x(w;) = w? + x;. Define the matrices Aand Ron'V = (e; | 1 <i < N) by

_1 dy
A2 = d—wi(O); (2.22)
— — ] 1 *© B(lUi,lU') e
Ry = / j | ewy)-x,)¢ . '

(é’ )l \/27‘[{ —00 dw,- wi=Oe ’ (2 23)
. dc 17w

l,k —_ ’ 1

§70= f dw; lw=0" (2.24)

if

N ~1(p=1Ni p=1( -1\

V§152 / / B, wy)erw-xérsixtu-mee _ it BTG RRT (G
[2] - — —
é’l 1 + {21
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holds (which is true, for example, if C is compact and x meromorphic), then the
cohomological field theory a produced from equations (2.22) and (2.23) produces the
multi-differentials in the sense that

n
dj id;
Wg.n = Z /7 @g.n(eiy - -~€i,,,)l_[¢’,-"d§’f’ 7.
Mg.n j=1

01yenns in€[N]
di,..., d, >0
2.6.1 — GLOBAL TOPOLOGICAL RECURSION

In definition 2.6.2, we assume all the ramifications of x to be simple. This is necessary
for the involution ¢ to be well-defined. It is still only defined locally, but that is not
really a problem for the recursion, as the formula involves taking a residue at the
ramification points. However, the part of the formula on which the recursion kernel
acts is of independent interest, and hence, it would be useful to have it defined globally.
Bouchard-Hutchinson-Loliencar-Meiers-Rupert and Bouchard-Eynard [BHLMR14;
BE13] solved both of these problems, defining topological recursion for higher
ramification and in a global setting, albeit at the cost of a more involved integrand,
incorporating more deck transformations.

DEFINITION 2.6.6. We define:

!
WoamaGonriz) = D | | Qocclitomi (G 2
pr[m] k=1
L) Ni=[n]

2 gr=g+l(u)-n

where the prime on the summation means exclusion of any (gx, || + [Nk|) = (0,1).
The generalised recursion kernel is

ffl wo,2(+,2)
"o (w01(&1) — w01 (&)

Km(m {[m]) =

DErFINITION 2.6.7. [BHLMR14; BE13] Let C be a spectral curve such that y does not
have a pole at any ramification point of x. The local topological recursion defines a
set of multi-differentials {wy » }¢>0,n>1 1n a similar way to definition 2.6.2, except for
the recursive equation (2.21), which is replaced by

Wyn+1(Z[n)> Zn+1) = Z Z Res K11 (20415 () Wy 111410 (0); 21n)) -
a€R {0}cIc{0,...,eqx} §a

(2.25)
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Here, e, x is the ramification index of x at g, ¢ is a local deck transformation around a
of this order, and ¢/ (z) = {{(2)}ies.

Suppose furthermore that all branch points of x have exactly one ramification
point in their fibre, and that y separates fibres of branch points. In that case, define
the global or Bouchard-Eynard topological recursion again in the same way as before,
but replacing the recursive formula by

(’-)g,n+1(Z[n]’ Zn+1) = Z Z ?—ensz K\I\(Zn+1§ é,I)(Wg,|I|+1,n(§I§ Z[n]) . (2'26)
a€R {}cg cx 1 (x(Q)

Remark 2.6.8. The equations (2.25) and (2.26) look quite similar, but they are of
a somewhat different nature. In equation (2.25), the second sum is only over the
local monodromy around the ramification point, and the integrand is only defined
locally. In particular, if a ramification point is simple, thet relevant term reduces
to that in equation (2.21). However, in equation (2.26), the second sum is over all
monodromy, and the integrand is defined globally. However, the two constructions
do agree, as stated below. The title of [BE13], “Think globally, compute locally”,
was therefore chosen very aptly, and should be followed as much as possible when
using this definition.

The condition that poles of y do not coincide with ramification points of x can
be lifted at least for simple ramifications by work of Do-Norbury [DN18].

THEOREM 2.6.9 ([BE13]). Suppose {wy.n}g>0,n=1 are constructed via the global topo-
logical recursion. Then they also satisfy local topological recursion.

Remark 2.6.10. An important conceptual reason to allow non-simple ramification
points, apart from the facts that it is more general and in a sense cleaner, stems from
the fact that topological recursion behaves well with respect to deformations of the
spectral curve. As deformations of spectral curves with simple ramifications can
obtain more complicated ramifications, there should be a way to incorporate this.
The theory above is compatible with these limits, and therefore provides this way.

EXAMPLE 2.6.11. Intersection numbers with Witten’s spin class [DNOPS17]. The
Airy curve from example 2.6.4 can be generalised to the r-Airy curve

1
x:zH— 7" _
{ around 771 =0.
Yy 7,
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This generates the following intersection numbers:

n .
_ aj+1 (_l)dj dZ] .
Wyt = D (Tavar Tdwan) g | | (B0 a1 Timasass
0<ay,..., an<r j=1 z 7
dla---dll
d
<Td1,a1 e Td,l,a,, >g,n = |_ W(eala ceey ean)wll o libr‘lin
M(Iv"

Here W is Witten’s spin class, see example 2.2.4, and (@) 4+1 1s the Pochhammer symbol
from equation (2.10). This case was actually proved by using deformations of spectral
curves, as explained in the previous remark.

2.6.2 — ABSTRACT LOOP EQUATIONS

The standard form of topological recursion can also be recast in a different way.

DEFINITION 2.6.12. Let C = (C, x, y) be a spectral curve such that x has only simple
ramification points. A family of meromorphic multidifferentials {w , }4>0,,>1 On
C is called admissable if wo1 = y dx and wy 2 is a bidifferential of the second kind
(canonical if C is compact).

A set of admissable correlators is normalised if locally near each ramification
point a of x, G4(z,20) = /uz wo,2(+,20) 18 a local Cauchy kernel for the set:

wWgn(20.21) = ) Res Ga(z.20)wgn(@zr) 29 =2+n>0.
a€R

This equation is also called the projection property.
For a set of admissable correlators, the linear loop equations are, for all a € R,
g=0,n21,

Wg.n(2,21) + Wy, n(1(2), zr) is holomorphicas z — a.
Write again ¢ for the local involution near a ramification point. The guadratic loop

equations are, foralla e R, g > 0,n > 1,

1
_2(wg—1,n+1(z7 u(z),z1) + Z wp, 171412 200 177141 (U(2), ZJ’)) = holom. asz — a.
< h+h'=g

JuJ'=I

THEOREM 2.6.13 ((BEO15]). A set of admissable multidifferentials satisfies topological
recursion if and only if it satisfies the projection property, the linear loop equations,
and the quadratic loop equations.
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Remark 2.6.14. It is possible to extend the definition of topological recursion by
removing the projection property from the list of conditions. This results in blobbed
topological recursion, as defined and studied in [BS17].

In chapter 7, we will prove certain cases of topological recursion via the loop
equations.

2.7 — THE ELSV FORMULA AND GENERALISATIONS

The Ekedahl-Lando-Shapiro-Vainshtein (ELSV) formula [ELSVoe1] is a seminal result
connecting the theory of Hurwitz numbers (see section 2.5) with the intersection
theory on the moduli spaces of curves (see section 2.1). It has been generalised in
several directions to different ELSV-type formulae, see e.g. [Lew17] for an overview.
Let us first state the original theorem.

THeEOREM 2.7.1 (ELSV formula [ELSVor]).

() | i

1 o _ ﬂi A(_l)
i Lt Je o T

i=1 g.6(u) TL-:(’{) 1= it

The formula should read as expanding the geometric series and the integral can
only be non-zero if the integrated class has degree dim M,,,, = 3g — 3 + n. This
formula has many connections to the different subjects in this dissertation. Aside
from its obvious connections to Hurwitz theory and the intersection theory of the
moduli spaces of curves, it is also used in many later proofs of the Witten-Kontsevich
theorem, see subsection 2.4.1. Furthermore, it shares a particular shape with all other
ELSV-type formulae: they express a certain kind of Hurwitz numbers as an explicit

non-polynomial factor in the parts of the partition times an integral over M, ,, which
is polynomial of degree 3g — 3 + n in the parts of the partition. This property is called
quasi-polynomiality.

Quasi-polynomiality is strongly related to topological recursion; in particular it
is equivalent to the fact that the generating functions of a certain Hurwitz problem
can be expanded in terms of derivatives of natural £&-functions on the spectral curve
belonging to the problem: they are defined as £,(z) = L= for ramification points a.
The spectral curve then determines the non-polynomial part: it is given by the Taylor
coefficients of ¢ when expanding in the expansion parameter for the problem.

The ELSV formula itself relates the most basic kind of Hurwitz numbers to
intersection theory of the moduli space of curves. However, this formula has by now

been adapted to give formulae for many other kinds of Hurwitz numbers.
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The first extension to mention is the Marifio-Vafa formula, which was conjectured
in [MVo2] and proved independently by Liu-Liu-Zhou [LLZo3] and Okounkov-
Pandharipande [OPo4]. It does not relate directly to any Hurwitz numbers, but it
is natural from the intersection theory side: it generalises from a single Hodge class
A(-1)toa trlple Hodge class A(-1)A(-w)A(-%7). Itis related to the Gromov-Witten
theory of toric Calabi-Yau 3-folds, via the topologlcal vertex, see [EO15] for more
background.

First, note that in genus zero

/ ADABIA©) _ | s
Mo Ty 1 — g

for n > 3, and this serves as a definition for n = 1,2.

THEOREM 2.7.2 (Marifio-Vafa formula [MVoz; LLZo3; OPc4]). There is a relation
between triple Hodge integrals and characters of symmetric groups, as follows:

© +n-1 1 /.li71 i j
exp (ZZ (w+1)? 1:[“/=1 (u +Jw)/M AC=DAG-w)A(57) pRo-2emslul

5 [ Autyl (i = 1)! g Tz (1= pithi)
N Xy S ()
Z ;m Zu 1_[ g(hw”lg)

On the right-hand side the sum is over all partitions v of size equal to |, the product
is over all boxes in the Young diagram of v, and hy is the hook length of the box 0.
Furthermore, fo is the shifted symmetric sum of squares, denoted p in equation (2.20).

Remark 2.7.3. Even though it seems the triple Hodge class in this formula only
depends on one parameter, w, the parameter 7 can be interpreted in this way as well,
entering as a cohomological grading parameter. Hence, the formula does govern the
entire generating function of triple Hodge integrals.

In the limit w — 0, the Marifio-Vafa formula reduces to the ELSV formula, as the
product over boxes simplifies to the hook length formula for the dimension of the
S|u|-representation associated to v. Hence both sides reduce to the partition function
for simple Hurwitz numbers, using the ELSV formula on the left-hand side.

The other generalisations we consider here are directly related to Hurwitz num-
bers. Of these, the first we consider is the Johnson-Pandharipande-Tseng (JPT)

formula for simple orbifold Hurwitz numbers [JPTr1]. It involves the moduli space
M._(BZ/qZ) of stable maps to the classifying space of Z/¢Z (i.e. admissible covers
of curves in M,,_,) with prescribed monodromy —u; (mod ¢) at the marked points.
Let p: Mg,,,,(BZ/qZ) — Mg,,, be the forgetful map.
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There is an action of Z/qZ on p*E, and we can consider its irreducible component
corresponding to the character Z/qZ — C*: k — exp(2nik/q). This is a vector

bundle, and we denote its Chern classes by AE") . Define
S(u/@) = q" o =Wl Dp. S (—g)f 47 (2.27)
i=0
Then the special case (see [DLPS15]) of the JPT formula that is relevant to us is

THEOREM 2.7.4 (JPT formula [JPT11]).

(@)oo & lui/q]
ngy” / S(u/a))
bl i1 il a1t S ) Hfi”l)(l - W)

In general, the JPT formula deals with arbitrary finite abelian groups, any character
of this group, and an additional vector of monodromies.

DEFINITION 2.7.5. Letg,r,a1,. .. a, be integers such that r|(2g -2+n)g->; a;. Write

47" . . .
M,.a1 .., for the moduli space of objects (C; x1,.. ., xn; L), where (C; x1,. .., x,) is

a stable curve and L — C is a line bundle such that

n

L% = wpd( ) ~ajx;)
=1

It is a proper smooth stack.
. . . —ar.r
This moduli space has a universal curve 7: C — M.,

bundle p: £ — C. The Chiodo class is defined as

. and a universal line

Cynlgr.q;ai,...an) = —n.(c(R°p.L)) .

Remark 2.7.6. Shifting any of the a; by gr gives an isomorphic moduli space, as in
that case we can twist the line bundle L by —x;.

Chiodo [Chio8] derived an explicit formula for this class in terms of tautological
classes, which we will not give here.

LemMA 2.7.7 ((LPSZ16]). When viewing the Chiodo class asamap 6, ,(qr,q): V&" —
A (M), where V = (v1,. . .,vg,), they form a semi-simple cohomological field theory.

The Chiodo classes generalise the classed used in the JPT formula, as shown by
the following.
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PROPOSITION 2.7.8 ([LPSZ16]). The class S used in the JPT formula and defined in
equation (2.27) is a Chiodo class:

SCu/q)) = 64.n(q.q;{q — qglpi/D)}) -

In fact, the Chiodo classes can, conjecturally, also be used to describe spin Hurwitz
numbers.

CONJECTURE 2.7.9 (Zvonkine’s r-ELSV formula [Zvoo6]). For r-spin Hurwitz num-

bers, the following formula should hold:

Cozmeezgy g (B Ul / Cyn(r 1 {r —r (uilr) })
Mq n

h;alzl ----- Hn =r " | n Hi
] ; L/vlj/rJ- Hj:l(l_T‘//i)

J=1
Although this conjecture is still open, it has been proved to be equivalent to
another conjecture, concerning topological recursion for spin Hurwitz numbers:

THEOREM 2.7.10 ([SSZ15]). Zvonkine’s r-ELSV formula, conjecture 2.7.9, holds if
and only if the generating functions for the r-spin Hurwitz numbers are expansions of
the multidifferentials obtained by topological recursion from the curve

around e* =0.
y:7m— 2z,

{x: 7z logz — 7"

In fact, this theorem has been extended in [LPSZ16] to associate a spectral curve
to the Chiodo class for any choice of parameters.

For a general spectral curve with simple branch points, Eynard [Eyn11] has
given a formula for expressing the multidifferentials obtained by topological recur-
sion in terms of intersection numbers on the moduli spaces of curves. I will not
give the general formula here, but only two specific cases: for weakly monotone
Hurwitz numbers, derived independently by Alexandrov-Lewanski-Shadrin and
Do-Karev [ALS16; DK17], and for strictly monotone Hurwitz numbers, in the case
of even ramifications, derived by Borot-Garcia-Failde [BG17].

THEOREM 2.7.11 ([ALS16; DK17)). The weakly monotone Hurwitz numbers can be
expressed in terms of intersection numbers on the moduli space of curves as follows.

" (20 Cy+d)=D1
(]2 o] 5 s

i=1 Jj=ld;=
where
exp ( - Z lel) = Z(Qk + DXk,
=1 k=0
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THEOREM 2.7.12 ([BG17]). The strictly monotone Hurwitz numbers with even ram-

ification can be expressed in terms of intersection numbers on the moduli space of
curves as follows.

n
2
0,< _ ;
hg;2/11 ..... 2, 29 | | ,ut( )

[ oene ACDACDAG)(A]

Hi ) JMm, . [T 1=
g J

where [A] = X _, % and [Ay] is the class of the stratum whose generic point has

h non-separating nodes.
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Part I

TAUTOLOGICAL RELATIONS ON
THE MODULI SPACES OF CURVES






CHAPTER 3 — THE TAUTOLOGICAL RING OF
Mg, via
PANDHARIPANDE-PIXTON-
/VONKINE SPIN RELATIONS

3.1 — INTRODUCTION

We use a specific case of the tautological r-spin relations of Pandharipande-Pixton-
Zvonkine [PPZ16], which were obtained as follows. Givental-Teleman theory, see
subsection 2.2.1 provides a formula for a homogeneous semi-simple cohomological
field theory as a sum over decorated dual graphs. In some cases we can obtain
this way a graphical formula for a cohomological field theory whose properties
we know independently. In particular, the graphical formula might contain classes
(linear combinations of decorated dual graphs) that are of dimension higher than the
homogeneity property allows for a cohomological field theory. Then theses classes
must be equal to zero and give us tautological relations. Alternatively, we might
consider the graphical formula as a function of some parameter ¢ parametrising a
path on the underlying Frobenius manifold with ¢ = 0 lying on the discriminant. If
we know independently that the cohomological field theory is defined for any value
of ¢, including ¢ = 0, then all negative terms of the Laurent series expansion in ¢ near
¢ = 0 also give tautological relations. See [Jan1s; Pan18] for some expositions. Once
we have a relation for the decorated dual graphs in mg,,ﬁm, m > 0, we can multiply
it by an arbitrary tautological class, push it forward to M, and then restrict it to
Mg n. This gives a relation among the classes []", (//l.di Kep,ower> di =2 0,¢; = 1,1n
R* (My.0).

In the case of the Witten r-spin class, see example 2.2.4, the graphical formula and
its ingredients are discussed in detail in [Givo3; FSZ10; DNOPS17; PPZ16].

Both approaches mentioned above produce the same systems of tautological
relations on M, ,. Two particular paths on the underlying Frobenius manifold are
worked out in detail in [PPZ16], and we are using one of them in this chapter. Note
that the results of Janda [Jants; Jan14; Jan17] guarantee that these relations work in
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II. Tautological relations on the moduli spaces of curves

the Chow ring, see a discussion in [PPZ16].

3.1.1 — ORGANISATION OF THE CHAPTER

In section 3.2 we recall the relations of Pandharipande-Pixton-Zvonkine. In sec-
tion 3.3, we use them to give a new proof of the dimension of RY"1(M, ), up to
one lemma whose proof takes up section 3.4. In section 3.5, we extend this proof
scheme to show the vanishing of the tautological ring in all higher degrees. Finally,
in section 3.6, we give some bounds for the dimensions of the tautological rings in
lower degrees.

3.2 — PANDHARIPANDE-PIXTON-ZVONKINE RELATIONS

In this section we recall the relations in the tautological ring of M, ,, from [PPZ16]
and put them in a convenient form for our further analysis.

3.2.1 — DEFINITION

Fix r > 3. Fix n primary fields 0 < ay,...,a, < r — 2. All constructions below
depend on an auxiliary variable ¢ and we fix its exponent d < 0. A tautological
relation T(g,n,r,as,...,a,,d) = 0 depends on these choices, and it is obtained as
T=r"' 32, ﬂik)Tk/k!, where Ty is the coefficient of ¢¢ in the expression in the
decorated dual graphs of Mg,mk described below, and 70 Mg,,”k — Mg,n is the
natural projection.

Consider the vector space of primary fields with basis {ep,. .., e,_2}. In the basis
é = ¢ 1" De; we define the scalar product nij = (€,¢€;) = go_(r_Q)/(’_l)éHj,r_g.
Equip each vertex of genus / of valency v in a decorated dual graph with a tensor

Cay ® - @ &q, > MG 15 s g

Define matrices (R;)2, m > 0, a,b = 0,...,r — 2, in the basis ép,...,é,_5. We
set (R;DE =0ifb#a-m modr—1. Ifb=a-m modr -1, then (R;})l =
(r(r = 1)¢"/C=D)"mPp, (r,a), where P,,(r,a), m > 0, are the polynomials of degree 2m
in r,a uniquely determined by the following conditions:

Py(r,a) = 1;
Pu(r,a) = Py(r,a—1) = ((m = $)r — a)Pp_1(r,a - 1);
P,,(r,0) = P, (r,r —1).



3. Tautological ring via PPZ relations

Equip the first n leaves with Y5 _o(R,))5 vi"ép, i = 1,...,n. Equip the k extra leaves
(the dilaton leaves) with — ¥ _ (R, Dby é,, i = 1,. .., k. Equip each edge, where
we denote by ¢ and ¢’ the y-classes on the two branches of the corresponding node,
with B o '
n"" = Zow 0By T (R, 1AM U0 S
ei/ ® el'//
l/’/ + w//

Then Ty is defined as the sum over all decorated dual graphs obtained by the contrac-
tion of all tensors assigned to their vertices, leaves, and edges, further divided by the
order of the automorphism group of the graph.

3.2.2 — ANALYSIS OF RELATIONS

There are several observations about the formula introduced in the previous subsec-
tion.

1. We obtain a decorated dual graph in R°(M,,,) if and only if the sum of the
indices of the matrices R, used in its construction is equal to D.

2. According to [PPZ16, theorem 7], T(g,n,r,a1,. . .,a,,d) is a sum of decorated
dual graphs whose coetficients are polynomials in r.

3. Let A=}, a;. ThenA =¢g—-1+D modr—1. We can assume that A =
g—1+D+x(r—1), x > 0, since D is bounded by dim Mq,n = 3g—3+n, whereas
the relations hold for r arbitrarily big. Collecting the powers of ¢ from the
contributions above, we obtain d(r — 1) = A + (g — 1)(r — 2) — rD. Substituting
the expression for A, we have that d < 0 if and only if D > g + x. The relevant
cases in this chapter are the cases x = 0 and x = 1.

These relations, valid for particular r > 3and 0 < a3,...,a, < r — 2 are difficult
to apply since we have almost no control on the «x-classes coming from the dilaton
leaves. We solve this problem in the following way.

Let x = 0, consider the degree D = g. We have relations with polynomial
coefficients for all r much greater than g and A = 2g — 1. More precisely, for all
integers 0 < ai,...,an, < 29-1, 3" a; = 2g—1, we have arelation whose coefficients
are polynomials of degree 2g in r. In other words, we have a polynomial in r whose
coefficients are linear combinations of decorated dual graphs in degree g, and we
can substitute any r sufficiently large. Possible integer values of r determine this
polynomial completely, so its evaluation at any other complex value of r is again a
relation.

Let x = 1, consider the degree D = g + 1. We have relations with polynomial
coefficients for all r much bigger than g and A = 2g — 1 + r. More precisely, for
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II. Tautological relations on the moduli spaces of curves

all integers 0 < ay,...,a, <7 -2, X", a; =29 — 1+ r, we have a relation whose
coefficients are polynomials of degree 2g + 2 in r.
Note that in both cases we do not, in general, have polynomiality in a,. .., an,

but we have it for some special decorated dual graphs, under some extra conditions.

We argue below that a good choice of r in both cases is 7 = £ (note that we still
have to explain what we mean in the case x = 1, since the sum A depends on r).
In particular, this choice kills all dilaton leaves, and the only non-trivial term that

contributes to the sum over k in the definition of T(g,n,r,a, . . .,a,,d) in these cases
1s TQ.
3.2.3 — P-POLYNOMIALS AT F = 3

Recall the P, (r,a)-polynomials of [PPZ16] introduced above, and define

(_1)m 2m k
Om(a) = ST, g (a +1- 5)

LemMma 3.2.1. We have Pp(3.a) = Om(a).

Proof. We will use [PPZ16, lemma 4.3]. It is clear that Qp(a) = 1 and Q0,,(0) =
Om(—3%) = 6m,o. Furthermore

—1ym [ m 2m
cso-es=n= G flors-)-f]le-$)
- 0 Do ) T -
1

1
= %( — 2am +m? - ém) Om-1(a—1)
1

=5 (m- 57 2a) Qm-1(a - 1),

N —

so the equations in the lemma are satisfied.

This does not allow us to conclude yet that our Q,,(a) are equal to the P,,(3,a), as
the lemma only states uniqueness for the P,,(r,a) as polynomials in a and r. However,
we can prove equality by induction on m. The case m = 0 is given to be identically 1
in [PPZ16], agreeing with Q.

Now assume m > 0 and P,,_; (%,a) = Qn—1(a). Then

Onla) = Qula~1) = 5 (m = 5 ~2a) Qp1(a ~ 1),

N =
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3. Tautological ring via PPZ relations

with the same relation for Pm(%,a) . Hence, Pm(%,a) = Qm(a) + c. Using the same
relation for m + 1, we get that

1 c 2m -1
Am+1(a) = Pm+1(§’a) = Omy1(a) = _§a2 + ac+d
We then have that
1 c 2m-1 m
0=Am+1(_§) _Am+1(0):_§_ g ¢="7°¢
Because m > 0 by assumption, this proves ¢ = 0, so Py (3,a) = Qm(a). m]

3.2.4 — SIMPLIFIED RELATIONS |

In this subsection we discuss the relations that we can obtain from the substitution
r = 1 for the case of x = 0 in subsection 3.2.2.

The polynomials Q,,(a), m = 0,1,2,. . ., discussed in the previous subsection, have
degree 2m and roots —%,O, %, 1,...,m— %,m — 1. Note that on the dilaton leaves in
the relation of [PPZ16] we always have a coefficient (R;;!){ for some m > 1. Since for
r =1 we have (R;))] = (-3¢71)™Q,(0) = 0, m > 1, the graphs with dilaton leaves
do not contribute to the tautological relations.

In order to obtain a relation on M, ,, we first consider a relation in M 1 that

we push forward to M, , and then restrict to the open moduli space M, . Note that
only graphs that correspond to a partial compactification of My 4., can contribute
non-trivially. Namely, it is a special case of the rational tails partial compactification,
where we require in addition that at most one among the first n marked points can lie
on each rational tail. We denote this compactification by M;t[,ﬂm

For instance, the dual graphs that can contribute non-trivially to a relation on

M;t[ﬂl are either the graph with one vertex and no edges or the graphs with two
vertices of genus g and 0 and one edge connecting them, with leaves labeled by i and
n+ 1 attached to the genus 0 vertex and all other leaves attached to the genus g vertex,
i =1,...,n. These graphs correspond to the divisors in M;t[ﬂl
Di ni1.

More generally, we denote by Dy, I € {1,...,n+m}, the divisor in Mg,,wm whose
generic point is represented by a two-component curve, with components of genus g
and 0 connected through a node, such that all the points with labels in I lie on the

component of genus 0, and all other points lie on the component of genus g. Then

the divisors that belong to M;t[,ﬂm are those in which I contains at most one point
with alabel 1 <1 < n, and all dual graphs that we have to consider are the dual graphs

of the generic points of the strata obtained by the intersection of these divisors.

that we denote by
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II. Tautological relations on the moduli spaces of curves

We denote the relations on M, , corresponding to the choice of the primary
fields a,. . .,an, by an(al,. ..,an) = 0, where D is the degree of the class. In this
definition we adjust the coefficient, namely, from now on we ignore the pre-factor
971 in the definition of the relations, as well as the factor (-3¢ ™)™ coming from
the formula for the R-matrices in terms of the polynomials Q. Hence, Qg (@) 1s
proportional to T(g,n, 3,d,d(D)). We will also often write Q for its restriction to

rt[n]
g.,n+m*

various open parts of the moduli space, such as M
Note that, as we discussed above, there is a condition on the possible degree of
the class and the possible choices of the primary fields implied by the requirement
that the degree of the auxiliary parameter ¢ must be negative.
We use the following relations in the rest of the chapter: Q2 . ,(a1.....dnsm),
where D > g,m > 0, and Y/1" a; = g — 1 + D and all primary fields must be non-
negative integers. We sometimes first multiply these relations by extra monomials of

w-classes before we apply the pushforward to M, , and/or restriction to M, ..

3.2.§ — SIMPLIFIED RELATIONS II

In this subsection we discuss the relations that we can obtain from the substitution
r = % for the case of x = 1 in subsection 3.2.2.

Let us first list all the dual graphs representing the strata in M;t[ﬂQ, see figure 3.1.

Note that under an extra condition on the primary fields ay, . . ., a,+2, namely, that
1 <a; <£r—3=aps1 — anso forany 1 <i < n, the coefficients of all these graphs in
T(g,n+2,r,d,—1), equipped in an arbitrary way with ¢- and k-classes, are manifestly
polynomial in ay,...,ans2,r. Indeed, this extra inequality guarantees that we can
uniquely determine the primary fields on the edges in the Givental formula for all
these nine graphs.

Thus, we have a sequence of tautological relations T(g,n + 2,r,d,—1) in dimension
g + 1 defined for a big enough r, and arbitrary non-negative integers ai,. . .,dn+2
satisfying ay + -+ + ape2 = 29 +r—land 1 < a; < r — 3 — aps1 — aps2 for any
1 < i < n. This gives us enough evaluations of the polynomial coefficients of

the decorated dual graphs in M;t[:iQ

Thus, we can represent the values of these polynomial coefficients at an arbitrar
P poly Yy

point (dy, . . .,dn+2,7) € C"™3 as a linear combination of the Pandharipande-Pixton-

Zvonkine relations. This representation is non-unique, since we have too many

admissible points (a1, . ., ay+2,7) € Z"*3 satisfying the conditions above. This non-
rt[n]

g,n+2°
since we always get the values of their polynomial coefficients at the prescribed

points, but the extension of different linear combinations of the relations to the full

to determine these polynomials completely.

uniqueness is not important for the coefficients of the decorated dual graphs in M

compactification ﬂg,mg can be different. Indeed, the coefficients of the graphs not
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3. Tautological ring via PPZ relations

(1) The entire space (1v) Dys1ne2 (VL) Dj ni1,n+2Dns1 nv2
an+2 An+2 an+2
an+1 Ap+1 An+1
aj
al ... an al PEEEEY an al ... an
(11) D; p+2 (V) Dj n+1Dr,n+2 (vir1) Dj n41.n+2Dj n+2
An+1 An+2 Ap+1
O= O
(e (D) OM0
@ an+1 a;
o (o)
j )
ap -+ ap ai - ay aj  ay e an
(111) D pe1 (VI) Dj ps1,n+2 (1X) Dj n+1,n+2Dj n+1
an+2 ap+2 an+2

G o

© “
aj aj

ay -+ ap a -+ dp ay -+ apn

rt[2]
g,n+2

Figure 3.1: Strata in M

listed in figure 3.1 can be non-polynomial in ay, . . ., a,+2 (but they are still polynomial
nr).

We can choose one possible extension to the full compactification /Vg,,ﬁg for
each set of coefficients (i, . . .,dn+2,7) € C"3. In particular, we always specialise
r= %, Apel = %, Apio = —%. The choice r = % guarantees that we have no non-trivial
dilaton leaves, that is, we have no k-classes in the decorations of our graphs. We
also divide the whole relation by the factor (1)971(-2¢71)7179, as in the previous
subsection.

: : : g+1 3 _1
Abusing the notation, we denote these relations by Q) ola,. .. an, 5,—3). They

are defined for arbitrary complex numbers ay, . .., a, sat1sfy1ng Yhiai=2g-3. Of

course, it is reasonable to use half-integer or 1nteger primary fields ay,. .., a, that

would be the roots of the polynomials Q, since this gives us a very good control on
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II. Tautological relations on the moduli spaces of curves

the possible degrees of the y-classes on the leaves and the edges of the dual graphs
gl

; :+2 1S
well-defined and can be obtained by the specialization of the polynomial coefficients
of the dual graphs in figure 3.1 to the point (a1,. . .,an, ans1 = %,amz = —%,r = %).

We analyse this polynomial coefﬁcients in the next two sections. In the meanwhile,

. . 1
Let us stress once again that restriction of Qg+n+2(a1,. an3,-3)to M

g+ rt[n
the extension of Qg mg(al,. R - 2, 2) from M Lo tO Mg n+2 18, 1n principle, not

unique, and we only use that it exists.

3.3 — THE DIMENSION OF RY"1(M,,,)

In this section we give a new proof of a result in [BSZ16] that dim R9"1(M,, ) < n.
3.3.1 — REDUCTION TO MONOMIALS IN {/-CLASSES

In this subsection we show that any monomial wfl I kg Of degree g — 1

can be expressed as a linear combination of monomials of degree g — 1 which have

only y-classes. We prove this fact by considering the relations Qz_nlf,zq (at,...,anem)

for some appropriate choices of the primary fields.

PROPOSITION 3.3.1. Let g > 2and n > 1. The ring R9"1 (M, ) is spanned by the
monomials lﬁfl cogln fordi,....d, >0, 3" di=g-1

Proof. The tautological ring of the open moduli space is generated by ¢ - and «-classes.
Hence, a spanning set for the ring R9™1(M,, ) is

il b ke |2 0.4, >0e,z1Zd +Zej—g—1}

Let V ¢ R9"Y(M,,,,) be the subspace spanned by the monomials

fu w1 Y di=g-1).
i=1

We want to show that R"*(M,, ,)/V = 0. We do this by induction on the number m
of indices of the k-class.

Let us start with the case m = 1. Consider a relation QZ’Ml(al, ...,ans+1) for some
admissible choice of the primary fields. In this case we have contributions by the
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3. Tautological ring via PPZ relations

open stratum of smooth curves and by the divisors D416, € = 1,...,n. The open
stratum gives us the following classes:

n+1 n+1

> []ewta] [
i=1

di++dpi1=g i=1
0<d;<a;

The condition d; < a; follows from the fact that Q4(a) = 0 for d > a. The contribution

of =Dy.1,¢ 1s given by

Z ﬁ Qd;+6:,(ai + Oiran+1) H WD, en ()

dy++d,=g-1 i=1 i#l,n+1
0<d;<a;+6i¢(ans1—1)

Here r: M™" Mg, is the natural projection. The sum of the pushforwards of

g,n+1
these classes to M, , is equal to
n n
d.
0= > []ea@Qeitan) | |4k (3.1)
dy+-+d,+e=g-1 i=1 i=1
d; >0,e>1

in R (M, ,)/V. Thus we have equation (3.1) in R9"1(M,, ,)/V for each choice of
the a; such that ¥/ a; = 29 — 1.

If we choose the lexicographic order on the monomials wfl gk, we can
then choose the values of the a; in such a way that the matrix of relations becomes
lower triangular, in the following manner. For every monomial l,[/ld Loy, we
choose the relation with primary fields a; = d; fori = 2,...,n, ays1 = e+ 1, and
a; = di + g — 1. Equation (3.1) allows to express this monomial in terms of similar
monomials with the strictly larger exponent of 1, so this set of relations does indeed
give a lower-triangular matrix. This matrix is invertible, hence all monomials of the
form wfl - ydn i, are equal to 0 in RI"H(My.n)/V.

Now assume that all the monomials which have a «-class with m—1 indices or fewer

: -1 . : g—1+m
are equal to 0 in RY"'(M,,,)/V. Consider a relation Qg,n+1 (ai,...,an,b1,...,by).
This relation, after the push-forward to M, ,,, gives many terms with no k-classes
and also with «-classes with < m — 1 indices, and also some terms with k-classes with
m indices. The latter terms are therefore equal to 0 in R (M, ,)/V, namely, we

have:
0= Y ([Tea@w)([Tem®))se. e (5.2
j=1

O<di<a; i=1
1<ej<bj-1
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II. Tautological relations on the moduli spaces of curves

for YL, di + X1 ej = g — 1. Equation (3.2) is valid for each choice of the primary
fields a;, b; such that 31y a; + X%, bj = 29 =2+ m.

Choosing a monomial d/f o 1//,‘,1" Key.....e;s We can choose the primary fields to
bea; =difori=2,...,n,b; =¢; +1forj=1,...,m,and a; = d; + g — 1. Again,
this relation expresses our monomial as a linear combination of similar monomials
with strictly higher exponent of 1. By downward induction on this exponent, all
monomials with m «-indices vanish in R9"1 (M, ,)/V as well.

Thus RI"1(M,.,)/V = 0. In other words, any monomial which has a k-class as a
factor can be expressed as a linear combination of monomials in -classes. m

An immediate consequence of this proposition for n = 1 is the result of Looijenga.

COROLLARY 3.3.2 ([Loogs]). Forallg > 2, R9"1(M,1) = Ql//ij_l.
3.3.2 — REDUCTION TO n GENERATORS

In this subsection we prove the following proposition.

PROPOSITION 3.3.3. Forn > 2and g > 2, every monomial of degree g — 1 in ¢ classes
and at most one ky-class can be expressed as linear combinations of the following n
classes

g-1 ,g-2 g-2
lﬁl ] wl WQ’ O] Lbl lﬁn’

with rational coefficients.
Together with the previous subsection this gives a new proof of

THEOREM 3.3.4 ([BSZ16)]). Forn>2and g > 2
dimg RY(M,,,) < n.

Remark 3.3.5. Note that the possible ;-class is added in proposition 3.3.3 for a tech-
nical reason; it seems to be completely unnecessary in the light of proposition 3.3.1.
In fact, when we include 7, we consider systems of generators approximately twice
as large, but this allows us to obtain a much larger system of tautological relations.
We do not know of any argument that would allow us to obtain the sufficient number
of relations if we consider only monomials of /-classes as generators.

We reduce the number of generators by pushing forward enough relations via the
map
1 R Mgniz) = RO (M),

where 7 is the forgetful morphism for the last two marked points (we abuse notation
rt[n]

gtz = Mg.n). Forn > 2, letus consider

alittle bit here, restricting the map 7 to M
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3. Tautological ring via PPZ relations

the following vector of primary fields:

-

d=(a1=29-3-Aas... ands1 =3 a00=-1), (3-3)

where a; € Zso, i = 2,....n, A = X' 5a; < g — 2. We consider the following
monomials in RI"H (M, ,):

g 2-A a;
l_[lﬁ "K1,
g 2— Al_[walﬂ'f,p £=9 n

(Q)Q.fl‘*'l

LemMA 3.3.6. The tautological relation n o(@), where d is defined in equa-

tion (3.3), has the following form:
v [ [ Qai(@)Q2(3) (Qg-1-a(29 — 3 = 4) = Qy-1-4(2g — 2 - 4) (3-4)
i=2

- Z xe - 1—[ Qu;+25:, (@i + 36i0) (Qg-1-a(29 — 3 — A) = Qy-1-4(29 — 2 - A))

=2 =2
g-1-A
= terms divisible by v/ :

Proof. In order to prove this lemma we have to analyse all strata in M;t "] The list
of strata is given in figure 3.1. Each stratum should be decorated in all posmble ways
by the R-matrices with ¢ -classes as described in section 3.2.

There are several useful observations that simplify the computation. The leaf
labeled by a;, i = 2,...,n, is equipped by ¢ Q4 (a;). This implies that d; < a;. Since
Q>2(%) = 0 (respectively, Q>0(—%) = 0), we conclude that the exponent of ;11 is
< 2 (respectively, the exponent of 12 is equal to 0). Note that we can obtain a
monomial with «;-class in the push-forward only if we have l!/fl ., 1n the original
decorated graph.

Similar observations are also valid for the exponents of the y/-classes at the nodes.
Note that there are no y-classes on the genus 0 components in any strata except for the
case of the dual graph v1, where we must have a ¢/-class at one of the four points (three
marked points and the node) of the genus 0 component, otherwise the pushforward is
equal to 0. So, for instance, we have ¢ at the genus g branch of the node on the dual
graph 11 with coefficient —Qy.1(a; — 3), so in this case d < a; — 1. If we have y? at the
genus g branch of the node on the dual graph vir1, then the product of the coefficients
that we have on the edges of this graph is equal to Q1(a; — )Qus1(a; — 3 + 3 - 1),
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II. Tautological relations on the moduli spaces of curves

so in this case d < a; — 1. And so on; one more example of a detailed analysis of the
graphs VvI-1x is given in lemma 3.4.3 in the next section.

We see that we have severe restrictions on the possible powers of y-classes at all
points but the one labeled by 1, where the exponent is bounded from below, also after
the pushforward. Then it is easy to see by the analysis of the graph contributions
as above that the exponent of ¢ is > g — 2 — A. Let us list all the terms whose

pushforwards to M, contain the terms with y¢ >~ A

¢ One of the classes in /\/Irt[:+2
with coefficient [T/, Qu, (a:)Q2(2)Qy-1-4(2g—3 - A). Its pushforward contains

1-A
the monomial y and the terms divisible by ¢¢™ ™.

corresponding to graph 1 is l//g 1-A [T, v ‘/’n+1

e Consider graph 11 for j = 1. Let m,42: Mg’n+2 — MWH be the forgetful
morphism for the (n + 2)-nd point. Up to irrelevant terms, one of the classes

corresponding to this graph is [T/, ¢ z,bn+1D1 2 (T2 (W]~ 24) whose co-

efficient is given by (1) [T, Qu, (a:)Q2(3)-Qy-1-4(2g—2—A). Its pushforward
is equal to the monomial y.

o Let my1: Mg,mg — MWIH be the forgetful morphism for the (n + 1)-st
point. One of the classes corresponding to graph 11 for j = £ s [, 0 ¥}"

Wy Dy, we(tas1)' (™) with eoefficient (—1) [Mrs1.¢ Qa (4)Qacs2(ar + 3)-
Qg-1-4(2g — 5 — A). The pushforward of this class contains the monomial x,
and the terms d1v1s1ble by y?™ 14,

e Consider graph v for j = € and k = 1. One of the classes corresponding to this
graph is [Tiz1,e 0" Dot (Tn1) W7 D1 ea(mni2) W) with coefficient

given by [Tiz1.¢ Qa, (ai) - Qap+2(ac + 2)Q.f/ 1-4(2g — 2 = A). Its pushforward is
equal to the monomial x,.

Collecting all these terms together, we obtain the left hand side of equation (3.4).

Then it is easy to verify case by case that all other graphs and all other possible
decorations on these four graphs produce under the push-forward only monomials

divisible by ¢~ =4 m

Leta; > 0for j = 2,...,n. Consider a vector of primary fields a") obtained from
d by adding 1 to a1 and subtracting 3 from a;, that is,

~(j) 1 3 1
av) .= (29 -1-A,as,....aj-1,a; = 5,aj41, . ., an. 5, —5) »

94



3. Tautological ring via PPZ relations

LEMMA 3.3.7. The tautological relation ﬂ,(kQ)QZTnlﬂ(Zim) has the following form:

y- | | Quilar = $61)02(3) (Qg-1-a(2g = 1= A) = Q12429 - § - A))
=2

n n
- Z xe - H Qa,+26:(@i + 36i¢ — $6i7) (Qg-1-4(29 — 1 — A) = Qg_1-4(2g — 3 — A))
= =2

=

g-1-A

= terms divisible by y/]

Proof. The proof of this lemma repeats the proof of lemma 3.3.6. It is only important
to note that the terms that could produce the monomial x; contribute trivially since
they have a factor of Q4 +2(a; - i+ %) = 0 in their coefficients. O

Remark 3.3.8. Note that we have the condition a; > 0. Indeed, if a; = 0 we can still
try to use @) as a possible vector of primary fields. But in this case it can contain
monomials with lower powers of ¢1, and hence those relations cannot be used for
our induction argument in increasing powers of 1. To see this, consider graph 1r.
The coefficient that we have in this case for the degree d of the y/-class on the genus g
branch of the node is equal to Qg+1(—3 — 3). Since —1 is not a zero of any polynomial
050, the degree d can be arbitrarily high, and therefore there is no restriction from
below on the degree of .

Let us distinguish now between zero and non-zero primary fields. Up to relabel-
ing the marked points, we can assume that

ag=az=--=a,=0, and a>1 i=s+1,...,n
Note that, by the definition of the Q-polynomials, the coefficient of y is not zero in

all relations in lemmata 3.3.6 and 3.3.7. Dividing these relations by the coefficient of
y, we obtain the n — s + 1 linearly independent relations:

S Qa[+2(al + 3/2)

Relp : - x; = terms divisible by y¢ ™4
’ ! =2 Qal (d[)Q2(3/2) ! y wl
& Qa 3/2 o o
Rel; : M(l —6;.1)x = terms divisible by y¢ 1A

Y-
24 Q@) 023/2)
for j = s+ 1,...,n. Rescaling the generators by rational non-zero coefficients

)z — _Qal+2(al + 3/2)X — 2
LT T 0 (an023/2) "

)
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II. Tautological relations on the moduli spaces of curves

we can represent the relations in the following matrix:

Y )22 )Zs xs+1 )Es+2 )Es+3 )En
Relg 1 1 1 1 1 1 1
Relgz1 |1 1 1 0 1 1 1
M= Relgo |1 1 1 1 0 1 1
Relgy3 |1 1 1 1 1 0 1
Rel, 11 - 1 1 1 1 - 0
Let us take linear combinations of the above relations: Rel; := Rely — Rel; for
j=s+1,...,n,and Relp := Relp - X7_,; Rel;. We obtain:
Yy i2 )ES st+1 x~s+2 x~s+3 in
Relp 1 1 1 0 0 0 0
R~els+1 0 0 0 1 0 0 0
Relysz |0 0 0 0 1 0 0
Relsz3 |0 0 0 0 0 1 0
Rel, [0 0 -~- 0 0 0 0 - 1
The relation Rel; expresses the monomial ¢~ [T, n//l.a"w"j as a linear combination
of the generators with higher powers of /1. The relation Relj expresses the monomial
wf_Q_A [T/, ¥ k1 as linear combination of the monomials w?_Q_A | w?i+6ij, for
J =2,...,s and generators with higher powers of 1. In case no primary field a;
is equal to zero (i. e. s = 1), any of the monomials y, xa, . . ., x, can be expressed in

terms of the generators with strictly bigger power of ¢.

REDUCTION ALGORITHM

Consider a monomial wij_l_z d 11/32 ..y Let dy be the maximal element in the

list of the d;’s with the lowest index. If dj; > 2, compute the relations Rel; for the
following vector of primary fields

(29 -3 -3, dido,....dy-1,dy — Ldyer,. .. dp, dysy = 3, dyio = -

).

. . ~ . “1-Yd;
Since dps — 1 > 1, we can use the relation Relys to express the monomial lﬂi] zdi

N[ =

1//52 -+ -ydn as a linear combination of monomials with higher powers of ;.

We are left to treat the vectors d withd; = 0 or 1,i = 2,...,n. They correspond
to the vertices of a unitary (n — 1)-hypercube with non-negative coordinates. Let s
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3. Tautological ring via PPZ relations

be the number of d;’s equal to zero, so the remaining (n — 1 — s) d;’s are equal to one,
s =0,...,n— 1. Let us distinguish between the different cases in s.

: -1
s =n—1 In this case we have yJ ", a generator.

) .. 2 .
s =n—2 In this case we have the remaining n — 1 generators (//ij yifori=2,...,n.

1 < s <n—-3 This case can be treated as the case s = 0 for some smaller n discussed below.
Let us argue by induction on n. Forn < 3, thecase 1 < s < n—3 does not appear.
Let us assume n > 4. We have at least one zero, so let us assume that d; = 0.

Let 71';.1) be the morphism that forgets the j-th marked point. If the monomial
l//f "+Sl//gz . tﬁj o s expressed as linear combination of generators in
R97Y (M, 1) (the space where the point with the label j is forgotten), then the
) expresses wg "Hw 2. lﬁj .. .w;‘f" as a linear
combmatlon of the pull—backs of the the n — 1 generators of RY™1 (M 1),
lﬁg and ¢~ 2(&,-, i #1,j. To conclude we observe that (nj(.l))*zﬁ?_l = wi/_l and

pull-back of this relation via ;

(77(1)) vy 2 =y 2yi,i #1,j on the open moduli spaces. Note that the same

reasoning does not work in the case s = n — 2 since the argument for s = 0
below uses the assumption n > 3.

THE casE s = 0

For n > 3, we show that the monomial yJ ™" [T/, ¢} can be expressed in terms of
the generators ¢{~ Y v 2yi,i = 2,...,n, concluding this way the proof of proposi-
tion 3.3.3.

Let now Uk be the vector of primary fields

( 9 n+2+k1 11 1 3 1)
U = (a1 = g_ Lo, Lo Apyel = S Apy2 = T2
2 —_— 2 2 2 2
k
n—1-k

Similarly as before, let

y ;— q nl I_Ilﬁ K1
Z e— ____£2§£§122___ g-n-1 1 r=9
DR A oo

Consider the monomials

l_[a,lrl and  y?™" 1_[ pl O, ¢
i=2

Il
N
3
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II. Tautological relations on the moduli spaces of curves

The relations we used in the cases s > 1 imply that the difference of any two of these
monomials is equal to a linear combination of the generators zpi’fl, lﬁf&zp[, i=2,...,n.
Let ¢g (respectively, c1, c2) be the sum of the coefficients of these monomials in the
push-forwards of the relations ngnlﬂ(ﬂg) (respectively, QZ;}H 1), QZ:'—”1+2(52) ), and
let ¢; be the normalised coefficients that we get when we divide the relations by the
coefficient of y.

Now we can expand, in this special case, the system of linear relations collected in
the matrix M above. We have a new linear variable, z := ¢/{™" [T'_, ¥;, which is equal
oy " T, a,lrl.lfé” K1 up to generators, for £ = 2,...,n, and an extra linear relation
Rel, corresponding to the vector of primary fields v2. Since in this special case in
these relations all the terms with the exponent of 1 equaltog—1-A, A =n-1, are
now identified with each other and collected in the variable z, these relations express
Z,Y, X2, ..., X, in terms of the monomials proportional to wij_A. The matrix of this

system of relations reads:

Z Yy Xp X3 X4 Xn
Relo 6() 1 1 1 1 1
Relg 61 1 0 1 1 1
Re13 (?1 1 1 0 1 1
Rely | &1 1 1 1 0 1
Rel, | &1 1 1 1 .. 0
Rel, [ 1 0 0 1 e 1

This matrix is non-degenerate if and only if é; — 2¢; + ¢y # 0. We prove this
non-degeneracy in proposition 3.4.1 in the next section. This completes the proof of
proposition 3.3.3 and, as a corollary, theorem 3.3.4.

3.4 — NON-DEGENERACY OF THE MATRIX

In this section we compute the sum of the coefficients of the monomials ¢ ™" [TI, ¢

and, for € =2,...,n,y{™" (H?zz zpl.l_é”) K1, for the three particular sequences of the
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3. Tautological ring via PPZ relations

primary fields. Let us recall the notation. We denote these sums of coefficients by

. 1
co for the primary fields ¢g-1-n, 30

. 3 1 1
c1 for the primary fields g - 5 1, 3y
1

co for the primary fields ¢g—-2-n,1,1, PYRREE

1
5"

We denote the sequence of the primary fields by ar,...,an. The primary fields at the
two points that we forget are as usual a,,1 = 3 3 and a0 = —5. Foreach¢;,i =0,1,2,
we denote by ¢; the normalised coefficient, namely,

i =G ((Qg+1 n(al) Qg+1 n(al - 2))1—1 =2 Ql(az)QZ( )) i = O’ 1’ 2’ (35)

where the sequence of primary fields is exactly the one used for the definition of the
corresponding ¢;, i = 0,1,2.

The goal is to prove the following non-degeneracy statement:
PROPOSITION 3.4.1. For any g and n satisfying 3 < n < g—1 we have ¢y —2é1 +¢2 # 0.

We prove this proposition below, in subsection 3.4.3, after we compute the coeffi-
cients ¢, 1, and ¢z explicitly.

3.4.1 — A GENERAL FORMULA
First, we prove a general formula for any set of primary fields as, . .., a, € {3,1}.
LEMMA 3.4.2. Letall a;,i=2,...,nbe either 5 or 1. We have ay = 2g - — -2, a;

A general formula for the sum of the coefficients of the classes ¢~ ]_[:' o Wi and
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II. Tautological relations on the moduli spaces of curves

VEaN | (/,il‘(sif k1, € =2,...,n, in the pushforward to My, is given by

[ [1@)-|2g-2+m02 (3) Qy-nlar) (3.6)
i=2

+(29 =2+ )01 (2) (Qgs1-na1) — Ogs1-nlar — 3))
+ Qgsa-n(ar) = Qgra-n(ar — 1)
+ Qgsa-n(ar + 1) = Qgro-n(ar + 3)
+(01(3) - 01(1) Qgs1-n(ar)
i (02 (3) (1(ar) = Qi(ac = 3))) Qy-nlar)

+

— Q1(ar)
% (Qs(ac +1) = Qs(ae + 3)) Qg-nlar)
" ; Q1(ar)
. Z (02 (3) Qolar) = O2(ar + 3)) (Qg+1-n(a1) = Ogr1-n(ar - %))
= Q1(ar) '

Proof. The proof of this lemma is based on the analysis of all possible strata in
M, 12 equipped with all possible monomials of y-classes that could potentially
contribute non-trivially to ¢/{™" [T/_, ¢; and ¥ " [T, zpl.l_é”lq, ¢=2,...,n,under
the pushforward. Note that we do not have to consider k-classes on the strata in
M, 12 since the choice r = 1 guarantees that there are no terms with x-classes in
the Pandharipande-Pixton-Zvonkine relations.

Recall that we denote by Dy, I ¢ {1,...,n + 2}, the divisor in Mg,mg whose
generic point is represented by a two-component curve, with components of genus
g and 0 connected through a node, such that all points with labels in I lie on the
component of genus 0, and all other points lie on the component of genus g. In
this case we denote by ¢ the y-class corresponding to the node on the genus 0
component.

We denote by n’: Mg,mg — Mg,nﬂ the map forgetting the marked point la-
beled by n + 2, by 7n”7: My 1 — Mg, the map forgetting the marked point la-
beled by n + 1, and by 7 their composition 7 = 7" o n’. Note that Z([T/! tﬁfli) =
2jid;>0 i z/ricli_éij, so, since in order to compute 7, we always first apply 7/, we
typically mention below the degree of which y/-class is reduced. The same we do also
for nr”” in the relevant cases.

Let us now go through the full list of possible non-trivial contributions.

e The pushforward of the class y{ ™" [T/, ¢ y2, | contains ¢ ™" [T, ¥} with
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3. Tautological ring via PPZ relations

coefficient (2g — 2 + n) [T/, 01(a;)Qg-n(a1)Q2(3). This explains the first line
of equation (3.6). It also contains the terms y{™" [T/, lﬂl.l_(sile, t=2,...,n,

with coefficient [T, Ql(ai)Qg—n(al)QQ(%)'

The pushforward of the class ¢¢™" [T/, l!/l.l_éi[D[’n+QI!/3+1 also gives a term

VA | (//il_‘s"‘ k1, with coefficient — [T, Q1(a; - %’)Qg_n(al)Qg(%). The
sum over ¢ of this and the previous coefficient is equal to the sixth line of
equation (3.6).

The pushforward of wf“m "1 i, where the map 7/ decreases the degree of

v, gives g " 11, ¢} with coefficient (2g—2+n) [T, Q1(a:)Qg+1-n(a1)Q1(3).

The pushforward of the class (z')*(y{™") § % Wl D1 o gives Y9 [Ty}
with coefficient —(2g — 2 +n) [175 Q1(ai)Qg+1-n(ai — %)Ql(%). The sum of this
and the previous coefficient is equal to the second line of equation (3.6).

The pushforward of the class zp?”’" [17, ¢}, where both x/ and n/’ decrease
the degree of y1, gives ¢ ™" [T\, ! with coefficient [T}, Q1(a;)Qg+2-n(a1).

The pushforward of the class (n')*(wiﬁl_") [175 ¥} D1 n+2, where the map 7/
decreases the degree of y, gives ¢ " [}, ¢ with coefficient — [T/, Q1(a;) -
Qg+2-nlai — %)‘ The sum of this and the previous coefficient is equal to the
third line of equation (3.6).

The pushforward of the class (n”)*(tﬁi’ﬂ_") 1725 ¢} D1 ns1, where at the first
step the map x/ decreases the degree of (1”)*y1, gives ¢ " [T/, ¥} with coef-
ficient given by — [17, Q1(a;)Qg+2-n(a1 + g)

Consider the following seven cases together: 7*(W{™") [T/2o ¥ D1 n+1,n+2- (Yo +

l/’l + lpn+1 + l//n+2) and n*(lﬁij_n) n?zg lﬁilDl,n+1,n+2(D1,n+1 + Dl,n+2 + Dn+1,n+2)-
By lemma 3.4.3 below, the sum of their pushforwards is equal to ¥¢ ™" [T/, ¥

with coefficient [17, Q1(a;)Qg+2-n(a1— % + %). The sum of this and the previous
coefficient is equal to the fourth line in equation (3.6).

The pushforward of the class ¢¢™" [T/, wl.l_‘s”D{;,nH(ﬂ”)*(//}, where at the
first step the map 7/ decreases the degree of (7”)*yy, gives y¢ " [11_, ¢} with

coefficient given by — [1%, Q1426,,(a; + %"‘)Qg_n(al)-

Consider the following seven cases together: w?_" [T, zpil_é“"Dg,nJrl,nJrgﬂ*w} .

(¢0 + ';llf + wn+1 + wn+2) and (//ij_n H?:Q ’;l’,'l_&i(Df,n+1,n+2 : (Dl,n+1 + Dl,n+2 +
Dyi1,ns2) - 7%} . By lemma 3.4.3 below, the total sum of their pushforwards
is equal to y{™" [T/, ¢i with coefficient [T/, Q1426,,(ai + 6i¢)Qg-n(a1). Note
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II. Tautological relations on the moduli spaces of curves

that this coefficient is always equal to zero, since Q3(2) = Q3(2) = 0, but we
included this term here and in equation (3.6) in any case in order to make the
whole formula more transparent and homogeneous. The sum of this and the
previous coefficient is equal to the seventh line in equation (3.6).

* The pushforward of the class w?l_" [T/ o ¥} v}, |, where first the map ] de-

creases the degree of §,,11, so it becomes zero, and then the map 7/’ decreases the
. . — . . 3
degree of 1, giving ¢ " [T/, ¢} with coefficient [T}, 01(a:)Qg+1-n(a1)01(3).

¢ The pushforward of the class wiﬁl_" [, zﬁl.anJrL,HQ, where the map 7/’ de-
creases the degree of y1, gives ¢¢™" [1'_, ¥} with coefficient — [T/, Q1(a;) -
Qg+1-n(a1)Q1(3 — 1). The sum of this and the previous coefficient is equal to
the fifth line of equation (3.6).

® The push-forward of the class 1,0‘17+1_" [T, gl/l.l_‘s”w?”l, where at the first step
n decreases the degree of y1, gives ¢ ™" [T1L, ¢l.1_5”/<1, where the coefficient

is given by [T/, Q1-5,,(a:)Qg+1-n(a1)Q2(3).

e The pushforward of (/) (yJ ") T}, z//l.lf‘s"“DLnJer/rQHl gives the monomial
W 1, % kg with coefficient — [T, Q1-s,,(a:)Qg+1-n(a1 — $)02(3).

¢ The pushforward of the class a,//l"+1_" [, wl.lfé“’ D¢ ni1 (7)Y, where at the
first step 71/ decreases the degree of Y1, gives y] " [T/, ¢}, where the coefficient

is given by — [T, O1-6,,(a:)Qg+1-n(a1)Qa(as + 2).

* The pushforward of the class (/)" (¢ ™) [T/L, ;bl.l_‘s“"D{;,n+1(7r”)*1//}D1,n+2 gives
w9 [T, ¢} with the coefficient [T}, Q1-s,,(a:)Qg+1-n(a1— %)Qg(a[+ %). The
sum over ¢ of this and the previous three coefficients is equal to the eighth line
in equation (3.6).

Thus we have explained how we obtain all terms in equation (3.6). As Q>1(-3) =
0, we can never have a non-trivial degree of ;42 in our formulae. For the same
reason, the degree of ¥o,. ..., is bounded from above by 1 and the degree of
Yn+1 1s bounded from above by 2. With this type of reasoning it is easy to see
by direct inspection that all other classes of degree g + 1 do not contain any of
the monomials ¢ " [T1_, ¥; and y¢ ™" [T}, wil_‘s”/q, ¢ = 2,...,n, with non-trivial
coefficients in their push-forwards to M, ,. For instance, for an arbitrary a, the
class (") (w{™") T/, 1//1.175”Dg,n+2(7r’)*¢/§D1,n+1 gives as result ¢ " [T/, v} with
the coefficient [17, Q1-s,,(ai)Qg+1-n(a1 + %)Qg(a - %) But since ay is either % orl
and 02(0) = Q2(3) = 0, this coefficient is equal to zero. ]
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3. Tautological ring via PPZ relations

LEMMA 3.4.3. Let the points 1, n+ 1, and n+ 2 have arbitrary primary fields «, B, and
y. Then the pushforward of the part of the class given by

n
d; d
1_1 wi ! |:D1,n+1,n+27r*lﬁ11(w0 + lﬁl + lﬁnJrl + lﬁn+2)
i=2
o dy
+D1 n41,n42(D1,n41 + D1pr2 + Dpy1,ne2)m ¥

is equal to [T, z,bl.di with the coefficient [17-5 Qq,(ai)Qa,+2( + B+ ).

Proof. Indeed, the Givental formula for the deformed r-spin class (for a general r) in
this case implies that these seven summands have the following coefficients, up to a
common factor:

. -1 \a+B+y-di-2 -1 \a+B+y—-di-2, p—-1\r—2—(a+B+y)
Yo : (Rd1+2)a+ﬁ+y ' _(Rd1+1) ! (R1 )

a+f+y-1 r=1-(a+B+y)
v =Ry R
e = Ry R
Uzt = Ry R
Dinei:  (Rgla)oupot (RIS
Dimez: Ryl )t (R
Duviaz: (Ryl)oigl PRIV

(on the left hand side, we also omit the common factor n*(lﬁfl) I, lﬁid"DLnH,nJrg,
in addition to a common factor on the right hand side of this table).

_ —di1-2 .. .
The first term above, (R} +2)Z:§Z 4172 fter the substitution r = 1 gives us the

factor Q4,2 +p+ ¥), and times the common factor of []7", Qg (a;) it is exactly the
results we state in the lemma. We have to show that the other seven terms sum up to

zero. Indeed, the other seven terms, after substitution r = %, are proportional to

Q1(-3 —a—B-y)+01(a) + 01(B) + Q1(y)
- Qile+B)-01(a+y)-0i(y+B)

Note that Ql(—% — x) = Q1(x), so the expression above is proportional to

Gratpeya+tfer)+Gra)e+G+pE)+E+n0)
“Grasplatp-Graryaty-G+pryE+y) =0,
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II. Tautological relations on the moduli spaces of curves

3.4.2 — SPECIAL CASES OF THE GENERAL FORMULA

In this section we use lemma 3.4.2 in order to derive the formulae for cg, c1, and cs.
Since all our expressions are homogeneous (the sum of the indices of the polynomials
Q is always equal to g + 1), we define Q,,, = (=2)"Q,s, m > 0 to simplify notation.

We can substitute the values 01(2) = 3, 01(1) = 2, 01(3) = 3, 01(0) = 0,
QQ(%) = 44_5’ Q2(2) = %’ QQ(%) = %’ Q3(g) = %, Q3(2) =0in equation (36) This
gives use the following coefficients of Qy_n(a1), Qy+1-n(a1), and Qys1-n(ar — %),
where we omit the global factor [1%, 01(a;):

nco : (%‘J -2+ 37") Qg-n(ar) + (6g + 3 = 3n) Qgs1-n(ar) (3.7)
+ (=69 +0+31) Qyr1-n(ar - 3)

inc: (% -1+ %) 0pnla) + (69 + 4 = 3n) Oprralar)
+(=6g +1+31) Qyr1-n(ar - 3)

incx: (-2 +%)0ymnlan) + (69— § - 3n) Ogrronlar)

+ (_69 +2+ 3”) Qg+1—n(a - %)

Note that the primary field a; has a different value in these three cases.
Furthermore, we are going to use that

~ = (a1)(a1-3%)--(a1—g—1+n)

Qg+2—n(a1) - Qg+2—n(a1 - %) = (24.1_(,%! - (3'8)
5 A —(a1+3)(a1+1)---(a1-g+3+n)

Qg+2—n(al +1) - Qg+2—n(al + %) = =22 a(lfj+1—n)(fl —— (3-9)

Let us combine these terms with the terms with Qy+1-, computed above. In the
case of cg the primary field a; is equal to 2g — 1 — 4. Then the sum of (3.7), (3.8),
and (3.9) is equal to the following expression:

G2t (29 -1~ 8)0ge1-n(29— § - 5
~(Ag+1-3)041-n(29 -3 - B)+(4g+1-3)0gr1-n(29 -1 - 2
Qg+ k- D012 -1 - ) - P

=-(2g-1- %)(zg-g-a;;?_g%) +(dg +1 - )
(g} - kit

=Bg+35- 3n)—(2g_1_:§g)_",,'§fj_1+%) -(2g+1- %)(Qg_%_é);;;;fj_%+%)
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3. Tautological ring via PPZ relations

We can perform the same computation also for ¢; and ¢a. Recall also in all three cases
the term with Q,-, and the overall coefficients []}, Q1(4;) in equation (3.6). We
obtain the following expressions:

COROLLARY 3.4.4. We have:

~ _ s (2g-1-1)..(g-0
co= 014t [(g - § 4 iy B dle0d)

n (29—5—5')"'(9—54'5)
3)

1 (2g-1-8)-(9-1+%5)
-(29+35 - g 3n) ’ - ]

+(3g+ 35— FEn

S 12 1 [ 3 (20-1-%)(g-4+4)
c1=01(3)"201(1) [ e %)q@_—m

_%)(29 1_7) (g— 1+2) +(3g+ —3n )(29 ’_7) (.‘1_’ 2)]

-(29+0 g (g=n)!

(2g-3-2)---(g-1+2)
cy = Ql( = 3Q1(1)2 [ 39 _ 41 + %)“é_—rl)'g"'?

_3_ny (g-34+0 _o_n
_(2g_%_§)(29 3 2) (g 2+2) +(3g+g_3n)(29 2 ) (g— 2+2)]

(g—n)! (g n)!
3.4.3 — PROOF OF NON-DEGENERACY

In this subsection we prove proposition 3.4.1. First, observe that Qg:1-n(a1) —

_ 1yeay— )
Ogi1-nlar — %) is equal to L (;) n)(|a1 9" \We substitute ay =29 -1+ 15 foreo

(respectively, 2g — 3 + % for ¢ and 2g — 2 + £ for ¢2) and combine the result of
corollary 3.4.4 and equatlon 3.5 in order to obtam the following formulae:

3~ _(39 _9 .3 29-3-%) 1 (29-3-%) 5

71¢0 (7_Z+7n)(g,%+— %)Z(gfhg)_(29+§— )(g 12+n2) +(3g+2 3n)
34 _ (39 15 3 (29-1-%) (29-1-%) 5
ch_(T_T.F?n)m_(fZg_ko )(g3 ’12)+(3g+§_3n)
34 _ (3¢ _ 21,3 (29-3-%) 9 — 1 29-3-3) | (3 _3
12 (2 4 ;)(gf%Jr%)z(gf%%) ( 2 n (g— 22+"2) ( 9 ”)

By an explicit computation, we obtain that

S(g,n)
(9-3+2)g-1+2)(g-5+2)(g-2+%)’

%(5@ — 201+ ¢62) =

where 11 9 9 1 3 1
S(g,n)——g+§n—zg + 8gn—§gg+4g2n 4n3
We want to prove that this polynomial is never equal to zero in the integer points

(g,n) satisfying 3 < n < g—1. We can make a change of variablen = b+3,¢g = a+b+4,
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II. Tautological relations on the moduli spaces of curves

then we want to prove that S(a + b + 4,b + 3) never vanishes for any integer a,b > 0.
This is indeed the case since all non-zero coefficients of the polynomial

201 173 21 39 9 1 3
S(a+b+4,b+3)=—?—?a—?b—&lz—gab—ng—iag—ZaQb

are negative including the constant term. This completes the proof of proposi-
tion 3.4.1.

3.5 — VANISHING OF RZ(M,)

In this section we will give a new proof of the following theorem.

THEOREM 3.5.1 ([Looys; lonoz]). The tautological ring of M, , vanishes in degrees
g and higher, that is R*9(Mg ) = 0.

This theorem and theorem 3.3.4 together consistute the generalised socle con-
jecture, as the bound dim R9"1(M, ,,) > n can be proved relatively simply, see e.g.
[BSZ16]. This conjecture is a generalization of one of Faber’s three conjectures on
the tautological ring of My, see [Fabgg] for the original conjectures and [BSZ16] for
the generalization.

The proof consists of three steps: in steps one and two, we show that the pure y-
and k-classes vanish, respectively, and in step three we reduce the mixed monomials
to the pure cases. The first two steps will be proved in separate lemmata.

LEMMA 3.5.2. Let g > 0 and n > 1. Any monomial in y-classes of degree at least
max(g, 1) vanishes on M. ,.

Remark 3.5.3. This lemma was originally conjectured by Getzler in [Getg8].

Proof. For g = 0, this is well-known, see e.g. [Zvo12, proposition 2.13]. So let us
assume g > 1.

We will prove that any monomial in ¢-classes of degree g vanishes. This clearly
implies that any monomial of higher degree vanishes as well.

For this, look again at Q7, but now on M, _,. When restricted to the open part
Mg n, the only contributing graph is the one with one vertex of genus g, as the other

graphs correspond to boundary divisors by definition. Hence, the equation for the
CohFT reduces to

Qf (ai,....an)

else.

[T (S0 Qilay™) i iy @ =29 -1
Mg.n 0
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3. Tautological ring via PPZ relations

We will prove vanishing of all monomials using downward induction on the exponent
dy of yn, starting with the case of d; = g + 1. This case trivially gives a zero, as this
power cannot occur in a monomial of total degree g.

Now, assuming all monomials with exponent of ¢ larger than d; vanish, consider
the monomial t,bfl g for any d; summing up to g. For the relation, choose a; = d;
foralli # 1,and a1 = 29 — 1 - X', a;. This means Q,(a;) = 0 unless m; < d; or
i = 1, so the only monomials with non-zero coefficients have exponent of ; at most
d; for i # 1. Because the total degree is fixed, the only surviving monomial with
exponent of §; equal to d; is the one we started with, and this relation expresses it
in monomials with strictly larger exponent of 1. By the induction hypothesis, this
monomial must be zero. mi

Remark 3.5.4. Note that this argument breaks down for degrees lower than g, as the
class does not vanish there. Therefore, to get relations in those degrees, one must
push forward relations in higher degrees along forgetful maps on the compactified
moduli space, which contain non-trivial contributions from boundary strata.

LEMMA 3.5.5. Any multi-index k-class of degree at least g vanishes on M, .

Proof. Fixadegreed > g, and consider the pure (multi-index) k-classes in this degree.
Without loss of generality, we can assume the amount of indices to be equal to d:
this is certainly an upper bound, and adding and extra zero index only multiplies the
class by a non-zero factor, using the dilaton equation on the definition of multi-index
k-classes.

We will consider Qi

M In order to get a relation in RY(M,,,), we should

multiply by a class o of degree 2d — g, push forward to M, ,,, and then restrict to
M, .. As we can now assume d > g, we have 2d — g > d, and we can therefore
g, g g
1. )
choose o = H;’zl z//i:’H , with each f; > 0. By choosing such a o, we ensure that after
pushforward and restriction to the open moduli space, none of the contributions from
boundary divisors on M, .4 survive, and only the term with one vertex contributes.
y g, y
We will use downward induction on the first index of the k-class. The base case

is a first index larger than d, and hence another index being negative, giving a trivial
zero.

Now, assume all k-classes with first index larger than e; are zero. Fix a class
Key,....e, Of degree d = 27:1 ej, choose a set of non-negative integers {a;, fj | 2 < j <
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II. Tautological relations on the moduli spaces of curves

d} such thata; + f; = ¢;, and seta; =29 — 1 - ;-1=2 ajand f; = 0. We will consider

ﬂf(o- . QZ’ner(O,. . 0a1,. .. ,aq)) N
g.n
d pe 1 d

4 -, .
=x([ 1ol =511 2 emtaw,)

j=1 Jj=1m;>0 Mg.n

1 d

= _5 Z ( l_[ Qm,(a])) Kf1+m1 ..... fd+md,

m; 20 j=1

1<j<d

which vanishes. By our choice of a}, for the product of Q-polynomials to be non-
zero, we need m; < aj for j # 1. Furthermore, by our choice of f;, this shows that
fi+mj < e for j # 1. Because we look at a fixed degree d, this means f; +m; > eq,
with equality only occuring for m; = f;, j # 1, and hence for the k-class we started
with. Hence this relation expresses our chosen class &, ., in terms of x-classes
with strictly higher first index, which we already know vanish. m

Remark 3.5.6. Note that we cannot use the vanishing of the ¢-monomials in higher
degrees and push these relations forward, as the «-classes are defined by pushing
forward y-classes on the compactified moduli space and then restricting to the open
part, and not the other way around.

We are now ready to prove the theorem.

Proof of theorem 3.5.1. For general monomial y-k-classes, i.e. classes of the form u =
If all d; are zero, we are in the case of lemma 3.5.5, so we can assume at least one of
them is non-zero, i.e. u = v - y; for some i.

In degree d = g, we get that the degree of v is g — 1. By proposition 3.3.1, we
know that v is a polynomial in ¢ -classes. Therefore, so is 4 = v - ¢;. By lemma 3.5.2,
we know u vanishes.

For the induction step, we know by induction that v is zero, hence y is too. This
finishes the proof of theorem 3.5.1. o

Because the proof of this theorem only uses the case x = 0 from subsection 3.2.2,
see also subsection 3.2.4, and only fixed non-negative integer primary fields, all the

relations are actually explicit on all of M, .. Hence, we get the following

PROPOSITION 3.5.7. The Pandharipande-Pixton-Zvonkine relations for r = 5 give an
algorithm for computing explicit tautological boundary formulae in the Chow ring for

any tautological class on My, of codimension at least g. In particular, the intersection
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3. Tautological ring via PPZ relations

numbers of y-classes on My, can be computed with these relations for any g > 0 and
n > 1such that2g —2+n > 0.

Remark 3.5.8. The first part of the statement is very similar to [CGJZ18, theorem
5], which gave a reduction algorithm based on Pixton’s double ramification cycle. It
confirms an expectation on [BJP15, page 7], that “(...)Pixton’s relations are expected
to uniquely determine the descendent theory, but the implication is not yet proven.”

Note that the intersection numbers in ¢- and «-classes can be expressed as inter-
section numbers of only y-classes by pulling back along forgetful maps, see [Zvo1z,
corollary 3.23]. By the proposition, all these intersection numbers can then be com-
puted using the PPZ relations.

Proof. The first sentence follows by the comment above the proposition. For the
second sentence, we will reduce polynomials in y-classes to smaller and smaller
boundary strata using our explicit relation. This will be done in the form of an
induction on dim My » = 3g — 3 + n, the zero-dimensional case ﬂo,g being obvious.

Forany g1 +g2 = ¢ and I1 U I, = {1,...,n} such that 2g; + |I;| = 1 > 0, write

p‘{ll ;122. Mg j+1 X /\/(g2 a]+1 — M,, n for the attaching map, and D;Jl ;12 for the

divisor (pg1 g2) (1). Similarly, write o : M1 42 — M., for the glueing map, and
8irr for 0(1). Then these divisors together form the entire boundary of Mg,”, and
0" (i) = ¥; and *(y;) = ¢; for any choice of indices.

Now let g and n be such that 3g — 3+ n > 0, and choose a polynomial in y-classes
p¥) € R373"(M, ). Using stability, 3¢ — 3 +n > g — 1, so by lemma 3.5.2, this
class is zero on M, . Since the proof only uses relations without «-classes, it can be
given explicitly as a sum of the boundary divisors given above multiplied with other
y-polynomials. By the projection formula,

/ ]_[w D e = [
M

Mg.n =

(n‘” ) n+1/ (H%D?i)sbg:g;

91,11+l jely 92.I21+1 jely

/M ]—[w i) 0" / ]_[w Vo s,

g.n j= q1n+Ql

where ¢’ and ¢ are the classes on the half-edges of the unique edge in the dual
graphs of the divisors.

All spaces on the right-hand side have a strictly lower dimension, so by induction
we can compute those numbers via the PPZ relations. mi

According to [CGJZ18, subsection 3.5], proposition 3.5.7 implies the following
theorem.
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II. Tautological relations on the moduli spaces of curves

COROLLARY 3.5.9 (Theorem * [GVos], improved in [FPos]). Any codimension d
tautological class can be expressed in terms of tautological classes supported on curves
with at least d — g + 1 rational components.

3.6 — DIMENSIONAL BOUND FOR RSQ‘Q(MW)

Similarly to [PPZ16, theorem 6], our method also gives a bound for the dimension of
the lower degree tautological classes. For the statement of this proposition, recall
that p(n) denotes the number of partitions of n, and p(n, k) denotes the number of
partitions of n of length at most k.

PrOPOSITION 3.6.1.

d
k-1
dim R (Mg.n) < > (” " )p(d —kg-1-d)
: k
k=0
Remark 3.6.2. 1f we use the natural interpretation of (kzl) as 6.0, this does indeed
recover [PPZ16, theorem 6] in the case n = 0.

Proof. We will exhibit an explicit spanning set of this cardinality, consisting of y-«-
classes: monomials in y-classes multiplied with a multi-index «-class.

First, a less strict first bound can be obtained as follows: any y-«-class is a product
of ¥’s, of total degree k, and «’s, of total degree d — k. There are ("”,z_l) different
monomials of degree k in n variables, and furthermore there are as many different
multi-index k-classes of degree d — k as there are partitions of d — k, so p(d — k). This
gives the first bound

d
k-1
dim R (Mg.) < D' (” ! ) p(d - k)
k
k=0
which is already close to the statement of the proposition.

To get the actual bound, we will show that any ¥-«-class with at least g — d
k-indices can be expressed in y-k-classes with strictly fewer k-indices. Following the
logic of the previous paragraph, this proves the bound.

This reduction step is analogous to the proof of lemma 3.5.5. Suppose we have a

class u = zﬁfl ceegln Key, e, Withm > g—d. Choose non-negative integers { fi, a; }!*"
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3. Tautological ring via PPZ relations

such that the following hold:

=0
n+m
Z fi=d—-g+m;
i=1
ai + fi = di, for2<i<m
An+j + fovj = €j + 1, forl <j < m;
m
ai :2g—1—Za]~.
i=2
Leto = [153" ¢rlﬁ , and consider the class
ﬂ':n(o— : QZ,n-%—m(“lw .. »an+m))

M.l/,"

By the second condition on our chosen numbers, which fixes the degree of o, this
expression gives a relation in R4 (M, ).

There are no y-«-classes with more than m k-indices in this relation, and the
coefficient of any y-k-class with exactly m indices can only come from the open
part of My ,m, as each forgotten point must carry at least two y-classes, which
would give too high degrees on any rational component. Therefore, the coefficient
of zpfl oyl kg g must be TT7, Qp—p(a;) - ﬂ;‘zl Qy;—fnej+1(ansj). This is only
non-zero if p; < fi+a; = diforalli # 1and ¢; < fuij +a, +j—1=e; forall j. This
implies that p1 > d;, with equality only if p; = d; and ¢; = e; for all i, j. Hence, this
relation expresses the class y as a linear combination of y-«-classes with less than
m k-indices and y-k-classes with strictly higher exponent of y1. By induction on
first the exponent of 1 and then the number of «-indices, all these classes can be
reduced. mi

Remark 3.6.3. This argument breaks down for m < g — d, as the class o would have
to have a negative degree: our class only vanishes in degree at least g, and to get at
most m-index k-classes, we can only push forward m times, so the lowest degree
relation would be in RI™.

The condition that partitions have length at most g — 1 — d seems dual to Graber
and Vakil’s Theorem %, corollary 3.5.9, see [GVos, theorem 1.1].
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CHAPTER 4 — HALF-SPIN RELATIONS AND
FABER’S PROPORTIONALITIES OF
K-CLASSES

4.1 — INTRODUCTION

In chapter 3, the half-spin relations were defined as a special case of the Pandharipande-
Pixton-Zvonkine r-spin relations. The coefficients of the half-spin relations are
proportional to expressions of the type

(2a+1

9 ) -(2d - D!, a,d € Zsg . (4.1)

In this chapter, we apply these relations to Faber’s intersection number conjecture,
conjecture 2.1.18. It turns out that further applications of half-spin relations require a
better understanding the combinatorial structure of these numbers. We propose some
purely combinatorial questions about them, cf. question 4.5.2 and conjecture 4.5.7
that arose naturally from our analysis .

An equivalent form of Faber’s conjecture (now theorem) can be represented as
follows:

THEOREM 4.1.1 (Faber’s intersection numbers conjecture). Let n > 2 and g > 2. For
anydy,...,dy 2 1,di+---+d, = g—2+n, there exists a constant C, that only depends
on g such that

1 s
PR /M, Agdg 1 [1[ pi(2d; - 1) = C,.

In this chapter, we use the the half-spin relations to transform Faber’s conjecture
into a combinatorial identity. This gives insight into the use of half-spin relations and
the related combinatorics of expressions of the form of equation (4.1). On the other
hand, it gives insight into Faber’s formula itself, as we extend it to formal negative
powers of y-classes.

We then prove several cases of the combinatorial identity, providing a new proof
of Faber’s conjecture for n less than or equal to five.
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II. Tautological relations on the moduli spaces of curves

4.1.1 — ORGANISATION OF THE CHAPTER

In section 4.2, we give a streamlined definition of the half-spin relations, useful for our
particular application. In section 4.3, we reduce Faber’s conjecture (theorem 4.1.1) to
a combinatorial identity using the half-spin relations. In section 4.4, we introduce
formal negative powers of y/-classes to reduce the combinatorial identity to a simpler
one, which we refer to as the main combinatorial identity of the chapter. In sec-
tion 4.5, we investigate this identity from a combinatorial viewpoint and conjecture a
refinement. In section 4.6, we give a combinatorial proof of the identity in low-degree
cases.

4.2 — DEFINITION OF HALF-SPIN RELATIONS

We will define two specific cases of the half-spin relations in R=9(M,,), as this is all
we need for the rest of the chapter. For a more general version and the construction,
see chapter 3.

We use we stable graphs, see definition 2.1.8.

DEFINITION 4.2.1. Define the polynomials

2m
_ =" k
Onte) = | [{a1- 3)-
Letn > 2,D > g and ay,. . .,a, be non-negative integers, called primary fields, with

sum A = )" ; a; = g — 1+ D. Consider all stable treesI' = (V, E, L) of type (g9,n) and
decorate them in the following way:

* On each leaf labeled by i, place the sum ¥%_ Qq; (lli)l//;ii, and place the (half-
)integer a; — d; on the corresponding half-edge.

e On each vertex v, we use the tree structure to work inwards from the leaves.
If we have determined all half-integers b; at its incident edges except one,
say bg, then by = g(v) — 1 — ¥; b; if this is at least zero. Otherwise, set
bo = g(v) - 3 - 3; b;.

® On each edge with half-integers a and b on its two half-edges, place the sum
= Yins0 Onla+n)(y + zﬁ’)"‘léﬁbm’_%, where i and y’ are the y-classes corre-

sponding to the two half-edges.

The half-spin relation for x = 0, QP (a1,...,a,) = 0 € RP(MJ',), is given by the
sum of these decorated stable graphs with these coefficients being zero in degree D.
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4. Half-spin relations and Faber’s proportionalities of x-classes

Remark 4.2.2. Although the coefficient on the edge does not seem to be symmetric
in a and b, a simple calculation shows it actually is.

We note here the following reformulation of lemma 3.5.2, noted in [CJTWZ17]
(where an alternative approach to the same statement is developed).

PROPOSITION 4.2.3. Any monomial of y-classes of degree at least max(g,1) on My,
can be expressed in terms of the boundary classes that involve no k-classes, that is, in
terms of the dual graphs with at least one edge, decorated only by W-classes.

In this reformulation proposition 4.2.3 immediately resolves [LZ17, conjecture
3.14] and [FPos, conjecture 3].

In fact, the coefficient on an edge with a and b on its two half-edges coming from
the r-spin relations is

ﬁ(éaﬂy,_% - i Z Qm(C)Qm’(d)éa,c—méh,d—m’écﬂj,_%wm(‘r//,)m,) . (42)

m,m’=0 c,de%Z

This is equal to the coefficient given in the definition, but we give this equation as well,
as it is closer to the form of the r-spin relations in [PPZ16], and because it is useful
for the rest of the chapter. In this formula, the numbers ¢ and d should be interpreted
as being placed near the middle of the edge, or at the end of the half-edges. In this
way, they are similar to the a; on the leaves, and they will also be called primary
fields. Meanwhile, the a; — d; are similar to the @ and b on the edges. This analogy
will be used in the proof of proposition 4.3.1.

We will also need the half-spin relation on Mg, for x = 1. We give them here on
Mg, for general g, which reduces to Mo.n for g = 0.

DEFINITION 4.2.4. Now, letn > 2, D > g + 1, and the primary fields a1,. . .,a,-1 be
non-negative integers, and a, < -3 with sum A = g + D — 3. Then the half-spin
relation for x =1, an(al,. .ay)=0¢€ RD(M(jfn), is given by a sum over decorated
stable trees with the same conditions as the ones for x = 0.

Remark 4.2.5. Although the (local) conditions are the same, the (global) relations are
different, because the sum of the primary fields is different.

4.3 — A COMBINATORIAL IDENTITY FROM HALF-SPIN
RELATIONS

In this section, we employ the half-spin relations to prove the following proposition.
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II. Tautological relations on the moduli spaces of curves

PROPOSITION 4.3.1. Foranyg > 2andn > 2, forany ay,...,ay € Zso, a1+ +ay =
2g — 3 + n, we have the following equation in RI"%(M,):

n k
0= Z (_kl,)k Z Z 1_[ Qaj+irj1-1lar) - (Tay -+ Ta)g- (4:3)
=

Lu-Ulx  dy,....dr€lsg  j=1
={1,...,n} di+-+dp=g—2+k

Here we denote Dcer, ae by ay;, and

1
(le...Tdk>g = C_/'ﬁ
g

k
d;
g | it
9.k i=1
where Cg is an arbitary constant depending only on g.
Moreover, for a fixed g > 0, the whole system of equations (4.3) (we can vary
parametersn > 2and ax,. . .,a,) determines all integrals (tq, - - - Ta, )g, k > 2, in terms

of (tg-1)g-

Proof. We will use relations in RI~>*"(M(},) given by half-spin relations for A =
2g — 3+ n. Note that to produce relations D := g — 2 + n must be at least g, and hence
we haven > 2.

The restriction to M, means that all allowed stable trees must have one vertex
vy of genus g, and all other vertices have genus 0. If we cut v, from such a stable tree,
it falls apart in several connected components, which are called rational tails.

The leaves are then distributed among these rational tails, and this gives a decom-
position {1,...,n} = |_]{-<:1 I;. It |I;] = 1, this corresponds to a leaf attached to v,. We
will therefore consider all graphs where the points with indices in /; lie on a separate
rational tail, for everyi = 1,.. k.

We want to simplify these relations by applying half-spin relations in genus zero
to each of the tails. Hence, we will now consider a particular rational tail that contains
points with indices in I c {1,...,n}, with |I| > 2. Consider the edge that attaches
this rational tail to the genus g component, and assume that it is decorated by ¢ at
the node on the genus g component. We call this edge the root edge, e,, for this tail.

The total (cohomological) degree of the rest of this tail is given by the number of
edges, excluding this one, together with the total number of y/-classes, excluding this
one. We will call this degree D;. It cannot be larger than |I| -2, since dime M, 41 =
|7] - 2 and the graph is constructed via pushforward along a map from this space. This
means that the end of the root edge which connects to the rational tail is decorated
with ¢ for some 0 < € < |I] - 2.

Let us now discuss the coefficient corresponding to the root edge. Using the con-
gruences for the primary fields for the leaf contributions and the vertex contributions
to be non-zero, together with the fact that all vertices in the rational tail correspond
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4. Half-spin relations and Faber’s proportionalities of x-classes

Figure 4.1: A dual graph of genus g with rational tails and n leaves. The marked
points with indices in I; € {1,...,n} are attached to the rational tail denoted by RTy,,
foralli=1,...,k.

to genus 0 components and the total number of remaining ¥ classes and edges is
equal to Dy — ¢, the primary field at the genus 0 end of the root edge must be equal
to b} = —3 — a; + (D — ¢). The primary field at the genus g end of the root edge
must be equal to by, = a; — (Dy +d +1).

The coefficient of the contribution of the root edge reads:

b[0]+f
b|g|+d+1 —_
Dy e — 3
- Z lﬁf;]lﬁfoj [Qas1(ar - DI)QZ( —5 ~ar+Di )

=0

3
— Qa+2(a; — Dy + 1)Q£—1( —yTat Dy - 1)

3
+ Qa+3lar — Dy + 2)Q€72( —gTat Dy - 2)

3
+(=1)'Qaues1(ar - Dy +5)Q0( —5-ar+Dr- 5)] :

where the alternating sum comes from the division by ¥, + ¥0}, following equa-
tion (4.2). Let us take this sum in a bit different way, with respect to the argument of
the second factor ag = —% —ay + Dy — j, where j runs from D; to 0, and decompose
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II. Tautological relations on the moduli spaces of curves

the exponent of o) as € = j + k. We have:

J

32D 32y 3 ~3/2—a;+ Dy —a
Z lﬁ[dq](—l) 3/2-ap—aj+Dg Qd+1—3/2—u1+D1—HO( — 5 — ao)lﬁ[O] I 1 0
ap=-3/2—-ay
ar—=(=3/2-aop)
x| D] Qk<ao)w[ko]] :
k=0

The sum over ag here is over half-integers, with integer steps.
Let us analyse the sum Za’+3/2+a° Qk(ao)tp{‘()]. We cut the root edge and assign

ag as primary field for the new leaf on the rest of the tail, which is decorated with

Lp[ko]. The total dimension of the class on the rest of the tail is Dy = D; — j =

D; - (—% —ay+ Dy —ag) = % +a;+ag. Thusag +a; = Dy — % Therefore, if Dg > 1,
then with this sum on the root edge the total sum of all graphs in the tail (for a fixed
ap) is the half-spin relation for x = 1, with primary field ag at the root edge and a;,
i € I, for the marked points on the tail.

Thus the only nontrivial contribution of the tail comes from the case Dy = 0
which produces no relation for the tail, with ag = —% — ay. In this case there is the
unique non-trivial summand in the sum above that is equal to

( 1)DI+1 l!/ 0] Qd+Dl+1(a1)

Moreover, the only non-trivial ¢/-classes are on the root edge and there are no more
internal edges on the tail.

In the end, modulo the relations in genus 0 on the tails, the only graphs that
remain in the relation in degree D = g — 2 + n are the following. The marked points
are split in k non-empty sets I1,. . ., Ix, corresponding to different rational tails. If I;
is a set of one element, then the tail is just a leaf decorated with % and the coefficient
is Qg (ay,). If I; is a set of two or more points, then this tail is just one rational vertex
with all leaves from /; on it, attached by an edge to the genus g vertex. The y-classes
are only on this edge, % on the genus g side and ¥P! on the genus 0 side, with the
coefficient (-1)P1*1Q 4., p, +1(az,).

Up to now, everything we described was done in RY~2**(M}",). Hence, we still
need to pushforward to Mg i, along the map forgetting some of the marked points.
For each decorated graph we constructed, we will pushforward until each tail has
exactly one marked point left, and hence must be a leaf.

We can do this on each tail individually, first using the string equation, which in
this case reads fﬁ D= ‘/%O.m t,b[lg]’ !, Therefore, pushing forward along a map

0,[7]+1
forgetting a point in I decreases the exponent of o] by one. As this can be done

until the rational tail has two marked points, we must get D; = |I| -
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4. Half-spin relations and Faber’s proportionalities of x-classes

Finally, the pushforward of a rational tail with two marked points along the map
forgetting one of those marked points just collapsed the tail and moves the remaining
marked point to the collapsed node.

Summarising, the only surviving terms are the terms where all the marked points
are partitioned as | |; Ix = {1,...,n} over rational tails consisting of a leaf or a single
rational curve with all marked points attached to it, with coefficient

(—1)l’|71¢€71¢Hé]|_2Qd+|1|71(61)-

These terms pushforward to terms on M, i given by

D0 441121 (ar) -

Taking the product over all the tails and taking into account that the linear function

is an isomorphism, the half-spin relations we found for D = g — 2 + n imply the
combinatorial identity (4.3).

On the other hand, it is easy to see that these relations determine the intersections
of all possible monomials in y-classes in terms of j%w /lg/lg_“//?_l (using the natural

lexicographic order). i

We relate proposition 4.3.1 to Faber’s conjecture and refine it using the string
equation, which turns the result into a combinatorial identity.

COROLLARY 4.3.2. Let g > 2andn > 2. The following two statements are equivalent:

i). Faber’s conjecture (4.1.1): there exists a constant C, that only depends on g such

that
1 N (2g -3+ n)!
— AgAdy— B e e T dy,...,d, > 1.
Co Jui,, gg lglﬂ, T @d = 1N for any dy .
ii). Forany ai,...,an € Zsq such that a1 + -+ + a, = 2g — 3 + n, we have

k

no vk
0= ;1 % Z Z 1 Oudy+ir;1-1(ar) - (Tay -~ Ta, ) > (4-4)

Lu-ul  dy,....dr€lsg  j=
={1,...,n} di+-+dp=g—2+k

where
. (29-3+h)

(tg) -+ Tg )= —2—"— 7 incase di,...,dg =21,
' TR 2d - D!
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II. Tautological relations on the moduli spaces of curves

and determined by the string equation

k
(Tay - Ta, T0)y = Z (Tdy-61; *** Tdi-61; ) (4-5)
=1
dy21
otherwise. Here ay; denote 3¢y, ar.
4.4 — W-CLASSES OF NEGATIVE DEGREE

In the previous section, we showed that theorem 4.1.1 is equivalent to a system of
combinatorial identities. The goal of this section is to reduce this system to a much
nicer system of identities. In order to do this, we need to consider formal systems of
correlators satisfying the string equation.

4.4.1 — FORMAL NEGATIVE DEGREES OF {//~CLASSES

DEFINITION 4.4.1. Letg > 2. Consider a system f)f numbers .<I—.[f=1 Td; g thfat depends
ondy,...,dx €Z,dy+---+dx =g -2+ k, and is symmetric in these variables. We
say that this system of numbers satisfies the string equation if

k
(T, Ta, T0)g = Z(le—é‘lj C Tdi-61, ) g
Jj=1

EXAMPLE 4.4.2. The system of numbers

k
<Hi:1 Tdi>; di,....dy = 0;
0 at least one d; is negative

<Hf=1 Td; >¢; = {

satisfies the string equation, as follows from equation (4.5).

EXAMPLE 4.4.3. The system of numbers ([T, 74, )g = (29 -3+ ©)YTTE  (2d; — 1!
also satisfies the string equation (this can be checked by direct inspection).

Remark 4.4.4. These two examples coincide in the case when all d;’s are positive and
also in the case when all d;’s except for one are positive and the remaining one is equal
to zero. For all other values of (ds, . .., dx) the numbers in these two examples are
different.
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4. Half-spin relations and Faber’s proportionalities of x-classes

The string equation allows to choose the values of all numbers ([T}, 74,3,

K di # 0, k > 1in an arbitrary way, and the rest of the numbers (where at

least one index d; is equal to zero) are linear combinations of these initial values with
non-negative integer coefficients.

4.4.2 — Q-POLYNOMIALS AND A REFINED STRING EQUATION

Fixg > 2and n > 2 and let ay,. . ., a, be formal variables. Define Q;(a) = 0 fori < 0.
Fix an arbitrary system of numbers (I—[i-‘:1 T4y d1,. . dx € Zydi+---+dy = g—2+k,
satistying the string equation.

Consider the following expression

n k
En@=Y S S S [t ) (49
k=1

Iu---Uly dy,..., di €z j=1
={1,...,n} dy+ +dr=g—2+k

°
g’

as a polynomial in ay,. . .,a, and a linear function in (74, - - - 74, Yg» 1+ di # 0.

PROPOSITION 4.4.5. Forany di,....dx € Z,dy+ - +dir =g —2+k, dy---di # 0,
where at least one index d; is negative, we have:

08 _,
O(ta, -+~ Tay)g
Proof. Assume di,...,d; are negative, and the rest of the indices d; are positive. Let

us fix L U--- Ul € {1,...,n} that satisfy the condition |I;| + d; =1 > 0 for any
i=1....0
Consider all terms in the expression & satistying the following conditions:

e The correlator factor is a coefficient (I—[f:1 H;":il Td;; )g such that

- foreachi:1,...,k,wehave2§":i1dij =d;+m; —1;

- foreachi =1,...,¢, at most one of d;j, j = 1,...,m; is negative. It is at
least d;, and at least d; + 1 if m; > 2 (this ensures there exists a zero index
to use the string equation);

- foreachi=(+1,...,kalld;j, j = 1,...,m; are non-negative. Moreover,
one index must be at least d;, and at least d; + 1 if m; > 2.

AN, 117 7ay; )y
3 ray T
correlator in the denominator can be deduced from the one in the numerator

via successive applications of the string equation.

This list of conditions is equivalent to # 0. In other words, the
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II. Tautological relations on the moduli spaces of curves

* The sets J;; satisfy I_I;":"ll,-j = [ foreachi=1,...,¢.

e Foreachi = 1,...,k the sets I;; are arranged in such a way that min(J;;) <
min(Z;j) if and only if j < j’ (this condition is necessary to have control on the
combinatorial factor).

We can refine (4.6) as follows: we define “refined correlators” (TT%_; 74, (Ji))g, now
depending formally on subsets J; € {1,...,n}, and subject to a natural refinement of
the string equation

k k k
(t0(Jk+1) 1_[ 7a;(Ji))g= Z(de—l(-]j U Jk+1) 1_[ 7a;(Ji))y -
i=1 Jj=1 =1

i#]

We then define 8;{1(5) to be:

no 1\ k
e@=Y L S S [ Qa0
k=1

hu-uly  dy,....dp€Z  j=1
={1,...,n} d1+---+dr=g—2+k

Clearly, ngfl(c_i) reduces to &, ,(d) after setting 74(I) — 74.

Using this notation, if we fix m;, d;; and [;; for i > 1, and let m1, dy, and I
vary in all possible ways such that the conditions above are satisfied, we can split the
derivative a(JT%_, H;":il Td;; )g/0{Tay =+ * Ty ) Into the sum of “refined derivatives”

Oy T17 7y (1Y
ATy 7ar(1)5
~ (15, 172, ta,; 1)y 0(ra, (1) | 175, 7a,; (1ij))g
Oy () T, T, 7, (i) O(TTiey Ta, (1) '

The derivative is clearly zero if the partition {I;;} is not a refinement of the partition

{I:}.
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4. Half-spin relations and Faber’s proportionalities of x-classes

Thus we obtain the following expression for the derivative of &, ,(d):

9Egn(@  _ o8& (@) _ (47)
a<Td1 "'Tdk>£; LUUl 6<Td1(11)"'Tdk(Ik)>; ra(D=14

(_1)k SE (i k_ mi 0(7’41 (I1) H{'(:Q H]m=11 Td;; (Iij»;
A, —1)%i=2V" n .
-, 2, R s O a1

Iiu---Uly =2 =1
m;,d;j,lj
fori>2

i ATy T17Y 7a, (I
_1 mi—1 Q - » J -j
Z -1 B dij+Inj | 1(641,)(9<le([1)1_1{-(:2 T

°
my,dyj,Ihj =1 Tdij(lij)>g Ta(l)=74

In order to prove the proposition, it is sufficient to show that the factor in the third
line of this expression is always equal to zero. Note that this factor is a polynomial
in the variables a,, p € I1, of degree 2(d1 + m1 — 1 + |I1| — m1). Note that the degree
of this polynomial is less than twice the number of its variables (since all d; < 0).
Therefore, in order to show the constant vanishing of this polynomial, it is sufficient
to show that it constantly vanishes for two specific values of each of its variables,
namely, at the points a, = 0 and a;,, = —1/2 for each p € I;. Since this polynomial
is symmetric in its variables, it is sufficient to to prove this vanishing for just one
variable.

We assume, for simplicity, that 1 € I1, and prove the vanishing for a; = 0,-1/2.
Up to a common sign factor, it is sufficient to prove that

o

||:]a~

rlf[ dij(lij)>;

my
i
Qd11+1—1(a1) l_[ Qd1j+|11j|—1(a11_,) k m; (48)
j=2 <Td1 (I1) H I_l Td,,(ll])>
i=2j=1
mi mi
- Z Qd1r+‘11r|—l(al + allr) l_l Qd1j+|11j|—1(a11j)
r=2 =2
J#Er
(74, -1(Ir U {1}) H Tay; (115) H H Td”(lu)>q
=9 jo
]#r 7=
X k m;
d(ta, (1) T1 T1 Td,-j(lij)>;
i=2 j=1
vanishes for a3 = 0,-1/2. In both cases di; must be equal to zero (otherwise

Qa,,(a1) = 0 in the first term and the indices d;; in the other terms do not add
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II. Tautological relations on the moduli spaces of curves

up to d; + m; — 1). Then, for a; = 0 all Q-coefficients in (4.8) are literally the same, so
the vanishing follows from the following derivative of the refined string equation

mi k m; °
d(to(ar) [T 7a,; (1) TT TT Td,-j(lij)>g
Jj=2 i=2j=1

P (4-9)
O(ta, (1) T1 T1 Td,;,-(lij)>g
i=2 j=1
mi k m; °
O(ta,,—1 (I, U {1}) [1 7a,, (1)) T1 T1 Td,-_,-(lij)>g
i j=2 i=2 j=1
_ Z JEr
N k m; .
r=2 O(ta, (1) T1 T1 Tdij(lij)>q
i=2 j=1 <
The case a; = —1/2 is more subtle. We use the induction on |/1], with the

base case |I1| = 1 being obvious. So, we assume that the constant vanishing of the
third line in (4.7) is known for all smaller cardinalities of 7;. Using the identity
QOp(a)—Qpla—1/2) = —(a/2) - Qp-1(a — 1) and the derivative of the refined string
equation (4.9), we can rewrite expression (4.8) as

mi k m; °
0(jl;[2 74, (I1)) 21;[1]_1;[1 ta, (1)),

: (4.10)

1 ) i
5 Z ai - l_[Qtilj+|11j|—l(allj)

k m; .
ien\{1y  j=2 O{ta, (I \ {1 T 1 7a,; (L)),
i=2 j=1

where in the coefficient of a; we use the notation a, := a, — 6, p € I1 \ {1}, and
dig = dig — Sicniy» 4 = 1,...,mi1. So, we see that for eachi € I'\ {1} the coefficient
of a; in (4.10) is the polynomial in one less variable of exactly the same form as in the
third line of (4.7), whose constant vanishing we assumed by induction. Therefore,
expression (4.10) is constant zero. Thus, expression (4.8) is equal to zero for a; = 0
and —1/2. This implies the constant vanishing of the third line in (4.7), which implies
the proposition. m

4.4.3 — APPLYING FORMAL NEGATIVE DEGREES OF {/~CLASSES TO THE
COMBINATORIAL IDENTITY

We use the result of the previous section to reduce the system of identities (4.4) to a
simpler one.

PROPOSITION 4.4.6. Faber’s conjecture (theorem 4.1.1) is equivalent to the following
system of combinatorial identities.
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4. Half-spin relations and Faber’s proportionalities of x-classes

Forany g >2andn > 2, forany ay,...,an € Zso, a1 + -+ +a, = 29 — 3 +n,

ol : (29 — 3+ k)!

ILU---uly dy,..., di €Z Jj=1

={1,...,n} di+---+dr=g-2+k
Proof. We have already shown that Faber’s conjecture is equivalent to the system of
identities (4.4), where the correlators are replaced by the predicted value from the
conjecture. So, it is sufficient to show that the system of identities (4.4) is equivalent to
the system of identities (4.11). Note that the right hand side of (4 4) is a specialization
of the expression &, ,(a) for the values of (74, -~ 74, ), gwen in example 4.4.2. The
right hand side of (4 11) is a specialization of the expression &, ,(d) for the values of
(Tay *+ Ta, )g given in example 4.4.3.

The initial values of the system of numbers (74, - - - 74, )5 given in examples 4.4.2
and 4.4.3 coincide for all dy,...,d; > 0 and differ when at least one of d;’s is negative.
Proposition 4.4.5 implies that the initial values (74, - - 74, ); with at least one d;
negative have no impact on the value of &, ,(d). Therefore, a specialization of the
expression &, ,(d) for the values of (74, -+ - 74, )5 given in example 4.4.2 is equal to
zero if and only if the same specialization of the expression & ,(d) for the values
of (74, -+ 74, )y given in example 4.4.3 is equal to zero. Therefore, the system of

identities (4.4) is equivalent to the system of identities (4.11). O
4.5 — THE MAIN COMBINATORIAL IDENTITY AND ITS
STRUCTURE

In the previous section we used formal negative degree y-classes in order to simplify
the system of combinatorial identities to which Faber’s conjecture is equivalent
(proposition 4.4.6). We now want to substitute the Q-polynomials by their definition
and rearrange the terms to obtain the following statement.

COROLLARY 4.5.1 (of proposition 4.4.6). Faber’s conjecture (theorem 4.1.1) is equiva-
lent to the following system of combinatorial identities.

Forany g >2andn > 2, forany ai,...,an € Zsg, a1 + -+ + an = 29 — 3+ n, we
have:

Z (- 1)k(29 3+ k) 5 5 ﬁ (za,j + 1) (2d; - D!
LUl di,..., dr€Zsy Jj=1 2d] (2d] + ]' - 2|1]|)"
={l,...n} di+ - +dr=g-2+n

(4.12)
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II. Tautological relations on the moduli spaces of curves

Here by aj; we denote ¥pcq, ac and by |I;| we denote the cardinality of the set
Ij C {1,...,7’1},j = 1,. ,k

In the rest of the chapter we refer to equation (4.12) as the main combinatorial
identity. This section is devoted to a purely combinatorial analysis of this identity.
Clearly, since Faber’s conjecture is proved, the main combinatorial identity holds
true. However, we are interested in an independent proof of it, in order to obtain
a new proof of Faber’s conjecture. We produce such a proof for n < 5 in the next
section.

QUESTION 4.5.2. Is there a purely combinatorial way to prove the combinatorial
identity (4.12) for all n?

Proof of corollary 4.5.1. Recall that, for m > 0, Q,(a) = (=1)"/23"m!)- [T (2a +
1—i). If its argument is a non-negative integer, we can rewrite Q,,(a) as (2;;1) -(2m -

DI (=1)"/22™, For m < 0, Qp(a) = 0. Then it is easy to see that equation (4.12) is
obtained from equation (4.11) by the relabelling d; + |I;| — 1 ~» d; and dividing by a

common factor of (—1)2972+1 /22(29=2+m) |
4.5.1 — POLYNOMIALS VANISHING IN THE INTEGER POINTS OF SOME
SIMPLICES

We denote the right hand side of (4.12) by P(ay,...,a,). It can be considered as a

polynomial of degree 2g — 4 + 2nin ai, ..., ay (since the binomial coefficient (*%/")
is naturally a polynomial of degree 2d in a;). We can also rewrite it as
R(ay,...,a,) =
Z": (=1 (2g — 3 + k) Z k (2a,_, + 1) (2az, - 2f; — D!
£ k! w oA N ap a1 @a =2 T2
={1,....,n} fi+--+fi=g-1
The function R(a,. . .,ay) is also a polynomial in ay, . . ., a,, where each term in

the sumover k = 1,...,n has degree Z?Zl 2f;+|1;] = 29—2+n, so the total degree of R
1s 2g—2+n. Note that P # R (they even have different degrees); from the construction
they coincide only on the simplex ay,...,a, € Zsp, a1 + -+ +a, =2g — 3 +n.

PROPOSITION 4.5.3. We have: Ply,=0=0,i=1,...,n.

Proof. Since P is symmetric in its variables, it is enough to prove this proposition
for a, = 0. Consider an arbitrary splitting I; U --- U I = {1,...,n — 1}. We want to
append this splitting with the element n: either we add {n} as one of the sets (there
are k + 1 ways to do this, since we can choose the number of this set from 1 to k + 1
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4. Half-spin relations and Faber’s proportionalities of x-classes

shifting the indices of /; accordingly), or we append n to one of the existing sets Iz,
¢ =1,...k. Consider the sum of all terms in P that correspond to these choices of
splitting of {1,...,n}. Since the first k + 1 terms are all equal to each other, we can
assume that we have k + 1 copies of the case Iy+1 = {n} instead. We have:

(—1)*1(2g =3+ k +1)! Z k (2a1j + 1) (2d; - ! (2an + 1)

k+1 e A
( ) (k + 1)’ 2dj (2dj +1- 2|]J|)” 2dy 11

d1+---+dk+1 j:l
=g-2+n

(l)k(2g 3+ k) S (2an +1) (2d - D
k! 2 2 ( 2d; )(2d,~+1—2|1j|)!!

dy+--+dy €=1 j=1

=g—2+n j#l
2ay, +2a, + 1 (2dy = N
2, Q2d; — 1= 2"

If a, = 0, then the first summand is nontrivial only for di+1 = 0. So, if we substitute
an = 0, then this expression is equal to

(=1)*(2g — 3 + k)!
k!

(2a1,- + 1) (2d; - D
o o\ 2d ) @2dp+ 1 =20
=g—2+n

k
: (—(2g 2+ k) + Z(zdf +1- 2|15|)) .

=1

Note that the last factor is equal to zero. Since the definition of P reduces to the

sumover Iy LU---U I, = {1,...,n— 1} of the terms that we considered here, and we
never used the restriction of P to the simplex a; + -+ + a, = 29 — 3 + n, we have
P(al,...,an,l,O) = 0. O

COROLLARY 4.5.4. The function P(ay,...,a,) := P(ay,...,an)/T1"-, a; is a polyno-
mialin ay,. .., a, of degree 2g — 4 + n.

So, we have a collection of symmetrlc polynomials of quite small degree (that is,
smaller than what one expects trying to construct such non-trivial polynom1als using
the Lagrange interpolation, for instance) vanishing in all integer points of the certain
simplices:

® P(ai,...,ay)is a polynomial of degree 2g — 4 + 2n that vanishes in all integer
points of the symplex ay,...,a, > 0,a1 +--+ +a, =29 — 3 +n.

® R(ai,...,an) is a polynomial of degree 2g — 2 + n that vanishes in all integer
points of the symplex ay,...,a, > 0,a1 +---+a, =29 -3 +n.
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® P(a; +1,...,a, + 1) is a polynomial of degree 2g — 4 + n that vanishes in all
integer points of the symplex ay,...,a, > 0,a1 + -+ +a, = 2g — 3.
4.5.2 — COMBINATORIAL REDUCTION OF THE IDENTITY FOR a; = 1

In this section we give a combinatorial reduction of the identity (4.12) in the case one
of the arguments ¢; is equal to 1.

PROPOSITION 4.5.5. Forany g > 2andn > 1, forany ay,...,a, € Zso, we have:

n

P(ay,...,ay,1) = P(ay,...,a,,0) = Play,...,a,) - 4Za,~—8g+10—2n . (4.13)
i=1

Note that the polynomials on the left hand side of this formula have degree
2g — 2 + 2n, and the polynomial on the right hand side of this formula has degree
2g — 4+ 2n.

Proof. Let {n + 1} uJ c {1,...,n + 1}. Consider the corresponding factor in a
summand in P(a, .. .,ay,,1) assuming I; := {n + 1} U J, for some j, and denoting the
corresponding index d; by d. We have the following decomposition:

2 1 1
( (‘”;d“ )(2d—1)~~~(2d+1—2|J|) (4-14)
2 1
(MO0 oy gy a1 -2)
2d
2ay +1 ~ ~ ~
+ ( . )(Qd—1)---(2d+3—2|]|)~(4a]+3—2d),
where d = d — 1. The first term on the right hand side is equal to the corresponding
factor in the same summand in P(ay, .. .,ay,0). The second term gives a summand in
P(ay,...,a,) with a coefficient.

There are (k + 1) ways to obtain the summand

e (2a,j +1) (2d; — D!

1)K (2g =3+ K)! - L e Al
(=179 )g 2d; ) @d; + 1 -2

in P(ai,...,ay) (here L U---ul = {1,...,n},di +---+dx = g—2+n,and we

omit the factor 1/k! that controls the permutations of the sets I1,.. ., ;) from the
second term of the decomposition (4.14): either J = I;, j = 1,...,k, or J = 0. In the
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latter case, the extra coefficient that we get is equal to —=3(2g — 2 + k). Thus, the total
coefficient of this summand is equal to

k n
z}&U+3—2@)—3@g—2+k):4§:m—8g+10—2m
j=1 i=1

which does not depend on the choiceof Iy Li--- LU [y = {1,...,n} and dy + -+ + dy =
g — 2 + n. This implies equation (4.13). ]

If we restrict equation (4.13) to the simplex aj + - - - + a, = 29 — 3 + n and use that

P(ay,...,a,,0) = 0 (without any assumptions on ay,. . . ,a,), we obtain the following
corollary:
COROLLARY 4.5.6. Forany g >2andn > 1, forany a1,...,an € Zsp, a1 + -+ +ay =

2g — 3 + n, we have:
P(ay,...,ay,1) = (2n-2)P(a,...,a,).

In particular, P(2g — 2,1) = 0, and for n > 2 the vanishing of P(ay,. ..,ay) implies the
vanishing of P(ai,. .., apn,1).

4.9.3 — A CONJECTURAL REFINEMENT OF THE IDENTITY

In this section we formulate a conjectural refinement of the identity (4.12), which
gives a natural strategy for its combinatorial proof. In particular, it allows to prove it
forn < 5 forall g.

We replace each factor (*4') in each summand of the identity by the sum
(22‘;’) + (22‘1“_’1). Then we collect all terms with the fixed number of factors where we

have chosen to decrease 2d to 2d — 1. We have:

" (-1)%(2g - 3 + k)!
}%t:zz( )(i' )
k=1 :

2 X ﬁ( )i
S . —9lI:DI”
hu-uly  dy,...,di€Zsg  Ac{l,...k} j=1 2dj = 6jea (2d; +1 = 2|; D
={1l,...n}di+--+dr=g-2+n |A|=n-t
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t=0,...,n. Here §;ca is equal to 1 for j € A and to 0 otherwise. For instance,

n
2a;

P — —ln _ ' J).
no=(-1"2g=3+m) ]_[(0)

O1senns 03, €(2Z+1)=0 j=1 J

01+-+0,=2g—-4+n

= " (2a;\ (2a;

— (—1)" _ | J i

Pui1=(-1)"(2g 3+n).z - > ﬂ(q)(ai)

i=1 o04,...,0{,...0,€(2Z+1)~o Jj=1

e €(22)s0 J#
01+:--0; - +op+e;=2g—3+n

n

+(=1)""Y2g — 4 +n)! Z

n (
i,0=1 Ol ,enns ?77 ,,,,, 67,“.0,,6(2Z+1)>0 J 1

i<t 0i¢€(2Z+1)50 J#LL
01+::0{,0¢ - +0n+0;p=2g—3+n

b n (_l)k(2g -3+ k) ﬁ (2a1j) (ej - !
non = § n E E N
= k! P ) A=t W (ej +1=2|;)!
={1,...,n} e1+---+er=2g—-4+2n

2aj) (Qa,- + 2ag)
0it;
Oj oj¢

Here we use the notation 0. (resp., €.) to stress that these are odd (resp., even)
non-negative numbers, and 0; means that this particular index is skipped.

Denote by A, the sum (=1)"(2g =4+ n)! X, ..o, c2z+1).0 [T} (QO'j_j).

o1++0,=2g—4+n

CONJECTURE 4.5.7. Foranyn>2andt=0,...,n, a1,...,a, € Zsp, a1 + -+ a, =
29 — 3 + n, we have:

Pps = (1) [((”;1) - (”:11)) (2 —3+n+1)+2(t - 1)(’::11)] An. (415)

t

Observe that the right hand side is equal to
(-1 n-1
(-1) [( ; )(29—2+n+(t—1))—(t_l)(Zg—2+n—(t—1))]A”.

Remark 4.5.8. This conjecture does not follow from identity (4.12), so the equivalence
of Faber’s conjecture and identity (4.12) does not prove equation (4.15). On the other
hand, let us prove that equation (4.15) implies the main combinatorial identity (4.12).
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4. Half-spin relations and Faber’s proportionalities of x-classes

Indeed,
= (-1 n—1
PG [( t )(2g—2+n+(t—1))—(t_l)(Qg—2+n—(t—1))]
t=0
= (n—-1 - (n—=2
=(2g—3+n>;<—1>( ) )+<n—1);<—1> (t_l)
~(2g -2+ n)é(—l)f(’t’jll) r= 1) Yy (23]
=0

Therefore, a combinatorial proof of conjecture 4.5.7 would immediately give a new
proof of Faber’s conjecture. We prove several cases of conjecture 4.5.7 in the next
section.

4.9.4 — AN EQUIVALENT FORMULATION OF THE CONJECTURE

In this section we reformulate conjecture 4.5.7 via a 3-terms recursion in the P, ;. Let

ﬁn,,be
((”;1) _(,::11)) (2g—3+n+t)+2(z—1)(’t’:11)] A,

PROPOSITION 4.5.9. Letn > 2and ai,...,a, € Zso, a1 + -+ +a, =29 —3+n. The
following three statements, intended for all t = 0,1,...,n, are equivalent:

ﬁn,t = (_1)t

7). Conjecture 4.5.7 holds:

i1). The P, obey the following 3-term recursion:

0+ DPurir + 0=+ 1), = ST

ii1). The following expression does not depend on t.
th(n = OI(=1)" [(t + D)Ppys1 + (n = (t + 1))Py ] .
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II. Tautological relations on the moduli spaces of curves

Proof. Let Sy ,(x) = X1 Py x', for which we already know the values

Sg,n(o) = Pn,O P

Sg,n(]-) = Z Pn,t
t=0

S (-DF(2g -3+ k)
= k!
k=1

k (za,j+1) (2d; — 1!
I\ 2g )@+ 1-21p0

Lu---Ulx  dy,....dr€lsq ]
={1,...,n} di+ +d=g—2+n

Let us now compute the generating polynomial for the P, ;

n
Syn(x) = Z P, x'
=0

c Jf(n-1 n-1 n—-1
=;(—x) [(( , )—(t_l))(2g—3+n+t)+2(t—1)(t_1)}An.

First substitute A, = P,,,0/(2g — 3 + n) and expand the whole expression in terms of
the type

n

> (;’)p(r)(—x)’x“ .

=0
where p(t) is a polynomial in ¢ and a is an integer. For each such summand substi-
tute p(#) with p(x-4L), apply Newton binomial theorem to ¥/ (7) (-x)' = (1 - x)",
and finally apply the operator p(x<L) to the summand. Collecting the summands’
resulting contributions together gives

(1-x)"!

S g m

(29 - D(x +1) + (n = 2)) Ppo.

Observe that S, ,(0) = S,.,(0), and S(x) satisfies the non-homogeneous first order
ODE

29 =3+n)[A-x)f'(x)+(n-Df(x)] =1 -x)"(2g - 1)Pno,

which S, ,(x) also satisfies if and only if

_(=D'2g-1)(n _
t+ )Py +(n—(+1)P,, = —(2g eyl P Py.0, for t=0,1,...,n.
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4. Half-spin relations and Faber’s proportionalities of x-classes

This proves the equivalence between i.) and i.). Clearly 7i.) implies 7ii.). Let us see
that 772.) also implies 72.). Assuming #z2.), we can evaluate 7z.) at any 7. Let us pick 1 = 0
for simplicity. Then 7z.) reads

Q- o (2g-1)-(m-12g-3+n)
Pn,l = (2g_3+n)Pn,0 (I’l 1)Pn,O = (2g—3+n) Pn,O

_(n=2)29-2+n)

B (29 —3+n) .0

«ngﬁ_(7;ﬁ)@g—3+m+2.0({;ﬂ]Am

which holds true from the case r = 1 in proposition 4.6.1. This concludes the proof
of the proposition. o

46 — PROOF OF THE MAIN COMBINATORIAL IDENTITY
FOR SEVERAL CASES

In this section we prove the following cases of conjecture 4.5.7.

PROPOSITION 4.6.1. Conjecture 4.5.7 is true forn < 5, any t, and fort = 0,1,2,3, any
n.

By remark 4.5.8, this implies a proof of the main combinatorial identity (4.12) for
n < 5and g > 2. By corollary 4.5.1, this implies a new proof of Faber’s conjecture
forn<5and g > 2.

Remark 4.6.2. Note that surprisingly this proposition is also true for n = 1, though
in this case we have no identity (4.12). Indeed, for n = 1 we have

4g -4
Al = —(2g - 3)!
1=—(29 3)(2g—3)’

-4
g )=@g—mAh
g-3

4
mﬂ=—@g—m(2
4g — 4
Pri=-2g-2!.7 ") =29 - 1Ay,
2g -2

which matches exactly equation (4.15) forn=1and 7 = 0, 1.

Proof. The case t = 0 is obvious from the definition. For the other cases, we perform
direct computations based on the following lemma.
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LEMMA 4.6.3. For any non-negative integers ai,. . .,dn, A1+ -+ay = A, and t1,. . ., ty,
f+ -+t =T, and for an arbitrary vector of parities (p1,. . ., pn), Pi € Za, we have:

3 1‘[(2‘”)03»,— 3 1‘[(2“’)@»,

f++fp=B i=1 f1+ “+fn=2A-B+T i=1
fi=pi.i=l,...n fi=pi+ii, i=1,...n

Here by f € Zy we denote the parity of f € Z, and by (f), we denote the Pochhammer
symbol, (f)r == f(f =1)---(f+1-1).

Proof. Tt follows from the following identity:
2a 2a - 2a - 2a
(f)(f)t=(f )(2“)t_(2a f)(QG)t_(2a_f+t)(2a_f+t)t~

EXAMPLE 4.6.4. If a1 + -+ +a, = 29 — 3 + n, then

n n
> - s T
O; o;
O1senns 03 €(2Z+1)=0 j=1 J O1senns 0, €(2Z+1)=q j=1 J
01+-+0,=2g—-4+n 01+-+0,=2¢g-2+n

Thus we have an alternative definition of A,, as the sum

n
2 .
(~1Y"(2g — 4 + n)! > ]—[( “f).
O1rone(2Z41)ag j=1 \ %
o1+-+0,=2g-2+n

Below in all arguments we apply lemma 4.6.3 assuming the condition a; +- - -+a, =
2g -3 +n.

461 — Casgr=1

We have

L " (2a;\ (2a;
Ppy=(-1)"(2g=3+n)! ) > H(OI’)(@)
on€(2Z+1)so Jj=1 V7 !

i=1 01,...,0i,...

€ €(2Z)>0 J#i
01+:+0; +op+e;=2g—-3+n

+(=1)"1(2g — 4+ n)! i Z L (Qaj) (2ai +2a5)0if.

_ Oj 0;
i,=1 01,...,07,...,07,...0, €(2Z+1)~o Jj=1 J it
i<t l(’E(QZ+1)>O J#LC

01+::07,00 +0p+0;¢=2g—3+n
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4. Half-spin relations and Faber’s proportionalities of x-classes

In the first term we can replace the factor (2g — 3 + n) by the sum of the indices
01+ -0;+ + 0y + ¢;. In the second term we can apply the Chu-Vandermonde

identity:
(261[ + 261() oy = Z ((261[) (261() + (261[) (261[)) (e + 0).
oit 0€(2Z+1)s0 o € ¢ o

e€(2Z)50
o+e=0;]

Thus we always have one even bottom argument in the binomial coefficients and all
other bottom arguments are odd in both terms of this expression. The expression is
totally symmetric with respect to the choice of the place of the even bottom argument.
The coefficient in each summand of

(~1)"(2g — 4 + n)! > (Qal) ﬁ (20“1)
J

09...,0,€(2Z+1)~0 Jj=2
e1€(2Z)>0
e1+oo+-+0,=2¢g-3+n

(that is, we collect the terms where the even bottom argument is below 2a;) is equal

o Sp0) - Syewemr=—er (7))

Applying lemma 4.6.3 to this term, we obtain

(~1)"(2g — 4 + n)! 3 (QGI)Q(2£J~) D)vey ((nI 1) ) (ngl))

092...,0p €(2Z+1)>0
e1€(2Z)0
e1+oo+:+0,=2g-3+n

e 3 (e (7))

O1,eens 0n€(2Z+1)=0 j=
01++0,=2g-2+n

Now, since the even bottom argument could be at any place, not only at the first one,

we have to replace in the full computation of P, ; the factor 01 above by 01+ --+0, =
2g — 2 + n. Thus we have:

P"’l=An'(29—2+n)'(—1)-((n11)_(nal)),

which 1s exactly the desired result for r = 1.
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4.6.2 — CASEr =2

Let us describe P, 3. All terms there have a common factor of (2g — 5 + n)!. The sum
of bottom arguments of all binomial coefficients is always equal to § := 2g — 2 + n.
Taking into account the total symmetry with respect to the permutations of a1, . . ., an,
we see that P, 2/(29 — 5 + n)! has

") terms of the type 2ay + 2az + 2a; ﬁ 2a; 0123(0123 — 2);
3 yp 0; 123(0123 ;

0123

i=4
3(}1) terms of the type (2a1 i 2a2) (2a3 i 2a4) (2ai) © 012034;
4 012 i
n\(n-2 2a1 + 2a5)\ (2a3 L 2a; )
(2) ( 1 ) terms of the type ( ) ( s ) | ( o ) <012(S - 2);
(’21) terms of the type (2a1 - 2a2) (20@) (e12 — 1)(S - 2);
n 2a1\ (2as L 2a;
(2) terms of the type ( ) ( ) 1_[ ( N ) (S-1)(S-2).

i=

For instance, in the first line we mean that we have the following sum of (3) summands

Z Z (Qa,- + 27; + 20k) ﬁ (2‘1") - 0ijk (0ijk = 2).
:1 ¢

0,
i<j<k 01jk €(22+1)50 ijk
00€(2Z+1)20, L€{1,cin}\{i.j.k} (#i.7.k
Oijkt2re(l,....n)\(i.j.k} O€=2g—2+n

We assume that the parity of the bottom arguments denoted by o (resp., e) is odd
(resp., even).

Let us expand all binomial coefficients using the Chu—~Vandermonde identity,
that is, in such a way that we have exactly n factors of the type (%ﬁ:") , where we also
keep track of the possible parity of the bottom arguments. For instance,

(2(11 + 2(12 + 2613) _ Z (201) (2(12) (2&3) + Z (2611) (2(12) (2(13)
0123 e1+ex+03=0123 €1 €2 03 e1tog+e3=0123 €1 02 €3

S G R 1
_ 01 e e3 _ 01 09 03
o1+eax+e3=0123 01+02+03=0123
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By direct computation of the coefficients, we obtain

n . fthe t 2a1\ (2a5\ T (2a; 9 n—2
5 erms of the type e )lex ) LI, eiea| )i
n " (2a; n—1 n—1
(1) terms of the type L ( o ) 01(o1 = 1) (( ) ) - ( . )) :
n m (2a; n—2 n—1
(2) terms of the type || ( o ) - 20109 (( ) ) - ( . )) :
n " (2a; n—1 n—1 n
(1) terms of the type D ( o ) 01 (—( ) ) | ) + (2)) :
1 f th - (24 o
term of the type | o Nk

Applying lemma 4.6.3 to the sum of all terms in the first line, we obtain the same
terms as in the third line, with the coefficient 20102(";2). This, together with all
terms in the second line and the third line, gives us the term in the fifth line with the
coefficient S(S — 1). The sum of all terms in the forth line gives us also the term in

the fifth line with the coefficient S (—(";1) + ("Il) +(3) ) The observation that

s 1)+ (1)) -+
soe ()L )

is exactly the product of (2g — 4 + n) and the desired coefficient of P, 2/A, completes
the proof of this case.

4.6.3 — Casgr=3

Let us describe P, 3. All terms there have a common factor of (2g — 6 + n)!. The sum
of bottom arguments of all binomial coefficients is always equal to § :=2g — 1 + n.
Taking into account the total symmetry with respect to the permutations of a, . . ., an,
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II. Tautological relations on the moduli spaces of curves

we see that P, 3/(2g — 6 + n)! has terms of the following type:

(2611 + 2612 + 2a3 + 2614) ﬁ
01234

2a;
( l) - 01234(01234 — 2)(01234 — 4);
i=5 \ 0

2a1 + 2as + 2as)\ (2a4 + 2as5 " (2a;
- ( 1_[ 0.[ - 0123(0123 — 2)045;
1

0123 045 i=6
2a1 + 2as)\ (2as + 2a4)\ (2a5 + 2a¢g = 2a;
- 1_[ * 0120340565
012 034 056 =7 \ Oi

2 2 2
v eaz T Clg)( a4) ( ) - 0123(01234 — 2)(S — 4);
0;

( 0123 €4
(2a1 + 2as + 2a3) (2a,) (e123 — 1)(e123 = 3)(S — 4);
e123

(2a5) ( 'i) - 012034(S — 4);

[

i=5

2(11 + 2(12 as 204 |
( )(63)(64)1 (01).012(S_3)(S_4)7

i o

3 0j

2a1\ (2a2)\ [(2a3 n 2a;
(61)( )( )H(Oi)'(S—Q)(S—S&)(S—zL)_

i=4

2a1 + 2(12) (2613 + 2614

2ay + 2a2) (203 ' 2a4) (Qal) (e12 = 1)o3a(S — 4);

0i

Let us expand all binomial coefficients using the Chu—Vandermonde identity,
that is, in such a way that we have exactly n factors of the type (2;:") , where we also

keep track of the possible parity of the bottom arguments. By direct computation

of the coefficients, we obtain the terms of the type (2‘”) (26‘;2) (2;;3) iea (o)) and

(2:11) " 5 () with some complicated coefficients that we want to collect in several
t

disjoint groups.
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FIRST GROUP OF TERMS

== (5 ) by C1. With this coefficient we have terms of the following

(2611) ﬁ (2;1-) ~er(er —1)(e1 = 2) - Cy;

€l

Denote — ((
type:

i=2
2a1\ (2a2)\ (2a3\ 17 (2ai
( )( 2)( “5) ]_[( ) ereses - 6C;
(] €9 es =4 0j
2a1\ (2a2\ 1 (2ai
. -1)-3C;.
)2 a0

i=3
Applying lemma 4.6.3 to these terms, we obtain

l_[ (200~i) (29 -2+n)29-3+n)2g-4+n)Cy.

o1++0, =1
=2g-2+n

SECOND GROUP OF TERMS
Denote —4(";") by Ca. With this coefficient we have terms of the following type:

2611 ﬁ 261,' cer - e1Co
el 0; 1-€1L2,

i=2

) - oo

3
(2"1) (2"‘) er-(-0Cs.

€l

We collect these terms into (2:1 ) T, (3¢ ") -e1-(2g = 5+n)Ca. Applying lemma 4.6.3
to all these terms, we obtain

n
Z 1—[( ) (014 - +0,)(29-5+n)Co = Z l_[( )-(2g—4+n)(2g—5+n)C2.
01+ +Uni 1 (11+ +()nl 1
=2g—4+n =2g—-4+n

Applying lemma 4.6.3 again, we obtain

1_[ (zji) -(29 —4+n)(2g9 —5+n)Cs.

o1++0, =1
=2g-2+n
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THIRD GROUP OF TERMS

Denote 6 (("gl) - (";1)) by Cs. With this coefficient we have terms of the following
type:
2a1\ 4 (2a;
(61)!:21(01') eq - Cs.
Applying lemma 4.6.3 to all these terms, we obtain

Z 1_[(2:[) (o1 +---4+0,)C3 = Z 1_[( ) - (29 — 4+ n)Cs.
o1+-+0, (=1 t

o1+-+o, (=
=2g-4+n =2g—-4+n

Applying lemma 4.6.3 again, we obtain

Z ﬁ (Qai) (29 -4 +n)Cs.
o1++0, (=1

%
=2g-2+n

FOURTH GROUP OF TERMS

Denote —2("7%) by C4. With this coefficient we have terms of the following type:

2 2 2 " (2a;
() ()T () sereenc
el €9 es iz 0j

(2:11) 1_[ (2(ji) - e102(02 — 1)Cy;

4

=2
2 = (2a;
- ( al) ]_[ ( N ) -e1(e1 — 1)02Cy;
el i=2 0j
2 = (2a;
- ( al) ]_[ ( a ) . 610203C4.
(] i=2 0j

Applying lemma 4.6.3 to the first two lines, we obtain

Z 1—[(261,)'(Zoioj)‘(01+...+on—2)C4
o1+ +op i=1

i<j

= 2 1_[ (2a') : (Z oioj) (29 — 4+ n)Cy.

o1t-topn =1 i<j
=2g-2+n

=2g-2+n
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Applying lemma 4.6.3 to the last two lines, we obtain

'y 5 (26?)(266;/)ﬁ(22f).eie,.(ei+ej+ D of)al

i<j eit+ej+Yire(1,....n)\{i,j} OC (=1 te{l,...n}\{i,j}
=2g-2+n G+,

2a;\ (2a;\ 1 (2ai
=—Z Z (a)(aj)l_[(a)~eiej-(2g—4+n)C4.
i< ei+e;+Xec(1, . n)\(i.j} OC CTNETT g \ O

=2g-2+n C#i.j

It follows from lemma 4.6.3 that

o= % T1(%) {00 -

=2g—-2+n

2a;\ (2a; (24
£ e |\ e 0;
i<j ei+ej+Teeqr, . an(ij) O © =1 VT

=2g-2+n C#i,j

Hence, the total sum of all terms with the coefficient Cy is equal to 0.

FINAL cOMPUTATION

In order to complete the proof of the case 7 = 3 it is sufficient to observe that
29-2+n)2g-3+n)(2g—4+n)Cy +2g—-4+n)29—-5+n)Ce + (29 —4+n)Cs

()2 essmef )]

=-2g-4+n)(2g-5+n)

4.6.4 — Casen=t=4
In this case a1 + - - - + a4 = 2g + 1. We have the following formula for Py 4:
Pii o (-DF(Q2g -3+ k) 2a,j -
(29 - 1)! _kZ:; k!'(2g — 1)! Z Z l_[ (ej +1—2|I DIt

LHu---Uly eq,..., e E(2Z)>o Jj=
={1,....4} e1+---+er=2g+4

Note that if k = 1, then (29 — 3 + k)! = (2g — 2)!. But then this term looks like

(2(11 + 2612 + 2(13 + 2(14

99 + 4 )(29 +3)(2g + 1)(2g9 - 1),
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II. Tautological relations on the moduli spaces of curves

and the last factor here still allows us to extract the common coefficient of (2¢g —

. . . P .
1)!. With that remark we see that every term in the expression for 7 175 above is
multiplied by a quadratic polynomial in eq,. . ., €.

Applying the Chu—Vandermonde identity in the same way as in the previous
cases, we obtain terms of the following type:

4 (2a; 2a1\ (2as\ (2as)\ (2a 4
1:1[("’1')'03 _(611)(622)(033)( 4) 2e1 €2; 1_[( ) 01(01 = 1).

Applying lemma 4.6.3 to all these terms, we obtain

2 .
- (al)-(01+02+03+04)(01+02+03+04—1)
o1+o2+03 =1 i
+04=2g
Ay
=-2g-1): —,
(29 -1) -

which confirms this case of the proposition.
4.6.5 — CAsEn=1=5
In this case a; + - - - + a5 = 2g + 2. We have the following formula for Ps 5:
P55 (=129 =3+ k)! (2a) (=D
2g-1)! Z k(29 — 1)) ) > |1 ¢; | Te; + 121"

ILiu---uly eq,..., e €(2Z)so j=1
={1,..., 5} e1+-+ex=2g+6

Note that if k = 1, then (29 — 3 + k)! = (2g — 2)!. But then this term looks like

2a1 + 2as + 2a3 + 2a4 + 2as
( o J 29+ 5120 + 3129 + 29 - 1,

and the last factor here still allows us to extract the common coefficient of (2¢g —

. . . Ps .
D). With that remark we see that every term in the expression for 7 > above is
multiplied by a cubic polynomial in ey, . . ., ex.

Applying the Chu—Vandermonde identity in the same way as in the previous
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cases, we obtain terms of the following type:

o [ [ [ P R
()T () st

5
( )1_[( )el(el—l)(el 2).
0;

i=2

C«

Applying lemma 4.6.3 to all these terms, we obtain

N 1_1[(2&) (io) (Zol“l) (ifﬁ-?)ﬂ%—ﬂﬁ,

i=1 i=1
+04+05=2g+1

which confirms this case of the proposition.
4.6.6 — Casen=>5,t=4
In this case a3 + - - - + a5 = 2g + 2. We have the following formula for Pj_4:

_Psa
(29 - 1)
S k ! Kok .
Syl Yy Zl_[( 2a, ) (e — I
_ 29 = 1) s e 1o
k=1 k(2(] ].) LU—Ul eq,....ex €(2Z)s0 (=1 j=1 €; 56} (ej+1 2|I]|),,
:{1 ..... 5}el+...+ek:2g+6

Here we can divide by (2g — 1)! for the same reason as in the case n = t = 5, and after
that we can consider the coefficient of every term in this expression to be a cubic
polynomial in e; — &¢;.

We apply the Chu—Vandermonde identity in the same way as in the previous
cases, and we obtain two groups of terms (the sum of the bottom arguments in the
binomial coefficients in these terms is equal to 2g + 5).
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The first group of terms consists of

5
2 2 2a;
20 terms of the type ( al) ( a2) l_[ ( a ) - (=6)e2ey;
(] i=3 0;
2a1\ (2a2\ 1 (2ai
10 terms of the type ( a1) ( 4 ( “ ) - 42eq e9;
(] €9 i=3 0;

5
30  terms of the type (2(11) (2a2) (2(13) l_[ (2a,~) - (=6)erez01.

e 0j
1 i=4 i

Taking into account that e; + e3 + 03 + 04 + 05 = 2g + 5, we see that the sum of all
this terms is equal to

5
2a1)\ (2 2,
10 terms of the type ( al) ( aQ) 1_[ ( i ) - (=6)e1ea(2g — 2). (4.16)
] i=3 \ Oi
The second group of terms consists of
5 terms of the t 2 ]_[ 240) . (“3)or(01 - 1)(or - 7);
erms of the type or ) L1 o, o1(o1 o1 = 17);

2a1\ (2as\ vo1 (24
20 terms of the type ( a1) ( 612) 1—[ ( Oa ) (=3)o1(01 — 1)os.

01 02 i=3 i

Taking into account that 01 + 03 + 03 + 04 + 05 = 2g + 5, we see that the sum of all
this terms is equal to

2a1 2611
5 terms of the type ( o ) 1:2[ ( o ) (=3)o1(01 — 1)(29 — 2). (4.17)
We apply lemma 4.6.3 to (4.16) and (4.17), and this gives us

5 I—[(2a,) (3)(2 )(ioi—l)z—?,@g_g).ﬁ’

o1+o2+03 =1 i=1
+04+05=2g+1

which confirms the proposition in this case. This concludes the proof of the proposi-
tion. |
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POLYNOMIALITY RESULTS FOR
HURWITZ NUMBERS






CHAPTER § — QUASI-POLYNOMIALITY OF
MONOTONE ORBIFOLD
HURWITZ NUMBERS AND
DESSINS D’ENFANTS

§.1 — INTRODUCTION

This chapter is devoted to a combinatorial and analytic study of monotone, the strictly

monotone, and the usual orbifold Hurwitz numbers, see section 2.5.

Recall that the Hurwitz numbers that we consider, h (Q) = h (q) < and h (q)

depend on a genus parameter g > 0, and a tuple of n > 1 pos1t1ve integers ,u =
(U1, - - ftn)- It is a natural combinatorial question how these numbers depend on the
parameters i1, . . ., in. We prove in this chapter that for 29 —2+n > 0 the dependence
on the parameters can be described in a very explicit way. Namely, let us represent
any integer a as gla] + {a), 0 < {a) < g — 1, and let (@) = (1), - .., (tn)). We will
use this notation throughout the chapter. We prove that there exist polynomials P”,
P!, and P of degree 3g — 3 + n in n variables, whose coefficients depend on 7 and
also on ¢ and 7, such that

o(q),< _ pli) i+ [
hgﬁ =P (1.5 fn) - l_[( l )

i
B = P () l_[ (“’ - 1)-
g i\ Ll
7 (q) P<'”>(,u1 e i) - ﬁ ﬁ
2 ' (]!

We call this property quasi-polynomiality. The proof is purely combinatorial and
uses some properties of the analogues of the A-operators of Okounkov and Panhari-
pande [OPo6b] in the semi-infinite wedge formalism. This statement was known for
the usual orbifold Hurwitz numbers [BHLM14; DLPS15; DLN16]. In this case we

147



II1. Polynomiality results for Hurwitz numbers

give a new proof. In the cases of monotone and strictly monotone orbifold Hurwitz
numbers, this property was conjectured by Do and Karev in [DK17] and Do and
Manescu in [DM14], respectively, and no proof was known.

§.1.1 — (QUASI-POLYNOMIALITY

Let us explain why the property of being quasi-polynomial is of crucial importance
for these Hurwitz numbers, as well as some further results of this chapter. For that,
we recall several connections of the Hurwitz theory to other areas of mathematics.

The relation between quasi-polynomiality and the topological recursion is the
following. We prove in this chapter that a sequence of numbers depending on a
tuple (u1,. .., uy) can be represented as a polynomial in pj,. .., 4, times the non-
polynomial factor []7 (”";E”"]) (respectively, [T, (”[;;]1) , 1, u[fli]/[pi]!) if and
only if it can be represented as an expansion of a special kind of symmetric n-
differential on the curve x = z(1 — z9) (respectively, x = z7 + z7!, x = log z - z7) in
the variable x (respectively, x~1, e¥).

In the case of the usual orbifold Hurwitz numbers it was already known and used
in [DLN16; BHLM14; DLPS15], and, in a slightly different situation, in [SSZ15].
In the case of monotone and strictly monotone orbifold Hurwitz numbers this
equivalence was neither explicitly stated nor proved, though it is implicitly suggested
in a conjectural form in [DK17] for the monotone and in [DM14] for the strictly
monotone cases. Note that since the topological recursion is proved for the strictly
monotone Hurwitz numbers independently [CEOo6; DOPS18], this equivalence
implies the quasi-polynomiality as well.

Note that there are also two unstable cases that have to be studied separately:
(g,n) = (0,1) and (0,2). In the case (g,n) = (0,1) (respectively, (g,n) = (0,2)) the
topological recursion requires that the generating function of the corresponding
Hurwitz numbers is given by the expansion of ydx (respectively, B(z1, z2) — B(x1, x2)).
For (g,n) = (0,1) this property is proved in all three cases, in [DK17] for the monotone,
in [DM14] for the strictly monotone and in [DLN16; BHLM14] for the usual orbifold
Hurwitz numbers. Basically, such representation for the (g,n) = (0,1) generating
function is a way to guess a spectral curve for the corresponding combinatorial
problem. For (g,n) = (0,2) this property is proved for strictly monotone and usual
orbifold Hurwitz numbers (indeed, the topological recursion is proved in both cases),
but it was not known for the monotone case. We prove this in section 5.5.

Let us remark that this set of properties (namely, representation of the (0,1) gen-
erating function as an expansion of ydx, the (0,2) generating function as an expansion
of B(z1,22) — B(x1,x2), and the quasi-polynomiality property for 2g — 2+ n > 0) is
required for the approach to the topological recursion in [DMSS13]. Once these
properties are established, the topological recursion appears to be a Laplace transform
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5. Polynomiality of monotone orbifold Hurwitz numbers

of some much easier recursion property of the corresponding combinatorial problem.

The other important connection for all three Hurwitz theories that we consider
here is their relations to the intersection theory of the moduli spaces of curves. It ap-
pears that the coefficients of the polynomials in the quasi-polynomial representation
of the n-point functions can be represented in terms of some intersection numbers
on the moduli spaces of curves, as ELSV-like formulae. See section 2.7.

§.1.2 — ORGANISATION OF THE CHAPTER

In section §.2 we define the A-operators and we express the generating series for
monotone and strictly monotone Hurwitz numbers in terms of A-operators acting
on the Fock space. The main result of the chapter is stated and proved in section §.3.
In section 5.4 the polynomiality properties are proved to be equivalent to the analytic
properties that are necessary for the Chekhov-Eynard-Orantin topological recursion.
Finally, in section 5.5 we perform the computations for the unstable (0,1), as an
example of the usage of the A-operators, and we prove a formula relating the (0, 2)-
generating function for the monotone orbifold Hurwitz numbers to the expansion
of the Bergman kernel.

§.2 — A-OPERATORS FOR MONOTONE ORBIFOLD
HURWITZ NUMBERS

In this section we express the generating series for monotone and strictly monotone
orbifold Hurwitz numbers in terms of correlators of certain A-operators acting on
the Fock space.

5.2.1 — CONJUGATIONS OF OPERATORS

Recall the expression for genus-generating series for disconnected monotone orbifold
Hurwitz number from corollary 2.5.23:

H"((I)’g(u,ﬁ) _ <eU¢;IZ)(h)(u) ]—[ Fpi > (5.1)
i-1 Hi
and n
H"(q)’<(u, i) = <enqqz)(rr)(u) l_[ Pni > (5.2)
=1 Mi

In this section we prove several lemmata that we will use later.
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II1. Polynomiality results for Hurwitz numbers

LemMA §.2.1. We have:

- - 1
0! (w) = DW(wa_, DM ()™ = Z Z ho(L4 k= gt k= ) B
kez+3 v=0
1
05 (u) = D (wya_, D (u)™ = Z Zo-v(l th= gt k= u B
kez+3 v=0 2

Proof. We prove only the first equation, since the proof for the second is completely
analogous. Applying the change of variable u(z) = —z71, we have

6 (4)
1)

Observe that the operator B(z) has zero energy and hence commutes with (-z)F.
On the other hand, the operator a_, has energy —pu, hence the conjugation by the
operator (-z)¥ produces the extra factor (—z)*. By the Hadamard lemma we can
expand the conjugation as

DM (u(z)) = exp| - Jog(=2) |(=2)F =: BP@(=)F

[o0]

1
DPwWay D)™ = (=af' ) < ady (@)
s=0
It is enough to show that
u-1 $
adfg(z)(a_ﬂ) = Z log 1_[ ——————| Ek+uk (5-3)
=0 ("2 l-k-3)

keZ+1 5

Indeed this would imply

z)(h)(u)a_ﬂz)(h)(u)—l _ Z Ek+;1,k

(# |
— -1
ez \i 1 (l+k+2)( z71)

which proves the lemma by substituting back u = —z! and expanding in the gener-
ating series for complete symmetric polynomials. Let C(s) be the left hand side of
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5. Polynomiality of monotone orbifold Hurwitz numbers

equation (5.3). We compute:

& ( d & ( d
80 (dZs ) 80 (‘1_21) :
C(s)= |- - - y ,6_,(0) . l—[ log(-z;) .
s (a) ()
d
N g (ﬂd_z,) N d N
=(=1)* =E_u —. log(—z;)
i=1 ¢ (%) o da 1:1[ w=z
N [Se]
ST (D A D) o
kez' i=1 1=0 w=z

Observe that the summation over [ is the result of the expansion in geometric formal
power series of 1/(1—e~%/4%), The expression in the last line equals the right hand side

of equation (5.3) since the s operators act independently, and using Y& f(2) = fz+a).
The lemma is proved. i

DEFINITION §5.2.2. Let us define the following operators:
Olw' = DPwa, DPw 07w = DOw)a, Dw).

Remark 5.2.3. Observe that O/’}(u) is defined as the conjugation of a_, by D™(u).
The operator O (u)" is instead defined as the conjugation by the same operator D"(u)

of @, = a’,, (for @ operators the + symbol stands for the actual adjoint operator with
respect to the semi-infinite wedge inner product, in general we will use it for the
conjugation of the adjoint). The same holds for O (u).

LEMMA §.2.4.

Ohw' = 3 N ool k=t k= o) (-u) Eg gy

kez+i v=0

0 (u)' = Z Z ho(L+ k= o, . opt+ k = /2) (1) Ex s

kez+3 v=0
Proof. This follows from the duality between generating series of complete and

elementary symmetric polynomials expressed in equation (2.7), and the form of the
O-operators in lemma §.2.1. ]

I5I



II1. Polynomiality results for Hurwitz numbers

COROLLARY §.2.5. The different kinds of O-operators can also be written as follows:

Ol(w) = Z(”“ Ll1s ey e )

0w’ =Z( K 1S ) 8, )
i (u v)!
el ]

OF (u) = Z Gl 1S ) 6 )

OF @ = ZO%[ IS ()

Proof. We will first derive the first equation, starting from lemma §.2.1. First we use
equation (2.8):

1
O(u) = Z Zh(1+k ,...,u+k—§)quk+,,,k
kez+i v=0
o o (v p—1 1,;
= Z Z ( # ) v—i(O,-n,l«l_l)(k"‘i)Lqukﬂl,k
kez+3 v=0i=0

By equation 2.11 and lemma 2.3.3 5, we then get:

Oh(u) Z ZZ(U-‘:-,U 1)[ v— ‘]MS(y)" ley 2 [ i]ilez(k+%)quk+pk

kez+} v=0 i=0 (p=1)!

Z(”“‘ D)8 216 w2)

For the other equations, the calculation is similar, replacing the equations for the com-
plete symmetric polynomials with their counterparts for the elementary symmetric
polynomials where necessary. m
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5. Polynomiality of monotone orbifold Hurwitz numbers

LEMMA §.2.6.

aq = e 1
e Ohe T =), D) S S ey S B i) (5.)
t=0 v=t-1
g g J |
CEOUW ¢ = ) Y e () [ 18 ) S () Ergr-u2) (5:5)
t=0 v=t
aq aq 5 & !
ea Oy (ue @ = Z Z t'(ﬂ'u_v)lu’[z”_’]S(uz)_“_lS(quz)’&q,ﬂ(uz) (5.6)
t=0 v=t-1 ’
aq IEVEEER IR -1
FOgw e = ) 3 C S S St ) (57

~
Il
o

v

[
-

Proof. Let us prove equation (5.4). Applying the Hadamard lemma as in lemma §.2.1
we find

T 0w T = Z % ady,, (Z %[ NSy 16 (uz)

v=0

o)

S (v+p— v - t
- S )

By equation (2.6), we know
adq, &-—p(uz) = ¢(quz)8q-p(uz)

Using this ¢ times, we get that

’ O (M)e = tz(;z[; t('v(;M 1)lg t [2°1S (uz)*" 1§(quz)t8tq_ﬂ(uz)

= Z Z wut [ZU_Z]S(MZ)“_IS(quz)tﬁtq_ﬂ(uz)

We can change the summation in v to start at 7 —1, as there are no non-zero coefficients
of zF for k < —1 (and this can occur only if tg = ).

For the other equations, the calculation is completely analogous, using that S is
an even function.

This finishes the proof of the lemma. O
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II1. Polynomiality results for Hurwitz numbers

§.2.2 — A-OPERATORS

Let us now define the A-operators for the g-orbifold monotone Hurwitz numbers
as

AL )= Y Z( A S S W) (55)

teZ v=t—-1 + 1)
H=[p] p=[u]
04+ Do-1 ey —u- r+
AT, () = %[z 18 () 1S (qua) W1E -y (u2)

t=—oco p=t-1

(5-9)
where u = g[u] + (i) denotes the euclidean division by g.

ProrosrTION §.2.7.

1) i
HYD (4, i) = u's l_[( )< ]_[ﬂw N > (5.10)

i=1

. 1(ji) _ l(/t) o
HYD<(u, i) = us l_[ ( )< Hﬂ (i > (5.11)

i=1
where = q[u] + (u) denotes the euclidean division by q.

Proof. Let us prove equation (5.1¢). Observe that both the operators & and «,
annihilate the vacuum. Hence inserting the operators D™ and e acting on the
vacuum does not change the expression in equation (5.1):

n 1 a —a. °
H*D=(u, fi) = < [T 2P, (0" w) e >

i=1 Hi

The operators in the correlator are given by equation (5.4), divided by u. For every
i =1,...,n, rescale the 7-sum in equation (5.4) by fnew = 7 — [;] and the v-sum by
Unew = v — [1], and conjugate by the operator u”1/49. The latter operation has the
effect of annihilating the factor u’ and of creating a factor ##i/9 that can be written
outside the sum. Extracting the binomial coefficient in equation (5.10) and extending
the 7-sum over all integers (since the Pochhammer symbol in the denominator is
infinite for t < —[y;]) proves equation (5.10).

The proof for equation (5.11) is analogous, starting from the operator given by
equation (5.6). After rescaling the 7- and v-sums and conjugating with u”1/9, we
extract from the correlator the factor

(-1
(k] =[] = D)
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5. Polynomiality of monotone orbifold Hurwitz numbers

Here, we can also extend the sum to +co, because the Pochhammer symbol in the
numerator is zero for the added terms. This proves proposition §.2.7. mi

DEFINITION §.2.8. We define the AT-operators for the g-orbifold monotone Hurwitz
numbers as

- + ag oy
ﬂ?ﬂ>(u, ,Ll)' — Mﬂ/q#(u [#])u?l/qe qI Z)h(u)a/#i)h(u)_le qq I/t_(}:l/q,
7

. -1 g L a
Ao = u“/q,u(”[ | )uﬂ/qe 0 D7 (u)a, D7 (u) e a1l
u

Observe that A" (u, u) is defined as the conjugation of a_, by uﬁ/quqD(m(u),
times a combinatorial prefactor. The operator A" (u, )" is instead defined as the
conjugation of @, = @', by the same operator u%1/4¢7" DM (), times the inverse of
the combinatorial prefactor in A" (u, 1). The same holds for A7 (u, w).

PROPOSITION §.2.9. The operators A (u, u)" and A (u, u)' can be expressed as fol-
lows:

§ H H 1\t I
Ay’ = Y ) ST 10y S ) Ergep) (502

. oo o0 1\ _ '
Apen) = 2, _Zl (t!<1;2—(l[};][5]1>![1;]7 [ 1S 2y S(qua) Ergru(-uz) (5.13)

Proof. Let us prove equation (5.12). By lemma 5.2.6 and proposition §.2.7 we get

q

+ ag _aq
Al ()t = e #(ﬂ ﬂ[ﬂ])uﬂ/q Oy e W T,

The conjugation of O by the operator %/ is given by formula (5.5). The conjugation
with u”1/9 annihilates the factor u” and produces a factor u™#/4, which simplifies with
ut/4. This proves equation (5.12). Equation (5.13) is proved in the same way using
the conjugation given by formula (5.7). The proposition is proved. i

5.3 — (QQUASI-POLYNOMIALITY RESULTS

In this section we state and prove the quasi-polynomiality property for monotone
and strictly monotone orbifold Hurwitz numbers.
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II1. Polynomiality results for Hurwitz numbers

DEFINITION 5.3.1. We define the connected operators (11, Ay, (u, ,ul-)>0 in terms of

the disconnected correlator (17, A,, (u, ,u,-))' by means of the inclusion-exclusion
formula, see [DKOSS15; DLPS15].

The monotone Hurwitz numbers are expressed in terms of connected correlators
as

" o D 1) .
°0,(9),< _ t1,,29-2+l(iu
e U 11_[( )< ﬂﬂw ) (s i >

i=1
" o 1) .
°,(q).< _ 1,29-2+l(ji -
hyg =M ]H( )<Hﬂ >(”/‘l>

We are now ready to state and prove the main result of the chapter.

THEOREM 5.3.2 (Quasi-polynomiality for monotone and strictly monotone orbifold
Hurwitz numbers). For 2g—2+1(i) > 0, the monotone and strictly monotone orbifold
Hurwitz numbers can be expressed as follows:

o= _ T (1 + L]
o,(q), < i t
h :l |( p )PS (M1, i)

g, i
i=1

1(7)
ho,(f[),< _ (:ul )P<”>(ﬂls e My )
i = w0

where P and Pim are polynomials of degree 3g—3+1(ii) depending on the parameters
(U1)s - - y) and p = qlul + (uy denotes the euclidean division by q.

Remark 5.3.3. The two statements of theorem §.3.2 confirm respectively conjec-
ture 23 in [DK17] and conjecture 12 in [DM14]. Note that the small difference
in the conjecture 23 does not affect quasi-polynomiality since the polynomials P«
depend on the parameters (u). Conjecture 12 is stated for Grothendieck dessin d’en-
fants, which indeed correspond to strictly monotone Hurwitz numbers by the Jucys
correspondence (see for example [ALS16] for details).

Remark 5.3.4. Note that since we allow the coefficients of the polynomials P;m

and P to depend on (ji), we can equivalently consider them as polynomials in
[u1ls- - -»[pnl, n = 1(i1). The latter way is more convenient in the proof.

Proof. We will show that, for fixed ;, the connected correlator ([]7; A,, (i, ,u,))o is
a power series in u with polynomial coefficients in all y;, for both the operators A"
and AY. As these are symmetric functions in the y; (by permuting the 7; together
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5. Polynomiality of monotone orbifold Hurwitz numbers

with the y;), it is sufficient to prove polynomiality in u;. Indeed, if a symmetric
function P(u3,. . ., uy) is polynomial in the first variable, it can be written in the form
P(ui,. .., (1p) = ZZZO ax(po, . . .,,u,,),u]{. To check that each coefficient of P is also
polynomial in us, we can compute the values of P at the points u; = 1,...,d + 1 and
show that these values are polynomial in p5. But the values of P at these particular
values of y; can be computed using the symmetry of P as P(ua, . . ., tn, p11), so they
are polynomial in us. Proceeding this way, we establish polynomiality of P in all
arguments.

We will first consider the disconnected correlator ([T7; A, (u, u[)>. where, set-
ting ; = v;r +1; to stress the independence of the parameters v; = [p;] and n; = ()
here, the operator A is either

Vitpi+L)p,—1 o, - L
y{f;i (u, ;) = Z Z (V T, [ v; tl]S(uZ)yl 1S(quz)tl+vl St,:q—m (uz)
ti€Z vi=t;—1 !

in the monotone case or

P +

i—Vi =i = Do-1 - s o ft
Ay, (s, pi) = Z Z = V(vl(vl),. Do S22 S uz) S (que) Y Ery gy, (u2)

tj=—00 p;=

in the strictly monotone case. In both cases, if we expand the product of all the
t-sums in the disconnected correlator, we get the condition Z (th n;) = 0, as
the total energy of the operators in a given monomial must be zero. Furthermore,
t1g —n1 > 0, since the first & would get annihilated by the covacuum otherwise, and
ti > —v; (otherwise the symbol 1/(v; + 1),, vanishes), so if we fix 71, v2,72,. . ., Vs s
the #1-sum becomes finite. Since the power of u is fixed, it also gives a bound on
the degree in v1. So the coefficient of a particular power of u in the disconnected
correlator (H;’:l Ay, (u, ,u,))' is a rational function in vy.

Because the coefficients are rational functions, we can extend them to the complex
plane, and it makes sense to talk about their poles. The only possible poles must
come either from m, or from (v1 + p1 + 1)p-1, or from (g3 —vi —=(v1 — 1))y, -1-
The first Pochhammer symbol can give rise to poles at any negative integer, whereas
(v1 + p1 + 1)p-1 and (1 —v1 —(v1 — 1))y, -1 can give rise to two poles each (one of the
two being at zero). All of these poles are simple. Let us calculate first the residue at
vi=-lforli=12...

LEMMA 5.3.5. The residue of an A-operators is, up to a linear multiplicative constant,
equal to the corresponding A'-operator, with modified argument. More precisely, for
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II1. Polynomiality results for Hurwitz numbers

any positive integer | we have:

1 - )
Res Ay (u, vq + 1) = q—ﬂ” (,1g —n)’ ifn #0, (5.14)
1 .
h _ i . —
Res Aq (1 vq) = i@+ D 1)?10(14,161) ifn =0, (5-15)
1 )
Resﬂ"(u vqg+1) = q—ﬂ“ (u,lg—n)' ifn+0, (5.16)
1 .
o _ o f : —
iejﬂo (u,vq) = 9D 1)?{0 (u,1q) ifn=0. (5.17)

Proof. Letus prove equations (5.14) and (5.15) together. The only contributing terms
have t > 1, so we calculate

h
§:§§ﬂn(u, H)

(v+pu+1)y-1(v+1)

IS G S ) )|

4 (D -D)!

(
(G A (i g VY

(I-1)!t! [x"1S ey S(gxu) Erg—p(—xu)

S U Dottty S g g -
2

where we kept writing p for —Ig + 1. As this is negative, however, it makes sense to
rename it u = —A. Substituting and collecting the minus signs from the Pochhammer
symbol, we get

Resﬂh(u, )
v=-I

A A t _
=3 VAL stot et g )48 (qux) Ergal-u)

A (ST
L& -, . ,

:Z Z (I-D'(A—v )|[ 1S (ux)™" S(qux)' Egea(—ux)
t=0 v=t-1

Because A = lg —n, we have [ = [A] + 1 — 6,0 and = —(2). Recalling equation
(5.12), we obtain the result. Equations (5.16) and (5.17) follow from the analogous
computation of the residue and the comparison with equation (5.13). m

Possible poles ar negative integers. In the following we will use the notation A
and O without specifying the symmetric polynomial chosen, since the argument is
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5. Polynomiality of monotone orbifold Hurwitz numbers

valid for both the choices of (A", D™) and of (A7, D). Lemma 5.3.5 implies that
we can express the residues in u7 at negative integers of the disconnected correlator
as follows:

Res < l_[ ﬂm (I/t, ,ut)> = C(ls 771)< ﬁ—ln (I/t,lq - 771)Jr l_[ ﬂl];(u’ﬂi)> .
i=1 =2

Vi ==

where ¢(I,n1) is the coefficient in lemma 5.3.5. Recalling equations (5.1) and (5.10)
for the monotone case and equations (5.2) and (5.11) for the strictly monotone case
and realising that the A™-operator is given by the same conjugations as the normal
A-operator, but starting from e, instead of @_,, we can see that this reduces to

Res < ]_[.?(,,,. (u,/,tl-)> = C< eHTqD(u)alq_,h 1_[ oy > (5.18)
i=1

=
Vi i=2

for some specific coefficient C that depends only on [ and 7;.

Because [k, ;] = k6k+1,0, and @;,—y, annihilates the vacuum, this residue is zero
unless one of the w; equals Iqg — 1 fori > 2.

Now return to the connected correlator. It can be calculated from the disconnected
one by the inclusion-exclusion principle, so in particular it is a finite sum of products
of disconnected correlators. Hence the connected correlator is also a rational function
in vq, and all possible poles must be inherited from the disconnected correlators. Let
us therefore assume y; = lg — 11 for some i > 2. We separate two cases: the case
n > 3 and the case n = 2 (indeed, if n = 1 only poles at zero can possibly occur).

If n > 3, we get a non-trivial contribution from (5.18), but this is canceled exactly
by the term coming from

v]i{—esl< ﬂrn (I/t, lul)ﬂ—ih (u’lq - 771) > < l—l ‘?{771' (I/t, :u]) >

2<j<n
J#
[ ] [ ]
aq aq
- c{ S Dy ) {F 00 [] o)
2<j<n
J#EL

If n = 2, these are not two separate terms, so they do not cancel. However, in this
case we have

* aq
vll%ze_sl < A, (1) Ay, (1, g = 771)> = C< ed D(“)alq—ma—(lq—m)>

(‘Yi L]
= C< e D(”)[alq—m,a'f(qum)] > = C(lq - 771)”0~
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II1. Polynomiality results for Hurwitz numbers

Note that the two a’s together only give a factor Ig — 171, and so the D(u) acts on the
vacuum, on which it acts trivially. Hence this correlator does gives a trivial residue for
positive powers of u (whereas it gives a non-trivial contribution in the (g,n) = (0,2)
unstable case).

Possible poles from (vi + p1 + 1)p,—1 or (u1—v1 —(v1 — 1))y,-1. Let us now deal
with the possible poles coming from the remaining Pochhammer symbols. These
symbols can give rise to poles only if v; = 0 or if v3 = —1. If v; = 0, we cannot
have a non-trivial coefficient of z7* unless #; = 1 and therefore we must collect the
coefficient of z7!. However, for t; = 1 the operator &, ,—,, (uz) has strictly positive
energy and therefore trivial coefficient of z7!. Hence we must have v; = -1, and
consequently 71 =171 = 0. Let us again distinguish two cases: the case n > 2 and the
casen = 1.

If n > 2, the term coming from

<ﬂo<u,y1) [BES (u,m)
i=2

cancels exactly against the term coming from

<ﬂo(u,,u1)> < Hﬂm(u,#i)> .
i=2

If n = 1, such term for the h-case and for the o-case respectively reads

Lfl

T oalg+ D)onlg+ 1)

I,fl

T ig-D+ Dnlg-1)

1+ p1+ 1)—2[Z1]S(MZ)’“13(61MZ)’“<80(MZ)>

(1 —vi+ 2)—2[Z_I]S(MZ)_"I_lS(quZ)”<80(MZ)>

Note that the power of u is negative (in particular, these terms correspond to the
(g,n) = (0,1) unstable case), so they fall outside the scope of the theorem.

Therefore, each stable connected correlator has no residues at all, which proves it
is polynomial in vy, so it is also a polynomial in p, see remark 5.3.4. This completes
the proof of the polynomiality.

COMPUTATION OF THE POLYNOMIAL DEGREE.

Once we know that the coefficient of u?972*" 2g—2+n > 0, of a connected correlator
O . . . . .

<H?:1 Ay, (u, ;1,-)) is a polynomial in u, . . ., iy, or, equivalently, in v1, . . ., v, we can

compute its degree. The argument is the same in both cases, monotone and strictly

monotone, so let us use the formulas for the A"-operators. We can compute the
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5. Polynomiality of monotone orbifold Hurwitz numbers

degree of the connected correlator considered as a rational function. Once we know
that it is a polynomial, we obtain the degree of the polynomial. For the computation
of the degree in v1,. .., v, it is sufficient to observe that ", (v; — ;) = 29 — 2 + n,
therefore [T, (vl+,u,+1)vl 1/(vi +1),, has degree 2g — 2. Moreover, the leading term in
<]_[;':1 Stig-n: (uz)>o has degree n—2inuzand n—11invy,.. ., vy, and the coefficient of
(u2)?9 in the product of S - [17; S(uz)* "1 S(quz)"i*"i, where S without an argument
denotes the S-functions commg from the connected correlator (]—L 1 &g (uz))’

divided by its leading term, is a polynomial of degree 2g/2 = g in v1,...,v,. So, the
total degree in vq,...,v,isequalto 29 —2+n—-1+¢g =39 -3 +n. Thls completes

the proof of the theorem. i
§5.3.1 — QUASI—POLYNOMIALITY FOR THE USUAL ORBIFOLD HURWITZ
NUMBERS

In the case of the usual orbifold Hurwitz numbers, quasi-polynomiality was already
known, see [BHLM14; DLN16; DLPS15]. However, all known proofs use either
the Johnson-Pandharipande-Tseng formula [JPT11] (which reduces to the ELSV
formula [ELSVor] for ¢ = 1) or very subtle analytic tools due to Johnson [Johog] (and
Okounkov-Pandharipande [OPoéb] for g = 1). In the second approach, presented
in [DKOSS15; DLPS15], the analytic continuation to the integral points outside the
area of convergence requires an extra discussion, which is so far omitted. So, it would
be good to have a more direct combinatorial proof of quasi-polynomiality for usual
orbifold Hurwitz numbers, and we will reprove it here using the same technique as
for the (strictly) monotone orbifold Hurwitz numbers.

DEeFINITION §.3.6. The usual orbifold A-operators are given by

)t -1

0] S(qu
Ay, p1) = g~ 0 Slquu ) (gl

ez ([,u]—+1)r8’q—<u>(uﬂ)

Remark 5.3.7. Up to slightly different notation and a shift by one in the exponent of
u, these are the A-operators of [DLPS15].

The importance of these operators is given in the following proposition:

PROPOSITION §.3.8. [DLPS15, proposition 3.1] The generating function for discon-
nected orbifold Hurwitz can be expressed in terms of the A-operators by:

o - > o (@), b S ) i (‘ /1 il *
H®(u, ) = Zhg’,ﬁ u’ = q-i=t q l_[ (il < H‘ﬂ(ﬂ:)(” ,u,)> (5.19)
g:() i=1
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II1. Polynomiality results for Hurwitz numbers

The proof of this proposition amounts to the calculation

w ' @ eq
0 - p ——— Ay (u, 1) = u TeT o Poa_ e e T
q (]! (uy\u, o
With these data, we can start our scheme of proof.
LEMMA 5.3.9. The operator Ay (u, p)" defined as
u
q [/J] 7 a, ag 7
Ay ()" = q%u[: I 147167qe”gc'zcy,,e_“gc‘z6771LFTI1
ul!
is given by
@ S(quu) pt
Ay ()" = T Z( D) ———&geu(-up).

t>0

Proof. The proof is completely analogous to the proof of [DLPS15, proposition 3.1].
We perform the same commutation as for the A-operators, but starting from .
First recall [OPcé6b, equation (2.14)] that

e“%aﬂe_”% =8Eu(—up).

The second conjugation gives

ag ag

ea e“ﬁaﬂe ”%e T =ed 8,,( up)e” T

i(c( quﬂ)) e

1=

Z( uﬂ)’S( qup)’ Eros(—tp)
- tq+u >

whereas the third conjugation shifts the exponent of u:

O o2 R Z( ,u)’S( —qup)’

uaea e“ﬁaﬂe Ergru(—up).

Multiplying by the prefactor concludes the proof. O

THEOREM 5.3.10 (Quasi-polynomiality for usual orbifold Hurwitz numbers). For
2g — 2 + 1(p) > 0, the usual monotone orbifold Hurwitz numbers can be expressed as

follows:

1) (1q) 1@ u Lpai]

oq) _ 3t “ (i)
h 14 —P (1, Hymy)
on — 4 1—1[ ] 1
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5. Polynomiality of monotone orbifold Hurwitz numbers

where u = q[u] + (1) denotes the enclidean division by q and P are polynomials of
degree 3g — 3 + [(fi) whose coefficients depend on the parameters (u1), . . . {tu))-

Remark 5.3.11. As stated before, this result is not new. It has been proved in several
ways in [BHLM14; DLN16; DLPS15]. We add this new proof for completeness.

Proof. We will show that, for fixed 7;, the connected correlator <I—[:':1 Ay, (u, ui)>o,
n = (i), is a power series in u with polynomial coefficients in all y; for the oper-
ators A. As these are symmetric functions in the y;, it is again sufficient to prove
polynomiality in w1, or, equivalently (see remark §.3.4) in v1 := [p1].

We will first consider the disconnected correlator ([T, Ay, (u, /1,-))’ where, set-
ting y; = viq + 1, the operator A is

S(qup)' ™!

(Vi T 1)1. Stiq—n,' (u,u,-)

i ]
A o) = % Slqups)* Y.
ti €Z

If we expand all of the #-sums in the disconnected correlator, we get the condition
Zﬁ(zﬂl)(t,-q —1n;) = 0, as the total energy of the operators in a given monomial must
be zero. Furthermore, 11g — 11 > 0, since the first & would get annihilated by the
covacuum otherwise, and #; > —v; (otherwise the symbol 1/(v; + 1), vanishes), so if
we f1X 771, 2,72, - - -, V, N, the f1-sum becomes finite. Since the power of u is fixed, it
also gives a bound on the degree in v;. So the coetficient of a particular power of u in
the disconnected correlator <H:‘l=1 A, (u,ui)>' is a rational function in vy.

Again, because the coefficients are rational functions, we can extend them to the
complex plane, and it makes sense to talk about poles. The only possible poles are at
negative integers and at yy = 0. The former poles must come from m and they
are all at most simple. The latter can instead be double but not simple. Let us first
calculate the residue at vi = =, forl = 1,2,.. ..

LEmMA §.3.12. The residue of an A-operators is, up to a linear multiplicative constant,
equal to the corresponding A’ -operator, with modified argument. More precisely, for
any positive integer | we have:

Resl Ay(u,vg +n) = A_py(u,lg - )’ ifn #0,
o

1 .
Res Ao(w,vg) = - Ao(w, lg)" ifn=0.

Proof. Let us prove both equations together. The only contributing terms have r > [,
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II1. Polynomiality results for Hurwitz numbers

so we calculate
S(qup)' 1" (v + 1)

Res 7y () = g0 S(qup)’ Y, = s =81 un)
v=-— >l v=-—I
1 . S(qup)' u'™
=r i 8(qu™ Y R gt

t>1

where we kept writing p for —lg + 1. As this is negative, however, it makes sense to
rename it u = —A. Substituting and collecting the minus signs from the Pochhammer
symbol, we get

—1y-lgq S(quA)t At
Ress 7, 0. = L squayt Yy SNy

-1 Z, =D
n
q_; tS(qM/l)t/lH—l_l
= (1) ————7—&g+a(-u)
a-1 tzzo =)
Because A = Ir —n, we have [ = [A] + 1 — 6,0 and = —(2). Recalling equation (5.12),
we obtain the result. i

Possible poles at negative integers. Because of lemma §.3.12, we can express the
residues in yu; of the disconnected correlator as follows:

Res < l_[ ﬂlh‘ (u’ lul)> = C(Tll)< ﬂ—lh (u’lq - Ul)T l_l ﬂl]i (I/l, :ul) >
i=1

vi=-l i=2

where c(11) is the coefficient in lemma s.3.12. Recalling equation (5.19) and realising
that the A -operator is given by the same conjugations as the normal A-operator,
but starting from ¢, instead of @_,, we can see that this reduces to

n . n
Resl< nﬂm(u,,ui)> = C< equuTzalq_m na_m >
IETEA e i=2

for some specific coefficient C that depends only on 7 and I. The rest of the proof
for this case is completely parallel to that of theorem §.3.2. Namely, we distinguish
the case n > 3 and the case n = 2: if n > 3 the residue gets canceled out by the
corresponding term coming from the inclusion-exclusion formula, if n = 2 we instead
compute

* aq
Res < Ay (1, 1) Ay, (u,1q = n1)> =C < ea ey a g >
1==

ﬂ [ ]
= C< e e“ﬁ[alq—npaaqm>1> =C(lg—m)u’,
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which contributes non-trivially only to the unstable (g,n) = (0,2) correlator.
Possible pole at zero. For the pole at zero, the only contributing terms must have

f1 < 0, but we also need r1¢ — 71 > 0, in order for the & not to get annihilated by the

covacuum. Therefore, we need only to consider the case ;1 = 0 and the term 11 = 0.

If n > 2, this term in
n L]
< 1_[ ﬂm (u,ﬂi)>
i=1

cancels against the term coming from

<ﬂ771(u’/'l1)> < nﬂﬂi(u’#i)> >
i=2

as that has exactly the same conditions = 7 = 0 in order for the first correlator not
to vanish.
If n = 1, the double pole at v; = 0 is
11,

1
Res v1<57lo(u,u1)> = lim va(qu,ul)"l— =—u
v1=0 v1—0 qvi uqgvi q

which contributes non-trivially only to the unstable (g,n) = (0,1) correlator.

Therefore, each stable connected correlator has no residues at all, which proves it
is polynomial in v1, so it is also a polynomial in p1, see remark 5.3.4. This completes
the proof of the polynomiality.

COMPUTATION OF THE POLYNOMIAL DEGREE.

The degree of the coefficient of u?972*" 2g — 2 + n > 0, of a connected corre-
lator ([T, Ay, (u,t:))° can be computed in the following way. The coefficient
I, ,u;"_l/(vi + 1), has degree —nin v1,...,v, and degree 0 in u. The leading term
of the connected correlator ([T &;,q-n, (up;))° has degreen — 1 +n—2=2n-3in
Vi,...,v, and degree n—2in u. The coefficient of u?¢ in the series S- [T/, S(qupu;)"*,
where S without argument denotes the S-functions coming from the connected
correlator (17, &g (up:))” divided by its leading term, is a polynomial of de-

gree (3/2) - 2g = 3g in v1,...,vy. So, the total degree in vy,...,v, is equal to
—n+2n -3+ 39 = 3g — 3 + n. This completes the proof of the theorem. mi
54 — CORRELATION FUNCTIONS ON SPECTRAL CURVES

In this section we explain the relation of the polynomiality statements with the fact
that the n-point generation functions can be represented via correlation functions
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II1. Polynomiality results for Hurwitz numbers

defined on the n-th cartesian power of a spectral curve. The results concerning the
monotone and strictly monotone Hurwitz numbers in this section are new, while
in the case of usual Hurwitz numbers it is well-known and we recall it here for
completeness.

The set-up for the problems considered in this chapter is the following: We
consider a spectral curve CP! with a global coordinate z, with a function x = x(z) on
it. Let {po....,pr—1} be the set of the z-coordinates of the critical points of x. We
consider the n-point generating function of a particular Hurwitz problem, for a fixed
genus g, and we want it to be an expansion of a symmetric function on (CP')™" of a
particular type:

d d \
Z, P&(d_m""’d_ﬁ)gfm(xi) (5.20)

Here the P; are polynomials in n variables of degree 3g — 3 + n as predicted by ELSV-
type formulae, see section 2.7, and the functions &,(x) are defined as (the expansions
of) some functions that form a convenient basis in the space spanned by 1/(p, — 2),
a=0,...,r =1, cf. equation (2.24).

5.4.1 — MONOTONE ORBIFOLD HURWITZ NUMBERS

In the case of the monotone orbifold Hurwitz numbers the conjectural spectral curve
is given by x = z(1—z7) [DK17]. The conjecture on the topological recursion assumes
the expansion of equation (§.20) in x1,. .., X, near x; = - -+ = x, = 0, so we have the
following expected property of orbifold Hurwitz numbers:

Z h;(;)<1—[ _ Z ) P; (dx1 )Hfa,(x, (5.21)

HEM)" i=1 0<ay,....,an<g-1

In this case the critical points are given by p; = {i(g+ 1)"V4,i = 0,...,q - 1,
where ¢ is a primitive g-th root of 1. This means that up to some non-zero constant
factors that are not important, we have the space of functions spanned by:

1
" , . i=01,....q-1
¢ 1= (g + 1)z l I

Consider a non-degenerate change of basis ¢/ = Y7 Lekifg &, We have:

((r + 1)1/qz) k

6= 1-(q+ )z

k=01,....q-1
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5. Polynomiality of monotone orbifold Hurwitz numbers

Observe that x = z(1 — z7) implies
d 1 d
dx  1-(q+1)z9 dz
Therefore, the functions &, are given up to non-zero constant factors C; by

k+1
,d z

L —01....q-1
Fdx k+ 1 9

& =

Thus, the suitable set of basis functions for the representation of the n-point function
in the form equation (5.21) is given by

d Zi+1 )
f,-::a(, ), i=0,...,q-1

i+1
LEMMA §.4.1. Fori=0,...,q — 1, we have:
[+
&= (“ [“])xﬂ (5.22)
n=0 K
rlu=i
i+1

Proof. In order to compute the expansion of z'** in x, we compute the residue:

g1 4 —(q+1)z9 " dz 2
xn+1 (1 _ Zq)n+1 Zn+1 - ' z

This residue is nontrivial only for n = kg +i + 1, k > 0, and in this case it is equal to
the coefficient of z¥9, that is,

(kq+k+i+1)_( )(kq+k+z):(i+1)~(kq+k+i)!

k 1 kl'(kg+i+1)!
Thus
Zi+1 i (kq+ k +l) xkq+i+1
i+1 = k kg+i+1
which implies the formula for & = (d/dx) (z"*1/(i+1)),i = 0,...,q — 1, if we set
u=kqg+i. O

The explicit formulae for the expansions of functions & in the variable x given
by equation (5.22) imply a particular structure for the coefficients of the expansion
given by equation (5.20), that is, for monotone orbifold Hurwitz numbers. In fact
we have:
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II1. Polynomiality results for Hurwitz numbers

PROPOSITION §.4.2. The coefficient of x** - - - X" of the expansion in x1,. .., x, near
5-4 1 n
zero of an expression of the form

d d \
P _ ., — . .
Z 1ok (dxl’ ’dxn) Efk, (5.23)

. . k+1 .
where Py, .k, are polynomials of degree 3g — 3 + n and & is equal to %h, is
represented as

1—[ (/,[i+.[ﬂi]) “QUay <’un>(['ul],...,[,un])
=1\ Hi

where p; = qlpi] + (W), is the euclidean division, and Q,), .., are some polynomials
of degree 3g — 3 + n whose coefficients depend onn1,...,n, € {0,...,q— 1}.

Proof. The coefficient of x* in (d/dx)P&, is non-trivial if and only if (u) + p = r
mod g. In this case, the coefficient of x* is equal to

([u +p] +u+p) (+1), = (u+ [,U]) ([ pl+ p+p)pl! (5.24)

[p+ pl i ( + [puD! [ + p]!

Represent pas p = —(u) + sq + € > 0,0 < € < g — 1. Then the second factor on the
right hand side of equation (5.24) can be rewritten as

(([u] +5)g+ 1)+ 0)!
([ul(g + 1) + )Ml + 1)s

Observe that we can cancel the factors ([u]+1), ([u]+2), . . ., ([u]+s) in the denominator
with the factors ([u] + 1)(g + 1), ([u] + 2)(g + 1),...,([u] + s)(g + 1) in the numerator.
Since ([u] + 1)(g + 1) > [u](g + 1) + (u), after this cancellation the numerator is still
divisible by ([¢](g + 1) + (u))!. So, this factor is a polynomial of degree p in [u], with
the leading coefficient (g + 1)P*[u]P.

Since the only possible nontrivial coefficient of x* in (d/dx)P &, is a common factor
(;14;‘[;1]) multiplied by a polynomial of degree p in [u], the coefficient of [T/_; x/ in the
whole expression (5.23) is also given by a common factor []7 (“iLE’Ji]) multiplied
by a polynomial in [p1], . . ., [un] of the same degree as Py, .. «,,- m

Thus the quasi-polynomiality property of monotone orbifold Hurwitz numbers
is equivalent to the property that the n-point functions can be represented in a very
particular way (given by equation (5.21)) on the corresponding conjectural spectral
curve, cf. [DK17, Conjecture 23].
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5. Polynomiality of monotone orbifold Hurwitz numbers

§.4.2 — STRICTLY MONOTONE ORBIFOLD HURWITZ NUMBERS

In this case the spectral curve topological recursion follows from the two-matrix
model consideration [CEOo6], and it was combinatorially proved in [DOPS18], see
also [DM14]. From these papers it does follow that the n-point function is represented
as an expansion of the following form:

Z I f)<l—[ i _ Z P (dx1 o )]—[&y,(xz) (5-25)

HEMX)" 0<ai,...,an, <g-1

for the curve x = 7971 + z71. The goal of this section is to show the equivalence of this
representation to the quasi-polynomiality property of strictly monotone orbifold
Hurwitz numbers.

The critical points of x are given by p; = ¢/(g—1)"/4,i = 0,...,q~1, so, repeating
the argument for the previous section and using that in this case

1d _ 1 d
22dx  1-(q-1)z9dz

we see that a good basis of functions & can be chosen as
1 d Zi+1
i=—=—|—, i =0,...,g—-1
& z2 dx (i +1 ! 1

-1

The expansion of these function in x™! near x = oo is given by the following

lemma:
LEMMA 5.4.3. Fori=0,...,q — 1, we have:
) - 1 B
o= 3 )
’ #Z{ (1]
qlu—i

Proof. We compute the coefficient of x™* as the residue

1 d i+1 i+1 1+ 74 —1
jf——,z—xﬂ—ldmy{—_z q (42D
2dx \i+1 i+1 Zu+l
We see that his residue can be non-trivial only if g+ 1 =i+1 mod g, and in this case
itis equal to ( UIJ) O

The proof of the following statement repeats the proof of proposition §.4.2.
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II1. Polynomiality results for Hurwitz numbers

PROPOSITION §.4.4. The coefficient of x[** - - x,'"" of the expansion in x{*,. .., x;*

near infinity of an expression of the form

d d z
27 Pr,.. .k, (d_xl’,d_xn)gfkl

,,,,,

represented as

- i—1
1:1[ (H[Iul] ) ’ Q<ﬂ1> ----- (Hn>([#1], ey [ﬂn])

where p; = qlpi]+ (i) and O, ...y, are some polynomials of degree 3g — 3 +n whose
coefficients depend on n1,. . .,n, € {0,...,q — 1}.

Thus the polynomiality property of strictly monotone orbifold Hurwitz numbers
is also equivalent to the property that the n-point functions can be represented in a
very particular way (given by equation (5.25)) on the corresponding spectral curve,
cf. [DM14, conjecture 12].

Note that [DM14] has a binomial ([M 1]) which is equal to ours unless (u;) =
In that case it differs by a factor ¢ — 1, which can be absorbed in the polynomlal.

§5.4.3 — USUAL ORBIFOLD HURWITZ NUMBERS

The spectral curve topological recursion for the usual orbifold Hurwitz numbers
is proved in [DLN16; BHLM14], see also [DLPS1§; LPSZ16]. The corresponding
spectral curve is given by the formula x = logz — z9, and the computations for
this curves are also performed in [SSZ15] in relation to a different combinatorial
problem. From these papers it does follow that the n-point function is represented as
an expansion of the following form:

(q) Hixt _
E h e = E P; (dx1 ) | |§al(x,) (5.26)
HEMX)" 0<ay,..., ap<g-1

It also follows from these papers that the good basis of functions &; is given by

d Zi+1 Zi
;= — =—, [ =0,...,q-1
¢ dx (i+1) 1-qz4 : 1

and the expansions of these functions in e near ¢* = 0 is given by
2 ylul
&i(x) = Z'u—'e"x, i=0,....,r—1
rlu—i
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5. Polynomiality of monotone orbifold Hurwitz numbers

For these functions the differentiation with respect to x is the same as the multi-
plication by the corresponding degree of €*, so the following statement is obvious:

PROPOSITION §.4.5. The coefficient of e'1*1 - - - eFn*n of the expansion in e*1,. .., e
near zero of an expression of the form

where Py, ...k, are polynomials of degree 3g — 3 + n and & is equal to % (Zkk:ll ), s

represented as
n o luil

Ll m 'Q(H[) ----- <Iln>([/'l1]"”’[/ln])

where p; = qlp;i]+ (i) and O, ...y, are some polynomials of degree 3g — 3 +n whose
coefficients depend on n1,. . .,n, € {0,...,q — 1}.

Thus the polynomiality property of usual orbifold Hurwitz numbers is also
equivalent to the property that the n-point functions can be represented in a very
particular way (given by equation (5.26)) on the corresponding spectral curve.

5.9 — COMPUTATIONS FOR UNSTABLE CORRELATION
FUNCTION

In this section we prove that the unstable correlation differentials for the conjectural
(or proved) CEO topological recursion spectral curve coincide with the expression
derived from the A operators. These computations are performed in the case of
monotone orbifold Hurwitz numbers for the cases (g,n) = (0,1) and (g,n) = (0,2),
and for strictly monotone orbifold Hurwitz numbers for the case (g,n) = (0,1).

Note that in both case the computation of the (0,1)-numbers was done before,
see [DK17; DM14; CEOo6; DOPS18]. We repeat it here merely to test the A-
operator formula and to demonstrate its power. The computation of the generating
function for the (0,2) monotone orbifold Hurwitz numbers is a new result that is
necessary for the conjecture on topological recursion in [DK17].

5.5.1 — THE cask (g,n) = (0,1)

In this section we check that the spectral curve reproduces the correlation differential
for (g,n) = (0,1) obtained from the A-operators of section 5.2.
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II1. Polynomiality results for Hurwitz numbers

THE MONOTONE CASE

Since in the case of n = 1 there is no difference between connected and disconnected
Hurwitz numbers, the (0, 1)-free energy for monotone Hurwitz numbers reads:

Fiy(x) = D u O H D () o
pn=1

Of course, in this formula only u = [pg, [u] > 0, can contribute non-trivially. Let
us compute what we get. We have:

!
[u‘“d/q]H"(Q)’S(u, )= %[lfl] <ff7{2’”>(u,,u)>

_ (A [pDt (u ]+ 1)
M [p]! (e + 1o
_ (A [u])! 1
Walt (et e+ (el - 1)
(here we used in the second line equation (5.8), where 7 and v deliberately must be

equal to 0 and —1 respectively).
Thus we have (replacing u by g[u] everywhere):

1278 S(g2) " (Eo (2))

< _ N @+ =2)
Feo= )y LTI g
01 [;;1 (gluD![4]!
THEOREM 5.5.1. We have: wg, = dFj, = —ydx.

Proof. The spectral curve gives y = —z%/x. In lemma §.4.1 we have shown that

)

(kg+k+i—-1)! icka+i _ (kg+k+i-D! (ki+i) pgei
2 Kl(kg +1)! Z (k+ Dl(kg +i— 1! (kg +i)" (5-27)
So,
3 o (kg+k+r—1) kq+q—1
ydx_jzo(k+1)!(kq+q—1)!x &
(k+Dg+(k+1)=2)! 1)1 <
X dx = dFy,
L4 Tk + DIk + g - D!
(for the last equality we just identify [p] with k + 1). m
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5. Polynomiality of monotone orbifold Hurwitz numbers

THE STRICTLY MONOTONE CASE

Similarly, for strictly monotone Hurwitz numbers the (0, 1)-free energy reads:

Fio(x) = ) w9 9= (u, g x 7+ — log(x)
pn=1

Again, only p = [u]q, [u] = 0 can contribute non-trivially. We have:

~1+d/q177.(q) < _ (u—1)! =
TS0 = = (e o)
_ (u—=1)! -
" G i T
(u—1)!

T (-l + DAl

(here we used in the second line equation (5.9), where 7 and v deliberately must be
equal to 0 and —1 respectively). Thus we have (replacing u by g[u] everywhere):

1IN (gluD)! - dx
dFy, = —— gy — — .
R =% 2 G- o 6529

THEOREM §.5.2. We have: w§, = dFy | = ydx.

1

Proof. The spectral curvereads x = z971+z tand y = z. Letusexpand z = 35, @, x"

and compute the coefficients by

an = f zxifl = —f[l ~(g- 129" ) (njj)(—zq)jdz

Jj=0

This residue is nontrivial only for n = —gj — 1, j < 0, hence we should extract in the
two summands the j-th and the (j — 1)-st term respectively. Therefore, the residue
reads

FDJ1K—w—1+j)+0_1%—w—1+j—1n
j

j-1
NI /R 1
_(1y( J )0qj+j—n
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II1. Polynomiality results for Hurwitz numbers

Hence
ydx = zdx = i(—l)j(_qj -1 +j) ;x_jq_ldx
— J (—gj+j-1)
y (e
=—— > (1Y x4dx
Z Mgj-j+1"
1 = (q.]) -jq <
=—— _ dx = dF,
ZO Mgj—j+rt T

where, in order to obtain the last line, we collected the minus signs from the Pochham-
mer symbol. For the last equality we identify [¢] with j and incorporate the term
[1] = 0 inside the sum in equation (5.28). |

s.5.2 — THE casE (g,n) = (0,2)

In this section we use equation (5.10) in order to check whether the holomorphic
part of the expansion of the unique genus zero Bergman kernel gives the differential
d1da F5-,,. More precisely, we prove the following theorem:

THEOREM §.5.3. We have:

dz1dzo dxy1dxs <
=) = - + didaFo(x1, x2)

Proof. It is sufficient to prove that

log(z1 — z2) = log(x1 — x2) + Fy,2(x1, x2) + C1(x1) + Ca(x2) (5-29)

where C;, Cy are some functions of one variable.
We apply the Euler operator

0 0
E = -
x161+Xan2

to both sides of this formula. Using that d, = (1 - (g + 1)z9)"'4,, we observe that in
the coordinates z1,z2 the Euler operator has the form

1-27 d 1-24 d
:—'Z —_— —-Z —
1-(qg+ 1)z 1(3Z1 1—(g+1)zd 8z
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5. Polynomiality of monotone orbifold Hurwitz numbers

We have:

20 g 4 2(g + D2l
(1= (g+ DA = (g + D)z3)

Elog(z1 —z2) =1+

. 92 2z 1112 zzdt zi’“zg+1
=1+ + e
q()xlaxz (g+1D)-1 g¢q- 2 1 (g + 1) g+1
2 2 q.2 2.9
g 0 9 (Z1 2 Z122)
=14+ — - +r —_— -+ ==
q+10x10x2 (2122 = x1%2) 0x10x2\ q -2 2.-q

Using equation (§.27), we finally obtain the following formula for E log(z1 — z2):

q—l [eS)
kig + ki1 +i1)! (kog + ko + i ; ;
a ), (kl?(k i ;v) (kQ(l](k o ;) Xyt (5:30)
el ka0 1iK1g i 2l(kag + iz
i1+i2=q

for the degrees of x1,x2 not divisible by ¢ (Case I), and

1 L4 o [(kig + k1) (k2g + ko 1a kaq
g+1 q+1 kq k2 b
kiokr
q X kig +ki\ (kag +ka\ k4 &
:]_+—+1 ( X )( X xlqu22q (SSI)
q e 1 2

(k1 ,k2)#(0,0)

if one of the exponents, and, therefore, both of them, are divisible by ¢ (Case II).
Now we apply the Euler operator E to the right hand side of equation (5.29). We
obtain the following expression:

1+ Ci(x1) + Ca(xz) + Z he; EZ)I ;2)X1 X% (u1 + p2)
H.p2>1
ql(p1+p2)

We have to prove that the sum of equations (5.30) and (5.31) is equal to this expression.
(@), <

0oty ) EqUALION (5.10) implies that

Let us compute h_’

og)< (Nl + [Ml]) (Mz + [p2]

0;(u1,u2) — Ui Uo ) ’ <ﬂ<m>(u,,u1)ﬂ<m>(u,,u2)>

Since we have to use connected correlators, it implies that in the A, )-operator we
have to take only the operators & with the positive indices, and in the A, )-operator
we have to take only the operators & with the negative indices. Specialising the
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II1. Polynomiality results for Hurwitz numbers

formula further, and using that the constant coefficient of (£,(£1)E-,(£2))° in {1 and
{> equals v, we have:

e _SE Gl e Dl G ] = 0!
Ot = L (] + 1) oMol + 1= 1)

t=

in Case I, and

po(a)-< Z(ﬂl*'ﬂl]"‘f—l)' (g + [p2] -1 - 1)
Mot = 20 ]+ ) 12\ ([aa] - 1)

in Case II. Note that in Case II, we omit the contributions from the # = 0 part, as it
cancels the strictly disconnected correlator in the inclusion-exclusion formula.
So, in order to complete the proof of the theorem we have to show that

[H2]+1
(1 + [pa] +1 = 1)! (u2 + [p2] —1)!
(1 + p2) ; ]+ 1)1 (tq =« 1))m (5:32)
=g (#1 + [111]) (,Uz + [,Uz])
M1 M2

in Case I (cf. equation (5.30)) and

(i + [l +1 =D (up +[p2] —1-1)!
o “2); D T (5:33)
__ (,Ul + [,Ul]) (#2 + [#2])
qg+1 Hi H2

in Case II.
Let us show this for Case I first. Observe that tg — {u1) = ([u1] + t)g — u1 and
w1+ po = ([u1] + [u2] + 1)g, so we can rewrite the left hand side of equation (5.32) as

1
baly (u1+ ]+t =1 (s + o] - 1)!

ol + =D pol([pe] +1-1)!

q - (p1 + p2) -

(#1 + ]+ =D (uo + [u2] - 1)!
(a1 = DI([pa] + 0! p2!([p2] + 1 =1)!

— g ([l + (2] + 1) Z
t=1

Let us omit the factor g since we have it in the right hand side of equation (5.32). Let
us multiply the first summand by p; and the second summand by ([u1] + £). We get
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5. Polynomiality of monotone orbifold Hurwitz numbers

identical sums with the opposite signs. So, this expression divided by ¢ is equal to

Vel iy ] = D) (g + [p2] = 0!

]+ =D (u2 = DW([p2] + 1 - 1)

Z (1 + [l + 1 = D! (g + 2] = 1)!
(a1 = DI[pa] + 0! p2!([p2] = 1)!

[/12] +1 [p2]
= Z Ay —ZB,
t=1 t=1

We can reshuffle the summands in this expression in the following way:

Alps1+1 = Blug] + Afus) = Blugl-1 + - + A2 — B1 + Ay

Now we add up term by term, starting at the left. First we get

B _(mn# ]+ 2] (n2)  (pn+ [pa ]+ (2] = 1) (2
Apeter = Bl = H1 M2 pr—1 M2

_ (m + [ ] + [p2] - 1) (#2)
H1 H2

Iterating this, get get the following sequence of expressions:

Alpa]+1 = Blpo] + Afpa)
(#1+ [pa] + [p2] - 1 ﬂ2)+ M1+ [pa] + #2]—1)( H2 )

M2 po —1

2 +1
)
Alpa]+1 BDJ2]+AU12]_B[112] 1
M1+ #1]+ [p2] = 1) (p2 + 1
- )

H2
H2

(/11 + [l + [p2] - )(,U2 + 1)
-1 H2
1

+

|
(u1+ u1]+ (2] - 1)
|
)

_ (ﬂl /11]+ [p2] -

eventually ending up at

1+ [\ (pe2 + [u2]
Am21+1—3m2J+"'+A1=(# g )(# g
M1 M2

which gives us equation (5.32).
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In Case II, the computation is similar. Observe thatz = ([u1] + #) — p1/q and

(11 + 2)/q = [p1] + [u2], so we can rewrite the left hand side of equation (5.33) in
the following way:

[u2]
(1 + o) - Z (uy + [ +1 = D! (o + [p2] — 1 — 1)

([l + =D pe!([u2] = 1)

(1 + [pa] + 1= D)V (uo + [p2] —1 = 1)!
~ Ll +Lu2D- Z = D]+ 0 (] = 1)

Again, if we multiply the first summand by p; and the second summand by ([p1] +1),
this yields identical sums with opposite signs. Cancelling these terms, we get that
this expression is equal to

%(#1+[#1]+f—1)(ﬂ2+[ﬂ2]—f—1)

=1 M1 M2 — 1
-1
_WZ]: (H1+[ﬂ1]+f—1)(ﬂ2+[#2]—f—1)
P JR Ho
[p2] [p2]-1
=) A= D B
=1 t=1

Reshuffling the summands in this expression in the same way as for Case I, we would
now get

Aly) = Bl A

(-1~ B

(]2 + -+ AL, - B} + A}

We will calculate this in the same way as before: we start at the right and at the next
term one at a time. First we get

p - (ﬂl + (] + [p2] - 1) (/12) ~ (ul + [ ] + [u2] - 2) (uz)
[”2] [k21-1 M1 M p1—1 Ha
_ (,ul + [ ] + (2] - 2) (ﬂz)
- M1 H2
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Iterating this, the next few calculations give us the following result:

Afllz] - BE/12]*1 + AE/lzlfl
_ (/Jl + [pa] + [u2] = 2) (#2) N (#1 + [pa] + [u2] = 2)( M2 )

M1 M2 M1 Ho—1
_ (/Jl + ] + [u2] = 2) (,Uz + 1)
H1 H2

AEUQ] - B[lﬂz]—l + Afm]—l - B[,ﬂz]—Q
_ (#1 + [l + [pe] - 2) (/12 + 1) B (,Ul + [l + [p2] - 3) (/12 + 1)

M1 H2 p1—1 H2
_ (#1 + [ua] + [u2] - 3) (,uz + 1)
M1 M2

And finally we get the following result:

, , ,(m1+ [\ 2 + (2] -1
Aps) " Bl o+ AL = ( " )( 0o
_ 1 (#1 + [/11]) (HQ + [#2])
r+1\ H2

which gives us equation (5.33).

This way we prove equation (5.29) is satisfied up to the kernel of the Euler operator.
Since neither the left hand side nor the right hand side of equation (§.29) contain the
terms in the kernel of the Euler operator, we see that equation (5.29) is satisfied, and
this completes the proof of the theorem. i
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CHAPTER 6 — TOWARDS AN ORBIFOLD
GENERALISATION OF
/VONKINE’s r-ELSV FORMULA

6.1 — INTRODUCTION

6.1.1 — A RECOLLECTION ON THE ELSV FORMULA

Eynard proves in [Eynr1] that the ELSV formula, see section 2.7, is equivalent to
the statement that the generating n-point functions of single Hurwitz numbers are
expansions of the correlation forms obtained via topological recursion from the data
of the Lambert spectral curve, see example 2.6.4. There are several earlier proofs of
this conjecture that use the ELSV formula, but they do not provide the equivalence
statement, see [EMS11; MZ10].

The ELSV formula implies that the coefficients of the n-point function 4, ; are
equal to a certain explicit combinatorial factor which is not polynomial in the entries
Ui, times a polynomial in the y;. This property is often called quasi-polynomiality.

This statement above has a purely combinatorial interpretation and for a long
time it was an open question whether it can be proved without reference to the ELSV
formula. Two different proofs are now available, see [DKOSS1¢; KLS16]. Once it is
proved independently, one can use the results in [EMS11; MZ1¢] to prove topological
recursion, and then the equivalence of Eynard provides a new, purely combinatorial,
proof of the ELSV formula [DKOSS1 5] (though the polynomiality statement requires
some discussion of the analytic properties of the n-point functions).

6.1.2 — THE ORBIFOLD HURWITZ NUMBERS

The story above can be repeated in the case of orbifold Hurwitz numbers. As in
the usual Hurwitz case, one can use the JPT formula to derive the quasi-polynomi-
ality of the n-point functions and then use the cut-and-join equation to prove the
topological recursion [BHLM14; DLNT16]. In particular, in these papers the (0,1)-
and (0, 2)-functions for g-orbifold Hurwitz numbers are related to the expansions
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II1. Polynomiality results for Hurwitz numbers

of y dx(z) and B(z1,z2) for the spectral curve. The equivalence of the topological
recursion and the JPT formula is proved in [LPSZ16]. An independent proof of the
quasi-polynomiality property is given in [DLPS15] and chapter 5, which gives a new,
purely combinatorial, proof for the JPT formula [DLPS15].

6.1.3 — THE sPIN HURWITZ NUMBERS

In the case of the spin Hurwitz numbers, the intersection number formula is only
conjectural, and no alternative proof of the quasi-polynomiality is known. It is
proved in [SSZ15] that the con]ectural r-ELSV formula is equivalent to the topological
recursion given in example 2.6.4. Itis also proved in [MSS13] that the differential of
the (0,1)-function for r-spin Hurwitz numbers is indeed the expansion of y dx(z) in
the variable exp(x) near exp(x) = 0

The results of this chapter include, as a special case, the proof that the 2-differential
obtained from the (0,2)-function of the r-spin Hurwitz numbers is given by the
expansion of B(zy,22) — de*'de*? /(e*! — €*2)? in the variables exp(x1),exp(x2) near
the point exp(x1) = exp(x2) = 0, as well as the quasi-polynomiality statement for the
(g,n)-functions for 2g — 2 +n > 0.

6.1.4 — THE ORBIFOLD SPIN HURWITZ NUMBERS
4

In the case of orbifold spin Hurwitz numbers, see again example 2.6.4, not much is
known. There is only a quantum curve for this case that is proved in [MSS13]. Note,
however, that according to the logic outlined in [ALS16], this leads to a guess of the
spectral curve for this case, and the spectral curve implies an ELSV-type formula
for this type of Hurwitz numbers as well. The result of [MSS13] implies that the
differential of the (0, 1)-function is the expansion of y dx(z) in exp(x) near the point
exp(x) = 0 for this curve.

The main result of this chapter is the quasi-polynomiality statement for the
orbifold spin Hurwitz numbers and the proof that the 2-differential obtained from
the (0, 2)-function of the orbifold spin Hurwitz numbers is given by the expansion
of B(z1,22) — de*1de*? [(e¥' — ¢*2)? in the variables exp(x;),exp(x2) near the point
exp(x1) = exp(xz) = 0.We also prove the statement of [MSS13] about the (0,1)-
function in a new way.

This allows us to generalise the conjecture of Zvonkine, in the following way.
We conjecture that the g-orbifold r-spin Hurwitz numbers satisty the topological
recursion of the initial data given in example 2.6.4. By the results of [Eyn14; DOSS14]
this immediately implies a conjectural ELSV-type formula for these Hurwitz numbers.
The particular computation for the initial data is performed in [LPSZ16], where the
correlation differentials for this spectral curve are presented in terms of the Chiodo
classes [Chio8]. This allows us to obtain a very precise description of the conjectural
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6. Towards an orbifold generalisation of Zvonkine’s -ELSV formula

ELSV-type formula for the g-orbifold r-spin Hurwitz numbers, which reduces in
the case g = 1 to the original conjecture of Zvonkine.

6.1.5§ — ORGANISATION OF THE CHAPTER

In section 6.2 we use the semi-infinite wedge formalism in order to define the ¢-
orbifold r-spin Hurwitz numbers and to present them as the vacuum expectations of
the so-called A-operators. In section 6.3 we prove the quasi-polynomiality property
for the g-orbifold r-spin Hurwitz numbers. In section 6.4 we consider the unstable
correlation differentials for the conjectural spectral curve and reproduce the 1- and 2-
point functions for the g-orbifold r-spin Hurwitz numbers in genus 0. In section 6.5
we describe precisely a conjectural ELSV-type formula for the g-orbifold r-spin
Hurwitz numbers that generalises the conjecture of Zvonkine for r-spin Hurwitz
numbers.

6.2 — A-OPERATORS

We will write u = aful, + (@), for the integral division of an integer u by a natural
number a. If a = gr, we may omit the subscript.
Recall the genus-generating series from from definition 2.5.16

DEerINITION 6.2.1. The generating series of g-orbifold r-spin Hurwitz numbers is

defined as
> ag 7 I a d
B0 G = et = (o o [T )
gz—(:J o n i

The free energies are defined as

(o]
(q).r — Z o.g.,r Z?:l HiXi
Fyin” (X1,...,xp) = hg;ﬁ e
H1seees, M=

We now introduce A-operators to capture the supposed quasi-polynomial be-
haviour of the g-orbifold r-spin Hurwitz numbers in the Fock space formalism.
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DEFINITION 6.2.2 (A-operators).

0 (]
(u )? Ay (4@t =1\

ﬂq’r(ﬂ, == —_— | o —

(W Z ([u] + 1) IEZZI/Q; q't! u(r +1) Har

5 q A[”](I (l+#)r+1 _r+l s+[p]
T 04u)q.0 Z g aful,! u(r+1)

Id
1=1/2-j

i

where A, is the g-backward difference operator acting on functions of /, given by
(Ag F)(1) = f() = f(I - q), and by ([u] + 1)s we denote the Pochhammer symbol, that
is,

([l + 1) - ([u] + ) 520

1) = -
([p] + 1), {([#]([#]_1)...([#]+s+1)) ! s <0.

Remark 6.2.3. In this definition, u is a formal variable, while u — at this point—is a
positive integer. That is, for fixed y,

AL () € g1(e0)u]-
Indeed, for fixed [1] and fixed power of u, r is bounded from above by r(s + [u]), so

only finitely many diagonals are non-zero.

These operators do indeed capture the conjectured polynomial behaviour, as is
seen by comparing the following proposition with theorem 6.3.2 proved in the next
section.

ProroOSITION 6.2.4.

H* J(q).r — (u :ul)[y] @ q.r :
(fou) = ]_[ [ [AL i (6.1)

i=1

Proof. Since both %71 and a, annihilate the vacuum, their exponents act as the
identity operator on the vacuum. Hence we can write

i

°.(q),r (= (ll) 2q u" i a_ﬂ _“r(FrJrl _%q °

H’q’(lu’u): l_[eqe r+1 e+l e a .
i=1 Hi

LEMMA 6.2.5. The conjugation with exponents of F reads

o Tr':l _ur,rr:1 ~ ad (Mr/.l)s (l + ,U)r+1 _ lr+1 S
Ou(u) :=e Ta_e T = Z Z o T D) Epp-
1€Z+1/2 s=0

184



6. Towards an orbifold generalisation of Zvonkine’s -ELSV formula

Proof. As Ad(eX) = ¢*1X, where ad and Ad are the adjoint action of a Lie algebra
on itself and the associated Lie group on the Lie algebra, by ad X(Y) := [X,Y] and
Ad(eX)(Y) = eXYe ™ for any X and Y, we have

rrel rTrel
e T+l (y_ e_u r+l = Z _— ads a_,,.
# ~ (r+1)ssl " Fraa 77H

Applying lemma 2.3.15 with @ = 0 and g; = I"*!, we see that every application of

the operator adg ,, produces an extra factor ((/ + p)"*! — "*1). Multiplying and
dividing by u* yields the result. mi

LEMMA 6.2.6. The conjugation with exponents of a, is given as follows:

1 og Leq s (u” ) Al (l+#)r+1_1r+1 s
pet o = 31 SR S ot () i

1€Z+1/2 s=0 t=0

5 © (u” ) q A[q”]‘l_l (l+#)r+1 — S
0.0 Z wus! Z g | (r+1)
s=0 o= 14 ,Ll]q H

Id.
1=1/2-j

Proof. Apply Ad(e¥X) = 24X as before and lemma 2.3.15 with @ = g. The component
of the identity can only occur if the total energy is zero, i.e. if u = gt. i

Re-indexing s > s + [] we get the equation for the A-operators, where we use
that, for s < —[u], the Pochhammer symbol vanishes, so we can extend the sum over
all integers. i

6.2.1 — THE A'-OPERATORS

Following the ideas of chapter 5, we would like to calculate A'-operators, defined in
a similar way as the normal A-operators, but starting from @', = @,,. Conjugating
this identity yields the following lemmata.

LEMMA 6.2.7.

i s T s (] = )yt —r+l s
OH(M)1 = oM FT e rzs i Z Z (u” /J) (( %) ) Eiopul.

1e7+1/2 520 p(r +1)

Proof This 1s completely analogous to the proof of lemma 6.2.5, only changing the
sign of y in appropriate places. mi
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LeEMMA 6.2.8.

)r+1

@, a sl At l _ _ lr+1 s
g § o2 p @) v Bg (- p
her ol = )y X D\ ) B

1€Z+1/2 s=0 ’ t=0

Proof. This is completely analogous to the proof of lemma 6.2.6, bearing in mind that
the coefficient of the identity is zero, as both operators in the repeated adjunction
have positive energy. m

In defining the A-operators, we extracted the coefficient

(" )]
(u]!

It will turn out to be useful to include this factor into the A'. Therefore we get

DEeFINTTION 6.2.9.

s+u] X A _ )+l r+1\ S
arg N wu” #)* (- =1 E
AL )’ = 16;1/22 ;)qm s ) Breat (62
6.3 — POLYNOMIALITY

DEFINITION 6.3.1. An expression defined on a subset S ¢ C is polynomial if there
exists a polynomial p, defined on C, that agrees with this expression on S. We then
use p as a definition of this expression at all other x € C.

The goal of this section is to prove the following statement.

THEOREM 6.3.2 (Quasi-polynomiality). For 2g — 2 + £(ii) > 0, the g-orbifold r-spin
Hurwitz numbers can be expressed in the following way:

- 1(2) #UliJ
o,(q),r _ i . .
hlj,ﬁ - l_[ [IJl]|P<[1>(IJ199/Jl(/J))’
i=1
where P are symmetric polynomials in the variables yy,. . ., w ;) whose coefficients
depend on the parameters (u1),. ... g))-

Remark 6.3.3. We prove that the degree of P has a bound that does not depend on
the entries of the partition ji. The actual computation of the degree in this case is
difficult, and it is not necessary for the purpose of topological recursion. However,
these numbers are expected to satisfy an ELSV-type formula (see conjecture 6.5.1).
The conjecture would imply that the degree is equal to 3g — 3 + n.
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6. Towards an orbifold generalisation of Zvonkine’s -ELSV formula

Remark 6.3.4. Note that since we allow the coefficients of the polynomials Py to
depend on (i), we can equivalently consider them as polynomials in [u1], .. ., [pt],
n = (). The latter way is more convenient in the proof.

Comparing the statement of theorem 6.3.2 to equation (6.1), it is clear that the
polynomials P must be the connected correlators of the A-operators, defined via
inclusion-exclusion from the disconnected versions. To prove this theorem, we will
therefore first consider the disconnected correlators, and show that the coefficient of
a fixed power of u is a symmetric rational function in the y;, with only prescribed
simple poles. The residues at these poles are explicitly related to the A-operators,
and cancel in the inclusion-exclusion formula, proving quasi-polynomiality.

First we need some technical lemmata, analysing the dependence on y of single
terms in the sums of the A-operators.

, ml"”, are themselves
polynomial in x for any p and m. More precisely, the coefficient cl, ,(x) of 19 has
degree 2p — a — 2m.

LEMMA 6.3.5. The coefficients of the polynomial in |

Proof. There is a version of the Leibniz rule for the backwards difference operator:

Aq(fg)l) = (Ag ))Dg(D) + f(L = g)(Agg)D).
Repeated application of this rule gives the following:

AX+m

q +x i i
e P = (L= gx + m)> (1 = - 0)
g*t(x + m)! i0+___+§":p_m

= hp-m(l = g(x + m),--- 1)

IS (p+x
= Z (pa )hp_m_a(—q,...,—q(x+m))l”
a=0
p—m
=2, (p”){x +”_“}(—q>f’-m-az“,
i\ a x+m

where by h, we denote the complete symmetric polynomial of degree r defined by

Zh(Xl,.. X" —]—[(1 o}

rez

and by {!},i,t > 0, we denote the Stirling numbers of the second kind defined as the
coefficients of the expansion

(e}

Ti :Z{i}(T—t+l)t.

t=0
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The last equality relies on lemma 2.3.21 and the following relation between Stirling
numbers and symmetric functions

, for k > 1.

{n +k
X;=i

= h,(X1,..., X
k} hn (X3 k)

Hence, the coefficient of [ is given by

b a(x) = ()P (p + x) {x +p- a}‘

a xX+m

This binomial coefficient can be written as
1
—'(x+p)--~(x+p—a+1),
al

which is a polynomial in x of degree a.

The Stirling number, on the other hand, requires a more subtle proof. Define
fi(x) = {*"}. We prove f; is a polynomial of degree 27 inductively on ¢, starting with
fo(x) = 1.

For the induction step, recall the recursion relation for Stirling numbers, which
can be written as follows:

{x:t}_{x;};t;:x{x—i+t}. 63)

In other notation, (A1 f;)(x) = xf;-1(x). By induction, A; f; is polynomial of degree
2t — 1, hence f; itself can be written as a polynomial of degree 27. The Stirling number
we require is given by f,_4—m(x +m), which is of degree 2(p —a —m). Adding degrees
yields the result. m

Remark 6.3.6. Note that the equation A; f = 0 has non-polynomial solutions, e.g.
f(x) = sin(2rx). However, we only prove that the functions in question can be
represented as polynomials, not that there is no other analytic continuation.

LeEmMMA 6.3.7. The polynomial f;(x) = {X;t} has zeroes at 0,-1,...,—tif t > L.

Proof. Let us argue by induction on 7. Let us prove the case t = 1: we have to prove
that f1(0) = 0 and f1(-1) = 0. The first equality is implied by the more general fact

f(0)=0 for t>1, (6.4)

which is a basic fact in the theory of Stirling numbers, and can for instance be proved
by recalling the formula

n 1 - k—r k n
) =z
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6. Towards an orbifold generalisation of Zvonkine’s -ELSV formula

valid for k = 0,...,nand n > 0. The second equality can be obtained by conveniently
rewriting the recursion for Stirling numbers (6.3) as

fix) = filx+ D)= (x+ 1) fia(x +1).

In case (x,1) = (-=1,1), the recursion implies f1(-1) = f1(0) — (=1 + 1) f5(0) = 0. Let
us work out also the case for = 2 for clarity, by using the recursion above:

£2(0)=0 by (6.4)
fa(=1) = f2(0) =0 f1(0) =0
f2(=2) = fo(-1) - (-1 1(-1) =0

Let us now assume the statement for all 7 = 1,2,...,#' — 1, and let us prove the
statement for t = #’. Let us compute in this order the values f;-(0), f-(=1),.. ., fir(=t").
The first value is zero by equation (6.4). Each other value is zero by means of the
recursion

fr(x) = fr(x"+ 1) = (x"+ 1) fra(x" +1).

In fact, the first term fi(x” + 1) is equal to the previous value in the list, and hence has
been already computed to be zero, the second term f—1(x” + 1) is zero by induction
on . This proves the lemma. mi

COROLLARY 6.3.8. The polynomials ch, ,(x) have zeroes at —p,—p + 1,...,—m.

Proof. By lemma 6.3.5,

)2 _ (_q)p—m—a
Cm,a(x) = T(x +p)- (x + p—a+t l)fpfafm(x +m).
This expression manifestly has zeroes at —p,—p + 1,...,—p + a — 1. By the previous
lemma, it also has zeroesat x+m = 0,-1,...,—(p—a-m),soatx = —m,...,—p+a. O

LEMMA 6.3.9. For fixed r,i,s,{u) € N the expression

A’;'L“J‘l (I + )+t — [r+1 s+[u]
g *mla (i + [.U]q)!( pu(r +1) )

is polynomial in [ ] (in the sense of definition 6.3.1), of degree 2rs — 2i — 2{[ ] )»-

Proof. Expanding explicitly using Newton’s binomial formula,

. _ (l+'u)r+1 _r+l - "+l 'uilr—i
Qull) = u(r +1) _;(i+1)(r+1)'
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Let us now consider the coefficient in front of I"(Hlar+$)=a for some particular values
of “offset” a:

[lr([/l +5)— 0] Q (l)[/_l 1’
R PAOGE ([“ ]”) (Hl) z

1 2 | r+1)’
P(rs)-21 o (plles _ ([1+S) (r+1) @ [u)+s\ (r+1\* 12 ,
L 120 ( 1 )( 3 )(r+1)+( 2 J\ 2 ) Gr2

[1r(s)=a] gr (pylul+s :Z( [u]+s ) ﬁ 1 (r+1) .
g (AT =27 }isa L \) B

Ara
where the multinomial coefficient is
( [p]+s );: ([u]+s5)!
(A=A Y1) ([l s =€) Tz (AT =27, )1

Clearly, this is a polynomial in [u] of degree 2a — one a comes from p* and the other
from the multinomial coefficient in the summand corresponding to the partition [1¢].

Furthermore, it has zeroes at [u] € Zxq for which r([u] + s) —a < 0 (i.e. when
we want to extract a coefficient in front of the negative power of [). This is because
the contributions of partitions A with more than [p] + s parts are zero thanks to the
multinomial coefficient and partitions with £(2) < [u] + s will have at least one part
for which the corresponding binomial coetficient will be zero.

Let us denote

Poly, ,,([u]) = ["#+7] gr ()lkT+s
Using lemma 6.3.5, denoting i’ = i + ([u],)» for brevity and noting [u], = r[u] +
([l we have

+rlu) Al+rlu] r(lul+s)

q rons+Hpl — q r([ul+s)-a
- l = — E Pol l
g Hrlul (i + r[u])!Q"( ) g+ ) A O as.r (L)

rlul+rs rs—i'-a

DD el Poly g (1))
= k=0

rs—i’ rs—i’'—a

= Z Z lkClr/vka )POIYa S, r([/vl])
a=0 k=0

where crucially in the last equality, we can choose the upper summation limit of the
first sum to be independent of [u]. We can do this, because:
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6. Towards an orbifold generalisation of Zvonkine’s -ELSV formula

e fora > rs — i’ the coefficients i’ “(rlu]) are zero;

e for a particular value of [u] € Z5¢ it could happen that r([p] + 5) < rs —i’. But
we know that for a > r([u] + s), Poly,,  ,([u]) = 0. So, adding these zero terms
does not change the sum.

We see that we have arrived at a manifestly polynomial expression, which completes
the proof.

: The degree follows as the degree of Poly,, , ([]) is 2a and that of s 2(rs —
a)—k—2i'. O

These lemmata can be applied to prove the rationality of the disconnected corre-
lators of A-operators.

PROPOSITION 6.3.10. For fixed power of u and fixed [ual,. . .,[pn], and (i),
1) .
q.r (.
< 1_1[ ﬂ<ﬂi>(ul,u)>

is a rational function in the variable 1], with only simple poles at negative integers
and at [u1] = —(u1)/qr.

Proof. Let us make some observations about the following expression, where we
write g4 = 1,

< Z (”r—'u)‘ Z A_ZQV(Z)H[/!]EZ lﬁﬂq,r (1 u)>.
1] =H +u—qt, (ui )
1eZ+1/2 u(lul + D P j=2 g
SEL

First of all, the energy of the operators on the left should be positive, meaning that
u—qt < 0. On the other side, the exponent of the finite difference operator cannot be
greater than the degree of the polynomial to which it is applied, implying r < r(s+[u]).
Combining these two restrictions, one obtains that rs + r[u] > [ulg = rlu] + ((ulg)r-
<[11]rq )r > 0.

Moreover, the correlator is zero unless the sum of the energies is zero, which
means

Solving for s gives s >

1)
(u—qt)+Z#j—qtj = 0. (6.5)
=2

Since the other y; are fixed, it is clear that —i := [u], — t does not depend on u. We
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can rewrite the expression as

TR ALKl y 1) .
. - o ()M E, —git | | A, (,Ui,u)> ,
< ZGZZ+;/2 /1([,u] + 1)s ; qH—[]J]q(l + [ﬂ]q)! M +{u)g—qi Q (ui )
s>0

(6.6)
where N does not depend on p. Fixing the power of u reduces the s-sum to a finite sum,
as for the other A-operators the power of u is bouned from below by —[x;]. Now,
the first fraction is clearly a rational function in [p] while the second is polynomial
by lemma 6.3.9. Hence, the entire correlator is a finite sum of rational functions, so
it is rational itself.

The only possible poles can come from the Pochhammer symbol in the denomi-

nator, or the factor /%’ and hence are at —s,1 —s,...,—1 and at [u] = —%. m|

To prove the connected correlator is a polynomial, we should therefore analyse
these poles. As they are simple, we need only calculate the residues, which we do in
the following proposition.

LEMMA 6.3.11. The residue of the A-operators at negative integers is, up to a linear
multiplicative constant and terms proportional to 1d, equal to the A'-operator with a
negative argument. More precisely,

ur

Res A" (vqr+n.u) = mqr_nﬂg;f (mgr—n,u)’ ifn+0;  (6.7)
1 .
Vligsn ﬂg’r(vqr, u) = Wﬂg’r(mqr,uf ifn=0. (6.8)

Here the residue is taken term-wise in the power series in u, and the factor u” means a

shift of terms.

Remark 6.3.12. Note that the first formula is slightly different from the one in
lemma §.3.12 in the case r = 1. This is because in that paper, an extra conjugation

. il . . .
with u7 was performed, resulting in different A-operators.

Proof. Let us prove equations (6.7) and (6.8) together. The only contributing terms
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have s > m, so we calculate (assuming p = grv +n)

(u" )’ (v+m) (L+ )t =\
Res AP (u,u) = ———————— |  Elu—qti
leZ;/Q p(v+1), Z q't! p(r+1) rhar

s=m

V=—m

- e 2 ()
) leZ+1/2 H(L=m)y—1(s—m)! &4 g't! u(r + 1) L+p—qt,1
s=>m
S, iy ()
leZ+1/2 (m Dl(s—m)! q't! u(r +1) +u—=qt,l-
s>m

Here we kept writing u for —mgr + . As this is negative, however, it makes sense to
rename it 4 = —A. Substituting and shifting the s-summation, we get

(—u")*(=1)"" RS A[ /l)r+1_lr+1 s—m
R A 0 = T a1 E_,
s o IEZZHQ —A(m=1)!(s—m)! Z q't! —/l(r+1) I-A-qt.l
s=zm
— Z (l/[r/l)s i At (l _ /l)r+1 _ lr+1 S—mE
i leZ+1/2 Am=D(s=m)! &4 ¢'1! Alr+1) I-1-qt,1
s>m
(Mr/l)“'m > AI /l)”'l _ S
e
l1eZ+1/2 A(m=1)ls! Z q't! Ar +1) I-A-gt,l
s>0

Because A = mgr —n, we have m = [1] + 1 - 6,0 and = —(1). Recalling
equation (6.2), we obtain the result. m|

Proof of theorem 6.3.2. First, consider the case n > 2. The Hurwitz numbers are
symmetric in their arguments, hence the P must be as well. By the same argument as
for theorem §.3.2, it suffices to prove polynomiality in the first argument.

Lemma 6.3.11 implies that we can express the residues in [u;] of the disconnected
correlator as follows:

[u1]=-m =2

Res < 1_[ ﬂ<ﬂi>(#i,u)> = c(m, <#1>)< Ay (magr = (), u)™" ﬂﬂ<pi>(#i,u)> :
i=1

where ¢(m, (u1)) is the coefficient inlemma 6.3.11. Recalling definition 2.5.16 and equa-
tion (6.1) and realising that the A'-operator is given by the same conjugations as the
normal A-operator, but starting from a,, instead of @, we can see that this reduces
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to

n
rFrel a_lli

n L] ag .
Res Ay (g, u =Clea " 71 apy —> 6.
[m]:_m< D iy (i )> < Y n (6.9)

for some specific coefficient C that depends only on m, (u1), and the ;.

Because [ak, ;] = k6x11,0, and @ygr— (4, ) annihilates the vacuum, this residue is
zero unless one of the w; equals mgr — (u;) fori > 2.

Now return to the connected correlator. It can be calculated from the disconnected
one by the inclusion-exclusion principle, so in particular it is a finite sum of products
of disconnected correlators. Hence the connected correlator is also a rational function
in [u1], and all possible poles must be inherited from the disconnected correlators.
So let us assume p; = mgr — (u1) for some i > 2. Then we get a contribution from
equation (6.9), but this is either manifestly equal to zero for n = 2 and a positive
exponent of u, or canceled exactly by the term coming from

wﬁf§m< Ay y (1, ) Ay (mgr — (/11),u)> < 1_[ ﬂ([lj)(#j,u)>

2<j<n
J#i
2q o Fral *| eq Wy Uy °
=Cle e’ T Umgr—(u)U—mgr-qu)) | | €T € — >
2<j<n Hj
J#I

where the same C occurs, for n > 3.

For the pole at [u1] = —#1 the only contributing term in equation (6.6) has

qr’
s =0, so we get

< 1 N Af;’[ﬂl]q Lu ] l(ﬁ) °
- ; - Q1 (DHVEL )y, —qint A l.>(,u-,u)> .
152 5t ; qz+[;11]q(l + [,Ul]q)! H1 17q—4 Q M i

From the proof of lemma 6.3.9, we can clearly see that Poly, (. ([¢1]) 1s divisible by
ui1 if a > 0, so we need a = 0 there. This implies we have only

0 _ ke (Tl [rlp] - &
TR s TN

so we clearly need k = i’ = 0, and thus i = 0 and ([u1]4)» = 0. As the first A-
operator acts on the covacuum, we still need gi — (u1)g > 0, so (u1)g = 0. As now
(u1) = (u1)g + g{lp1lg)r = 0, we get that this term cancels against the same term

from
° f(ﬁ) °
<ﬂo<u1,u>> <]‘[ﬂ<m>(u,~,u>> :
i=2
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6. Towards an orbifold generalisation of Zvonkine’s -ELSV formula

Hence, the connected correlator has no residues, which proves it is polynomial in
[¢1]- Therefore, it is also a polynomial in u1, see remark 6.3.4. This completes the
proof of the polynomiality in [u].

To be able to conclude that the connected correlator is polynomial in all [g],
n > 2, we must show that the degree in [u;] of the connected correlator does not
depend on [p2] ... [pal-

Since a connected correlator is a finite sum over products of disconnected correla-
tors, given by the inclusion-exclusion formula, and the number of summands does
not depend on [u2] . .. [un], the estimate on the degree of the connected correlator
follows from estimates on degrees of disconnected correlators. The degree of the
disconnected correlator, which is a rational function in [u;] by proposition 6.3.10, is
defined as the leading exponent in the limit [p1] — +o0.

Let us consider summands in the disconnected correlator (6.6) corresponding to
a particular choice of 5; > —[;], for 2 < j < n. The contribution of genus g covers is

2g-24n+ L 1 (i)

extracted by taking the coefficient in front of u , 0 we have

2g 2+n Z<#l>_z

First of all, the factor m contributes —1 to the degree. Then, by lemma 6.3.9
the degree of
Ai+[]-ll]q
q r s+[p1]
7T g o (612
is 2rs — 2i — 2([u1]g). It looks like the sum over i in equation (6.6) goes from zero,
so the highest degree of these polynomials depends on [u2] ... [un] (through s and

estimates for s;), but we are to obtain a finer estimate on the lower limit of summation.
We have

ti <r(sj+[ujhfor2<j<n,

since exponents of difference operators cannot be greater than the exponent of the
polynomials to which they are applied. Combined with the condition (6.5) that the
sum of the energies should be zero, this gives

> l(<ﬂ1>q + Z(#j)) - FZSJ',
q =

Jj=2

which means that the degree of equation (6.10) is bounded from above by

229 =2 1)+ 2 ) = 2ty = 2 (o) + Y] = 229 =24
i-1 =
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which does not depend on [u2] . . . [pn].

Thus, the degree of the disconnected correlator does not depend on [u2] . . . [un],
and hence the degree of the connected correlator does not depend on [ua]. .. [un]
either. This completes the proof of theorem 6.3.2 in the case n > 2.

Now consider the case of n = 1. Itis a special case since it occurs only for (u), = 0,
that is, u = g[uly = grlul + ¢{[ulq)r, the connected correlator in this case is equal
to the disconnected one, and we compute the vacuum expectation of the Id-part of
the A-operator. Under the additional conditions 2g — 2 + n > 0 (thatis, g > 1) and
r|2g — 1+ ([ulg)r, we have to prove that

2g-1+(ulg)r [ulg -1 2g-1+((ulg )r
u ril Aq q (Qr (Z)) +%
2] + D) 2g-1etuaigyr gHla=([p], — 1! VH

is polynomial in [u]. Equivalently, we have to show that the following polynomial
in [¢] (polynomiality follows from lemma 6.3.9)

AE]/‘]([’1 [/J]+ 29*1+<4[#]q>r
(0,0 ’ (6.11)
([, - D
has zeros at [u] = —-1,.. ., M and at [u] = <[’J]">r . To this end we use the

notation in the proof of lemma 6 3.9, assuming s = 29-1+{nlq)r 1+r<["]‘1>’ .

For the case [u] = qﬂ] r , wWe have Poly, s ([ul) = 0 for a > 0. Thus the
[ q-1
q)r

polynomial (6.11) vanishes at [u] = if and only if WIU‘]‘I’HQQ

vanishes at [u], = 0, which is indeed the case according to corollary 6.3.8.

Consider the case of [u] = =i, 1 < i < m The structure of the poly-
nomial (6.11) as expanded in the proof of lemma 6. 3.9 implies that it is sufficient to

g -1
show that the polynomials q""‘iA‘T[:dl)'lr[y]ﬂ’ ri <j <2g—1+([ulg)r, vanish at
g~ )
[1] = —i. The latter statement follows immediately from corollary 6.3.8. . O
64 — COMPUTATIONS FOR UNSTABLE CORRELATION

FUNCTIONS

In this section we prove that the unstable correlation differentials for the spectral
curve

qr

{ex =z (6.12)

y =21



6. Towards an orbifold generalisation of Zvonkine’s -ELSV formula

coincide with the expression derived from the A- -operators. The unstable (0,1)-
energy was already derived in [MSS13] using the semi-infinite wedge formalism, we
derive it here again to test our A-operators. The computation for the unstable (0,2)-

energy is a new result and fixes the ambiguity for the coordinate z on the spectral
curve.

6.4.1 — THE casE (g,n) = (0,1)

In this section we check that the spectral curve reproduces the correlation differential
for (g,n) = (0,1) obtained from the A-operators. Explicitly, we show:

F(q)r(x) = ydx. (6.13)

Clearly, when dealing with a single A-operator inside the correlator, only the coeffi-
cient of the identity operator contributes, since (E; j) = 0. Hence, by definition 6.2.2
and equation (6.1), we compute, using that connected and disconnected correlators
are equal in this case:

FYP () = 3 [ G H T ()™
u=1
o r s). s 4 [/‘]‘1
_ Z ;1_[”] “_ ]Z 5(#) 0yl it Z Ag (l)[#]+s &M
= [/1]' gy 1+ 1)s & gllafp 1=1-j
0 u _ m—1
N L ”)(”“’)H : zq] S| e
— ([m] + s)! a ma 1=1-j
- nr+ 1) g q
_ Z (CI( )) Z - Q(nr+1) (l) ex(nr+1)q
— n! = g (rn +1)! KR A
o0 n-1 g
_ Z (Q(nr + 1)) Z 1 ex(nr+1)q
|
o n! = q(rn+1) =1
oo n-2
_ Z (q(nr +'1)) x(nr+1l)g
n!
n=0

where the third line follows by settmg u = mq, the fourth line by setting m = nr + 1
and s = 0, and the fifth line because ﬁd, on a monic polynomial of degree d gives 1.
As shown in [MSS13], we have:

. W(— xqr 1/r
dFD (x) = (M) i

—qr
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where W is the Lambert curve W(z) := — X ":1?1 (=z)". The properties of the

Lambert curve (see [MSS13] for details) imply that the spectral curve (6.12) does
satisfy equation (6.13), which can be shown by explicitly computing (ze™2*")9" = ¢97*,

6.4.2 — THE casE (g,n) = (0,2)

In this section we prove that the (0, 2)-correlation differential coincides with difference

of the usual Bergman kernel B on the genus zero spectral curve and de*' de*? /(e —
€)%,

Let us first compute the (0,2)-energy from the A-operators.

LEMMA 6.4.1.

F(q)’r(exl o) = i 'u[llu] Iu[zﬂz] e,u1x1+/12x2 i ’u[lfu] [u2] PHIX1 12 X2
o o T ol G vp) 7 2 T Dol G + )
arlu+is qr|ui+ue
qrlu qrim

Proof. Let us write u = u3 + po.
By definition 6.2.2, we have that

00 1 " B B o
MO L Y U <ﬂ<ul,u>ﬂ<u2,u>> T (6.14)
’ 1=l M1 M2

where

ﬁ(#i’”) = Z Z W Iul) Z gt;! ;i(li)Si Elipi—qu; ;-

li€Z+1/2 si=

Note that the coefficient of the identity operator in A does not appear — indeed we
are now interested in connected correlators and, in the case of 2-points correlators,
we have the simple relation (A1 A2)° = (A1 A2)* — (A1){Az2). The contributions of
the identity operators coincide precisely with the last summand.

Let us now make some observation about equation (6.14). Analysing the energy
and the coefficient of u, we find

u=qlty +12) = gr(sy + s2) and H2 > gtz > 0.

Moreover, the only term that can contribute in the correlator is the coefficient of the
identity operator, produced by the commutation relation of E-operators described
by equation (2.5). Hence we compute that F) (e¥,e*?) is equal to

) H2—qta—t[2  s1— 1NY2 1 l1 Atz
> Z > L2 O (" =01, (1 = iz + 1) 51222,
Sl!SQ! tlt | H1 tzt | H2
H1p2=1 5y 4sp=L 1=1)2
t1+12—7
OSqt2<;12
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Let us now observe that the sum of the degrees of the two difference operators
equals the sum of the degrees of the polynomials to which they are applied. By
lemma 6.3.5, whenever the power of the difference operator is greater than the degree
of the polynomial, the result equals zero. Hence the only nonvanishing terms should

satisfy 1 = rs1 and 72 = rso. We proved that Féqz)’r(exl,e”) equals

,uS1 -1 Iusz—l
1 2 M1X1+TH2X2
2 2 (e are) T
pH1,p2=1 s1,52=0 e
s1+s2=u/qr

We distinguish now two cases: the case in which the y; are divisible by gr and the
case in which the remainders are non-zero.

CASE u1 = qrvy

In this case p2 = grve and the Kronecker delta gives so = 0,...,v2 — 1, which implies
s1=vi+1,...,v1+va. Wesplit (ug —grss2) in two terms, and remove the summand for
51 = v1 +vg from the sum. Writing s for 51, we get that the coefficient of "1 ¥1+47V2¥2
is given by

1
(v1 +w)!

% viThy,
(qr)vl +vo—1 Z 2 1 2

s=vi+1

vi+ve—1 s—1.vi+va—s
"1
(s!(v1 +vo—s)  sl(vi+ve—s—1)!

—1.vit+ve—s—1 ) VV1+V2_1

Multiplying and dividing by (v1 + v2)! and collecting binomial coefficients we get

- +vo—1
pyrtva=l (M vi+va) vi+ve—1\ (s
(q ) Vs 1 VV1+VTS _ (Vl +V2) vs 1 VV] +vo—(s+1)

| 1 2 1 2
(V1 + VQ). sovrtl N

vi+ve—1
1

Distributing the factor (v + v2 and simplifying binomial coefficients, we get

vi+va—1 | vitra-1
(qr) vi+ve—1 s—1_vitva—s vitva—l 5. vi+vo—s—1 vi+va—1
e —— 24 V. - ViV + Vl

| _ 1 2 172
(v1 + wo)! S s—1

This is a telescoping sum, of which the only surviving term is

(gry V11/1 V\2’2—1 1 M[lﬂl] 'u[2/12]

grovi +va) vil (o = D!~ g + o [ ]! [e2]!”
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II1. Polynomiality results for Hurwitz numbers

CASE uy = grvy +i, witHO < i < gr.

In this case ug = grva + (gr — i) and the Kronecker delta gives 5o = 0,. .., va, which
implies s1 = vi + 1,...,v1 + vo + 1. We split (u2 — grs2) in two terms, and remove
the summand for s1 = v; + v2 + 1 from the sum. Writing s for s1, the coefficient of
eH1X1+H2X2 equals

Vv1+va s—1 vi+vo—s+1 -1 v1t+vo—s V1+vo

D K M gt 2 LM
L Lst ity —s+ 1) sl (v +vo — ) (i + v + 1)1
S=v1

The rest of the proof is completely analogous to the first case. The only remaining
term is

gr ﬂ[l,uﬂ ’u[zﬂzl

p1+ o [p ]! [p2]!

Summing up the first case and the second case fori = 1,...,qr—1 yields the statement.
This concludes the proof of the lemma. m

We are now armed to prove the main result of this section.

THEOREM 6.4.2.

S de”de™ (q).r
(z1 — 22)? = (1 — o2)2 +d1daFyyy (1, e%2)

Proof. It is enough to show that the Euler operator

d d 71 d 22 d

+— = — 4 —
dxi  dxy  1-gqrz{"dz 1-grzd dz

applied to both sides of
log(z1 — z2) = log(e™ — ™) + Féf’Q)’r(exl, e*?)

gives equal expressions up to at most functions of a single variable ¢** C(e*') and
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6. Towards an orbifold generalisation of Zvonkine’s -ELSV formula

e*2C(e*?). Let us compute the left hand side first:

21 <2 1
Elog(z1 — z2) = -
g( 1 2) (1 _ qrz(lyr 1_ qrzgr) 71 — 29
1 1
- (1—grzi")1 - gqrz3") (qr(zl +2 et ) - (qr)QZ(IIngr)
1
d zd IOg(ZQ) ) Pl 122 log(z1)zd" o ar
= - + e — 2 | =
dxy dxy " qr qgr—1 2(gr-2) qgr %
d d 7l 222 ud !
14— 2 qr 4 qr+ 1 + 1 2+“.+ 2 +qrqr
dxy dxo (Z1 2raL var gr—1  2(gr-2) qr—1 %
A i o0 'u[ﬂl] #[#2]
— 1 + _ekxl + _elxg + qr 1 2 e/llx1+/.12xz
,;1 [T IZI e T 2 Gl
qrlk qrll qrluy+pz
qrim
) [/12]
+ Z H1X1+M2x2’
24 Tl T
qrui+pe
qr|m
where in the last equality we used the fact
d (Zi) i Iu[u] Lx ]
— == —e fori=1,...,qr -1,
i 1
dx \ i pegr|p—i [T
d g 0 AL
dx- [t 7

which was proved in [SSZ15, lemma 4.6]—substitute gr for r there. By lemma 6.4.1,
the right hand side reads:

E( log(e*t — ex2)+F(§f"2)’r(exl,e"2 )) =

~ k1] | [u2] o0 k1] | (2]
1+gr Z 'ul Ha eH1X1tp2x2 | Z ’ul Ha pHIX1H2 X2
A L] [pa]! A Tl ]!
qrip+uz qrluy+uz
qrimi qrlm
This concludes the proof of the theorem. mi
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II1. Polynomiality results for Hurwitz numbers

6.5 — A GENERALISATION OF ZVONKINE’S CONJECTURE

In this section we use the result of [LPSZ16] in order to give a precise formulation
of the orbifold version of Zvonkine’s r-ELSV formula. Recall that we write u =
grlul + (u) for integral division of u by gr.

CONJECTURE 6.5.1. We propose the following formula for the q-orbifold r-spin Hur-
witz numbers:

n ) Hj [/J]
pol @ r2g—2+n(l]r)w ﬁ (q_Jr) ' / Cyn(rg.q; {‘1’ — (ui) })
U S, — La-Ee

Here the class %, is the Chiodo class, see section 2.7.

In the special case ¢ = 1 this conjecture is reduced to Zvonkine’s 2006 conjec-
ture [Zvoo6]. In the case r = 1 it is proved in [LPSZ16] that this conjecture is
equivalent to the Johnson-Pandharipande-Tseng formula first derived in [JPT11].
In the case ¢ = r = 1 this conjecture reduces to the ELSV formula first derived
in [ELSVor].
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CHAPTER 7 — SPECIAL CASES OF THE
ORBIFOLD VERSION OF
/VONKINE’s r-ELLSV FORMULA

7.1 — INTRODUCTION

This chapter is a direct continuation of chapter 6, so let us recall the two equivalent
main conjectures

CONJECTURE 7.1.1 (Zvonkine’s gr-ELSV formula). We have:

o H(_)M i nlraaifar—w)})

_ 2g-2+n
L =r (qr) ‘" — '
SHekin j=1 ['ul]' Mg.n H;lzl(l - %lm)

CONJECTURE 7.1.2. The formal symmetric n-differentials

o] n
0,(q),r Hi
di® - ®d, Z gy l_lxi, g=>0,n>1, (7.1)
H1s ot =1 i=1
are expansions in X, . . ., x, of the symmetric n-differentials wy ,(z1,. . .,2,) that are

defined on the spectral curve given by x(z) = ze "', y(z) = z9 and satisfy the
topological recursion on it.

In this chapter we prove conjecture 7.1.2 (hence conjecture 7.1.1) in two new
series of cases, namely

e for r =2, and arbitrary ¢ > 1, g > 0 (theorem 7.4.4);
e for g =0, and arbitrary ¢,r > 1 (theorem 7.5.1).

Let us discuss the strategy of the proof. We take the approach to the topological
recursion via loop equations, proposed in [BEO15; BS17] and explained in subsec-
tion 2.6.2. It is proved in chapter 6 that the formal power series in xi,...,x, in
equation (7.1) is the expansion of a symmetric n-differential form defined on the
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II1. Polynomiality results for Hurwitz numbers

spectral curve identified from the case (g,n) = (0,1). Then the topological recursion
is equivalent to the following three properties of these symmetric differentials: the
projection property, the linear loop equation, and the quadratic loop equation [BS17,
Theorem 2.1]. The projection property and the linear loop equation are also proved
in chapter 6. Thus, conjecture 7.1.2 is reduced to the quadratic loop equation.

The quadratic loop equation is, therefore, the main problem that we address in
this chapter. Let us briefly recall it in a convenient form. Consider the function
x = ze ¥, It has gr branch points p, . . ., Pgr- We choose one of them, p;. Denote
by o the corresponding deck transformation. For any function f(z) we define its
local skew-symmetrization A;(f)(z) = f(z) — f(0i(z)). Then the quadratic loop
equation is equivalent to the property that

wy-1,n+2(2', 2" 2 + 2 grrsy Wy |1 1+1(2 21 )Wy 1 1+1(2, 21,)
Iulx=[n

dx(z")dx(z”) [ 1=, dx(z;)

ALY

7'=7"=z

is holomorphic in z near the point p;. Here by A and A we mean the operator A;
acting on the variables z’ and z” respectively. This property should be satisfied for
anyi=1,...,gr and forany g > 0,n > 0.

In order to prove the quadratic loop equation we use the cut-and-join equation
for the completed (r + 1)-cycles derived in [Roso8; SSZ12; Aler1]. We rewrite
the cut-and-join equation as an equation for the n-point functions Hy ,(x,1) ~

o

20Gi)=n hg’;g’)’r [T, x{" (equation (7.17)). In the special cases of completed 3-cycles
(r = 2) and genus 0 (any r > 1) this equation has a particularly nice form that allows
us to derive the quadratic loop equation using the symmetrisation of this equation in
one variable.

7. 1.1 — ORGANISATION OF THE CHAPTER

In section 7.2, we derive the cut-and-join equation, and give explicit formulas for
the genus 0 with ¢(u) € {1,2} and genus 1 with ¢(u) = 1. In section 7.3 we revisit
the computation of the previous section in the particular case of r = 2 (completed
3-cycles). In section 7.4 we prove conjecture 7.1.2, and, therefore, conjecture 7.1.1
for r = 2. In section 7.5 we prove conjecture 7.1.2, and, therefore, conjecture 7.1.1 for
g = 0. In section 7.6, which is only tangentially related to the rest of the chapter, we
globalise abstract loop equations and prove their connection with global topological
recursion.
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7. Special cases of the orbifold version of Zvonkine’s r-ELSV formula

7.2 — CORRELATORS AND CUT-AND-JOIN EQUATIONS

7.2.1 — CORRELATORS

Recall the definition of the partition function, see equation (2.18). We interpret
it as an element of some completion of the space of symmetric functions A, see
definition 2.3.16. We define A" to be the degree n part of A and define a derivation
D: A — A: s deg(s)s.

The partition function satisfies the following equation.

THEOREM 7.2.1 (Cut-and-join equation for Z\9"). [SS§Z12, Theorem 5.3]

10 ,
() 20 =

where the cut-and-join operator Q.1 is defined by

r+ 1 1~ (ki) i 1~
R P TIBes | R

r>0 n>1 m>1
ki+-+ky,=s L+ +ly=s

(7:3)

Note that, with respect to [SSZ12], an extra factor of r! appears (this is due to the
different convention we use for the operator Q,1).

We describe an equivalent way to repackage r-spin g-orbifold Hurwitz numbers.
Consider the injective morphism of vector spaces

1 1 . o (i
D: A" = Ay pu— Emﬂ(xl,...,xn): o Z l_[xf‘ W

o€, i=1

We denote Dy, the operator x;dy,. It is consistent with the previous notation in the
sense that

VfeA,  o(Df)= () Dy)oe().
i=1
LEMMA 7.2.2. The correlators Hé?,l’r(xl,. .. Xp) from equation (2.19) are given by

HEY (x1,. %) = DG, -

The goal of this section is to write down the cut-and-join equation (7.2) solely in
terms of the correlators.
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II1. Polynomiality results for Hurwitz numbers

DEFINITION 7.2.3. For integers d>0,m > 1,k € [n] and a subset Ky C [n] \ {k} we
define the operator Q% d:Ky.m Via the generating series

®)  2a_ 2 szDx,) =1 §(zDg;)
Z Qd 1Ko, m g‘(z) l_[ ZDx,- 1—[ Z

d>0 ieKoU{k} j=1

(7.4)

Ej=x

The (¢;)}L, are dummy variables and the operators work in the following order:
1. The D¢, operators act.
2. The specialization &; = x; occurs.

3. The Dy, operators act (therefore Dy, also acts on the variables x; created by
specialization of the &; to xi).

We stress that the result of the application of Q(;.)KO o 10 F(xkg, €1, . Em) only in-

volves the variables xg, and x;.

ExAMPLE 7.2.4. Ford = 0and d = 1 we have:

(k)
Q. :Ko,m | | ij ¢
=Xk

m
2
J— ka [e] [1_[ D{:j
J=1
PROPOSITION 7.2.5. Forany g > 0and n > 1, we have

%Hg,n(wﬁ 2. % 2 % 2 2

{kyullé_, Kj=[n] m>1,d>0 " Ul Mj=[m] 9159020
j=0 &j |Ko [+m+2d=r+1 J Mﬂ*’@ g:ZIf,:ng—+m—£+d (7.5)

&j=xXk

(ZD2 +ZD2 )ﬁ%

ieKyp

§j=xk)

¢
(k) Xi
Qd;Ko,m X . Hy, k; +1; 1 (XK Em;) | 5
ieKo j=1

where By, = L(2g-2+n+ % X1 Dy,).

The integer 2]{;1 gj +m — { is the genus of a surface obtained by glueing along
boundaries a sphere with m boundaries to a surface with ¢ connected components of
respective genera g; and numbers of boundaries |M;|, such that }; |M;| = m. Hence,
d can be interpreted as a genus defect. When g = 0, we must have £ = m, g; = 0 for
all j and d = 0 in this equation, and it becomes a functional equation involving Hy
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7. Special cases of the orbifold version of Zvonkine’s r-ELSV formula

only. For (g,n) # (0,1), H,,, always appears in the right-hand side of equation (7.5) in
the terms where Ky = 0, ¢ = m,d = 0, K, = V \ {k} for some a € [¢]. They contribute
to a term

5 (D Ho,1(xi))"
Z % ka Hg,v(x[n])

k=1
For (g,n) = (0,1), the same term contributes, but it collapses to = (Dleo 1(x1)) s

Proof. We examine the homogeneous component of degree n in the p’s and degree
2g — 2+ n —r in the grading where degu = r and deg p,, = —’é (effectively tracking
the genus) in
10
S5 mZ=[NZ70R)Z. (7:6)
r! du
After selecting the chosen homogeneous component, the 2 operator in the left-hand
side of equation (7.6) produces a factor

2g—2+n+éD
r-r! ’

Applying @ will replace p, by monomials x4 - - - x};". Let us consider the application
of ® on the right-hand side of equation (7.6) before extracting the coefficient of z"*1.
A non-empty subset L C [n] of the Variables (x;), will be used in the replacement
of T1; px; from Q. This will produce [Tier X' * where 4 is a permutation of k.

Using the fact that e ([T Ay)e! = [1(A; F ) for differential operators A; acting on
the exponential of a function F, the other variables will appear as

(l—[ ) g7 |K; 1+1M; |

Jj=1 ieM;

:|<\

where (Mj)f:1 is a partition of [m] into non-empty subsets, (Kj)f=1 is a partition
of [n] \ L by possibly empty subsets, (gj)f.zl is a sequence of nonnegative integers
remembering the power of B pulled out by the derivations acting on the exponential
generating series Z. Moreover, the identification of the exponent of B forces the

constraint
¢

2g—2+n—r=Z(2gj—2+|Kj|+|Mj|) (7:7)
J=1

More precisely, the contribution of the variables corresponding to [n] \ L is of the

form
f‘ imés+l [l_[g(Zth)l_[ | K |+ 1M; |(XKJ SMJ)

)

Ea=§&
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II1. Polynomiality results for Hurwitz numbers

where s = k; + - - + k,,. The variables x;, then contribute to

[ 1_[ D;'s(zDy,) Xfi] fm 1_[ §(zD¢;) l_[ K1+ 1M | (XK €M)

ieL Ea=¢
(7-8)
We should then perform the sum over positive k’s, using
Xy o 1 Xi
e S =——+ . .
k1,.§n>1 §k1+ +k,,+1 1_[ {: Xi ; E—xp 1;[ X — % (7.9)

Let us perform the contour integral of the expression
k

kl.-- n
fﬁiﬁ—an&

27 §k1+~~~+k,l+1

for F a formal power series in & without constant term. The term £7! in equation (7.9)
does not contribute and we find

dé KK ke
gmeM?FﬁzF®—z[

]F(xk)

k=1 L¢k

We use this formula with the set of variables (x;);er rather that (x;)";, and with

m l
F(é) = [ [ 16D | | Hopuiny i, |(ij,§Mj)]
j=1 j=1 &a=&

Applymg the operator [;ck, D} s(zDy,) as it appeared in equation (7.8), perform-
ing all the necessary sums and ﬁnally extracting the coefficient of z"*! yields the
application of @ to the right-hand side. In this process, one has to carefully track the
symmetry factors (there is a factor l—l, because the set partitions of [1] and [m] should
be unordered but paired and a factor % because all € are identical), and the outcome
is

¢

[Zrﬂ]Z% 3 I'Z(r+Z(2gJ—2+|K|+|M|)—(2g 24n))

m>1 L|_,|_|jf;:1 =[n] keL Jj=1
uj-:lM,-—[ m]
L,Mq,..., Me#0
gi,---.90 20
[Ticz Dxls(zDy) [ {2
: o [ [sGne) Hy,.1K; 1+ 1y (3K En1;) ’
sz j=1 reL\{k} ga=xig
(7.10)
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7. Special cases of the orbifold version of Zvonkine’s r-ELSV formula

where the Kronecker delta im

poses the genus constraint equation (7.7). Since by
definition 2521 |M;| = mand ¥’_, |K;| = n—|L|, this genus constraint can be rewritten

¢
g=zgj+(m—f)+d,
j=1
with d > 0 defined by the formulam + [L| -1+ 2d =r + 1.

Let us rewrite L = Ko U {k}, and notice that the operators Qil;)KO,m were precisely
defined in equation (7.4) so that

[Zr+1] S.—]-(Z) l—l D;{lg(ZDxi)[ ﬁ §(ZD§]. )] ‘ . - Q(k)

&= d;Ko,m”’
ieKgU{k} j=1 J

and this puts equation (7.10) in the claimed form.

7.2.2 — SPECTRAL CURVE: (g,n) = (0,1) anD (0, 2).
Let C be the plane curve of equation x = yae ¥ Itisa genus zero curve with maps

—zqar
{x:z»—>zez sy 7z z4.

for the chosen global coordinate z. This last map has gr simple ramification points.
They are indexed by the gr-th roots of unity, here denoted ', and have coordinates

(x.9) = ((erq) 77, (rq) T w®) .

Their position in the z-coordinate is denoted

_1
pi=(rq) T,

Let 0; be the deck transformation of the branched cover x around p;, and 1 be a local

coordinate such that x(z) = x(p;) + n%. We introduce another coordinate ¢ defined by
the relation

The ramification points are all located at 7 = oo, while x — 0 corresponds to r — —gr
Note that

. (7.11)
qgr
LemMA 7.2.6. Let y(x) = DyHo 1(x). We have x = y(x)ée_yr@‘).
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II1. Polynomiality results for Hurwitz numbers

Proof. For (g,n) = (0,1), the only terms in the right-hand side of the cut-and-join
equation (7.5) have k = 1 and genus defect d = 0, therefore the variable x; = x appears
m =r + 1 times, and we must have ¢ = m, i.e. m factors of DxHp 1. One of the factors
(r+_11)! drops out against the sum over set partitions | ¥} M; = [r + 1], which is the
sum over S,.1. We find

_HO,I + éDxHO,l _ (DXI‘I(]J)V_'—1

rer! (r+ 1)

Let us define y(x) = Dy Hy 1(x). Applying dx, we get —x 1y + % = ry’y" and thus

y’(%1 —ry"™1) = x71, which integrates to
1 r
—logy -y =logx+c
q
for some constant c. Since y(x) = x +O(x?) when x — 0, we must have ¢ = 0, proving

lemma 7.2.6. o

The following formula for Hy 2 was derived in theorem 6.4.2 via the semi-infinite
wedge formalism, we re-derive it here to test the cut-and-join equation and to demon-
strate how to compute with it.

LemMA 7.2.7. We have

Hp 2(x1,x2) = log(z1 — z2) — log(x1 — x2) — y] — y3, (7.12)
3th + Aqred + (¢%r? = )i + ¢*r?
WO,Q(-X’X) = 2 .2 . (713)
12r=q

where

(Dz1)(Dz2)  x1x2
(z1—22)? (x1—x2)?’

Wo,2(x1, x2) := Dy, Dx, Ho 2(x1, X2) = (7.14)
Proof. We denote y; = y(x;) and 1; = t(x;) for i € {1,2}. According to the remark
below proposition 7.2.5, the right-hand side of the cut-and-join equation for (g,n) =
(0,2) contains Hy 2 as (y} Dy, + y5Dx,)Hp 2. The remaining terms have genus defect
d = 0 and correspond to Ky # 0. Now, k takes the value 1 or 2, and x; appears m = r
times in £ = m functions DHy 1 = y. This leads to

ro1 r1 YiXe—yp X1 _
(yl - ;)DleOsQ + (yQ - E)DXZHO’Q + X1—X2 - 0’

The solution we look for admits a formal power series expansion of the form

Ho 2(x1,x2) = Z B X xh, hig = hyg . (7.15)
Kiz1



7. Special cases of the orbifold version of Zvonkine’s r-ELSV formula

In particular we must have

lim Hp 2(x1,x2) =0.
x1—0

One can check that

H) = log (=2 ) =y - 5
X1 — X2

satisfies all these conditions. If Ht()lg is another solution, then F = H(()O; - H(()lg must

satisfy
(y] = &) Dx, + (y5 — &) Dy, | F = 0. (7.16)
q q
We remark that
1 t;(t; I
(ylr — _)Dx,- = M ('jtl_ = _[)ui’ u; = log (ﬂ) = log(qrzlgr) .
qr qr I

Therefore, the general solution of equation (7.16) is F = ¢(z{"2,7"). Because x(z) =
ze %" islocally invertible around x = z = 0, this proves the only non-zero coefficients
S are fi —x. But because k > 1 by equation (7.15), we get F = 0. This proves
equation (7.12). A simple computation leads to equations (7.13) and (7.14). ]

7-2.3 — CUT-AND-]OIN EQUATION REVISITED

We are going to transform the cut-and-join equation from proposition 7.2.5 in or-
der to treat the factors [1;cx, Di's(zDyx,) = at the same footing as correlator

Xk —Xi
contributions. Let us define

~ i i X1 — X2
Ho 2(x1,x2) = Ho 2(x1, x2) + Hp 5% (x1, x2), Hy'58(x1, x9) = log( ) .

X1X2
Note that Hy 2(£1,£2)|g=¢,=x 1s not well-defined. When such an expression appears
below, we adopt the convention that it should be replaced with Hy 2(x, x), which 1s

well-defined. Furthermore, for 2g — 2 + n > 0, define H,, ,(x(,)) by the following
recursion:

g,n ry
T g,n(x[n]) =

¢
1 1 « _
§ ] § il § Qd,)q)’m|:| |Hg,-,|1<_,|+|Mj|(X1<j,§Mj)' (7.17)
! i

m21,d=0 "y Y K;=[n g1,--290 20
m+2d=r+1 { }{, j-1 Kj=ln] g=Y, gj+m—+d
Uj:l Mj:[m]

Mj#@
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II1. Polynomiality results for Hurwitz numbers

PROPOSITION 7.2.8. For 2g — 2 + n > 0, the generating functions H, , and H, , are
equal, unless 29 — 2 + n = r, in which case they differ by an explicit constant.

Remark 7.2.9. As we are ultimately interested in the differentials d®"H, ,,, these
constants are of no real consequence for the remainder of the chapter.

Proof. We remark that

Xi — e_z/Qx,-

. 2/25 _ y. p=2/2 .
D;ils‘(sz,-)ka=log( (e X —X; e xkx,>

- X; X — €%/2x; ) ePxpx; e 2xy — x;

Xk — X;
= §(Zka)10g ( k L) .
XL X,

i

Therefore, we can interpret the factors Dy g(sz,) in equation (7.§) as contri-

butions of HSlng The sum Hy > = Ho 2 + H 0.2 & is reconstructed in the left-hand side
of equation (7 5) and treated in the same way as the other factors of H. Let us make
the correspondence between the old and the new summation ranges. Now we are
considering m’ = m + |Ky| the total number of occurences of xi, £’ = ¢ + |Kp| the
total number of H-factors. These factors contain variables distinct from k, organised
according to a partition Kj L -+ U K, where K| = K; for 1 < j < ¢ and where K.;
for 1 < j < |Kp| are the singletons of elements of K. The genus attached to these
(0,2)-factors is go+j = 0 for 1 < j < |Kol, and m’ — ¢’ = m — ¢, so the genus constraint

keeps the same form
P

g :Zgj+m/_€/+d,
=1

while the genus defect is now defined by m” — 1 + 2d = r. The symmetry factors
which occur in this resummation — as the partitions of [1] and [m] can be reordered —
are accounted for in the formula given by equation (7.17), where we have removed
all primes on the dummy indices of summations for an easier reading.

In relabelling we have added the term in the sum of the right-hand side where
all Hy , are actually H;°?. This corresponds to adding the term withm = ¢ = 0 in
equation (7.5). Unraveling the definitions, the extra term reads

Z Z 6n 1+2d r+16(/ de sin]\{k}, 0( l_[ ﬁ)

k=1d>0
z s(zDx,;) Xi
— 5 -~ - ZQg = i
I; 2g—-2+n, [ ]S'(Z) 1:1[ ZDx,- (n X — X;

ik
s S [T S ] o
= 02g-2+n,r 1377 | % — .
g—2+n,r g‘(z) 1 ZDx,- ol ik Xl — Xi
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Now, the sum over k can be calculated via residues:

= X; 1 X;
L L

Sl =Y ke a2 = [ -
xk—x, 1w X W zlw—xi w:Owizlw—xi

k=1 ik

using that the sum of residues of a meromorphic function is zero. As this is already
constant, any derivatives in x give zero, so only the constant terms of the expansions

g(ZZTD:) =1+ O(Dy) contribute. Hence the final contribution is
z (21720 -~ 1)By
Cg,n = _62g—2+n,r[Z2g]% = _629—2+n,r2—g!g

Because of the Kronecker delta, A, ,, and H, , agree for 0 < 29 — 2 +n < r. For
2g — 2+ n =0, we get that

By ~ g.n
# g, n(x[n ) - THg,n(x[n]) =Cg.n

therefore
n

1 -
(1+ - DD ) (Hyn(tiap) = Hon(31ap)) = rlégn
i=1
As both H ,, and Hg,n are power series in the x;, their difference has to be rlc, .
If 29 — 2+ n > r, the two functions are again equal, as we again have ¢, , = 0
by the Kronecker delta, and the different constants in Hy , on the right-hand side
vanish by the differentiation included in the Q-operators. i

7.2.4 — ExaMmPLE: (g,n) = (1,1)

We show this computation as an illustration of the cut-and-join equation.

M

LeEMMA 7.2.10. We have Hy 1 = 5iry

Proof. The cut-and-join equation for (g,n) = (1,1) contains terms with genus defect
0 and 1. It reads

r r—1 r—1 r—1
Yy y WO,Q(XJC) 1 ( 2 2 ) Yy (61 +Dx)H1,1(x)
— DH + +—|\D;+ ) Di- =
;7 Dxtia() r-Dl 2 24\ 7x Z‘ P =) qr - r! ’
(7.18)

where D? is acting on the i-th factor in y" ™! = [12} y. From equation (7.13) we
know

Wo2(x, x) 3t + 4qrt® + (g%r? — 1)t + ¢*r?

20r = 1) 24r2g2 - (r — 1)!
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II1. Polynomiality results for Hurwitz numbers

We also compute

( N Z D2 B 1) 2(r -+ qr(r — )2 + qr2
24(r -1)! 24qr - r!

Substituting these expressions into equation (7.18) and using equation (7.11), we
obtain:

1 r—1t2
(1 - ﬂa,) Hyi= ”24 362 + 2q(r + Dt + (¢°r = 1)]
q

Observing that —#(t + qr)qg™'6; = yd,, and imposing H1; = y 'F the equation

becomes
r—1,2

Y132 4 2g(r + Dt + (g% — 1)

0, F = 51

Applying back the inverse relation 8, = —rt?y"'d,, we see that the solution which
vanishes at x = 0 is obtained by

t
F(t) = _fqzr /qr (3u® +2q(r + Du + (¢°r — 1)) du
Computing the integral yields the announced result. m
7.3 — DERIVATION OF THE CUT-AND-JOIN EQUATION

FORr+1=3

In this section, we will rederive the main result of the previous section, equation (7.17)
together with proposition 7.2.8, for the specific case of r = 2. This is done both
because the procedure is easier in this special case, and because we will make the
formula more explicit. This more explicit form will be used to prove topological
recursion in this case in section 7.4. The present section can thus be read independently
of section 7.2.

Our starting point is again the cut-and-join equation (7.2) (see [SSZ12, equation
(32)], where we have an extra factor of r! because the weight of #,1-operator is
slightly different for us). Our goal is to derive from this equation an equation for the

correlators
/’l {q).r n

Hg,n(xls ceXp) = Z % l_] xﬁli

Hseeesfln =1 : i=1
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7. Special cases of the orbifold version of Zvonkine’s r-ELSV formula

directly for the case r + 1 = 3, our main case of interest in this chapter. In order to do
so, we first derive the equation for the disconnected counterparts of H,, ,

g
Hy (X1, .. x0) = Z ’b' 1—[ x;f"
Toi=l

H1s--- Hn 21

The generating functions Hy ,, and Hy , are related by standard inclusion-exclusion
formula. For example, in case of three points

H 5(x1,x2,x3) =Hy 3(x1, X2, X3)

3
+ Z Z Hy, 2(xq3)\(iy)Hgs,1(xi)

g1+g2=g+1 i=1

+ Z Hy, 1(x1)Hg, 1(x2)Hy, 1(x3)

g1+g2+g3=g+2

Note that by the genus of each summand in the disconnected case, we understand its
arithmetic genus. Therefore, we have ), g; = g + #(cgg’;l;g;;;fis) - 1.
For the case r + 1 = 3 the cut-and-join operator from equation (7.3) is equal to

(see [SSZ12, page 419])

3
1 .. . .
== E kpivjsk——————+ ([ + ]+ k)pip;
03 G (l] Pi+j+k 3pi3pj3pk @i+j )PzP/Pk (9pi+j+k
i,j,k>1
92 0
1 ( . ) 1 3 _ N\
+ E ijpkPr—— | + E (2 = D)p;
4 . . 24 .
i+j=k+1 Opidp; i1 opi
i,j,k,1>1

1 1 1 1
=50p0% + 509p30 + 79p202 + 370p6

where the last line introduces self-explanatory notation for the pieces of the cut-
and-join operator with different number of multiplications and differentiations with
respect to the variables py.

7.3.1 — FROM p 1O X

To derive the equation in x-variables we perform the following steps.

* We extract a coefficient [u?~1p,] in front of a particular power b — 1 of u and a
particular monomial p, from equation (7.2). As a result we obtain something
of the form

LHS_1,, = RHS»_1.,
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II1. Polynomiality results for Hurwitz numbers

® Then we resum these individual equations in such a way that on the left-hand
side we obtain one Hj ,,, with particular g and n. It is clear that we need to take
the following sum (note that we are summing over partitions here, not vectors,
since all vectors u differing by a permutation of components contribute to the
same equation):

Z LHSp(g,1-1.0 Z () (r(n) Z LHSp(g p1.0%)" - "

ML= 221 Tes, Hlseesln 21
_Bg»n
Co2l e

where b(g, u) = w (the —1 in the power of u accounts for g, in the
equation). The operator B, , = 3(29 -2 +n + % >, Dy,) reproduces the
prefactor b, which comes from the derivative.

e Finally, we rewrite the right hand side, which now has the form

M Hn
D RHSpgu1u . xi .

M1 2pp>1 o€,
as some differential operators acting on some £, s
To perform the last step we analyse contributions of each Q,i5 in turn. After
that we group them in a smart way.
THE CONTRIBUTION OF pd?

Let us consider the operator Q,,5s. The result of its action on the formal power series

of the form » »
M1t Pln
Z C,ul‘..,un 1—‘ (719)
n!
—Hn 21
is (we shift (n — 3) — n)
.. Pi+j+kPuy -+ - Puy,
2 DL kG, e
ijk H1seesMn >1 !
We substitute the monomial p;ijkpy, - - - Pu, by
i+j+k HMn
Z Xo1) XYo@  Xome1)
€11

Each summand

. B l+]+k 1 yHn
kCijkps . X 1) x/;(Q) “ont1)
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7. Special cases of the orbifold version of Zvonkine’s r-ELSV formula

can be written as

i

&1=£2=83=X(1)

k n
(Dfl D, Dy Cijip, ... 51525 Zl(g) e xﬁ(m 1))

where Dy = £0;. Since for each value of o(1) there are n! permutations from S,,41
and their contributions are equal, because Cjjx ,, is symmetric in its indices, we see
that the contribution of the pd*-term to the cut-and-join equation in terms of x is

equal to
n

Z (Dfl D§2D§3H;—2,n+2(§1,§2,§3’ x[n]\{k}))
k=1

&1=862=83=x1
A subtle point here is why we get prec1sely genus g — 2. It is the result of direct

counting. For every concrete u we have, in case of r + 1 = 3, from the Riemann-
Hurwitz formula for the left hand side

n+lul/q
5 .

On the other hand, for the contribution of Q53 we can say that the number of
completed cycles b is one less, and the length of partition is bigger by two, while the
size |u| is the same. Therefore

b=g-1+

n+2+|ul/q

b—1=gpg—1+ 5 ,

Le. gpgs =g — 2.

THE CONTRIBUTION OF p2d?

The result of the action of Q0,252 on the formal power series of the form of equa-

tion (7.19) is
.. PkPiPu - - - Puy,
Y iyt
i+j=k+l p1,....ptn>1 :
ik, I>1

After substitution of p by x it becomes

)Cll n

i Z Z Z Z ijcijuxg(l)x(lr(z)x?@)”' 0'(n+2).
n!

a=li+j=a k+l=a pi,....,un 21 0€S, 2
i,j>1 k,i>1

As we have the relation

(7.20)
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II1. Polynomiality results for Hurwitz numbers

it is easy to see (the factor n! again cancels with the number of permutations in &2
with fixed o-(1) and &(2), the extra 2 comes from two summands in equation (7.20)
that give equal contributions) that the contribution of Q,,242 is

X .
2-2 d (DglDgQHg_l,n(51,62,X[n]\{k,1}))

e =M S1=E2=xk

The genus counting is analogous to the pd3-case.

THE CONTRIBUTION OF p°0

Quite analogously to the cases of pd* and p?9?, the contribution of Q34 is equal to

Xi Xk
3 ( 4 Dg, H: X\ )
2 Gi—x) =8 gn-2 (1 X\ (1.7 )

i#j#k &1=x;
To derive it, one needs the following formula
Z XKyl = *yz y“ax xy
oy G-pe-0  w-0w-0  G-e-v)
k,l,m>1

The genus-counting is again straightforward.

THE CONTRIBUTION OF pd
Finally, the contribution of Q4 is

n

> ((2D§1 ~Dg )H;—l,n(fl’x['l]\{k}))
k=1

E1=Xk
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7. Special cases of the orbifold version of Zvonkine’s r-ELSV formula

7.3.2 — THE UNIFICATION

Taking the sum of the previous terms, we have obtained the following equation for
the disconnected generating functions Hj ,,

n
3BynHy (X)) = § Z (Dfl D¢, Dg;Hy s 1,40 (€15 €2, €3, Xn)\ (k) )‘

k=1 §1=862=83=X
b2 )
+ -2 Dg D, ,€9, X
122,y \Pa e Hg oy (En b xmnen) )|,
1 Ay Xk .
+2-3 o H o (X g.k})
6 — g,n—-2\Mn]\{j,k}
P72k (xi x]) (x; Xk)
n
+ L4 (2D3 - Xk) -1, n(x[n ). (7.21)
k=1

Now define the m-disconnected, n-connected generating functions Hy, ., n(&m) | X[n])
by keeping only those terms in the inclusion-exclusion formula where each factor
contains at least one &. For example, Hy 1 n-1(X; | X[\ (i}) = Hg,n(x[n)) and

Hy 3.0(61,62.63 | X[n)) = Hy,ne3(é1, §2 €3, X([n))

+ Z Z Hy, 141k ((§i Xk ) Hgo 24 Ko | (€131 (1) XK

g1+ga2=g+1 i=1
KiUK2=([n]

+ Z l_[ 1+ (€1, Xk;)

g1+g2+g3=g+2 j=
Ki1UKoULK3= [n]

(7.22)
Applying induction on the number of points n yields
n
Bg,an,n(X[n]) = %Z (D§1 Dg,DeHy 23 51 (51,52,53 | X[n]\{k}))| o

=t &1=E2=E3=x}
¢Sl )|

; X — X; &S P& Hg-1,2,n- l(fl & | [n] \{kl}) f—ta,

xj

+ 2 .’ .

t#JZ;&k (ke = xi) (xx = xj) D Hyn-2 (X[ 10.73)

+ % Z(ZDik - ka )Hg—l,n(x[n]),
k=1
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II1. Polynomiality results for Hurwitz numbers

which proves by equation (7.21) that the functions (Hy,,(x[x]))g,» and the functions
(Hy (X(n]))g.n satisfy the same recursion. Now we can unify the contributions of
0,53, Qp292 and Q35 by changing the (0,2)-generating function to absorb the rational

factors in x. First, we observe that the following equality holds:

E—x X
Delog (1) = 2.
¢ Og( éx ) E—x
Suppose we substitute each Ho 2(¢, x) inside Hy,mn(€[m] | X(n)) by the “modified”
2-point function Hy 2(&, x), which is defined to be

Foa(6.) = Holé.x) +Tog (S22)

We will denote these modified Hy . (é1m) | X[n)) by ﬁg,m,n(.f[m] | X(n])- Then the term

n
Dy (Dfl D, Dgy Hy2,3.n-1 (8152, €3 ¥ (k) ) )‘

e &1=€2=83=x

contains contributions of Q,43, 0,242 and Q,34, corresponding to zero, one, or
two Dg-operators acting on logarithmic corrections respectively. The genera match,
because a factor Hy 2 lowers the arithmetic genus of the product by one, and it is a
direct check that the combinatorial coefficients match.

However, there is also a possibility that all three Dz-operators act on logarithmic
corrections. This occurs only for (g,n) = (0,4). By direct computation, the total
contribution coming from this added possibility is equal to —1 (so it is constant in x;s).
Similarly, there is an extra contribution to the pd-term coming from substitution
of H by H in the case (g,n) = (1,2), but this is constant in x as well — it equals 1.
These extra terms only add this constant to Hy 4 and Hj 2, so they do not influence
the recursion for other terms. Furthermore, they do not change the differentials
wgn = d®*"Hy », which are the fundamental objects for topological recursion.

So, defining

X1 — X2

I:Ig,n(x[n]) = Hg,n(x[n]) + 69,0511,2 10g ( ) - 5g,06n,4 + %5%1671,2 .

X1X2

the cut-and-join equation in terms of x can be written as

n
Bg,an,n(X[n])=%Z(DflszDszg—z,a,n—l(fhf%fa|X[n]\{k})‘ L
=l &1=E2=83=x

n
+ % Z(2D§k - ka )Hy—l,n(x[n]) .
i=k
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7. Special cases of the orbifold version of Zvonkine’s r-ELSV formula

This is the most concise version of the cut-and-join equation. However, for our
purposes, it will be useful to have an even more explicit description. So we insert
equation (7.22) into this equation, which yields (simplifying because we evaluate all
&’s to the same value)

n
Bg,an,n(X[n])=%Z(D§1szDszg—z,n+2(fh€2,§3,X[n]\{k})| o
P &1=€2=83=x}

. (DXkH91,1+|K1|(xk’xKl))(D-fkaH(JQ,ZHKQI(f’xk’sz))‘

g1+ga=g-1
{k}UK1UK2=[n]

3
+3 Z 1—[ (kaHg_,-,1+|K_,-|(xk7ij))
j=1

g1t+g2+gs=g
{k}UKUK5UIK3=[n]

n
+ 5 Y 2D3 = Do)y 1 n(xim)
k=1

(7-23)

This equation does indeed agree with equation (7.17) for the case r = 2.

7.4 — TOPOLOGICAL RECURSION FOR HURWITZ
NUMBERS WITH 3-COMPLETED CYCLES

In this section, we show that the generating series for 2-spin g-orbifold Hurwitz
numbers obeys the topological recursion for the spectral curve

dz1 ® dzo

x=ze "
C= { ¢ and  wo2(z1,22) = 7 -
(z1 - 22)

y=2z1

This curve was initially derived in lemma 7.2.6, see also [MSS13; SSZ15; SSZ12]. We
denote by (p;)?’, the (simple) ramification points of x in C, and by o;(z) the deck
transformation around p;.

DEFINITION 7.4.1. Let us define the symmetrization and the skew-symmetrization
operators defined locally near p; by

Af(z) = f(2) = floi(2),  Sf(2):= f(2) + f0i(2) (7.24)

We will also use in the following notation of the sort A, and S,, to indicate that the
operators act only with respect to a particular variable w.
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II1. Polynomiality results for Hurwitz numbers

LEMMA 7.4.2. We have
1
Sey(z) = 2(qr)"7 +0(°).

In particular, 1/S,y is holomorphic in a neighbourhood of p; as S; is even in n.

Proof. Compute S,y(z) = z9 + 0i(2)? = 2p + O(n?) and note that there are no odd
powers in 7. o

LEMMA 7.4.3. For any 2g — 2 + n > 0, the formal symmetric differential n-form
Wgn = di...dyHy, is the expansion at x1 = ... = x, = 0 of a meromorphic n-
differential form on C", which satisfies

e the linear loop equations: (dx(z))" S, Dxwy n(z,2n-1]) is holomorphic when
= pi.

e the projection property:
qr %
Wg,n(2,2[n-1]) = 2%35- (/ wo,2(',z))wg,n(z',1[n—1]~
i=1" t Pi

Proof. This follows from chapter 6 along the same lines as section §.4. O

THEOREM 7.4.4. The differentials w, , satisfy topological recursion on C: if we set
I={z2,...,2}, we have for2g —2+n >0

ar 37 woa(hz1)
_ 2 Joi(z) 7 )
wan(erd) = ) Res o D ("’-"‘1’"“(Z’ 7D

+ Z wh,1+|J|(Z,J)ﬂ)h/,l+|J’|(0'i(Z)aJ,))’
h+h'=g
JuJ’'=I

where Y," means that we exclude the terms that would involve wy 1.

Proof. A result of [BS15] states that the topological recursion statement for a collec-
tion of differentials wy , is implied by the following three constraints, each meant for
the differentials w, ..

z). The linear loop equations.
i1). The quadratic loop equations.

i1). The projection property.

222



7. Special cases of the orbifold version of Zvonkine’s r-ELSV formula

By lemma 7.4.3, it suffices to prove the quadratic loop equations, which in this case
correspond to the following statement.

LEMMA 7.4.5 (Quadratic loop equations). For 2g — 2+ n > 0 and for each i € [gr],
the function )

AZAZ’DXDX’H9,2,n (X(Z), X(Z/) | x[n]) |Z’=Z (725)
is holomorphic in z near p;, where

Hg,?,n(xax, | x[n]) = Hgfl,I’LJrQ(-x’x/’ x[n]) + Z Hg1,|K1 |+1(X, -xI)I:IgQ,|K2|+1(-x’a-xJ)'

Ki1UK>=[n]
gi1tg2=g

Proof. We will prove the quadratic loop equations in a way similar to [DKOSS15],
fixing a ramification point p; for the rest of the proof.

The first key step of the proof consists in the application of S;, to equation (7.23)
(i.e. we symmetrise equation (7.23) with respect to z1). This step, even if unmotivated
at first sight, will allow us in the second part of the proof to argue by induction of
the Euler characteristic.

Firstly, by linear loop equations, S;Hy (2,22, . . ., zx) is holomorphic, and because
x is invariant under the local involution o; by definition, D, commutes with S,.
Hence, after the application of S;,, the left-hand side is holomorphic, just like the
last term of the right-hand side and all terms in the k-sums except for k = 1.

An elementary identity for symmetrization operators read

S 9=2 3 ([]8:)([]2s) ez
jeJ

— =[] iel

r times |J] even

Zi=2

We will only need the particular case r = 3, for which it simplifies to (all the needed
choices for f will be invariant under the exchange of z and z’):

S.f(z,2,2) = %L(SZSZ'SZ" + 28, Ay A + AZAZ’SZ”) f(Z’Z,vZ”)L/:ZN:Z . (7.26)

Let us apply equation (7.26) on the other terms of the right-hand side. Again by the
linear loop equations, the first term in the operator on the right-hand side results
in holomorphic terms. Here we also used that the differentials, except the case
(g,n) = (0,2), do not have diagonal poles. In this exceptional case, we only added a
polar part if just one of the arguments was a &, so that we avoid the diagonal poles as
well in this case.

Let us summarise what has been so far the advantage of symmetrising equa-
tion (7.23) with respect to z;. After the application of S;,, we have seen that the
left-hand side and many terms in the right-hand side have become manifestly holo-
morphic in the variable z;: let us carry these terms altogether on the left-hand side.
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II1. Polynomiality results for Hurwitz numbers

Therefore, the application of S;, to the sum of the remaining terms on the right-hand
side must result in a holomorphic function in z;.

Let us now expand S;, by equation (7.26). Therefore, the action of S;, on the
remaining terms now splits into the action of products of both S and A operators on
the remaining terms. To prove the quadratic loop equations, we argue by induction
on the Euler characteristic of the factors on which the A-operators act.

Observe that the A-operators either act on the same factor H,, ,,, in which case the
Euler characteristic is given by —y = 2g — 2 + n, or on separate factors, in which case
the Euler characteristics of the factors must be added.

Consider the symmetrization by S; of equation (7.23) for (g,n) and assume the
quadratic loop equations have been proved for all pairs (g’,n") with 29’ = 2 + n’ <
2g — 2 + n. We will split the equation into two parts. First consider the terms

%(2SZ1A 1Ay f +AZ1A 'S ”)DnD 1 Dy g 2n+2(x1,x1,

—x '=x;
/
+ Z 2821A D D Hq1,|K1|+2(xl’x1’xK1)| __xlA D H2 |K2|+1(x1’xK2)
K1|_1K2=[n]\l
g1+g2=9g-1
3 ro
=8z, Dy, (Az’1 Az/l’ (Dx/1 Dx’l’ g—2,n+2(x1’ X ,x[n])
’ 7 77
+ 2 Z D Hq1,|K1|+2(X1,x1,XK1)Dx’1’ _(/2,|K2|+1(-x1 ’-xKQ)) )
K1|_1K2=[n]\1 x’lzx'l’ x’lle

g1+g2=g-1

Now, for this last term, we use that

' 7 ’ ’”
z : DxiH91,|K1|+2(x1’x1’xK1)D "H92,|K2|+1(x1’xK2)) "
X=X
KiUKs=[n]\1 i
g1+g2=g—1

_ 1 ”

- 5 Z Dxl g1,|K1|+1(x17xK1)D g2,|K2|+1(x1 axK2)> , '
x' =

KiUKo= [n 1 1

g1+g2=g-1

because we have made of a choice of the set containing x;.

Hence, these terms together, before application of S;, Dy, [/ =x,, are the combina-
tion appearing in a quadratic loop equation, which is holomorphic by the induction
hypothesis. Hence it is holomorphic after application of S;, Dy, | =x, as well. Again,
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7. Special cases of the orbifold version of Zvonkine’s r-ELSV formula

we used that the differentials do not have diagonal poles. The remaining terms are

~ , ~
AZlAZi( Z DxlDX'ngl,\Kl|+2(x1axlsxK1)|x/1:x§lex1Hg2,|K2|+1(-xl,-xK2)

KiUKs=[n]\1

g1+g2=g—1

3
1 ~
+ 328G AL Ay +ALAL Sy Y [ P gk (v xk,),
K1I_|K2IJK3=[n]\1 a=1
g1tg2+g3=g

which can be written as

7 7 ’
SZ1DX1H92,|K2|+1(x1’xK2) : AZ1AZ'1DX1DX'1 (H(/1—1,\K1|+2(x1’x1’x1<1)
KiUK>=[n]\1
g1+g2=9
'y 'y ’

+ Z Hg'l,uq\+1(x1,XK;)Hg'l',|1q|+1(x1,XK;))|
K| UK7=K;
g1 +97=g1

x| =x1

In this product, the first factor is holomorphic by the linear loop equations, while the
second factor is exactly the combination appearing in the quadratic loop equation. By
the induction hypothesis, the second factor is holomorphic as well, unless (g1, K1) =
(g,[n] \ 1). Hence the only possibly non-holomorphic term in equation (7.23) is

, 5
X]=X1

(Slexlﬁo,l(xl)) : (AzlAz;Dxl Dy Hy o no1(x1,x] | xm))

which must therefore be holomorp}}ic as well. We have D,, Ho1(x1) = y1, and
lemma 7.4.2 guarantees that S;, Dy, Ho,1(x1) is invertible near p;. This implies the
quadratic loop equations for (g, n). mi

O

75 — TOPOLOGICAL RECURSION IN GENUS ZERO

In this section we prove that the genus-zero differentials wy-o,, = d®*"Hy , satisty
the topological recursion relation for any integers r and g. We do this in two steps.
Firstly, we specialise the cut-and-join equation (7.17) to genus zero. Secondly, we
apply the symmetrising operator to both sides of the equation and we analyse the
holomorphicity of the terms in order to prove, by induction of the Euler characteristic,
the quadratic loop equation of equation (7.25) in genus zero.
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II1. Polynomiality results for Hurwitz numbers

Let us now consider equation (7.17). For g = 0, we have g; = 0 for every j € [I],
the genus defect d must also be zero, and / = m = r + 1 should hold. This implies
that the cardinality of every set M; must be equal to one. Therefore the choice of the
sets M is equivalent to the choice of a permutation of r + 1 elements. By introducing
these simplifications, the cut-and-join equation restricts to

b
&j=xx

BO 1 r+1 r+1
NS - - r 7 .
THO,n(x[n]) DD Z l_[ Dy, [ H H0,|Kf|+1(XK,,§a(;))}

geC, 1 j=1
eyuLr Ky =[]
where By, == 2 (n—2+ é ity Dy;). Every operator D; only acts on the factor with
the corresponding variable and, after the substitution &; = x, every summand gives
the same term |S,11| = (r + 1)! times, so we get:

r+l1
(r+ 1)B0,nﬁ0,n(x[n]) = Z [ n kaﬁO,|K_,-|+1(ij,xk)] . (727)
{kYulli Kj=[n] - J=1

We are now ready to state and prove the following theorem.

THEOREM 7.5.1. The differentials (wo n)n>3 satisfy the restriction to genus-zero sector
of the topological recursion on C.

Proof. The strategy of the proof is analogous to the proof of theorem 7.4.4. Indeed,
lemma 7.4.3 holds for arbitrary r and g. As explained there, it suffices to prove the
quadratic loop equation. In genus zero the quadratic loop equation for n+1 simplifies
to the statement that the function

E([n],x) = A;AzD<Dy Z Ho,j1161(x(2), x0)Ho 11 (<), x)|,_,  (7.28)
IuJ=[n]

is holomorphic in z near the ramification points of x, for 2g — 2 + n > 0. As before,
we fix a ramification point p;, and S and A denote the symmetrization and skew-
symmetrization operators around p; introduced in equation (7.24). We argue by
induction on the Euler characteristic of the factors on which the A-operators act.
Since the genus is equal to zero, this is an induction on n. Let us assume that the
quadratic loop equations have been proved for all n’ < n — 1 and let us prove the
quadratic loop equation for n — 1.

Let us apply the operator S;, to both sides of equation (7.27). The left-hand side
is again holomorphic, and so are all the terms in the k-sums in the right-hand side,
except possibly for k = 1. Therefore the function obtained by the action of S, on

r+1
Z [ l—l DxlﬁO,\Klerl(ijsxl) =: f(xl, e ,xl) (729)

L5 Kj=lnl\ {1}~ =1
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7. Special cases of the orbifold version of Zvonkine’s r-ELSV formula

should result in a holomorphic function in z;. The action of S;, can be written as

Sz flxa, .., x)=27" Z ( l_[SZm) ( 1—[ Az(j))f(x(ll),. . .,xi”l)) o+ (7:30)
— rwi=r+1] iel - jer ! asa
r+1 times |J| even

(&)

gi) = x(z;’) also for the new

where we keep using the convention x; = x(z;) and x
variables xgi) to shorten the notation. Let us examine the action of the different
summands of the operator in the expansion above. For J = 0, the summands produced
by the action of []/Z] S, are holomorphic by the linear loop equation. The first
term that can possibly create non-holomorphic terms is for [J| = 2. In that case, up
to re-labeling the variables (which does not change the result since f is symmetric),
(@)
1

the term we get after the substitution x;"’ = x1 reads

r—1
DO | RN e N ES S
Lyt KjuK=[n]\{1} " J=1
z(lr)—z(lr+l)—21)) .

The first r — 1 factors are holomorphic by the linear loop equation, whereas the second
summation is holomorphic by induction hypothesis, with the exception of the one
case K = [n] \ {1}. In that case we obtain the term

(Seyn) " E(In]\ {1}, x1) -

since for K; empty we have

3 (N (r+1)
( Z Ho k, 1+1(Xk,» X] DHo, 1K, 01 1+1(XK, X))
Krl—lKrJrlzi

Dx(lnﬂo,|1<j|+1(x1<j,xg)) = ng,-)ﬁo,l(x?)) = Dx%f>Ho,1(X(1])) = y%” .

We remark that (S,, y1)" ! is invertible near p; due to lemma 7.4.2. In order to
deal with the terms for |J| > 2, we use the following lemma, whose proof is given at

the end.

LEMMA 7.5.2. Foranyt > 2, we have

2t
(1) (2t) ~ .
R DY [any)Ho,ujl+1(XI.,wX§”)}

L7 =nl\(1} - =T

L= 2 | E®.

X=X [ K=[n\{1} j=1

According to lemma 7.5.2, a term with |J| > 2 in equation (7.29) expanded with
help of equation (7.30) factorises in r = |J|/2 > 1 quadratic loop equations multiplied
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II1. Polynomiality results for Hurwitz numbers

by (r + 1) — |J| factors of the form S, Dy, Hy |, |+1, Which are holomorphic in z;
thanks to the linear loop equation. As before, by the inductive hypothesm every
quadratic loop equation factor is holomorphic, except for the one case in which one
of the sets K; is equal to the whole set [n] \ {1}. In that case the obtained term is of
the form

(Sery) VAL, y)VIPPE(n] \ (1))

Collecting all the terms in which E([n] \ {1}, x1) appears we obtain the equation

r+1

s (73] e (),

) (821!/1)”73 (Az1y1)2+" . = hOlO. iIl 71-

In local the coordinate 7 around the ramification point p;, we have Az, y1 = O(1),
and so is (A, z1)? for I > 0. Therefore, using lemma 7.4.2 the factor that multiplies
E([n]\ {1}, x1) has a non-zero limit 2”2 ’;—1(qr)‘% when z; — p;, which comes only
from the first term. This factor is thus is invertible with respect to multiplication. This
proves the quadratic loop equation expression for n — 1 is holomorphic, and hence by
induction this holds for every n > 1. This concludes the proof of theorem 7.5.1. O

Proof of lemma 7.5.2. We will prove the statement by computing the multiplicity of
a generic summand on the left-hand and in the right-hand side. The fact that these
two multiplicities coincide is equivalent to a simple combinatorial identity that we
prove in the second part.

Let us consider first the case of the summand with an even amount of Hy ; factors:

2 ~ ~
(Agy Dy Ho,1(x1)) P ADy, Ho i1, 1+1(x11,%1) -« . Agy Dy Ho 1y 141 (X1, X1y, ) -

Computing the multiplicity with which this summand appears in the left-hand
side is straightforward. There are 21 ways to assign the set 1 to a factor, 2t — 1
ways to assign the set I3 and so forth up to 15, hence the multiplicity amounts to

% Let us now work out the combinatorics for the right-hand side. Let v be the

number of empty sets K;. We have to consider the cases v = 0,.. ., p and sum up their
contributions. Let us select the v sets K; which are empty, this can be done in (})
ways. Among the remaining 7 — v sets, we have to select which are responsible for the
appearance of one empty and one non-empty set in their corresponding quadratic
loop equation (7.28). Since every empty set that is not yet paired with another empty
set must be paired with a non-empty set, this can be done in (2(’]:’”)) ways. We

select 2(p — v) non-empty sets that have to be paired with the empty ones in (2(51 U))
ways, and multlply by the number of bijections (2(p — v))!. Let now the multinomial

coefficient (¥ account for all possible pairs of non-empty sets with other

.....

non-empty sets. Flnally, we multiply by a factor of 2 for each pair that involves at
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7. Special cases of the orbifold version of Zvonkine’s r-ELSV formula

least one non-empty set I;. Hence we get the quantity
p
t t-v 21 20-2(p—-v)\ -
2(p —v))! 217Y .
;(0)(2@—11))(2(19—1)))( 4 "))( 2,...,2 )

By simplifying the binomial coefficients, setting m = p —v, and dividing both sides by
(2)!, we see that the two multiplicities coincide if and only if the following equality

1s satisfied:
i p+l oom _ (2P +2
p—m,l —m,2m “\o2p )

m=0

with the convention that the multinomial coefficient vanishes whenever one argument
in its factorials is negative. In order to prove this equality, let us consider and rearrange
the following bivariate generating series

O — +1 o = ) o
Z p 22mX2pY2l — Z(QXY)2m Z p o m X2p YQl
p—m,l—m,2m pl,2m

p,1=0 m=0 m=0 p’,I'=0
co 00 q
= @xry (q”m) (‘.I)XQ"YQ(‘I‘” .
m=0 q=0 q i=0 !

By Newton’s formula, this becomes

N om0 (4+2m\ o o, 1 = 2XY 2m
B (o = X =)

B 1-(X%2+7Y?

(X2 4+Y2-1-2XY)(X2+Y2-1+2XY)

1 1 1 1

T T (X24Y?) —2XY | 21— (X2+Y2)+ 2XY
I eveninY

=[ > (X +r)?
m=0

_ i (2[+2p)X2PY21‘
p,l=0 2p

Extracting then the coefficient X2PY? from the first and the last term yields the
desired equality. In case the amount of Hy ; factors is odd (say, 2p + 1), it is enough

to prove
i p+1 g2m+1 _ 2p + 21
p-mil—-m-12m+1 2p+1)°

m=0
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II1. Polynomiality results for Hurwitz numbers

which can be done in the same way as above by setting p’ =p—-mand !’ =1 -m - 1.
This concludes the proof of the lemma. m

76 — DIGRESSION: TOPOLOGICAL RECURSION FROM
GLOBAL ABSTRACT LOOP EQUATIONS

In this section, that is somewhat disjoint from the rest of the chapter, we extend
the theory of abstract loop equations as described in subsection 2.6.2 to deal with
non-simple ramifications and the global setup developed in subsection 2.6.1. This
material is not taken from [BKLPS17], but used to be a loose note from me, closely
connected to [BS15]. We assume all notation from section 2.6. It may be a way to
approach proving conjecture 7.1.2 for general r.

DEEINITION 7.6.1. Let (C, x, y) be a spectral curve with deg x = d.
Denote by R = {ay,...,am} the set of ramification points, B = {b1,...,b,} the
corresponding set of branch points, and r; the multiplicities.

From now on, let {4 = {{1.. ...} be a fibre of x, so it is x7!(¢) for some g,
possibly not all distinct if ¢ € B. We consider all functions in {j4) as functions of {1,
which is globally well-defined for functions symmetric in g1 \ {1} -

DEFINITION 7.6.2. Recall the definition ‘W from definition 2.6.6 and let ‘W be the
same quantity without the prime on the summation. Define

Qg,i,n(gD; Z[n]) = Z (Wg,i,n(gl; Z[n])
2

A set of normalised admissable correlators satisfies the global abstract loop equations

(gALE) if
d
Z Qg.in(Gay; zpn) (= w0,1(4))
i=1

is holomorphic and has a zero of order r at ramification points.

Remark 7.6.3. The linear and quadratic loop equations from definition 2.6.12 are the
requirements that Qg 1, and Qg 2, are holomorphic with zero, respectively. One
could go on and define cubic, quartic, &c. loop equations, but it turns out the only
necessary combination is the one above. However, one could imagine a situation in
which it would be a good course of action to prove all of these individual higher loop
equations.
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7. Special cases of the orbifold version of Zvonkine’s r-ELSV formula

For the proof of the theorem below, we need the following lemma, which was
stated and proved as [BSts, lemma 1.1], but never published, so we give it here, in
our notation. To lighten notation, I will write w = wy ;1 in the following proofs.

LEMMA 7.6.4 ([BS15, lemma 1.1]). Let D be a finite index set, which for definiteness
contains the element 1. The following relation holds:

d+1

Z Wik ;:n(Lk; 2(n)) l_[ (w0,1(&)-wo,1(H)) = ZQk;n((D;Z[n])(_wo,l(évl))d+17k'
=1

leKCD ieD\K

(7:31)
Proof. First, note that ‘W and ‘W are related via
Wien(&is 7)) = Z Wik ;n(k; 2[n)) H w(&);
KcC[k] ie[k]\K
Wi z) = ) Wikpn(Giz) [ | (0@
K c[k] ie[k]\K
We expand the right-hand side of equation (7.31):
DL Wikl zn) | | @(@) - w()
1€KCD ieD\K
= Y Wiz [ ] @@) COFo@) (s2)
(K,K'.L,L')}-D ieKUL
1€(KUK")

The terms are of two types: either 1 € K or 1 € K’. Introducing M = K LI L as
intermediate summation variable, the terms with 1 € K’ take the form:

> Wt [To@] (3 (5] 0% o
ieM

(K',M,L')FD KCM
leK’

= > Wikrpicrs 2 ((0) K
K'cD
leK’

d+1

= Z Qk;n(§D§ Z[n]) (_w(é’l))(“—l_k - Z (MK’|;n(§K’; Z[n]) (_w(gl))d+1_|K !
k=1 KCD\{1}

(7-33)

We used that the terms in brackets in the first line evaluates to §p as. On the other
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II1. Polynomiality results for Hurwitz numbers

hand, the terms in (7.32) with 1 € K yield:

Wi nlirs 2 | | 0@) ( 2 (| Kl) D) (o)1

(K’,M,L')-D\{1} ieM

= D Wikl ) Co@)t

(K’,L")»D\{1}
D0 Wikrn(dkrs 2pm) (—wg)) K]
K’'cD\{1}

This cancels the second term in (7.33) and gives the desired identity. o

THEOREM 7.6.5. Assume a spectral curve satisfies the assumptions for global topological
recursion in definition 2.6.7. If a set of normalised admissable correlators {wgy n}g.n
satisfies the projection property and the global abstract loop equations, then it satisfies
the global topological recursion.

Remark 7.6.6. This theorem is functionally equivalent to [BE17, theorem 3.26],
which was published after I proved this. The version of the theorem and the proof
presented here seem somewhat cleaner.

Proof. By definition, W 1 n = Wy n+1. By the projection property,

&
wg,n+1(zsz[n]) = Z (11%3861 (/ wo, 2( Z)) g,1, n(§1; n])
a€eR " a

/’{1 wo,2(" 2)
= Wo,1.n(815 2[n)) (&) —w(f1).
Z b5 ML, w(&) - w(&) e ie[m{nw “e

Here we use lemma 7.6.4 to obtain

:ZEE%Kd(z;g ( Zagln(g ) (= w(@)
a€eR

> Wonalsmm) [ | @@ - o)

{1}cICld] i¢l

= § Res E Ki11(z5 E0)Wy 11,0 (&5 2m))
L1—a
€R {1}cIcld]

where the last line follows because the pole of order r from the recursion kernel
cancels against the zero of the gALE term. O
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CHAPTER § — CUT-AND-JOIN FOR MONOTONE
HURWITZ NUMBERS REVISITED

8.1 — INTRODUCTION

The monotone Hurwitz numbers, see definition 2.5.6, are related to hypergeomet-
ric tau-functions [HO15], and there is a number of new results and conjectures
about them and their orbifold generalisation, see [ACEH18; ALS16; DK17]. In
particular, Do and Karev conjectured in [DK17] that orbifold monotone Hurwitz
numbers satisfy topological recursion, and provided the spectral curve data for it, see
example 2.6.4.

This goal of this chapter is to understand better the connection between the
operators By, b > 1, that produce monotone Hurwitz numbers in terms of the
representation theory of the symmetric group [ALS16], and the form of the cut-and-
join equation obtained by Goulden, Guay-Paquet, and Novak. The eigenvalue of
the operator B;; on an irreducible representation indexed by a partition 1 is given by
a complete homogeneous symmetric polynomial of degree b of its content vector.

In the meanwhile, the cut-and-join equation [GGN13a, theorem 1.2] seems to
reflect the exponential action of the operator 3, given in definition 2.3.10, whose
eigenvalue on an irreducible representation indexed by partition 2 = (41 > -+ > A, >
0) is given by the shifted-symmetric sum of squares ps (see equation (2.20)), which is
equal to the sum of the components of the content vector. There is no obvious way
to connect B, b > 1, and %3, and the goal of this chapter is to give a new proof of
the theorem of Goulden, Guay-Paquet, and Novak in such a way that this subtle
point would be clarified.

Note that Goulden-Guay-Paquet-Novak’s proof involves careful analysis of
what happens with all the permutations under the “cut” and two different “join”
operations, while our proof is completely different and is given in terms of the
operators on the semi-infinite wedge (or, in other words, fermionic) space. One more
alternative proof that works, however, only in genus 0 was recently found by Carrell
and Goulden [CG18].

Our main interest in analysing in detail how the cut-and-join operator of Goulden,
Guay-Paquet, and Novak occurs in the theory of monotone Hurwitz numbers comes
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II1. Polynomiality results for Hurwitz numbers

from the prominent role that this explicit operator plays in the theory of topological
recursion. The technique developed in [BEOt5; BS17] allows us to immediately
derive the topological recursion statement from this particular shape of the cut-
and-join operator, once we know the (quasi-)polynomiality property of monotone
Hurwitz numbers.

The required polynomiality property was first proved in [GGN13b, theorem
1.5], and an alternative proof is available as a special case of theorem 5.3.2. So,
applying these results, we immediately obtain a new proof of topological recursion
for monotone Hurwitz numbers, first proved in [DDM17, theorem 1].

We expect that the approach described in the present chapter might be helpful
in developing a proof of the aforementioned open Do-Karev conjecture on the
topological recursion for the orbifold monotone case.

8.1.1 — STRUCTURE OF THE CHAPTER

In section 8.2 we recall one of the possible forms of the cut-and-join equation of
Goulden, Guay-Paquet, and Novak for the monotone Hurwitz numbers and give a
new proof for it. In section 8.3 we recall the topological recursion statement of Do,
Dyer, and Mathews, and give a new proof for it.

8.2 — MONOTONE HURWITZ NUMBERS AND
CUT-AND-JOIN EQUATION

A disconnected monotone Hurwitz number depends on a partition p + d of a positive
integer d (the degree) and on a genus g € Z that can be, potentially, negative (since
we have the disconnected case), but the parameter b = 2g — 2 + d + €(u) must be
non-negative. It is given by

. . dima  xa(p) 1 b
Hg’“ = d' Th29—2+d+€01)(61’ ey Cd).
Ard i=1 Mi

Here hog-2+a+eu) = hp is the full homogeneous symmetric function of its variables
of degree b = 29 — 2 + d + {(u), and ¢ is the vector of contents of the standard
Young tableau associated to the diagram A that is, if (i, j) € A4 is the box with column
index i and row index j, then c/ll.’j) =i —j. By dim A we denote the dimension of the
representation A, and by x(u) the character of the representation A evaluated at the
the conjugacy class of cycle type p.

In order to relate this definition to the notation used in the introduction let us
mention that hb(cf,. ..,eD), b > 0, can be considered as the eigenvalue of the action
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8. Cut-and-join for monotone Hurwitz numbers revisited

of the operator B; in the representation 1, where B} is defined as the central element
given by the full homogeneous symmetric function of degree b of the Jucys-Murphy
elements %, . .., Jja, see details in [ALS16].

The generating function for the disconnected monotone Hurwitz numbers is

defined as

.Z(s,t,p) =1+ Z d t H gl Preqo
d>1, urd, b>0

gi=bmd=L0) 7

We give a new proof of the following cut-and-join equation for this function, which
was first derived in [GGN13a, theorem 1.2].

THEOREM 8.2.1. We have:

1[ o 1 — 9 . 92
> [Sg -sp1| < = 5 ”211 (i +J)P1P]a l]Pi+jW] Z. (8.1)

Proof. It is convenient to rewrite equation (8.1) using the semi-infinite wedge for-
malism, found in section 2.3. In the standard notation we have:

a_1s
b

where the operator D" (¢) acts diagonally on the basis vectors v, with the eigenvalue
given by the action of 3;° ) B71” in the representation A.

Z(s,t,p) = <ez -

Equation (8.1) is equivalent to the following one:

2 <e2m = ""”> - <ez?‘—1 aifma_lﬂ(h)(t)e"‘lsﬂ (8.2)

2t
2 (1/_1S>.

_ <e2$°_1

In order to understand the left hand side of this equation, we have to compute the
action of the commutator, [D"(f)a_1]e?1*|0). By definition, D" (r)v, = H,l»ill(l -
t-cri)™'. Forany 1 + d we denote by 4\ 1 set of partitions v + d — 1 whose Young
diagram can be obtained by removing one corner box from the Young diagram of A.
We denote this special corner box by O,/v- Recall that dim A = ¥, ¢ 3\ dim v, by the
Murnaghan-Nakayama rule. The action of @1 is given by @104 = X115, vy. Using
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these formulas, we have:

1 dim A ZCEV/A
(D ey 1]e [0) = [ | s o,
| —
Z/l: Ql—tcm |t z; l-ten,,
s‘vl_l v .
_IZ nl—tc =) Z o, dim A vy,.
v | Oev Aev\l

On the right hand side we recall that %30, = p2(1)va, and we have

D(h)(t)?'gem-l |O> — Z [1—[ — l lsvl: dim v [Z cél Uy .

Oev

So, equation (8.2) is equivalent to the following statement that should be true for any

Young diagram v:
[v] Z dimA-c; = 2divacE

Aev\l oey

Recall that dim v = |v|!/H,,, where by H, we denote the product of the hook lengths
of all boxes in v. Thus we reduce equation (8.2) to the following equation for any

Young diagram v:
2 g —V“ = Z crl

Aev\1l oev

We prove this equation below, see lemma 8.2.3, and this completes the proof of the
theorem. O

Remark 8.2.2. Note how amazing and combinatorially non-trivial the occurrence of
the operator 3 is in the case of the monotone Hurwitz numbers. Compare it with
the case of the usual Hurwitz numbers, where the generating function is given by

©  @ipi

<ezi-1 i e’ﬁe”1> and the standard cut-and-join equation

g<82‘,’°1 d'lp’ fﬁea 1> _ <82?°1 a,b (7_‘261‘(}-2 . 1>
t

is in this form natural and does not require any further computation.

LEMMA 8.2.3. For any Young diagram v we have:

Z I-;: = A ZCD.

Aev\l Oev
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This lemma might be obvious for the experts in the representation theory of the
symmetric group, as it can be derived from the Vershik-Okounkov approach [VOo4]
(we thank experts for pointing this out). However, with a view towards its gener-
alizations for symmetric functions of the contents of skew hooks (that would be
necessary if one tries to generalise the same approach that we use here to the orbifold
case), we feel that the recent papers by Dehaye, Han, and Xiong [Han1o; DHX17;
HX18] provide the most suitable combinatorial tools. So, we also give an alternative
proof of this lemma that derives it from a remarkable result of Han on the so-called
g-functions of integer partitions [Hanto, theorem 1.1]. Note that this theorem of
Han has already been applied in the theory of topological recursion in a completely
different context, see [DMNPS17].

Proof using Jucys-Murphy elements. Recall that the elements of the Gelfand-Tsetlin
(Young) basis of the representation V¥ of the symmetric group Sy, | are identified with
Young tableaux associated with v. Recall also that the action of the vector of the
Jucys-Murphy elements (Ji = 0, %, . . ., Jjy|) in the Gelfand-Tsetlin basis is diagonal,
and the vector of eigenvalues on a particular Young tableau is given by its vector of
contents [VOoy4].

Consider the operator Jj,| acting on V”. We compute its trace in two different
ways.

On the one hand, it commutes with the action of S|, |-1. Therefore it acts by scalar
multiplication on the irreducible factors of V' considered as a representation of Sy, |-1.
Since V" splits as @ ¢,\1V* and the action of Jj,| restricted to V4 is given by scalar
multiplication by ¢}, we have

v

. CDV
Tryv Jiy| = Z dima- ¢, =(jv|-1)! Z TAM (8.3)

Aev\l Aev\l

On the other hand, Jj,| is just a sum of |v| — 1 transpositions, and the trace of any
transposition on V” is the same. Thus Try» Jj,| is equal to (2/|v))Tryv(Jo + - - - + Jjy))-
Note that operator Ja + - - + J),| acts on V” simply by scalar multiplication by
Yoey ¢4 Thus we have:

2 v[—=1)!
Tryv Jpy| = — divacE = QM ZCE. (8.4)

Iv] oev H, oev

Equating the right hand sides of the two expressions (8.3), (8.4) for Try» J},| gives
the statement of the lemma. mi

Combinatorial proof using Han’s g-functions. The special caseof v =(1>12> - >
1) can be checked directly. So we assume that £(v) < |v| in the rest of the proof.
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We use a result of Han, see [Han1o, theorem 1.1]. Han defines a g-function of a
partition v as

1

gy(x) := l_[(x + v — Q).
i=1

It is proved in [Han1o, theorem 1.1] that for any Young diagram v

3 el gD og)

Aen1 H, H,
We rewrite this as
gv(x+1) -1
gax) 1 _ "9® (8.5)
Aev\1 gv(x) H/I Hv

and substitute x = |v|/2 + 1/w with an intention to compare the coefficients of w3
on both sides of this equation. This might seem arbitrary, but taking exactly these
coefficients in the w-expansions of both sides of this equality produces precisely the
result we claim in this Lemma, as shown below.

On the left hand side, let us assume that the coordinates of the box 0,/ are (v;, j).
Then

ga(x) _ Baday-j-1
o) (e Ly - e Loy

and the coefficient of w? is given by (v; — j) + [v|?/4. Since ¥y, 1 Hy* = |VIH, Y, the
coefficient of w® on the left hand side of equation (8.5) is equal to

lv|? <t

v/
. 8.6
1t (8.6)

H,

Aev\1l

Now we compute the coefficient of w® on the right hand side of equation (8.5).
We have:

14

2+1/w+1
gv(vl/2+1/w )=n(1+w+w2(i—v,~—%)+w3(i—vi—%)2+-“),
i=1

g(IV]/2 +1/w)

and the coefficient of w? in this expression is equal to
£(v) 3 3
D vivi—2i+ 1)+ % =23 ch+ %.

i=1 oev
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Thus the coefficient of w? on the right hand side of equation (8.5) is equal to

v* 2 y
+ — . 8.
4Hv Hv CD ( 7)

Oevy

Han’s theorem, in the form of equation (8.5), thus implies that expressions (8.6) and
(8.7) must be equal, which leads to the statement of the lemma. |

8.3 — TOPOLOGICAL RECURSION FOR MONOTONE
HURWITZ NUMBERS

Recall form example 2.6.4 that the topological recursion for monotone Hurwitz
numbers is given via the following input data: the curve is P, the basic functions
are x = (z — 1)/z%, y = —zThe function x has a unique critical point at z = 2, and we
denote by o the deck transformation in the neighbourhood of this point. We give a
new proof of the following theorem of Do, Dyer, and Mathews that connects the
formal expansion of differentials w, , in the variable x and the n-point functions.

THEOREM 8.3.1 ([DDMI7]> We hd?)e.’ wo,1 = dHo’l, wo,2 = dldQHO’Q +dX1dXQ/(X1 -
x2)%, and wy, = dy - dyHy , for 29 —2 +n > 0. Here Hy, , are the correlators of
monotone Hurwitz numbers in the sense of equation (2.19)

Proof. First, one has to check by hand the cases of (g,n) = (0,1) and (0,2). It is done
in [DDM17, lemma 9 and proposition 14], see also theorems 5.5.1 and 5.5.3. Then,
one has to check that the formal power series Fy, , is indeed an expansion of the
products of certain functions on the curve, that is, the multiple d/dx derivatives of
1/(z — 2). This is equivalent to the polynomiality property proved in [GGN13b,
theorem 1.5], see also theorem 5.3.2 (note that this property is highly non-trivial).
Once these preliminary steps are completed, the topological recursion is equivalent
to the quadratic loop equation, see [BS17, theorem 2.2]. Namely, we have to prove
that the functions

dl e dan,n

dxy---dx,

(note that the polynomiality property allows us to consider these expressions not
as formal power series, but as global functions defined on P!) satisfy the following

property:

DHg,n (Z[nj) =

DHy ni2(2,0(2), 2[n)) + Z DHy,\1)+1(z,21)DHy. | j+1(07(2), 27)

h+k=g
1uJ=[n]
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II1. Polynomiality results for Hurwitz numbers

is holomorphic in z in the neighborhood of z = 2. In order to prove this, we use the
cut-and-join equation proved in the previous section. Namely, consider equation (8.1)
specialised for the connected monotone Hurwitz numbers:

1 Sc')log.Z_S
2t as 1
1 (o)
2 2

ij=1

(i + pipj——— +ijp

dlogZ .. _ '3210gz+l., . 'BlogZ[)logZ
Opisj oo, P ap ap;

As shown in [DKOSSIS; DLPSIs], if wo,2 = dldQHO,Q + dxlde/()q - XQ)2 and
the polynomiality property holds (which are both true in our case) this equation,
rewritten in terms of n-point functions and symmetrised with respect to the deck
transformation, gives the quadratic loop equation. Note that the left hand side of
the cut-and-join equation is different in this case and in [DKOSS15; DLPS15], but
symmetrisation with respect to the deck transformation makes these contributions
holomorphic in any case. This completes the proof of the theorem. m

Remark 8.3.2. Since this method of proof of the topological recursion was already
used in the literature (cf. [DLPS15]), it probably falls into the “known to the experts”
category in this case. We give here its brief account merely for completeness, as
the illustration how closely the operator %5 in the semi-infinite wedge formalism
is related to the quadratic loop equation. In fact, modulo some local expansion
analysis and very general statements on topological recursion, the combination of
two theorems of Goulden, Guay-Paquet, and Novak, [GGN13b, theorem 1.5] and
[GGN13a, theorem 1.2] immediately implies the topological recursion statement.
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CHAPTER 9 — WALL-CROSSING AND PIECEWISE
POLYNOMIALITY FOR DOUBLE
MIXED MONOTONE-SIMPLE
HURWITZ NUMBERS

9.1 — INTRODUCTION

9.1.1 — DOUBLE HURWITZ NUMBERS

A combinatorial approach to the double simple Hurwitz numbers appears in the
foundational paper of Goulden, Jackson, and Vakil [G]Vos], in which it is proved
that the double simple Hurwitz numbers are piecewise polynomial in the entries of
w and v. Roughly speaking, relative conditions on u and v determine hyperplanes
(walls) in the configuration space of these partitions. The complement of the walls is
divided in several distinct connected components, which are called chambers. The
piecewise polynomiality property means that, inside each chamber, there exist a
polynomial depending on the chamber whose evaluations at the entries of y and
v coincide with the Hurwitz numbers under examination. Moreover, in the same
paper they proposed a conjecture of strong piecewise polynomiality, proposing a
lower bound on the degree of the polynomial. This lower bound is considered an
indication of the connection with intersection theory of moduli spaces, as it shows up
as consequence of the ELSV formula in the case of single simple Hurwitz numbers.

The chamber structure and wall-crossing formulae in genus zero for double
Hurwitz numbers have been studied with algebro-geometric methods by Shadrin,
Shapiro, and Vainshtein [SSVo8]. A tropical approach to double Hurwitz numbers
has been developed by Cavalieri, Johnson, and Markwig [CJM1o]. This approach led
the same authors to determine the chamber structure and wall crossing formulae in
any genera [CJM11]. Finally, the strong piecewise polynomiality conjecture has been
proved by Johnson in [Johr1s]. He used the operator language of [Okooo] to derive
an explicit algorlthm to compute the chamber polynomials and the wall-crossing
formulae. A precise conjecture concerning CEO topological recursion for double
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II1. Polynomiality results for Hurwitz numbers

Hurwitz numbers appears in [DK18], whereas an ELSV formula for double Hurwitz
numbers remains an open problem.

An ELSV formula for the double monotone Hurwitz numbers is still an active
topic of research. A tropical approach for the monotone case is developed in [DK17]
and in [Hah17].

ELSV formulae for orbifold or double cases of the strictly monotone Hurwitz
numbers are still not known.

MIXED CASES

It is natural to interpolate several Hurwitz enumerative problems, by allowing differ-
ent conditions on different blocks of intermediate ramifications. In fact hypergeo-
metric tau functions for the 2D Toda integrable hierarchy have been proved to have
several explicit combinatorial interpretations [HO15] — one of them is in terms of
mixed double strictly monotone/weakly monotone Hurwitz numbers, another one
involves a mixed case of combinatorial problems, in which the part relative to the
strictly monotone ramifications can be interpreted in terms of Grothendieck dessins
d’enfant. This implies indirectly that the enumeration of Grothendieck dessins and
strictly monotone numbers coincide. A direct proof of this fact through the Jucys
correspondence [Juc74] is derived in [ALS16].

A combinatorial study of the mixed double monotone-simple case can be found
in [GGN16], in which piecewise polynomiality is proved. A tropical interpretation
providing an algorithm to compute the chamber polynomials and wall-crossing
formulae via Erhart theory is developed in [Hah17]. Further developments on CEO
topological recursion for general Hurwitz enumerative geometric problems appear
in [ACEH18]. This study confirms the existence of an ELSV-type formula for mixed
Hurwitz enumerative problems.

9.1.2 — RESULTS

We derive explicit formulae for the generating functions of mixed double Gro-
thendieck/monotone/simple Hurwitz numbers. As a corollary, this provides the
strong polynomiality statement for the mixed monotone/simple case (generalis-
ing a result of [Joh1s]), and furthermore its generalisation to the mixed mono-
tone/Grothendieck/simple case. In particular, this provides a new explicit proof
of the piecewise polynomiality of the mixed case, and the obtained expressions allow
us to derive wall-crossing formulae. These results specialise to the three types of Hur-
witz numbers and to the mixed case of any pair, hence in particular this generalises
the wall-crossing formulae derived in [Hahr7].

Our methods rely on the application of the algorithm introduced by Johnson
in [Johrs], that we taylor slightly for our use. The new key ingredients to run the
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9. Wall-crossing and polynomiality for double mixed Hurwitz numbers

algorithm in this case are the operators for the monotone and the strictly monotone
ramifications, derived in [ALS16].

9.1.3 — ORGANISATION OF THE CHAPTER

In section 9.2, we define the Hurwitz numbers used and give their operator representa-
tion in the semi-infinite wedge formalism. In section 9.3 we recall Johnson’s algorithm
and adapt it to our purpose, deriving our first main result, theorem 9.3.1. The main
structural results of the chapter are described in the last three sections. In section 9.4
we apply theorem 9.3.1 to obtain piecewise polynomiality results. Subsection g.4.1
deals with the cases of double monotone and double Grothendieck’s Hurwitz num-
bers, and subsection 9.4.2 checks whether the lowest degree in the polynomials is
really non-zero. In subsection 9.4.3 we treat the mixed monotone/Grothendieck/sim-
ple case, and we derive the strong piecewise polynomiality statement. Section 95 is
devoted to the derivation of the wall-crossing formulae. Finally, section 9.6 gives a
polynomiality result for hypergeometric tau functions of the 2D-Toda hierarchy.

9.2 — TrIPLY MIXED HURWITZ NUMBERS AND THE
SEMI-INFINITE WEDGE FORMALISM

In this section, we need the following convention: for partitions y, v, we set m = £(u),
and n := £(v).

9.2.1 — TRrRIPLY MIXED HURWITZ NUMBERS

Generically, connected and disconnected double numbers £, , and &y, , agree:
disconnected covers only exist if there are non-trivial subpartitions of y and v of equal
size, corresponding to the ramification profiles of one of the connected components.
This condition defines a number of codimension one subspaces in the space of all
pairs of partitions, see definition 9.2.3. As most of this chapter considers Hurwitz
numbers outside this subspace, we will often neglect mentioning whether we consider

connected or disconnected Hurwitz numbers.

The following definition is a natural generalisation of the notion of mixed Hurwitz
numbers studied in [GGN16].

DEFINTTION 9.2.1 (Triply mixed Hurwitz numbers). Let g, p, ¢, r be non-negative
integers and let p and v be ordered partitions, such that b :== p+g+r =2g-2+m+n.
We call a tuple (01,71, . - ., Tp, 02), a triply mixed factorisation of type (g, u,v,p,q,r) if
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II1. Polynomiality results for Hurwitz numbers

it is a factorisation of type (g, 1, v) in the sense of definition 2.5.3 and for 7; = (r; s;),
where r; > s; we have

(6) siz1 > s;fori=p+1,...,p+gq,
(7) sis1 >sifori=p+qg+1,...,b.

We denote the set of all triply mixed factorisations of type (g, 4, v, p,q,r) by 7:;235;,,
and we define the triply mixed Hurwitz numbers

@< o L@,
hp,q,r;u,v = E T;’,CIJ'W,V :

Remark 9.2.2. Triply mixed Hurwitz numbers can be thought of as a two-dimensional
combinatorial interpolation between different Hurwitz-type counts:

1. For ¢ = r = 0, we obtain the double simple Hurwitz numbers.

2. For p = ¢ = 0, we obtain the double strictly monotone Hurwitz numbers,
denoted by i

giv*

3. For p =r =0, we obtain the double monotone Hurwitz numbers, denoted by
<
giuv*
Triply mixed Hurwitz numbers are a generalisation of the notion of mixed double Hur-
witz numbers introduced in [GGN16], which corresponds to the one-dimensional
interpolation between double simple and monotone Hurwitz numbers, i.e. r = 0.

It is natural to ask whether Hurwitz-type counts behave polynomially in some
sense. In particular, we define the subspace

m n
Him.n) = { (M. ) )M € N".N € N", such that ) M; = )" Nj| < N" x ",
i-1 i=1

where M = (My,...,M;,) and N = (Ny,...,N,) and view triply mixed Hurwitz
numbers as a function in the following sense

2),<, 2),<,
h;,,)q;<: H(m,n) — Q: (u,v) hi,,)q;;;’v.

DEFINITION 9.2.3. We define the hyperplane arrangement ‘W(m,n) c H(m,n) in-
duced by the family of linear equations ¥;c; M; = ¥ ;c; Nj for I C [m], J C [n], where
the variables M; correspond to N and the variables N; correspond to N". We call
the hyperplanes induced by each equation the walls of the hyperplane arrangement
and the sets of all (M, N) at the same side of each wall the chambers of the hyperplane
arrangement.
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9. Wall-crossing and polynomiality for double mixed Hurwitz numbers

Recall that in the chambers of the hyperplane arrangement, the connected and
disconnected Hurwitz numbers agree.
In [GGN16], the following theorem was proved:

THEOREM 9.2.4 ((GGN16]). Let g, p, g be non-negative integers and let i and v be

partitions such that p + q = 2g — 2+ m + n. Then for each chamber ¢ of ‘W (m,n) there
exists a polynomial P;zzzf); , € Q[M;,Nl, such that

2),<,< (2),<,<
h =P
P-q,0;u,v P.q,0;u,v

forall (u,v) € c.

9.2.2 — HURWITZ NUMBERS IN THE SEMI-INFINITE WEDGE FORMALISM

Recall from corollary 2.5.23 that monotone Hurwitz numbers have the following

expression:
[I/tb] m . n
W = 2 [ w 2P @) [ [ o, ) -
S T Iy H a1

i=1

Let O™ (x) indicate the conjugation D™ (w)a, DM (u)~1. Since DW(u)~1.|0) = |0),
one can insert the operator D™ (u)~! on the right and insert 1 = D (w)DM (u)~!
between every consecutive pair of operators a-,,, obtaining

Wy = n m nv, <]_[ @, ]‘[o&’;i(u>>

The operators O have been computed in lemma 5.2.6 to be equal to

0l = Y, L S e e o),
v=0 :

so the result is the following lemma, which is the first key observation for this chapter.

LEMMA 9.2.5. Let g be a non-negative number, yand v partitions of the same positive
integer. The monotone Hurwitz number corresponding to these data can be computed
as

Gy = H Z I_l (U]+V] . [z} ---ZZ”]ﬁS(uzj)Vf‘l <ﬁa ﬁa v, (Uz;) > )
i 1l

orb =1 i=1 j=1
£(v)=n
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II1. Polynomiality results for Hurwitz numbers

Similarly, the strictly monotone Hurwitz numbers can be expressed in the same
way, substituting for D" the operator D@)(u) := DM (~u)~1. This reads

h;;u,v = 1—[ i n vj <1_[a’" l_[O(‘(‘iJ)(u)> ’

i=1

where

0w = Z Gl 1S w6 ),

and we obtain the following lemma in a fashion analogous to lemma 9.2.5.

LEMMA 9.2.6. Let g be a non-negative number, wand v partitions of the same positive
integer. The strictly monotone Hurwitz number corresponding to these data can be
computed as

< ( . Y m n
hg’llv Hﬂl Z 1—[ (:,j—vj)' HS(MZ) " <:!.j1[alliH8_Vj(uzj)> .

kb =1
OSUjSVj

Remark 9.2.7. As seen in [OPo6b], the double simple Hurwitz number can be

computed as
hypy = n#l H v; <1_[ Qi 1_[ &y, (”V1)>

i=1
We see that the double monotone and strlctly monotone Hurwitz numbers are

computed as linear combinations of vacuum expectations similar to the ones appearing
in the equation for double simple Hurwitz numbers.

9.2.3 — THE TRIPLY MIXED HURWITZ CASE

In order to apply the semi-infinite wedge formalism and Johnson’s algorithm to
the triply mixed case, it is best to consider a generating function. By the previous
discussion, we can express such a generation function for the triply mixed Hurwitz
numbers as follows:

WS —YqZ’ 0, XD D (Z)] |as, ) -
qurOqu:ﬂV HﬂlHVJ l_[ l_[ Vi

i=1

In the same way as in subsection 9.2.2, we can rearrange the correlator as

1 m n
T na/m1_[exﬁZ)(h)(Y)Z)(‘T)(Z)a/_VjZ)(‘T>(Z)_1Z)(h)(Y)_1e_XTQ>. (9.1)

i=1 j=1
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9. Wall-crossing and polynomiality for double mixed Hurwitz numbers

In order to use this expression, we should calculate the conjugations in this
correlator. this we do in the following two lemmata.

LEMMA 9.2.8. The conjugation with the exponential of Fa acts on the operator E_,(z)
by shifting the variable z by the opposite of the energy. Explicitly:

M2E_L(A)e™2 = E_(A+uy).

Proof. This is a fairly straightforward computation. By a standard Lie theory result,
the left-hand side is equal to

sl k
T2E_(A)e T2 = AT g (A) = % adk. &.,(4)
o uk [+v)2—12\k v
S Ly,
=0 le7
k(lv + u(lv+35)° )k

Al+¥
B DEL,

HM8

eZ k
Z uV(1+2) A(l+2)El Z @<A+uv)(l+%)El+v,l 5
ez

leZ!

which coincides with the right-hand side by definition. mi

Remark 9.2.9. For A = 0, this lemma recovers [OPoéb, equation 2.14].

LEMMA 9.2.10.

DM w)E_,(A)DD () = Z M
v=0

ooy 180T e (A +u);

[2]S(uz)” & (A + uz).

DOWEL WD) = ),
v=0

Proof. This is again a straightforward computation. It can obtained by modifying
slightly the proofs of lemmata §.2.1 and 5.2.6. mi

By these two lemmata, we can express the generating function in equation (9.1) as
a linear combination of correlators purely in terms of the E-operators and we obtain
the following proposition generalising lemmata 9.2.5 and 9.2.6.
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II1. Polynomiality results for Hurwitz numbers

PROPOSITION 9.2.11. Let g be a non-negative number, y1 and v partitions of the same
positive integer, and p, q, r non-negative integers, such that p + q +r = b. The triply
mixed Hurwitz number corresponding to these data can be computed as

n (Vj + vj — 1)'

h2rs= | = pl[XPYIZ")
P-qsT iV Z wi(vi — w;)!

v,weN" j=1
Syt -

] ] W< [ Lo | ] 0y w = 7).
j= g 1= J=

Let us analyse this expression. First, the variable u has been omitted and is
replaced by three variables, X, ¥, and Z, that count one kind of ramification each.
Furthermore, Y always occurs together with a y;, and similarly for Z. Hence, the
parameter ¢ on the left-hand side corresponds to Y1 ; v, on the right-hand side and
similarly r corresponds to X7_; wy.

9.3 — JOHNSON’S ALGORITHM FOR (STRICTLY)
MONOTONE HURWITZ NUMBERS

In this section we apply an algorithm described in [Johrs] to evaluate the vacuum
expectations expressing monotone and strlctly monotone Hurwitz numbers. For
ILK c [m] and J,L C [n], where [n] = {1,...,n}, define

lurl = vyl zg

"(£T) =¢(det
s' (k) g(e al— el 2

) . (9.2

where p; = Y;¢r pi for a partition , and similarly z; = Y;¢; z; for the variables z;.
Define moreover

L) = Eypy1-pvy1(20)

and observe that
1&(1LJ).E(K.L)]=¢ (L1)EUUKJUL). (9.3)

Following [Johts, section 3], we choose a chamber ¢ of the hyperplane arrange-
ment W (m,n), and consider the expression

ﬁ &, (0) ﬁ &y, (z))
i=1 j=1
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9. Wall-crossing and polynomiality for double mixed Hurwitz numbers

there. The idea of the algorithm is to commute all positive-energy operators to the

right and all negative-energy operators to the left, where they will annihilate the

vacuum and the covacuum, respectively. In doing so, we pick up correlators, reducing

the total amount of operators in the correlator. This ensures the algorithm terminates.
More explicitly, suppose we have a term of the form

k
< ]_[ &I, Jl-)>, (9-4)
i=1

where the product is ordered. Take the left-most negative-energy operator, &'(I;, J;).
If it is next to the covacuum, the term is zero. Otherwise, commute it to the left. By
equation (9.3), this commutation results in two new terms: one where the factors
&E(Ii-1,Ji-1) and E'(I;, J;) are switched, and one where they are replaced by &'(f;-1 U
I;,Ji—1 U J;). Both of these terms are again of shape equation (9.4), so the algorithm
can continue.

In the end we get the following formula:

1_[ 8/1, 0) 1_[ S—VJ (Zj

where CP* is a finite set of commutation patterns that only depends on the chamber
¢ of the hyperplane arrangement ‘W (m,n): the chamber determines the sign of the
energy of the &-operators obtained from the commutators, and hence the operators
to be commuted in future steps. The I{f), J;), Kf, and Lf are the four partitions
involved in the £-th step of commutation pattern P.

Note that the only difference between the correlators on the left-hand side of
equation (9.5) and the ones used in Johnson’s paper is in the arguments of the &’-
operators with negative energy. This difference only affects slightly the definition of
the functions ¢’ and the prefactor 1/¢(zp,)).

Combining equation (9.5) with lemmata 9.2.5 and 9.2.6 and substituting uz; — z;,
we have just proved the first main theorem of this chapter from which we will derive
theorems 9.4.1 and 9.5.6.

m+n—1

l_[ S (,I; i’}i) (9-5)

g(Z[,, ) peeh -1

THEOREM 9.3.1. Let g be a non-negative integer and let m, n be positive integers such
that (g,n + m) # (0,2). Let ¢ be a chamber of the hyperplane arrangement W (m,n).
For each u,v € ¢, we have

Z I_l (U]+VJ ‘ U1 Zvn]n;lzl S(ZJ')V'[_l Z mﬁlgl(lfp ]I’P)
= H#z K s(zn)) ki Ly

vrb j=1 PeCPt (=1
£(v)=n
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and
(vj=1)! 11 Szt et e e
h. L s p ) .
" Hﬂlwg;i H(VJ_UJ)' ! §@n) P;P‘ l:! (K’? Lf)
<vj <vj
9.4 — PIECEWISE POLYNOMIALITY FOR DOUBLE

HURWITZ NUMBERS

In this section we begin approaching the problem of piecewise polynomiality of triply
mixed Hurwitz numbers. We use a semi-infinite wedge approach to this problem
inspired by Johnson’s work in [Johrs]. To be more precise, we begin by deriving
piecewise polynomiality for monotone Hurwitz numbers (recovering theorem 9.2.4
for p = 0) and for strictly monotone Hurwitz numbers directly from the expression
in theorem ¢.3.1. This shows that triply mixed Hurwitz numbers are piecewise
polynomial for the extremal cases of p = b, ¢ = b,and r = b

9.4.1 — PIECEWISE POLYNOMIALITY FOR MONOTONE AND STRICTLY
MONOTONE HURWITZ NUMBERS

THEOREM 9.4.1 (Piecewise polynomiality). Let g be a non-negative integer and let
m, n be positive integers such that (g,n + m) # (0,2). Let ¢ be a dmmber of the
hyperplane arrangement W(m,n). Then there exist polynomials Py= and P;~ of
degree 4g — 3 + m + n in m + n variables such that

h iy = Pg=(1.v);
hguy = Py~ (1)

forall (u,v) € c.

Remark 9.4.2. The case (g,n + m) = (0,2) only occurs for g = 0 and u = v = (d) for
some positive integer d, which implies that there are no intermediate ramifications
(b = 0). In this case there is, up to isomorphism, a unique covering z + az9, for
a eC, With automorphism group of order d. Hence the Hurwitz number equals
hoya)@) = 5 1ndependently of the monotonicity conditions, reflecting a rational
function thlS time, but indeed again of degree 49 — 3+ m +n = —1.

Proof. Let us first prove the statement for the monotone case. We fix a chamber c.
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9. Wall-crossing and polynomiality for double mixed Hurwitz numbers

By theorem 9.3.1, we can write the monotone Hurwitz numbers as

m n vi—1 m+n-1
i+ =Dt o 11 S(25)7 (1P JF
Mi g”v_ — ' ]_ "'Zn"]— S (I((’P LKP) .
1:1[ H ()(v% 1—[ (V 1) S‘(Z[n]) P;Pcl:! e
\v)=n

(9-6)
Let us first prove the following:

LEMMA 9.4.3. For (u,v) € ¢, each summand

m+n—-1

s (i
S \kprp

g(z ) pEepe -1

[ v vn] HS(Z])VJ

is a polynomial in the entries of wand v of degree bounded by 2g — 1 + m + n.

Proof. Let us recall that the expansion of the function S(z) reads
2n

_ 2sinh(z/2) b4 B 12 ! 6
S@=——= z:;] s 21 T 1920 + 0@,

Hence, the coefficient of z]2.’ in 8(z;)~! is a polynomial in v; of degree r. We show
that
=2 T
N P P
SGm) peehpe o1 Ke Le

is a formal power series in z1,...,z,: Let By be the k-th Bernoulli number. The
expansion of 1/¢(z) reads

B 1 © (1 _ 2172n)B2n12n
sz 2 2n)!

Therefore we need to show that zj,) divides the product of the functions ¢’ in equa-
tion (9.5) for each commutation pattern P. Indeed it suffices to observe that, for
every commutation pattern P, in the last step of Johnson’s algorithm the correlator is

(8a(zD)E-alzan1)) = s(azi) (Eo(zn)))

for some 7 and a depending on P, which is divisible by zj,,. Note that the functions ¢”,
by equation (9.2), are odd functions of either z; u; or z;vj, for some i and j. Therefore
the coefficient of [z} ... z,"]is a polynomial in y; and v; of degree wy,) + 1. This
concludes the proof of the lemma. i
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Now observe that % is a polynomial in v; of degree v; and lower degree

1) . - .
equal to one if v; is non-zero, hence each [1}_; % is a polynomial in the entries

of v of degree 2g — 2 + m + n, and lower degree equal to the number of v; that are
non-zero. This implies the piecewise polynomiality for [T p; [1v;hg,, . We are left
to prove that each y; and each v; divides the right-hand side of equation (9.6). For the
divisibility by u;, observe that, since &,,(0) has positive energy, in any commutation
pattern P it happens that it is commuted with an operator of the form &, -, (z1.)
producing a factor ¢(u;z1 ), which is divisible by y;. To prove the divisibility by v;,
we distinguish two cases:

vj # 0 In this case the factor (UE‘;:V+1_):‘[)' is divisible by v;;

v; =0 Since the operator &_,,(z;) has negative energy, in any commutation pattern
P it happens that it is commuted with an operator of the form &, -, (¥ z1)
producing a factor

s ((ux —ve)zj — vjzr)

hence the coefficient of [zjo.] of the corresponding summand is divisible by v;.

Note that the division by the factor [T y; [T v; decreases the degree of the polynomial
by n + m. Hence, the total upper bound for the degree of the polynomial P} = is

29-1+m+n)+Q2g—-2+m+n)—(m+n)=49 -3 +m+n,

while the lower bound is given by (m +n—1) + 1 — (m + n) = 0. This concludes the
proof for the monotone case.

Let us now prove the strictly monotone case. By lemma 9.2.6 we can rewrite the
strictly monotone Hurwitz numbers as

m n n -vi—1 m+n-1

= 1) o =1 S(z)™ (1P JP

[T T =2 [T S T (1)

=1 j=1 i _U) S@m)  pEe i e
O<vj <v;

Note that the only differences With the monotone case are in the powers of the
functions S and in the prefactor *7;. However, the coefﬁc1ent of 22 in 8™ ti

again a polynomial in v of degree 7, and the prefactor 7 is again a polynomial in v

of degree v;. Therefore the entire same argument apphes with the same lower and
upper bounds on the degrees. This concludes the proof of theorem ¢.4.1. m
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9. Wall-crossing and polynomiality for double mixed Hurwitz numbers

9.4.2 — AN EXAMPLE: COMPUTING THE LOWEST DEGREE FOR THE
MONOTONE CASE

Let us test our formula computing the lowest degree for the monotone case. Firstly,

Dl e
note that, because the factor (Uf(;:_‘ﬁlﬁ)’ is divisible by v; for v; # 0, the lowest degree

occurs for all v; = 0 but one. Hence let us consider vectors v = (0,...,b,...,0), for
b in the k-th position for some k = 1,...,n. Then the expression for the monotone
case then reads

o BEve=DY o 0 T et | T . ,
[degv’y—O]n#inyj(v]{_l)![zl...zk...ZH]QS(ZJ gs,,i(())ga_v,(z,) .

We can therefore set z; = 0 for j # k. This implies that there is only one possible
commutation pattern. Summing over k we obtain that the total lowest degree is

2v) 17 s(zpi) S(z)* 1
— ]

d _ < b _ 2g-2+m+n - S‘(
[deg, . O],;( =1 ...+ D[z ]H TR S TR

J#k
In order to compute the lowest degree, we have to pick the linear term from each
¢-function at the numerator, hence we find that

[deg, = 0115, = (b= 1)1 Y [deg, = 0][z%2]S(2) .
k=1

Recall the generating series of the generalised Bernoulli polynomials B,i")(x)[Nﬂr24,
page 145] (cf. also [Rom84, section 4.2.2]), by

t " - (n) tk
Xt _. n -
(e’—l) e —.];)Bk (x)k!,

with specific cases given by B]({") = B]i")(O) and the standard Bernoulli numbers

By = B;{l) (with By = —1). These are polynomial in both n and x. In our case, this
gives

- (2-v) (2-
et — l)v Ze—%z _ B2g—2(Tv)
Z

(2g — 2)!

1 2922 29 -2 (2—V)2gf2ka(2_v)
T (29 -2)! i\ k& 2 koo

[ZQg_Q]-S(Z)V_Q — [Z2g—2].(
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II1. Polynomiality results for Hurwitz numbers

Taking the degree zero part in v corresponds to setting v = 0, which yields, using
[Norz4, equation 817%],

29-2 1 2g-2 .
(2)
— B = - ((1- Bi — kB,
Z:k!(Qg—Q—k)! k Zk!(2g—2—k)!(( k)By — kBy-1)
k=0 k=0
— 292_2 (k - 1)Bk + kal
) k29 -2-k)! (k-1D!(2g-2-k)
= 2g22 (k= DBy 2923 (29 - 2 - k)By
k29 -2-k)! k(29 -2-k)
_ 2028 (%2, Qo Dby
(29 - 2)! k k (29 — 2)!

k=0
Hence, the final expression reads

n(2g =3 +m+n)!(2g — 3)Bay-2

[degv,y = O]hgs;y,v == (2g — 2)| 5(/21,

which shows that the lowest degree does not vanish for g > 1.

9.4.3 — PIECEWISE POLYNOMIALITY FOR TRIPLY MIXED HURWITZ
NUMBERS

After having developed the necessary tools in subsection 9.4.1, we use the same
approach to prove piecewise polynomiality of triply mixed Hurwitz numbers in
this section. We use the expression for triply mixed Hurwitz numbers in proposi-
tion 9.2.11.

THEOREM 9.4.4 (Piecewise polynomiality for triply mixed Hurwitz). Let p,q,r be
non-negative integers and let m, n be positive integers such that (g,n + m) # (0,2),

wherep+q+r =29 —2+m+n. Let ¢ be a chamber of the hyperplane arrangement

Pc;(2),S,

arof degree dAg —3+m+ninm+n

W(m,n). Then there exist polynomials
variables such that

(2),5,<  _ pi(2),5,<
hparmy = Ppgr (1)

forall (u,v) € c.

Remark 9.4.5. Notice that theorem 9.4.1 is a special case of this theorem, obtained
by setting p and either r or g to zero. Likewise, the mixed cases of two out of the
three kinds of Hurwitz number can be obtained by setting the third parameter to
zero. In particular, we recover theorem 9.2.4 by setting r = 0.
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9. Wall-crossing and polynomiality for double mixed Hurwitz numbers

Proof. In proposition 9.2.11, let us first look at a single factor

N .
i= J=

where |v| = g and |w| = .

Because S(z) is an even analytic function with constant term 1 and non-zero
coefficient of z2, the coefficient of z%” in both S(z)"~! and S(z)™~! is a polynomial
in v of degree 7. On the other hand, the commutations produce factors where every
factor of y or z brings a linear polynomial in v and p and every factor of X brings a
quadratic polynomial. As the final correlator of the commutation pattern still gives a
factor ¢(Xvju] + y[u] + zn1) ', this complete factor gives a polynomial in g and v of
degree2p+q+r+ 1.

The correlator can be calculated using Johnson’s algorithm, where the set of
commutation patterns is fixed by the chamber ¢. Every commutation gives a factor
of ¢ with a certain argument linear or quadratic in ¢ and v, until we end up with

<8a(XVI +yr + 2D)E_a(XVupr + Y + Z[n]\1)>

for some a > 0 and I C [n]. By the commutation rules, this is equal to

g(a(XV[n] + Yn) + Z[n]))

s(a(Xvin) + ypn) + 2[n)) <80(Xv + Y] + 2 )>=
(@XVp) + i) + 20)) () + Yin) + 2] T ——

The possible pole coming from the denominator is cancelled by the numerator, so
this entire term is polynomial in g and v.

Furthermore, this polynomial is divisible by y;, as the operator &, (0) must be
commuted with some negative-energy operator &_,(x), producing a factor ¢(u;x).

Also, the factor % is polynomial in v — of degree v; + w; — 1 — unless

v; = w; = 0, in which case it is vi However, in this case we have the operator
J

&y, (Xv;), which must commute to the left, and will always yield some factor ¢(v;x)
in the commutator. Hence, the entire term

(v; + v —1)! (= S(y;)” - 2
X l_[ ol )' ]l_[ St j)v 2 < ga“f(o)ﬂa‘”f(xvf U ”")>

is polynomial in g and v.

To calculate the coefficient of XPY9Z" in proposition 9.2.11, we take a finite sum
over such polynomials, where the number of summand is independent of u and v, as
the sum runs over non-negative {v;,w; | 1 <i < n} such that }; v; = gand X; w; = r.
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II1. Polynomiality results for Hurwitz numbers

The maximal degree of this polynomial is then

n
(2p+q+r+1)+Z(vj+wj—1)—m=2(p+q+r)+1—n—m=4g—3+m+n,
Jj=1

which proves the theorem. O

The lower bound of the polynomial corresponds to the power of X that we choose
<,5,(2)

guy (X,Y,Z), since the powers of X do not come from any other

in the polynomial 7
expansion.

9.5 — WALL-CROSSING FORMULAE

In the previous sections, we have given an explicit way of computing polynomials
representing strictly and weakly monotone and simple Hurwitz numbers, or any mix
of the three, within a chamber of the hyperplane arrangement. In this section, we show
how these different polynomials are connected via wall-crossing formulas, expressing
the difference between generating functions in adjacent chambers recursively as a
product of two generating functions of Hurwitz numbers of similar kind.

9.5.1 — WALL-CROSSING FORMULAE FOR DESSINS D’ENFANT AND
MONOTONE HURWITZ NUMBERS

In this section, we study the wall-crossing behaviour of the Hurwitz numbers A7, , ,,
and hyp We write g, in the following to mean either of them, and similarly
for related quantities. Let ¢; and ¢ be two chambers in the hyperplane arrangement
given by W that are separated by the wall 6 := u; —v, = 0. Without loss of generality,
we assume that 6 > 0 on ¢z and 6 < 0 on ¢;. Let pjj., ,, be the polynomial expressing
hy.,., in ¢;. The goal of this section is to compute the wall-crossing at § = 0 between
1 and (%]
WCs = Py = Py € Qpv].

o:uv 10 theo-

Our approach to the wall-crossing is motivated by the expression of A
rem 9.3.1.

NOTATION 9.5.1. For a partition u, a subset I ¢ {1,...,m}, and a wall 6 = 0, we
denote the partition (y;);e; by u! and the partition (1, §) by u+8, whereas the notation
uy is still reserved for Y;¢; ui. Moreover, for a collection of variables u = u,...,u,
and a subset J c {1,...,n}, we denote the collection (u;);es by u’.
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9. Wall-crossing and polynomiality for double mixed Hurwitz numbers

DEFINITION 9.5.2. Let v be ordered partitions of the same natural number. We
define the refined monotone generating series as

(v] +VJ 1) 1 < i=1 S () [1j1 &, (Zl')>
u,z) = S(z;)" - — .
( )ul,‘z,u:,,_ l_[ l_[ @) T2 m Hj:l Vj
(9:7)
Similarly, we define the refined Grothendieck dessins d’enfant generating series as
S 7 & (O T, Eoy, (z,-))
He,(u,z) = ult-uln S(z)) _”1_1< — : )
o162 01,.2,,:0 1_[ (vj - UJ)' 1_[ @) [1i2) wi H Vi
0<v; <v;i

The following lemma follows from equation (9.6).

LEMMA 9.5.3. Let g be a non-negative integer, u,v ordered partitions of the same
natural number and b = 2g — 2 + €(u) + £(v). Then

DT W CRNIE0 ARRr v R

By theorem 9.4.1, the polynomial expressing

< ﬁ 1 (0) ﬁ E—; (ZJ')> (9.8)
i=1 j=1

in equation (9.7) only depends on the chamber ¢ given by ‘W, which motivates the
following definition.

DEFINITION 9.5.4. Let ¢ be a chamber induced by the hyperplane arrangement ‘W
and denote by ¢°(z) the polynomial expressing equation (9.8) in ¢. Then we define

< S vy v, . (v; +vj 1) v QC(Z)
Hicwd= ) w [ ] ]< —11)' HS(Z’)' 72 i T v

Ulseens v, =0 Jj=1

(9-9)

< v1 Un Vi~ —q((Z)
Hv(e.2) = Z l_[ (vj - v,)' HS(Z]) [T wi [Ty vy

Let 6 = pu; — vy for some fixed I c {1,...,m},J c {1,...,n}. This defines a wall in
W by 6 = 0. Let ¢; and ¢o be chambers which are seperated by 6 = 0 and contain
6 = 0 as a codimension one subspace. Then we define the wall-crossings by

WCHu.2) = Hi,(c2,u,2) = Hi (q,u.2). (9.10)
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II1. Polynomiality results for Hurwitz numbers

The following lemma follows from lemma 9.5.3.

LeMMA 9.5.5. Let g be a non-negative integer, u,v ordered partitions of the same
natural number and b = 2g — 2 + €(u) + ((v). Then

Wey = > I T WC (w2

The main result of this subsection is the following theorem.

THEOREM 9.5.6. Let u,v be ordered partitions of the same positive integer and let
6= Yier Mi — Xjey vj- Then we have the following recursive structures

52 §(z7)5(z7¢)5(62[n))

70 < J o J < Je _J¢

W D=0 s e@arerotam &) it o s @t 2 OH G s e @ 27)
and

§(z7)s(zs9)s(0z(n) , ¢ e

WS (w2 =62 (Ol O e @2 ).

§(627)5(627¢)s(2[n))
Here, the argument 0 is the z-variable related to 6 in Hyi1 i .

Proof. Both formulae are derived by similar calculations, so we only prove the
recursive structure for WC}. The strategy of the proof consists of comparing the

generating series WC} and 71 = 6(uj,gj, z’)?{il‘. s (u’*,z’"), using Johnson’s al-

gorithm. We start by studymg W Cj. Substituting equation (9.9) into equation (9.10),
we obtain

[os] n n C C
(Uj+Vj—1)! o qZ(Z)_ql(Z)
WCS = ull.oybn -~ L 7 S(z;) 12 = - = (9.11)
0 m,.Z,u:n:o ! " g (v; = 1) g / TS | (Y
Let us compute the difference ¢2(z1,. . .,2x) — ¢"(z1,. . ., zn). This quantity is almost

the same as the one appearing in the proof of the wall-crossing formula for double
Hurwitz numbers in [Johrts, section 4.2]. We follow the idea of that proof making
the required adjustments. The main difference is that the vacuum expection

< ﬁ &1, (0) ﬂ &, (z,-)>
i=1 j=1

we consider depends on several variables z; (one for each entry of v), whereas the
vacuum expectation in [Johr ]

< ﬁ Eu; (0) ﬁ S—Vj (ij)>
i=1 j=1
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9. Wall-crossing and polynomiality for double mixed Hurwitz numbers

only depends on one variable z.

Let us first observe that every commutation pattern in which no operator of
energy ¢ is produced is a summand in both ¢ and ¢“, and therefore contributes
trivially to their difference. Thus, it is sufficient to compute the contribution of those
commutation patterns producing § energy operators. Let us choose the following
ordering of operators in the vacuum expectation

<ﬂ%®ﬂ%@ﬂm&[ﬁ¢my (9-12)

i¢l icl jel jeJ

If a commutation pattern produces an operator of energy &, the first vacuum expecta-
tion containing that operator must be

< 1_[ 8;1,- (O)SS(ZJ) 1_[ S—Vj (Zj)> . (9'13)

igl jeJ

Let 71 be the product of ¢-factors the algorithm produces up to equation (9.13). Let
us observe that, up until equation (9.13), the algorithm runs identically on ¢; and ca.
Therefore, T divides g2 — ¢°*. In order to compute the quantity 77, we consider the

vacuum expectation
<fpﬂmﬂ8¢mamﬁ
iel jel
inside the chamber ¢;. We claim that the operator E_5(0) cannot be involved in a
commutator leading to a non-zero vacuum expectation until the very last commutator.
Clearly, the commutator with any negative energy operator is equal to zero. Suppose
therefore that E_5(0) is involved in the commutator with some operator

SHK—VL (ZL) >

for subsets K ¢ I and L c J, where at least one is a proper subset. Because we are
inside a chamber, we have ux — vz # 0. Hence we assume ug — v, > 0. Since we also
assumed that the vacuum expectation does not vanish, the commutator must have
negative energy. Hence pgx — v, — 6 < 0, which implies

5>/JK—VL>0.

This provides a lower bound for 6, contradicting the fact that the chamber ¢; borders
6 = 0. We showed that every commutation pattern contributing nontrivially com-
mutes E_5(0) at the very end. Thus all the other commutators must be computed
first. Therefore we can compute

s(0zr)
s(zy)

<l_[ &y, (0) 1_[ Sy, (Zj)5—5(0)> :T1<86(ZJ)6—6(0)> =T15(62)(E0(z0)) =Th

i€l jeJ
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II1. Polynomiality results for Hurwitz numbers

Re-arranging the equation, we obtain

s(zy)
= g<6z11)< [lew@] [&-, (Zj>85(0)>.

icl jel

The quantity in equation (9.12) is therefore

([Tew [ TeaO [T @[] Ent) ={ []6n0esen] 6]

igl iel JjeJ JjeJ i¢gl JjeJ

s(z7)
= ZJJ) < ]:I[ &1 (0) 1_[ &y, (z/-)8_5(0)>< ]_[ E (0)Es(zs) n &y, (z,)> .

jel igl jeJ

We will compare the last factor containing an operator of energy § with the vacuum
expectation

<86(0) 1—[ &, (0) 1_[ Sy, (Zj)> . (9-14)
i¢l el

Let T» be the series denoting the difference of the vacuum expectation equation (9.13)
on ¢z and ¢;. Applying Johnson’s algorithm to equation (9.13), the operator of
energy 6 would be commuted into different directions in the very first step. In
order to compare the contributions in each chamber, we commute Es(z;) to the
left in both chambers, even though it has positive energy on ¢o. If this operator
is involved in a cancelling term as we move to the left, the algorithm will run as
usual in both chambers after this commutator: after the cancellation, we will have an
operator Euy.,,-vi., (zLur), Where at least one the subsets K and L is non-empty. All
contributions up to the cancellation coincide in both chambers (since we chose to
commute Es(zy) to the left) and by the above argument above so do the contributions
after the cancellation. Therefore, we have the same contributions in both chambers
with the same sign and they cancel in the wall-crossing.
The key observation in computing the difference between ¢3 and ¢; is that, whenever
Es(zy) reaches the far left, the vacuum expectation vanishes on ¢; but not on ¢z. Thus,

we obtain
1= (&) [ | 8aO [ [ 6-,).- (9-15)
i¢l JjeJ
Comparing equation (9.14) and equation (9.15), the only difference is the operator
on the far left. By a similar argument as in our computation of Ty, this vacuum
expectation vanishes whenever the operator in Es(z;) is not only involved in the last
commutation. Thus, the last step of the algorithm for equation (9.15) ends with

0Z[n
<66(ZJ)8—6(ZJC)> = S;((Z—Z[[]J))
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9. Wall-crossing and polynomiality for double mixed Hurwitz numbers

instead of the last step for equation (9.14), which ends with

<86(0)8—6(1JC)> = gg(fzzjj)) :

Therefore the following equality holds for 75:

c 6 n
M<55(0) [ [6:O] |66 )> |

2 =
§(6z7¢)s(z[n)) ol iel

Substituting ¢2(z1, . - ., 2n) — ¢4 (21, - ., zn) = T1 T2 into equation (9.11), we obtain

< O oo e TT@ D o1 S(2)s(z¢)s(62n))
wes - Z ull.,,unnnﬁnsm).z 1
i

(v §(6(z1))s(625¢)s(2[n))

<ni¢1 S (0) [Tjes €, (2j)E-s (0)> <86 (0) ITigr Eu; (0) T s €, (5 )>
[T p H;'lzl Vj .

V1 yeens v, =0 Jj=1

Comparing this to the following extension of the product H,1 s sH,1c s¢ .55

(o]
< J o J < Je _JeN _ v S
7{”1 VJ_H;(Z ,M,E,O)W#IC+5VJ(Z ¥4 ) = Z Mll..,unnu
U1,5---5 vy, 0'=0

n

(j+v,i=DI'w +6-1)!
1_[ (v; = 1) (-1

j=1

ﬁ S(Zj)Vj—IS(O)5—1
j=1

(Micr 8 (0) [Tjes E—v;(2))E-5(0)) (E6(0) TTigs Epty (0) s E—v, (27))
T2y pi T15y vs0° ’

we see immediately that

52 §(z7)s(zs¢)s(0z(ny)
§(627)5(6z7¢)s(2[n))

WEC;(w.2) = [OTHS s 2 O w2,

v/ +8 < +5,v1(

as desired. o

9.9.2 — WALL-CROSSING FORMULAE FOR TRIPLY MIXED HURWITZ
NUMBERS

In this subsection we deal with the triply mixed Hurwitz numbers. The procedure is
very similar to one in the previous subsection, so we only outline the main steps and
give the results. We begin by defining the refined generating series for triply mixed
Hurwitz numbers.
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II1. Polynomiality results for Hurwitz numbers

DEFINITION 9.5.7. Let u and v be partitions as before. We define the refined triply
mixed generating series as

) n n i—1
(Uj +vi— 1)' S(yj)y-’
HE = (L X, p.2) = (O g
o T - v1,.Zv:n:0 ' n ! H (Vj B wj)! H S(Zj)vj+1
wi,..., w;,, =0
O<w; <v;
<Hﬁ1 &,,(0) H?:l &y, (Xvj+yj + Zj)>
Hﬁl Mi .

Moreover, let ¢ be induced by the hyperplane arrangement ‘W and denote by ¢*(X, y, z)
the polynomial expressing

< l_[ &y (0) l—[ &y, (Xvj+y; + Zj)>
i=1 j=1
in the chamber ¢. Then we define

HE = (... X, y.2)

= Z OO WL e ﬁ (0j +vj - D! ﬁ S(y;)i 4" (X.y.2)
1 n “1 n jai (Vj - wj)! =1 S(Zj)Vj+1 nlrril i

Let 6 = Yief i — Xjes vj = 0 define a wall in ‘W and let ¢1, ¢ be chambers separated
by this wall. Define

WEP = (tu X, y.2) = HOy = (2t X.y.2) = Hir = (.t X, y.2).

As in the previous subsection, we have the following lemma

LeEMMA 9.5.8. Let g, p, q and r be a non-negative integer, u,v ordered partitions as
before andletb=2g —2+m+n=p+q+r, then

(2),<,<  _
Mgy =

Z [XP Yoo oylngn e g | [ g Wlﬂ?g’s‘(c,g,g,X,z,g)

wiy,-.., w, =0
lvl=p,|lwl=q,0<w; <v;

and for a wall § separating ¢ and 1, we obtain
(2),5,< _
WCP== =
Z [Xpylljl S yzn Zg)" .. .Zz)n] [lfl .. 'tZ"u'fl .. .uzjn] (WCESQ),S,<(L% X’z’é)-

w,...,wp =0
lv|=p,|lw|=q,0<w; <v;

262



9. Wall-crossing and polynomiality for double mixed Hurwitz numbers

By a similar calculation as in the proof of theorem 9.5.6, we get the following
result.

THEOREM 9.5.9. Let w,v be ordered partitions of the same positive integer and let
0= Dlier i — Zje] Vj- Then

52 S(As + X0)s(Ase)s(0A[))
s(6(As + X6)) s(6A5¢)s(Apn)
[(t/)O(M/)O] (}{/52):1:50 , t/’ﬂj’ u/’ X’gj’ O’EJ’ O)

(2),<,< Je Jc Je _Jje
,u,c+6,vjc(£ Z ’Xsy ’g )

(ch)’s’<(£’ﬂ’ X’z’g) =

s

where

Ay = ZXV]' tyj+2z;
jeJ

and the zero arguments in the first H are the y and z variables corresponding to the
part 8 of the partition v/ + 6.

So also in the general, mixed, case, the wall-crossing generating function can be
related to a product of two Hurwitz generating functions of lower degree.

9.6 — HYPERGEOMETRIC TAU FUNCTIONS

Let us consider the family of 2D-Toda hypergeometric T-functions 7(4,, (2, 7) in the
sense of Harnad and Orlov [HO15] (for N = 0) (see theorem 2.5.24 for a limited
version). They are defined as

[T, 1(1 +cr] wa)

T (D) = Zq Zl‘] T (ot 0O (9-16)
n=0 An j= b=1

where the variables g, w, and z;, are the parameters of the 7-function. After expanding
the Schur function in terms of the power sums, the coefficient of

I m
Ca . d
" [ |] [wsez pupn@

a=1b=1

can be expressed in terms of operators acting on the Fock space as

l m
[1; ulﬁ V]H_[wg”]_[z;f]

< 4\%) ‘)
a= b=1

]_[ sy, ]—[ D (wg )]—[ DM (z) ]_[ ¥y, > (9:17)

i=
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II1. Polynomiality results for Hurwitz numbers

which corresponds to the mixed monotone/strictly monotone case, where an arbitrary
finite number of operators of each type is allowed. Again, we insert a trivial factor

1

= [ [ 2" ﬂ D wa)” ﬂ D (wq) ﬂ D"(z,)

b=m a=l
between each a_, and @, ,, fori = 1,...,¢(u) — 1. We moreover insert the operator
1 1
[12%@) " [ |27 wa)™
b=m a=l

between ¥y and the vacuum. Again, note that the insertion does not modify the
expression, since the operator is of exponential form ¢® where B is an operator anni-
hilating the vacuum. At this point, we are ready to compute a + b nested conjugations
by applying lemma 9.2.10 a + b times to each expression

]_[ D (w,) ﬂ D" (zp) &y (A= 0) ﬂ D (z)! ]_[ D(wa)

b=m a=l

obtaining for eachi = 1,...,¢(p):

(0p,i + pi — 1)
> 1 o= n(ul—tm'x

Ul,iseees Um,i:O b=1
1,is--->11,i=0

i—1 m 1

v Om.i N.i t Hb 1S(beb,i)ﬂ'

x[xlll‘ --~xm”"i‘y11’i‘ oyt ‘] - 18_,,,. Z ZpXp.i + Z Wala.i
H S(wa yu,i)”‘+ b=1 -

The expression for the coefficients in (9.17) then reads

finite i—[('u) ﬁ (Ub,i + Ui = 1)' 1—[ 1- [i_[(”) xvl il Um i yll i ytl t]
oy o i=0' i1 bel (Ub,i - 1)' (,u - ta l)' 1 i ml 1 i l ;4
l=i,---:[(ﬂ);

2i Ub.i:dszi ta,i=Ca

L(p)

1 i 17, S(zpxpi it ﬁa (0)1—[8
[l wi 11 v i T S(waya,irit! " o

Zszb, +Zwayaz) >

Let us now make the following observations:
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9. Wall-crossing and polynomiality for double mixed Hurwitz numbers

1. The vacunm expectation. By the adapted version of Johnson’s algorithm in
section 9.3, the vacuum expectation is equal to a finite sum of finite prod-
ucts of ¢ functions whose arguments are linear combinations of the variables
HiZbXp,isViZbXb,is LjWaYa,i» and vjw,ya i, times one single extra ¢ function at
the denominator, whose argument is given by the sum of all the variables above.
Recall that ¢(Z) = Z+0(Z3) is an (odd) analytic function, therefore no poles are
produced by the ¢ at the numerator, and the conditions }; vy ; = dp, X ta,i = Ca
ensure boundedness in the degree, and therefore polynomiality. Again, the
only possible pole coming from the function ﬁ =1 + 0(Z) at the denomina-
tor, where here Z is the formal sum of all the four types of variables above, is
removable since it simplifies against the argument of the ¢ function produced
by the last commutation of each commutation pattern.

2. The ratio of products of S functions. Recall that both S(Z) and S(Z)~! are
analytic functions in Z, and so are their positive powers. Again, the conditions
YiUb.i =dp, 2 tai = cq ensure boundedness in the degree.

(0p i +ui=1)!

(vpi-D! 2

N . . . .
or —¥ — is a polynomial in y; of degree vy, ; or t, ;, respectively. Once more,
(/ll —la,i )' ’ ’

3. The product of ratio of factorials. Each ratio of factorials of the form

the conditions }}; vp.; = dp, D; tai = ¢4 ensure boundedness in the degree.

4. Possible simple poles in the zero parts. By the finiteness of the first sum,
we are only left with checking that the simple poles coming from the fac-
tor ([T; wi I1; vj)"! are removable. This check is totally analogous to the
proof of theorem 9.4.1. Simplifying vj’l is easy: the first commutation re-

lation for &,,(0) with whatever & operator is determined by the commutation
pattern reads [E,(0), Ea(W)] = ¢(v;W)E,, 4 a(W), which is divisible by v; (even
in case this commutation is the very last of the commutation pattern, we have

([&,,(0),&,(W)]) = ggJWv&; ) which is still divisible by v; after the removal of
the simple pole in W = 0). Simplifying the factor 4; ' is also similar to previous

. . i+ i—1 !
cases: note that the ratio of factorials (Uz;b Lal 1),) ,or 7
Sl M

f;; 5 are divisible by

i

Ui, unless vy ; or f,; are zero, respectively. Therefore we are only left with
checking the summands in which vy ; =#,; = 0forall b=1,...,m and for all
a=1,...,0for afixed index i (this does not imply ¢, = dj = 0). However, in

these summands the i-th operator &_,, (ZZ’ZI pXpi + 22:1 waya,,-) becomes

&_4;(0), and therefore produces a factor of the form ¢(—; W) at its earliest
commutation, which again is divisible by f;, even in case the commutation is
the very last one.

This immediately leads to the following proposition.
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II1. Polynomiality results for Hurwitz numbers

PROPOSITION 9.6.1. The coefficients of the 2D-Toda hypergeometric T-functions of
equation (9.16) in the basis of power sums are piecewise polynomaial in the parts of the
partitions indexing the power sums, and those polynomials can be explicitly computed
via the algorithm described in section 9.3.
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CHAPTER 10 — KDP HIERARCHY FOR TRIPLE
HODGE INTEGRALS

10.1 — INTRODUCTION

Kazarian [Kazog] interpreted the ELSV formula as a change of variables from the
generating function of single Hodge integrals to a 7-function of the Kadomtsev-
Petviashvili hierarchy, using that the generating function of simple single Hurwitz
numbers is such a 7-function by Okounkov’s work [Okoos]. This should be viewed
as a parallel to the Witten-Kontsevich theorem, see subsection 2.4.1.

This chapter gives a new proof of a recent result of Alexandrov [Alerga; Ale1gb],
showing that the generating function of triple Hodge integrals becomes a solution of
the KP hierarchy after a certain change of variables. The proof uses a generalisation
of Kazarian’s method for the case of single Hodge integrals [Kazog] to the case of
triple Hodge integrals.

Recently, Nakatsu and Takasaki also obtained a result on the generating function
of triple Hodge integrals as a 7-function of KP [NT18].

OUTLINE OF THE CHAPTER

In section 10.2, we recall the main ideas from [Kazog], as we will use a generalisation
of this proof. In section 10.3, we give this generalisation, starting from the Marifio-
Vafa formula and the KP hierarchy for the topological vertex in subsection 10.3.1
and deducing the right change of variables in subsection 10.3.2. In subsection 10.3.3,
we show this change of variables does indeed preserve 7-functions of KP.

10.2 — REcAP OF KP FOR SINGLE HODGE INTEGRALS

In this section, we reiterate the outline of Kazarian’s proof of KP for single Hodge
integrals.
In [Kazog], Kazarian considered the generating function for single Hodge inte-
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IV. Integrable hierarchies

grals,

1 n
Fu(u; To, Ty, Ta, ... ) = . > /ﬂ A= [ v,
: g.n i=1

g.n dl ----- dn>0

where A(p) = ¢,(B) = X.7_, 4yp?, and showed that its exponent, Zy; := exp(Fp), is a
7-function for the KP hierarchy, after a certain change of coordinates. Explicitly,
this change of coordinates is given as follows: define

0
D= 2—.
(u+2) Zﬁz

Then we define the 7, in terms of other coordinates gx by the linear correspondence
g = 2, Ty e Dz,

The proof consists of three steps, and uses of the ELSV formula [ELSVo1] to trans-
form this generating function into a generating function of Hurwitz numbers.

The first step, [Kazog, theorem 2.2], is the observation that the generating function
for single simple Hurwitz numbers is a 7-tunction for the KP hierarchy. This is a well-
known result, see [Okoos]. In fact, the single simple Hurwitz generating function can
be obtained from the trivial 7-function 1 by the action of two vey explicit elements
of the Lie group associated to gl(c0).

The second step, [Kazog, theorem 2.3], uses the ELSV formula to rewrite the Hur-
witz generating function (after subtracting the unstable geometries) as a generating
function for single Hodge integrals. This introduces certain combinatorial factors,
that suggest a certain change of coordinates. After this change of coordinates, we
obtain Zy, viewed as a function in ¢’s.

The third step, [Kazog, theorem 2.5] shows that a certain class of coordinate
changes preserves solutions of the KP hierarchy, after they are modified with a
quadratic function. In essence, this coordinate change is given infinitesimally by the
flow along the differential part of a A, whose polynomial part is exactly the added
quadratic function. In this specific case, this quadratic function is exactly the (0,2)
part of the Hurwitz generating function.

In this chapter, we will follow the same outline, as the entire proof is a deformation
of Kazarian’s. The role of the ELSV formula is taken by the Marifio-Vafa formula.

10.3 — KP HIERARCHY FOR TRIPLE HODGE INTEGRALS

In this section, we will formulate and prove the main theorem, generalising Kazarian’s
method to the generating function of triple Hodge integrals.
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1o. KP hierarchy for triple Hodge integrals

10.3.1 — THE MARINO—VAFA FORMULA AND KP FOR TOPOLOGICAL
VERTEX AMPLITUDES

Here, we relate the triple Hodge integrals, via the Marifio—Vafa formula, to the
topological vertex amplitudes, which are known by a result of Zhou [Zho10] to
assemble into a tau-function of the KP hierarchy. We begin by defining the main
object of the chapter.

DEFINITION 10.3.1. The generating function for triple Hodge integrals is defined by

1 N
Fra(ab,c;To, T, 1o )= > = ) /m A@ADAE) | |9 Ta,,
g.n i=1

n.
g.n di,...,d, >0
2g-2+n>0

where the parameters a, b, ¢ satisfy % + % + % =0.

The main result of this chapter is given in the following theorem. This theorem
has already been proved by Alexandrov [Alerga; Alergb], here we give a new proof.

THEOREM 10.3.2 ([Alerga; Alergb]). Define

w+2
To(q) = q1, Ti+1(q) = m(u? g + u—=
" n; (4 dm Vw +1

0
gm+1 + Qm+2) ﬁTk .
m

Then )
o o WwW
Fry(—u®, —uw, —w+1,{Tk(4)})

is a solution of the KP hierarchy with respect to the variables {tq = 4}, identically in
u and w.

. 2 . .
Remark 10.3.3. Note that the triple a = —u?, b = —u?w, ¢ = =% does indeed satisfy

14+ 1 +1=0,and moreover any triple satisfying this condition can be written this
way.
Remark 10.3.4. In the limit w — 0, this theorem reduces to the main theorem, 2.1,
of [Kazog]. In the limit u — 0, it reduces to the Witten-Kontsevich theorem 2.4.19:
in that limit 7; — (2d — 1)!!g24+1 and independence of even parameters reduces the
KP hierarchy to the KdV hierarchy.

A main tool for proving this theorem is the Marifio-Vafa formula, an extension
of the ELSV formula. For this, note that in genus zero

/ A@ABIA(E)
Moo [Ty 1 — iy

i
i

|n—3

for n > 3, and this serves as a definition for n = 1,2. These terms are not included in
Fryy.
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IV. Integrable hierarchies

THEOREM 10.3.5 (Marifio-Vafa formula, [MVoz; L1.Zo3; OPo4]). There is a relation
berween triple Hodge integrals and characters of symmetric groups, as follows:

o Dot 2T (it jw) 0 A(=1)A(=w)A — P
Zz(w+) 1—[ j=1 /M w)A( 1)h2.c/2nlulp”

exp
( [ Aut 4] -0 S, T (- i)

n g=0

Z Z ;4 (1+w)hf2(v)l_[§(hwh )p,,

=0 pu,vkm oev

On the right-hand side the sum is over all partitions v of size equal to |, the product
is over all boxes in the Young diagram of v, and hy is the hook length of the box 0.
Furthermore, f is the shifted symmetric sum of squares.

Remark 10.3.6. Even though it seems the triple Hodge class in this formula only
depends on one parameter, w, the parameter % can be interpreted in this way as well,
entering as a cohomological grading parameter. Hence, the formula does govern the
entire generating function of triple Hodge integrals.

In the limit w — 0, the Marifio-Vafa formula reduces to the ELSV formula, as the

product over boxes simplifies to the hook length formula for the dimension of the
S|u|-representation associated to v.
Remark 10.3.7. Note that this formula is perfectly well-behaved for w = -1, but
theorem r1o.3.2 does not make sense in this case. In fact, by symmetry in the arguments
of the A-classes, this point is equivalent to the limit w — oo, which in the conventional
formulation of the Marifio-Vafa formula is the initial condition for the cut-and-join
equation used to prove the fomula, see [Zhoo3, Theorem 3.3]. In this case, the integral
reduces to fﬂg‘] A,?972 by Mumford’s relation. These integrals were calculated by
Faber and Pandharipande [FPooa]. For the rest of this chapter, we assume w # 1, and
remark where this condition is essential.

DEFINITION 10.3.8 ([AKMVO;]) The disconnected ropological vertex amplitude
generating function H3,, is defined as

He (w5 (1) Z Z X (1) (1+”’)hf2(v)l_[ g(hwh D

m=0 u,vtm oev

The gonnected topological vertex amplitude generating function H3y, is given by its
logarithm:

Hipy (w75 {pr}) = log Hypy (w.75; {pi}) -
This connected generating function can be decomposed as follows:

o 1
HTH(UJ, h; {pk}) = Z EHg,n s

g’n
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1o. KP hierarchy for triple Hodge integrals

where

S n T4 (g jw) A(=DA(—w)A (-2
Hy, = Z (w+1)g+n—1 I—[ J=1 / (=DA(-w) (w+1)h29_2+n+|ﬂlp/[

i L =Dt I, TS (= pa)

Remark 10.3.9. This function is a rescaled version of R® from e.g. [LLZo3; Zhoo3;
LLZo6; Zho1o] (but note that in this last reference, the first two arguments are
swapped):

Hyyy (. {pic}) = R( = ifw; w™"; {(=itw)*pic}) "
the current form is chosen to better suit our needs.

The generalisation of [Kazog, theorem 2.2] is given by the following theorem:

THEOREM 10.3.10 ([Zho10]). The generating function Hyy, is a T-function of the KP
hierarchy in the variables tj, := B¥, identically in w and h. Hence, the generating
function H3.\, is a solution of the KP hierarchy.

More explicitly,

Hey(wsih {pi}) = ™0 exp ( D %) 5
d=1

da, - — . o
Remark 10.3.11. Note that 377 | %—w(t;’) is not an element of gl(o0), as it has infinitely

d . . . )
(dﬁguz)hwp d") is still a solution of the KP hier-

achy, as it is a linear function, and all equations in the hierarchy are of at least second
order.

many non-zero diagonals. However, Y.,

Proof. This is essentially [Zho1o, theorem 3.1], which states it for R®. The KP
hierarchy is invariant under the rescaling, as its equations are quasi-homogeneous.

The explicit formula is given by integrating the cut-and-join formula [Zhoos3,
theorem 3.2] with the initial condition [Zhoc3s, theorem 3.3], respectively given by

o
ot

o i9pa
(A;7:p) = iAMoR® and R°(1;0; p) = exp Z N
(d=1 dg(zd/l))
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IV. Integrable hierarchies

10.3.2 — THE CHANGE OF VARIABLES

The coordinate change we want to perform is inspired by the Marifio-Vafa formula.

Hiy (w.5: {pe}) 10%(2 - L (1+W)hﬁ(V)ng(hwh) )

m=0 u,vrm p oev

© (w1t TP 4 o) o ACDACWA(L)
:ZZ(U)+ ) l_[ j=1 //;A w ( 1)h2g2n|,u|pﬂ

i [Autyl (i = 1) My TTim (L= i)

As2g—-2+n+|ul = lemMgn+Z Lo+ 3)andg+n 1——d1mMgn+2113,
we get after rewriting u = 13 (w+ 1)s

Zl—l Hﬂll (ul+]w)h/ A(=u?)A(~u w)A(w+1)
O Jw,, (- pe)

TH(w fi; {Pk} ZlAutm
g=0 i=

(o] (o] 2
=Yy = L A(—u2)A(—u2w)A( e
g=0n=1 n' Mgy.n w +

= FTH( -u?

) [13 o (o)

i=1 d=0
2

o UTW ) 1
,—utw, ——; {T, + Ho,1 + s Hop2,
Mww+1{d(l?)} 0.1+ 5H0,2

where .

o 175 (m + jw)

. —J= v d 2d+4m—1
Ta(p) = Z =1 m“u W pm .

Hence, our goal is to show that this change of variables and addition of the unstable
terms preserves solutions of the KP hierarchy.

m=1

LEMMA 10.3.12. The following two expressions are inverse to each other:

2 l+hz |7 S ey
x(z)_1+(w+1)hz(1+(w+1)hz)’ =, mon

Proof. This can be proved by a residue calculation. Start from the formula for x(z)
with 7 = 1 and write z(x) = X,_; Cyx™. Then C,;, = Resy=gzx™ dx, and

m=1

dx _dz d(z+1)w L A+ +1)2) )

X z (z+1)w I+w+1z) w
%+l dz_ (w+1)? dz
z wz+1 w  1+w+1)z
dz

T+t )z

w+1l
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1o. KP hierarchy for triple Hodge integrals

Therefore,

m dz
zZ1+2)(1+w+1)z)
w+1

= Reos 7™+ z)_%_l(l +(w+ 1)) tdz
7=

sz_mi —w 1 zki mwTH_l (w+1)dz
=0 = k l

1=0

m w+l
- (—1)’<(3 ’ k) (mT ) 1)(w +1

k+l=m-1 k !

Cn = Reoszx_

x=

2~

I UG k) TG )

N (~Dfw + 1yt
£ (m—k—1) k!

=0

m—l m 7y m—1 _
_ [5G +0) Z (m 1)(_1)k(w+1)m—k—1

m-Dr 2\ &
G L Tt jw)
T (m-1) a (m—-1)!
Finally, 71 can be introduced in this formula by scaling z — %z, x — fx. i

In order to use this lemma, define a linear correspondence © between power series
in x or z on the one hand and linear series in p or ¢ on the other by

pk(_)xk» quZm‘

This defines a change of coordinates as follows:

DEFINITION 10.3.13. We define a linear morphism between power series in {p;, }m>1
and {ga}ta=1 by
pi(§) = Z 'dm with ¢ given by xk = Z '™, (10.2)

m=k m=k

Under the correspondence py < xX, g, <> z™, we have
0 0
Ti(p) & WD) u’z; Di=xo— = (1+hz) (1 + w+ 1)hz)za— .
X z

In terms of g-variables, this gives

(o] ~ ~ ~ a _
Td = I/l2 Z m(qm + (w + 2)hqm+1 + (w + 1)h2qm+2) ﬁTd,l ) TO = u4q1 .
m

m=1
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IV. Integrable hierarchies

. - . 3 .
If we write g, = u*" Gy, and using #1 = \/“—Tl, this becomes
w

i u3
1 0
T, = m( A2 4 (w4 Q) 2G4 uS U2 G ) ’ T,
o 9 u(w + 2) ) 0
= m(u + ——qm+1 + gm+2) 7—Ta-1;
mZ=1 dm N dm+1 + qm+ 3dm
To =q1.
This is exactly the definition given in theorem 10.3.2.
Remark 10.3.14. The result in this subsection do hold for w = -1 (ignoring powers

of u), but in this specific case x and z are related by a Mdbius transformation. Hence,
the function x(z) has no critical points, which gives an explanation in the topological
recursion framework why this case should be excluded. From another point of view,
in this case the change of coordinates equation (10.2) is an isomorphism, whereas it
gives a half-dimensional subspace in all other cases. This half-dimensional space is
defined by Virasoro constraints, see [GW17] for the linear case and [ACKS] for the
general case, and can be viewed as a deformation of the reduction from KP to KdV.
This all does not work for w = —1.

RELATION TO TOPOLOGICAL RECURSION FORMULATION

In order to interpret this in the topological recursion framework, define X := log x
and 7 := z71. Then we get

0X Z

9 G+w+DhGE+h)

Integrating this gives

~ 1

which should be interpreted as a spectral curve.

Furthermore, in these terms Z is a local coordinate around the (unique) branch

point of X, so z = & is the zeroeth &-function. Since moreover D = xﬁ‘i = 2%

T4 corresponds to &; = (dX) £o up to a constant factor. This relates to the spec-
tral curve and topological recursion found in [EOI;, theorem 4.3], after a slight
reparametrisation. Note again that the function X is essentially different if w = —1.

276



1o. KP hierarchy for triple Hodge integrals

10.3.3 — PrESERvING KP

In order to make this change of coordinates, and remain within the realm of solutions
of the KP hierarchy, we should flow along the action of the affine infinite general
linear Lie algebra. Hence, we should find the infinitesimal flow associated to this
change. This is given in the following lemma.

LEMMA 10.3.15. The series x(z) from lemma 10.3.12 satisfies the differential equation
0 0
@)= (@ + 22+ + DAz ().

Proof. Explicit and straightforward calculation. mi

We will use this with [Kazog, theorem 2.5], which uses the gl() action on 7-
functions:

THEOREM 10.3.16 ([Kazog]). In the situation of a correspondence like equation (10.2),
there is a quadratic function Q(p1,pa, . ..) such that the transformation sending an
arbitrary series ©(p1,pa,. .. ) to the series ¥(G1,G2,...) = (O + Q)‘ is an auto-

morphism of the KP hierarchy: it sends solutions to solutions.

p—p(q)

1
PROPOSITION 10.3.17. For x(2) = gy ( 1+(1w+ff)hz) v, this quadratic function is
0 =-1Hy,.
Remark 10.3.18. Both lemma 10.3.1§ and proposition 10.3.17 hold for w = -1, but
they simplify: in the differential equation, the leading term drops out, and in the

transformation, the quadratic function — 3 Hy » is zero. This last fact reflects the point
in remark 10.3.14 that the map p — ¢ is an isomorphism in this case.

Proof. Consider the gl(co)-operator A = —(w + 2)A1 — (w + 1)fiAz. Its differential
part,

- Z (0 + Ddier + (W + Dhdies)

k=1 (9

corresponds to the vector field from lemma r10.3.15 under ©. Its polynomial part is

(=] k=1 . 2
w+1 w+1 [155(k+jw)
- hqt = - h( Z ](k = 1k 1Pk)

H"'l (pi + jw) 1
_ L1+
Z (w+1)“ D0 g PwPe
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Now consider the function Z(%) = exp(® — $Hy 2). Then

o . (10 S
%Z(m—(-m*’o’ﬁ;%a)z

8

w+1 _ - 0
= ( - Th‘]% - kz_; k((w +2)gr+1 + (w + 1)hqk+2)8_pk) zZ

= AZ(h)

Hence Z(#) = exp (—(w+2)hiA; — ZL42A5) Z(0). As Z(0) = exp(®), and A preserves
7-functions of KP, this automorphism does indeed preserve solutions. O

Now we are ready to prove the main theorem.

Proof of theorem 10.3.2. By theorem 10.3.10, Hy,, is a solution of the KP hierarchy
in the variables 7 == ££. As all equations in the hierarchy only involve derivatives of
second or higher degree, any linear function can be added to a solution to give a new
solution. Hence H}; — Ho 1 is a solution as well. By theorem 10.3.16 and proposi-

tion 10.3.17, (Hyyy — Ho1 — %Hgg)\ is a solution of the hierarchy too. So by

. p—p(q)
equation (10.1),

Frya( = = == {Tu(p(@))}

is a solution of the KP hierarchy in the variables 2. As the KP hierarchy is quasi-
homogeneous, rescaling G,, — g preserves solutions. This completes the proof. O
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CHAPTER 11 — CENTRAL INVARIANTS
REVISITED

I11.1 — INTRODUCTION

In this chapter, we consider the classification of the dispersive evolutionary partial
differential equations introduced in subsection 2.4.2, using bi-Hamiltonian cohomol-
ogy.

We extend the computational techniques of [CPS18] further and give a new proof
of the theorem of Dubrovin-Liu-Zhang that the space of the Miura classes of the
infinitesimal deformations of a semi-simple Poisson pencil is isomorphic to the space
of N functions of one variable. An advantage of our approach is that we use only the
general shape of the differential induced on the jet space of Tyy[—1], and, for instance,
the Ferapontov equations equation (2.16) enter the computation only through the
fact that the differential squares to zero. Furthermore, our proof does not rely on
the quasi-triviality theorem. A disadvantage is that in the cohomological approach
of Liu-Zhang it is not possible to reproduce the explicit formula for the central
invariants of a given deformation as in [DLZo6, equation 1.49].

11.1.1 — (ORGANISATION OF THE CHAPTER

The outline of this chapter is as follows. In section 11.2 we formulate our main
results, based on the computation of some of the cohomology of a certain complex
(A[A], D,) in the rest of the chapter. In section 11.3 we give a streamlined version of
the proof [CPS18] of the vanishing theorem for the cohomology of (A[A], D,). In
the next sections we proceed to compute other parts of this cohomology that will
lead us in particular to the identification of the parameters of the infinitesimal defor-
mations. In section 11.4 we compute the full cohomology of the complex (d;(C;), D),
a subcomplex in one of the spectral sequences. In section 11.5 we compute the coho-
mology of another subcomplex, (C[A],Ag.1), for degrees p = d. In section 11.6 we
prove a vanishing result in degrees (p,d) = (3,2), which is essential to complete the
reconstruction of the second bi-Hamiltonian cohomology group. In section 11.7
we collect the results of the previous sections and, using standard spectral sequences
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IV. Integrable hierarchies

arguments, we prove our main theorems.

11.2 — MAIN RESULTS

The main result of the current chapter is an extension of the results of [CPS18],
which in particular also implies the abstract form of theorem 2.4.27, showing that
deformations of a dispersionless Poisson pencil are classified by N smooth functions,
each dependent on one u'. Hence, this chapter gives a unified proof of both theorems,
yielding a complete classification of deformations of Poisson pencils of hydrodynamic
type in several dependent and one independent variable, with the caveat that the
explicit form of the central invariants cannot be recovered by this method.
Here, we recall theorem 2.4.31, the main result of this chapter.

THEOREM 11.2.1. We have that BH? is equal to zero for d = 2 and d > 4. In the case
d = 3, BH? is isomorphic to @f\il C®(u'). Moreover, BH? is zero for d > 5.

This is the form of the theorem of which we will give a uniformised proof in this
chapter. We will actually prove the more general theorem 11.2.5, from which this
theorem follows.

In order to calculate the bi-Hamiltonian cohomology, we use the key lemma
of [LZ13], see also [Baro8], which implies that for d > 2 we have that BH/] =
Hs(f"[/l],d,l). Another idea of Liu and Zhang [LZ13] is that in order to compute
the cohomology of (7], d4) one might use the long exact sequence in cohomology
induced by the short exact sequence

0 = (AL/RIALD.) 25 (A1), Da) — (FLALdy) — 0.

In particular, we will consider the parts of the form

HY (A[A]) » HEY(A[A]) — HE(F(a) — HY (AL — HYT (AL ()
for d > 2. We omit the differentials in the notation for the cohomology since they
are always D, for the space A[1] and d; for the space F[A].

We want to derive theorem 2.4.31 from the exact sequence given by equation (11.1).
In order to do this, let us recall that in [CPS18] the following vanishing theorem for
the cohomology of the complex (A[1], D;) was proved.

THEOREM 11.2.2. The cohomology HY (A[A]) vanishes for all bi-degrees (p,d), unless
(p,d) = (d + k,d) with

k=0,....N-1, d=0,....N+2 or k=N, d=0,...,N.
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11. Central invariants revisited

We give a streamlined proof of this theorem in the next section.
The main contributions of this chapter are the following results about the coho-
mology of A[1].

THEOREM 11.2.3. For p = d, the cohomology of A[A] is given by:

R[] p=0,
HE(A[A. DY) = L BN, C=w')e%616> p =3,
0 else.

THEOREM 11.2.4. The cobomology Hs(ﬁ[/l], D,) vanishes for

p<d, d>0;
p>d+N, d>0;
d<p<d+N, d > max(3,N);
p=3, d=2.

Assuming these theorems, we can formulate our main result on the bi-Hamiltonian
cohomology, from which theorem 2.4.31 follows:

THEOREM 11.2.5. The bi-Hamiltonian cobomology BH') vanishes for

p<d d>2;
p>d+N d>2;
d<p<d+N d>max(3,N);
p=2 d=2,

unless (p,d) = (2,3), in which case it is isomorphic to EBf\il C™(u'), the space of central
mvariants.

The regions of this theorem are visualised in figure 11.1.

Proof. Using the isomorphism between BH! and HC’;(?A"[/I]) in the required range, all
the vanishing statement follow from the exact sequence (11.1) as both the second and
the fourth terms are zero. For (p,d) = (2,3), the second term is zero, which implies
that Hg(%[ﬂ]) = Hg’(fl[/l]), and Hg’(fl) = @ﬁl C*(u’) by theorem 11.2.3. O

Remark 11.2.6. Observe that the cohomology of A[4] is still unknown on the
subcomplexes p=d +1,...,d + N for d < N, unless (p,d) = (3,2) or unless N = 1.
The last case has been determined completely in [CPS16b, proposition 4]. The key
to determining the cohomology completely would likely lie in an extension of the
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d . . . . .
N ) . oo 7
o S
3 . ° .
2 . o .
1 . . .
P
1 2 N N+1
(a) The case N > 3. (b) The case N = 2.

Figure r1.1: All bi-Hamiltonian cohomology groups are zero in region A, except for
the black dot, which is given by the central invariants. All groups are unknown in
region B, except for the white dot, which vanishes.

proof of proposition 11.6.1, where one would have to study more carefully the
transformation 69 + 67. This transformation is trivial in the case N = 1, so the
subtlety does not occur there.

We conclude this section with one more piece of notation that we use throughout
the rest of the chapter: for a multi-index I = {iy,...,is}, we write fI = [1;¢; f%,
07 =6 --- 0!, etc.

11 Ls

I11.3 — THE FIRST VANISHING THEOREM

In this section we give a proof of theorem 11.2.2, based on the proof of [CPS18]. This
section does not contain any new results, but has the main purpose of recalling some
objects that will be used later.

The presentation of the proof given here is improved over [CPS18], mainly by
focusing less on the intricacies of spectral sequences and more on the structure and
decomposition of the spaces and differentials involved. This exposition is somewhat
less detailed as a result and the reader is expected to be familiar with spectral sequence
techniques for graded complexes; more details can be found in [CPS18].
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11. Central invariants revisited

I11.3.1 — THE FIRST SPECTRAL SEQUENCE

Let deg,, be the degree on A defined by assigning
deg,, Ww=1 s>0

and zero on the other generators. The operator D, splits in the sum of its homoge-
neous components
Dy=A1+Ap+...,

where deg, Ar = k.

To the degree deg, +deg, we associate a decreasing filtration of A[1]. Let us
denote by 'E the associated spectral sequence. The zero page 'E, is simply given by
A[A] with differential A_;:

(*Eg, 'dy) = (A[A],A).

To find the first page 'E |, we have to compute the cohomology of this complex.
Let us compute the cohomology of the complex (A[A],A_;). The differential can
be written as

Aq =) (-A+u)f'd;
where d; is the de Rham-like differential

- 0
_ s+1
=20 G

s>1

It is convenient to split A in a direct sum

N
A=Ceo (@é}“ oM.
i=1
Here .
C=c>U)Ne",....0%,061,....05]
and

Ci = Cl{u™*, 6% | s = 1],
while Cj‘l.m denotes the subspace of Ci spanned by nontrivial monomials, i.e., all mono-
mials that contain at least one of the variables u"-*, 6:*! for s > 1. By M we denote
the subspace of A spanned by monomials which contain at least one of the mixed

quadratic expressions
ul,Suj,t, ul,50;+1, 6‘?+10§~+1

for some s,r > 1 and i # j.
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LemMA 11.3.1. The differential A_y leaves invariant each direct summand in

AlA] =C] @ é cral| @ Mlal, (11.2)
i=1
and in particular maps C[A] to zero.
Proof. Itis easy to check that
di(€) = 0. di(M) € M,
dcm e dC=0 i%)
from which the lemma follows immediately. m

The cohomology of A[1] is therefore the direct sum of the cohomologies of the
summands in the direct sum (11.2), and in particular

H(C[A],A-1) = C[A].

Let us first observe that the cohomology of the de Rham complex (C;, d;) is trivial
in positive degree.
LEMMA 11.3.2. o .
H(C;,d;) = C.

Proof. The proof is completely analogous to the standard proof of the Poincaré
lemma. i

In particular we have that
H(C".dy) = 0,

therefore the kernel of d; in é;“ coincides with d;(C)).

LEMMA 11.3.3.
d;(Cy)[]
(= +u')di(C))[A]
Proof. On éft[/l] the differential A_; is equal to (=1 + u) f'd;. Tts kernel coincides
with the kernel of d; on C[A], which is d;(C;)[A]. Its image is (-1 + u')d;(C)[A]. O

H(CM[A],A1) =

Finally we prove that the complex (M[1],A_;) is acyclic.

LEMMA 11.3.4.
H(M[A],A-1) = 0.
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Proof. This lemma can be proved by induction on N. Denote, for convenience, the
corresponding space and the differential by M[A]y) and A_; (). We also use in the
proof the notation Ay and é(N).

The differential A_; is naturally the sum of two commuting differentials,

At vy =Aogv-ny + (A +u) N dy.

The cohomology of (=4 + u™) fNdy on M[/l](N) is equal to the direct sum of two
subcomplexes, Ciy) ®¢n1) M[/l](N_l) and

dvEn e, (@Y Em) @ w eg, , Mitlv-v)
(=1 +uN)

On the first component the induced differential is equal to A_; (y_1), so we can use
the induction assumption. On the second component the induced differential is equal
to

(At v-1) |y -

so, up to rescaling by non-vanishing functions, it is a de Rham-like differential acting
only on the second factor of the tensor product. This second factor can be identified

with Civ) ®n1) An-1)/Cv-1)» 50 the possible non-trivial cohomology is quotiented

out (cf. the standard proof of the Poincaré lemma). a
This completes the computation of the cohomology of the complex (A[1],A_1):
PROPOSITION 11.3.5.
N

A~ A dAl Ai
H(A[A],A-) =C[A] & @ (=1 + L(tic)?[(/l(]:’ A
i=1 \" i

(11.3)

11.3.2 — THE SECOND SPECTRAL SEQUENCE

The first page of the first spectral sequence, 'E|, is given by the cohomology of the
complex H(A[A],A_;) with the differential induced by the operator Ag:

('Ey, 'dy) = (H(A[A], A1), Ag).

We recall the formula for the operator A in the appendix. To get the second page 'E,
of the first spectral sequence we have to compute the cohomology of this complex.
Let degg be the degree on A defined by setting

degg 6l =1 i=1,...,N
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and zero on the other generators. The operator A splits in its homogeneous compo-
nents
Ao =Ao,1 +Ag,0 + Ag,—1
where degg1 A x = k.
To the degree degg: — deg, we associate a decreasing filtration of H(A[1],A_1),
and denote by ?E the associated spectral sequence. The zero page 2E, is given by
H(A[A],A_1) with the differential induced by Ag ;:

(PEg, *dy) = (H(A[], A1), Ao 1)
The first page ?E, is given by the cohomology of this complex.

11.3.3 — DECOMPOSITION OF THE FIRST PAGE

To obtain a simple expression for the action of Ag ; on the cohomology (11.3), it is
convenient to perform a change of basis in A. Let ¥ be the invertible operator that
rescales the generators of A as follows

s

+1
N
2
65

s (fHE, 6 e ()
The operator Ag 1 has a simpler form when conjugated with ¥, and since ¥ leaves

invariant all the subspaces that we consider, such conjugation does not affect the
computation of the cohomology.

LEMMA 11.3.6. The operator Ag.1 acts on the cobomology (11.3) as WAg,1 ¥, where
Ao = Z(—/l + u")eil% + Z(—/l + 1) (70 - yﬁe})eﬁ.’% + Z 01 &;
i i,j i i
and leaves invariant each of the summands in equation (11.3). Here &; is the Euler
operator that multiplies any monomial m by its weight w;(m) defined by
wi(u') = % +1, w0 = % -1 s>1

and zero on the other generators.

Proof. Recall that Ag 1 is the deg,, = 0 and degy: = 1 homogeneous component of the
differential D). An explicit expression can be found in [CPS18]. By a straightforward
computation, we have that W~1Aq 1 ¥ is equal to Ag 1 plus two extra terms

- Z Z(—/l +u') (%) i ((s +2)y;if; + s)’ije}) u”%

ij s>1

i,j s>2
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11. Central invariants revisited

The following formulas are useful in the computation of the conjugated operator:

0 . s
E Out Y - (f )2 a i,s’ Yl = (fl)_éul’sv
6 . s+1
-1 -1ps iI\—>5= s
¥ 895 QS’ YUY = ()T,

4] 0 dlog fI s o 0 s+1 .0
Pl —y=— ¢ 4 SulS—— + 03
u " " w4 ou 2|34 s 0 96°
By construction the operator Ag 1 induces a map on the cohomology (11.3), and

so does the conjugated operator ¥~1Aq 1 'P.
Let us make a few easy to check observations in order to simplify this operator:

1. Ag,1 maps C[4] to itself, while the two extra terms send it to zero;

2. the two extra terms, when j # i, send d;(C;)[A] to M[A] which is trivial in
cohomology;

3. both Ag ; and the extra terms for j = i map d;(C)[A] to éi“‘[/l], and, because
they need to act on cohomology, they actually send it to d;(C;)[A];

4. terms in d;(C;)[A] which are proportlonal to A — u' actually vanish in cohomol-
ogy, so we can set A equal to u'; this in particular kills the i = j part of the extra
terms.

The lemma is proved. o
Let us identify
di(CIA)
(= +u)di(C)[A]
by setting A equal to u’. Let D; be the operator induced by Ag 1 on d;(C;) by this
identification. Its explicit form is given in the next corollary.

~ di(C:) (11.4)

COROLLARY 11.3.7. The operator D; on d;(C;) is given by D; = YO, ¥ with

N — 1 k i

The first page of the second spectral sequence is therefore given by the following
direct sum

2E, =~ H(C[A],A0,1) ®

N A~ A
@H(di(ci),@i)) , (11.5)

i=1
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11.3.4 — VANISHING OF THE FIRST TERM

A vanishing result for the cohomology of C[4] is obtained by a simple degree counting
argument.

PROPOSITION 11.3.8. The cohomology H) (C[A), Ao.1) vanishes for all (p,d), unless
d=0,...,N, p=d,....d+N.

Proof. The possible bi-degrees of the elements of C are precisely those excluded in
the proposition. O

I1.3.§ — VANISHING OF THE SECOND TERM
35

We have the following vanishing result for the cohomology of (d;(C;), D).
PROPOSITION 11.3.9. The cohomology H) (di(Ch), D) vanishes for all (p, d), unless
d=2,---,N+2, p=d,...,d+N-1.

Proof. To prove this result let us introduce a third spectral sequence. For fixed i, let
degg: be the degree that assigns degree one to 6] and degree zero to the remaining
t

generators. Consider the decreasing filtration associated to the degree degg — degy.

Let ®E be the associated spectral sequence. Let D; 1 be the homogeneous component
of O; with degy = 1,1.e., D;1 = ¥YD; 1P~ ! with

0
Dy = 6} Z(u—uf)y,l,ago +&

The zero page 3E, is given by d;(C;) with differential D; ;:
(PEg. %dy) = (di(Ci). Dy1).

To prove the proposition it is sufficient to prove the vanishing of the cohomology of
this complex in the same degrees, which we will do in the next lemma. O

LEMMA 11.3.10. The cohomology HY) (di(Cy), Di 1) vanishes for all (p,d), unless
d=2,---,N+2, p=d,...,d+N-1.
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Proof. As before let us work with the operator D; 1. Let m be a monomial in the
variables u’, 65*! for s > 1. For g € C, we have

Dis (gﬂii(m)) =0} (Z(ui —u')y;i6? 0 g + (wi(g) + wi(m) — Vg | di(m),

. 50
J 1
where w; is the weight defined in lemma 11.3.6. Therefore Di 1 leaves Cd;(m) invariant
for each monomial m. We will now prove that the cohomology of the subcomplex
Cd;(m) vanishes for all monomials m, except for the case m = u!, therefore the
cohomology of d;(C;) is just given by the cohomology of Cd;(u*'). Notice that d;(m)
is nonzero only for w;(m) > 2, and the case w;(m) = 2 corresponds to m = u"*! and
di(m) = 91.2.

Let us split C = C! @ §°C{, where C, is the subspace spanned by monomials that
do not contain 6?. Giveng € é(‘) we have

Dyt (gdim)) = 6} (wi(m) = 1ygd; (m).

Notice that the coefficient w;(m) — 1 is non-vanishing, therefore 9 1 is acyclic on the
subcomplex é(‘)d:(m) Forg € 9?(:’6, the differential D; ; maps gd;(m) to 0} (w;(m) —
3)gd;(m) € §9Cid;(m) plus an element in C}d;(m).

It is well-known that when a complex (C,d) contains an acyclic subcomplex C’,
its cohomology is given by the cohomology of a subspace C”” complementary to C’
with differential given by the restriction and projection of d to C”'.

In the present case this implies that the cohomology of Cd;(m) is equivalent to
the cohomology of 6! C! with differential given by the operator of multiplication by
the element 6 (w;(m) — 2). Such complex is acyclic as long as w;(m) # 3. The only
nontrivial case is when m = u>!, and in such case the cohomology is given by

0°Cid; (") = CL6Y67.

Counting the degrees of the possible elements in this space we obtain the vanishing
result above. i

11.3.6 — CONCLUSION

From the previous two propositions it follows that 2E| is zero if the bi-degree (p,d)
is not in one of the two specified ranges, i.e., in their union given in theorem 11.2.2.
Clearly the vanishing of 2E, in certain degrees implies the vanishing of 'E, and
consequently of H(A[A],D,) in the same degrees. This concludes the proof of theo-
rem 11.2.2.
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11.4 — THE COHOMOLOGY OF (d;(C;), D))

In this section we extend the vanishing result of subsection 11.3.5 to a computation
of the full cohomology of the complex (d;(C;), D;).
First, we can represent the space d;(C;) as a direct sum

di(Ci) = Cio? @ C10°0? @ C ® dy(Vr)

where, as before in subsection 11.3.5, we denote by Cf the subspace of C spanned by
monomials that do not contain #%. We denote by V; the space of polynomials in u+>!

22 of standard degree > 2.

LemMA 11.4.1. The differential D; leaves invariant the spaces C‘é@? and C ® dy(V;),
while

Di(CL0%6?7) c Co? = Clo? @ ClpP6?.

Proof. As before we can equivalently work with D;. The statement is a simple check,
noticing that [D;, d;],+ = -6} d,. o

As we know from subsection 11.3.5 the cohomology is a subquotient of C(,6"62.
Therefore the subcomplexes 6‘691.2 and d;(V;) are acyclic and the cohomology is given
by

H(di(Ci), Di) = H(Cy6767. D)),
where D7 is the restriction and projection of D; to Ci6°62. Explicitly D/ = ¥D/ ¥~}
is given by removing the terms in D; that decrease the degree in 6, which gives

Zel[u _u)( Z”kgkaeo) Z(u ~ i) Ja 060 "

k#i

Notice that & maps C} 6?67 to zero, since both 6} and 6967 have degree w; equal to
0092 ; ; S 902 o O gOglp2 I
zero. We can now split Cy676; in the direct sum Cj , 6767 & C;, 16,6, 6; Where~CO’1 is
the subspace of C/ spanned by monomials that do not depend on 6. Since D/ does
not act on 6} 62 or 696! 62, we can reduce our problem to computing the cohomology

of the complex (C} . D}). Let us denote by 6! the coefficient of 6} in D/, i.e.,
=065
k#i
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LEMMA 11.4.2. The cobhomology Hg((:’é’l,f)i’) is nontrivial only in degrees d = 0 and
p=0,....,N—1 Indegree (d = 0,p) it is isomorphic to C*(u’) ® \P RN and is
represented by an element

F = Z FJ(ul,...,uN)09 € mKergi,
JC[n]\{i} k#i
1=p
which depends on a single function of the variable u'.

. A: . -1
Proof. We represent the space of coefficients Cf ; as a direct sum @ ,_ K/, where
an element of K%' can be written down as

Z flo}. Z O0F, s(u',. .. u").

Ic[n] {t} Jc[n]\{i}
7=t |/ =t

The action of D/ can be described, in both cases, as a map K" — K“*!" given by the
following formula on the components of the corresponding vectors: F; ; — Ggs r,
where

Gsr = Z B —Fp (537 + (A )7 F1\ (51,75

s€eS

where the coefficients of the matrices (Ay; )7 can easily be reconstructed from the

formula for the operator D). So, this way we can describe each of the subcomplexes
K*'60002, K*'0%610%, 1 = 0.. — 1, as a tensor product of the de Rham complex

1712
of smooth funcuons inn- 1 varlable uk, k # i, with a vector space whose basis is
indexed by monomials of degree 7 in 6)), g # i. The differential (the restriction of
D! to this subcomplex) is equal to the de Rham differential 3,

linear map:

pei O 525 twisted by a

Zel (aap +Ap,) . (11.6)

pP#EL

(the coefficients of A,;; depend on whether we consider the case of K"’@?G? or
K*'670167, but the shape of the differential is the same in both cases).

The cohomology of the differential (11.6) is isomorphic to the cohomology of the
de Rham differential 3 ,.; 6} 5%. It is represented by the differential forms of order
0, that is, it is non-trivial only for £ = 0, whose vector of coefficients Fy ; solves the
differential equations

aFQ)’J

oup
for p # i. The solution of this equation is uniquely determined by the restriction
Fo.7lu, =0, p+i> that is, by a single function of u'. So, finally, we obtain the statement
of the lemma. O

+(Ap) For =0
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Taking into account the action of ¥ we obtain the cohomology the complex
(di(Ci), Di).

PROPOSITION 11.4.3. The cohomology of (di(Ci), D;) is nontrivial only in degrees
equal to (p,d) = (2,2),...,(N + 1,2) and (p,d) = (3,3),...,(N + 2,3). In the degrees
(2 +1,2) and (3 +1,3) it is isomorphic to C¥(u') ® N'RN"L ¢t =0,...,N — 1. More
precisely, representatives of cohomology classes in degrees (2 + t,t) and (3 + 1,3) are
given respectively by elements of the form

F(F1)/2+26002 G- (1112360010

171 L1 L

for F, G representatives ofHé(C:‘é’l, D) as given in the previous lemma.

11.§ — THE COHOMOLOGY OF (C‘[/l],Ao,l) ATp=d

In this section we extend the result of subsection 11.3.4 by computing the cohomology
of the subcomplex of (C[1], A1) defined by setting p = d.

From proposition 11.3.8 we already know that the complex (C[A],A¢.1) is non-
trivial only for d € {0,...,n} and p € {d,...,d + n}. As usual, as the differential is of
bidegree (p,d) = (1,1), it splits in subcomplexes of constant p — d. Here we consider
the case p = d.

PROPOSITION 11.5.1. For p = d the cohomology of the complex (C[A],A¢.1) is given
by

R[1] p =0,
HY(CALAo) = A BN, C=who! p=1,
0 else.

Proof. For p = d the complex C[1] is equal to
cx(U)6s,. . .08

Let us compute the cohomology of Ag 1. Because there is no dependence on 69 and
the degree wy of 6} is zero, the differential simplifies to

_ 8
Ao = 25,-, 8 = (=1 + ul)H}ﬁ.

We will let J € {1,...,N} denote a multi-index and write 6} for the lexicographically

ordered product [Tjes 9}. For each of the 0%,9%, .. .,911\,, we can define a degree
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deggy1 — degy, which again induces a decreasing filtration. The filtration associated to

6! has 6; as differential on the zeroth page of the spectral sequence. Considering all
these filtrations, we get the following picture:

C=(U)[A16} o Co(U)[ 16016}
y i /
Cc=(U)[1] 5 CU)A6; 6i
\ 6i
S C>(U)[ 16} 6} C=(U)[A]0} 6} 2 H
A A

Cx(U)[A16} —_— C°°(U)[/l]0i16’]1.

So the complex can be visualised as an N-dimensional hypercube with a term in every
corner.

On the first page of the 6]-spectral sequence, the differential is Y}, 6;, and we
can use the 6}-filtration to get another spectral sequence. This procedure can be
repeated inductively.

Consider an element in C*(U)[1]6;. Clearly it is in Ker 6 if J contains 1 or if it

does not depend on u':

Ker oy = (P c>W)[10) @ @ = 2.....u™)[)6],

J>a1 J31

where C®(u?,...,u"V) denotes the functions in C®°(U) which are constant in u'. On
the other hand, we clearly have

m 6y = (Pt - He>w)Lae),

J>1

therefore the first page of the spectral sequence is

c=(U)[A Nl
H(C[A],61) = EB /l)C°°(U) 9,@§Plcm u™)[A16}.

As these arguments do not depend on the 8} fori # 1 in any way, on the first page
of the spectral sequence we can use the 6} filtration and use the same arguments to
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find the first page of its spectral sequence. Completing the induction, we get the
following result for the Ag,1-cohomology on C[A]:

co({w }je])[/l]el

JC{l,..N} Ljesw =)

where the sum in the denominator is an ideal sum. If |J| > 2, this ideal sum contains
the invertible element u’ —u/ = (u' — 1) —(u/ — A) for i, j € J, so the cohomology is zero.
The cohomology of Ag 1 is therefore nontrivial only in degree zero, where it equals
R[1], and in degree one, where it is given by the sum @3N, C=(u")6}. To find the
cohomology of Ag 1 we need to take into account the action of the operator ¥. Hence
the cohomology of Ag 1 in degree one is @fil C®(u') f'(u)0}. The proposition is
proved. m

I11.6 — A VANISHING RESULT FOR 1E2 AT (p,d) = (3,2)

We now go back to the first spectral sequence 'E associated with deg, in subsec-
tion 11.3.1 and prove a vanishing result for its second page.

PROPOSITION 11.6.1. The cohomology of the complex (H(A[A],A_1), Ao) vanishes in
degree (p,d) = (3,2).

Proof. In subsection 11.3.2 the vanishing result for 'E, is proved by introducing a
filtration in the degree degy1. In order to extend the vanishing to the case (p, d) = (3,2),
we split the differential Ay in a different way. Recall that the operator Ag is by
definition the homogeneous component of D, of degree deg, equal to zero. It
induces a differential on the first page 'E| of the first spectral sequence, that is on the
cohomology H(A[A],A_1) given by equation (11.3).

From proposition 11.4.3 we know that the cohomology of this complex is van-
ishing for deg,, positive. We can therefore limit our attention to the subcomplex with
deg, equal to zero

N é[[aZQ]]nt[/l
1EY = C[a]
f=ce @ o

where the superscript in C[#72]™ indicates that every monomial should include at

least one 9?2
Let us denote by deggo the degree that counts the number of «95.), j=1,...,N,and
split Ag it its homogeneous components

Ag = A§ + A,
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where deggo Af = k.

The decreasing filtration on 'EY associated to the degree degy — deggo induces a
spectral sequence ‘E, whose zero page is clearly 'E?, with differential *d, = A}. The
first page “E, is given by the cohomology of (*E?, Al) which we now c0n51der

The form of A} can be easily derived from the explicit expression of Ay, see
section 11.8. When acting on 'EY it simplifies to the following operator, which for
simplicity we still denote A:

Z 00 Z 0s+1 609 ,
with

—f90+Z(u ?.

J#

We consider now the spectral sequence on 'EY induced by the degree deggs2,
which assigns degree one to all 5 with s > 2. Let A} = A" + A" where

AL 22902941; 11 229?36‘31,

Lk _
are of degree degg2 Ay = k.
We can rewrite our complex as

. N Cle72]®a]
Cli]&® @ kaz? (- Mi)é[[eiZQ]](k)[/l]

i=1

where C[622]*%) denotes the homogeneous polynomials with degg> equal to k.

Each of the summands is invariant under A(l)’o, so it forms a subcomplex whose
cohomology we can compute independently. Notice that the differential vanishes on
ClA], while it acts like multiplication by 6" on the k = 1 subcomplex

C’H?—>C’9?—>C‘6?—>~-,

which is therefore acyclic except for the first term, where the cohomology is given
by the kernel of the multiplication map, i.e., the ideal of §” in C multiplied by 62.
The first page of the spectral sequence is therefore given by

A C6%2[2
C[ﬂ]@@m @@H(C[{G>2H(k) A1 0) (II.7)

k>2 i
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While it is not difficult to compute the cohomology groups appearing in the third
summand, it can be easily seen that they give no contribution to 'E,. Indeed, we
know from proposition 11.4.3 that the cohomology with standard degree d > 4 is a
subquotient of C[1], but the minimal degree of elements in the third summand above
isd=5.

On this page the differential is induced by Aj>!, which has degy:2 equal to one.
When acting on the second summand C6%6? it vanishes, since it produces a mixed
term 6767 which cannot be in C[672]® for k > 2. Therefore the cohomology of the
first two summands is determined by the kernel and the image of the map

Ayt Cl - EB

i

C6%62(1]
(A—u)CA%0%[A]
The image can be computed in the following way: first of all, it is clear that an

element in the image is a linear combination of 9?, i=1,...,N, where the coefficient

of each 62 does not depend on 6} and is in the ideal generated by 6° in C. Therefore
the image is a subspace of

N 5iG0p2
@ C(ljl—g;l[)/l] (11.8)
i=1
where C! is the subspace of C generated by monomials that do not depend on 6.
Second, it is sufficient to consider the fact that the image of the ideal ]—Ij¢i(—/l+uj)é[/l]
under Aé’l is
Cig%e?[]
(4 —uh)
to conclude that the image of A(l)’l is the whole space (11.8).
So, the cohomology of Aé’l on the second term in (11.7) is

é; Cigelo?[A]
= (-

In particular, we see that it cannot give any contribution to the cohomology of degree

(p.d) = (3,2).

The second page of the spectral sequence associated to degg:» is

Ker Al oy @ D) Cidpe}e71al o D @D HHCO] D, a5, (11.9)
0 C[/l] ! (ﬂ—ui) i >0 20 s 9
1

k>2 i

where, as discussed before, the third summand does not give any contribution to 'E,,
and can therefore be ignored here. Since A} vanishes on this page, equation (11.9)
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11. Central invariants revisited

gives the cohomology of (*EY,A}) which coincides with the first page *E; of the

spectral sequence “E.

The differential *d; on *Ej is the one induced by A)), the degree deggo zero part
of Ag. The three summands in equation (11.9) are invariant under the action of the
differential A9, which in particular vanishes on the second term. To see this, observe
that since the standard degree of the second term is d = 3 and that of the third term is
d > 5, there can be no terms mapped between these two spaces by A, nor from the
second space to itself. The third term cannot map to the first one, since Af cannot
remove more than one 62,

The operator AJ has to increase the standard degree and the 6-degree by one,
while keeping deggo unchanged. This can only be achieved on C[4] by increasing
degg1 by one, implying AJ = A, 1, which is given in lemma 11.3.6. Explicitly:

. ) 0 0 1 0
0 _ 1 kypnl kO
AO —(ul _/l)flei (ﬁ —(6l~logf )Hka—ei—i(a,logf )eka_gg)
1 0100 0 1'~015 i 'ajfi015
—é(btj—A)aifjejgja—elo+§f19i9ia—0?+(ul—/l)fj fi 91916_010

From this formula it is easy to see that AJ maps C[4] to itself. Finally, from the
formula for Ay, we easily see that there are no terms that remove the dependence on
62 in the second summand in equation (11.9), therefore such summand cannot map
to the first.

To get the second page 4E5 we therefore need to compute the cohomology of the
differential AJ on Ker A, | ¢ra- The discussion so far was for general bidegrees (p, d).
However to be able to say something more we need to restrict to the subcomplex
p=d+1.

We see that an element proportional to 8} is in the kernel of A" if and only if it
is also proportional either to (-1 + ') or to 6°. Therefore, it can be represented as a

sum over all subsets I c {1,...,n}, |I| = t, of the elements of the form
n . . . .
Z Fi (1, )69 - 1_[(—/1 +u')o! + Z G (u)8°0} - 1_[(—/1 +u))8}.
Jj=1 iel iel Jjel
j#i

This representation naturally splits the kernel of A" into two summands, let us call
them F and G.

Observe that the splitting of the p = d + 1 part of the kernel of A(l)’l on C[1] into
the direct sum F @ G defines a filtration for the operator A) = Ag 1. We can see this
by using the base change W. First, define

é? = ‘P‘lé? = 9? + 2(uj - ui)yjiH?
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IV. Integrable hierarchies

From the formula above for AO we have that we can write AO YAV, for

d 14,0
+(u — y;ib; 9?—0 — (' = )y;i0160— + =676 —

(u —/1)9 i jaeo 9t 1690
13

0
The first three terms preserve F = ‘I"lF, while the last sends F to G = ¥7!G.
Moreover, the entire operator preserves G. Furthermore, the parts F — F and
G — G form deformed de Rham differentials d + A. Therefore, the only possible
cohomology is in the lowest degree in 6%, which is zero for F and 1 for G. So, only
nontrivial cohomology in the case p = d + 1 is possible in the degree (1 + 1,7) = (1,0)
and (r + 1,1) = (2,1). This implies the the cohomology of degree (3,2) is equal to
zero. m

Remark 11.6.2. Note that it is not directly clear from the definitions that AG ¢ G.
However, we know that A must preserve the kernel of A)>' twisted by ¥, which is
F & G. Moreover, looking at the A- degree, we see that for elements of G it is one
less degpr while for elements of F it is at least deggi. As deggi A = 1, and none of its
terms increase the A-degree by more than 1, this proves that A cannot map G outside
of G. A more direct proof requires Ferapontov’s flatness equations for f[Fero1]. We
give this calculation in section 11.8.

Remark 11.6.3. In the proof, we restricted to p = d + 1. In order to extend the
argument, one would have to show that the transformation 69 - 69 is invertible.
This would allow for a splitting similar to the splitting in F and G here.

11.7 — PROOFS OF THE MAIN THEOREMS

In this section we collect all results from the rest of the chapter to compute the
cohomology of the complex (A[1], D,), proving theorems 11.2.3 and 11.2.4.

Proof of theorem 11.2.3. As observed in subsection 11.3.3, the first page 2E is given
by the direct sum (11.5). From propositions 11.5.1 and 11.4.3 we get

R[1] p=0,
D Cowo  p=l,
CE)h @, LC¥WHe%e?  p=2,
DY, c=w)e0616? p =3,
0 else.

On this first page, the differential 24, must lower the spectral sequence degree
deggr —degy by one, in other words, since the differential must still be of bidegree
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11. Central invariants revisited

(1,1), it must leave the degree deg91 unchanged, which is impossible on this subcom-
plex. Hence, the differential %d, is equal to zero, and (?E,)}, = (°E,)b.

On the second page, the differential ?d,, must lower the spectral sequence degree
by two, i.e., it must be of degree degy1 equal to —1. Therefore, on this subcomplex
the differential can only be non-trivial between p = 1 and p = 2. Looking back at the
formula for Ag, one can easily identify the terms of degree degy, = -1, which give

INEEDY %[Z(uj — (0176967 + 1 Lo ff L6962 - 096?)) +f‘9092] s
i J

Ao.-1 induces an operator on H(A[A],A_;). Since we are interested only in the
differential at degree p = 1, we need to consider just the action of such operator on
C[A], which is, taking into account the identification (11.4)

Z [(u —uf)f (9f9092+f9002] 8‘21

i i

The image of C[A] through this operator is thus in P, H(d;(C)), D;), where the first

term, being in C! 2 vanishes. Hence, the only surviving term is £ 16962 -2; which
g 0,1Y; y 8 2 i i 90]

gives an isomorphism 2d, : (’E,)} — (®E,)3.

The differential is therefore zero on (?E,)}, for p # 1 and an isomorphism for
p = 1,50 (°E,)} is zero unless p = 0 or p = 3, when it is equal to (?E,),. This spectral
sequence has no other non-trivial differentials, so (2E,,)}) has the same form. As
’E = 'E,, we get that (*E,)} is of this form as well. Because all differentials must
have (p,d)-bidegree (1,1), there can be no higher non-trivial differentials on this part
of the first spectral sequence. Now, 'E = H(A[1], D,), yielding the result.

Proof of theorem 11.2.4. We take theorem 11.2.2 as a starting point. Then the extra
vanishing at degrees d = N, N + 1 follows from proposition 11.4.3, and the vanishing
at (3,2) follows from proposition 11.6.1. i
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11.8 — FORMULA FOR AND CALCULATIONS WITH A

We recall from [CPS18] the formula for the degree deg,, zero part of the operator D,.

Ao—( /1+u’)f«9

i (3 i
_ S J.anl+b 0 S\ i iapl+b 0
+ ‘;rb( /l+u)( )Gfu 0; ™ 0t Py b fut?o; S
s,a>1;b>0 s,a21;b>0
1 s 0 1 s\ o 0
- -1 _] 1+a9b 4+ = 1 l,1+(191'7 i
+2 Z ( tu )(b) f i au’ K 2 Z (b)f u l out-s
s=a+b s=a+b
s>1;a,b>0 s>1;a,b>0
1 s f 0 1 s 0
+ = “A+u il j 1+a01? 4+ = i 11+a9b
7 2 ”)(b)f 77 T Guis " 2 2. (b)f P uis
s=a+b s=a+b
s>1;a,b>0 s>1;a,b>0
1 s\ 0 f" . o 1 s d
_ A+ ‘/]_‘ L,1+a01?_'__ i 11+a9b
DI )(b)f Y Yo T2 2. b’ " duls
s=a+b s=a+b
s>1;a,b>0 s>1;a,b>0
1 s 0 1 s\ 0
_ A+ d; 19a91+b + = 19a91+b
+3 2, (A+u )(b) F 050 565 + (b FO67 58
s=a+b s=a+b i
s,a,b>0 s,a,b>0
1 s\ . 0if 0 1 s\ 0
_ J 090 1+b - inapl+b Y
) (“”)(b) O g vy (b)feigi 962
s=a+b i s=a+b L
s,a,b>0 s,a,b>0
1 s i 0 1 s 0
_ - A+ j IS a91+b _ = 19a01+h
> ?;b( )ty 3 e

The direct proof that AG ¢ G in proposition 11.6.1 is given below. Recall that its
validity is deduced more abstractly in remark 11.6.2 as well.

Lemma 11.8.1. The operator A preserves G, where

d d
+ (U = A)y;i01 60— — (' — 2)y;i0}6° — + = Lgogr 9

=@ -6 i ‘390 7960 2717 560

0
161
and

6 - P ew|iw -5, |
i=1
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Proof. When calculating the action of A on an element of the form G(u)6°6! € G, we
get the following (where i is a fixed index, and k, [, and m are summed over)

_ _ o )
AG(u)6°6} = o (G0 +2(u' — u'yy1i6)) 6} (u* - 2)6;

ol .
+ Gymkagm(e? +20u' = u')y;67) 6} (k- )8
0 0

‘ ﬁw? + 2™ = u' )y 000} (u* — )8
k

- Gyub
+ lGi(GO +20u' — u)y;6Y) 61606,
27 990 \Vi Y19 ) 9 Vi
k
= 6—Gé°91(uk —D)OL + 2Gy:0°01 (u* — 1)}
= kil k Vkitp 0 (U k
+2G@u' — u)oyu 620} (u* — D)0} + Gyu66} (u* — )8,
+2G(u" = u)yy60; (W — 1))
- 2G(uk - ui)ylk'ykiH?G}(uk - /1)911 + G(uk - ui)ykigilé,?g;
Using equation (2.16a) for the third term if i, k, distinct, that part of the third term
adds up to the sixth term.

AG(u)6?6} = 57(19’?9}(% — DO} + 2Gyi:076; (u* - 1)6;
+2G (" = u)yiibp0; u* — )0 + Gyu66; (u* — )6}
+2G (' — u'yyuyii0p0} (u* = )0 + Gu' — )yii676; 0,
+ 2G(ul - u")y,kyk,-eﬁe}(uk - /1)9,1 - Gykiégeil(uk - /1)6’,1
By the definition of 6, the last two terms drop out against half of the second term.
So we get

AG(u)0?6} = STGké?e}(uk - DO+ Gyir + yii)0L6; (u* = )]
+2G Uk — u) Ay} (k- )8
+2G(u — u)yuyif0; (u* — )6 + G’ = V)yi676; 6;
By equation (2.16¢), we get
AGu)8?6} = gTGké?e}(uk — )6 - Gu' 3y 800} (uF - 1)}
— 2Gu' O yi 076} (u* — )8},
— 2Gu' Y1000} (u* — )0} — Gyri(u' — )0} 626}
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Applying equation (2.16b) gives
_ _ G . _
AG(u)8?6; = - ke?el (" — D0} — Gyri(u' — 2)6}6%6}

Multiplying with a factor [],¢;(w/ - /1)0} does not change the calculation, so we can

extend this calculation to all of G, showing that A does indeed preserve this space. O
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SUMMARY

In this dissertation, I consider three distinct, but fundamentally interconnected, topics
in mathematics.

The first of these topics is the moduli space of curves. Itis a system of spaces whose
points correspond to isomorphism classes of complex curves, or Riemann surfaces,
with a number of marked points on them. These moduli spaces are complicated
objects, but their geometry encodes many interesting properties of complex curves.
In particular, curves with particular properties can often be parametrised by subspaces
of the moduli spaces, and imposing several propoerties corresponds to intersecting
these subspaces. Hence, the intersection theory of the moduli spaces of curves, given
by their Chow ring, is an interesting object of study.

There are particular classes in this Chow ring that are in many ways natural;
these are called tautological classes. In this dissertation I define half-spin relations,
specialising the spin relations of Pandharipande, Pixton, and Zvonkine, to study these
tautological classes. In particular, I use them to give a new proof of the dimension
of the top Chow group for the open moduli space, proved first by Buryak, Shadrin,
and Zvonkine, and give new bounds and structural results for the lower groups. 1
also use these relations to reduce Faber’s intersection number conjecture for the top
Chow group in the case of no marked points to a purely combinatorial identity.

The second topic is Hurwitz numbers. These numbers are counts of ramified
covers of complex curves with given ramifications over given points. There are
many different conditions one can put on ramified covers, natural from different
perspectives, and therefore there are a great number of different Hurwitz problems.
In many cases, one specifies one or two ramification profiles explicitly and requires
all the other profiles to satisfy a given uniform condition. In several cases, these
numbers can be calculated as intersection numbers on the moduli spaces of curves
via the Ekedahl-Lando-Shapiro-Vainshtein formula or one of its generalisations.

The generating functions of these numbers can often be considered as symmetric
meromorphic functions on a specific curve, called the spectral curve. Equivalently,
the Hurwitz numbers satisfy some quasi-polynomiality property. In many cases this
is still conjectural, and in this dissertation, I prove this quasi-polynomiality in the case
of orbifold simple, weakly and strictly monotone, and spin Hurwitz numbers. In the
first case, this was already known, via the Johnson-Pandharipande-Tseng formula, and
in the other cases it is a new result. I also prove that the double mixed simple/weakly
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monotone/strictly monotone Hurwitz numbers satisfy a similar property: piecewise
polynomiality.

Once polynomiality is established, we would like the generating functions to
satisfy topological recursion, a universal recursive way to calculate all generating
functions. A way of approaching this is by finding a cut-and-join equation, which in
this dissertation is done for monotone Hurwitz numbers, where it was already known
by Goulden, Guay-Paquet, and Novak, and for orbifold spin Hurwitz numbers. In
the latter case, we use it to prove topological recursion, and hence Zvonkine’s r-ELSV
formula, in the case r = 2 and in general for genus zero.

The third topic is integrable hierarchies. This is a specific class of partial differential
equations with many commuting continuous symmetries that can be encoded in other
differential equations for the same dependent variable. By the Witten-Kontsevich
theorem, a generating function of a certain kind of intersection numbers on the
moduli spaces of curves is a solution for a particular such integrable hierarchy, the
Korteweg-de Vries hierarchy, and by a result of Okounkov, a generating function
of double simple Hurwitz numbers is a solution for the 2D-Toda lattice hierarchy,
a generalisation of KdV. Both of these theorems have been generalised in different
ways, often using a version of the ELSV formula to go from one to the other. In
this dissertation, I reprove a recent result by Alexandrov, showing that triple Hodge
integrals on the moduli space of curves satisfy the Kadomtsev-Petviashvili hierarchy,
which is somewhere between KdV and Toda, generalising Kazarian’s proof method
for the single Hodge case.

Integrable hierarchies are also interesting in their own right, and therefore one
may also study their general theory. For example, one may try to classify them. In
this dissertation, I give a new and purely cohomological proof of the theorem of
Dubrovin, Liu, and Zhang, that a certain kind of integrable hierarchies, described by
dispersive semi-simple Poisson pencils, can be classified up to Miura transformation
by central invariants, and I also give a streamlined version of the proof of Carlet,
Posthuma, and Shadrin, that any set of central invariant is associated to such a Poisson
pencil.
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In dit proefschrift bekijk ik drie verschillende, maar diep verbonden onderwerpen in
de wiskunde.

Het eerste onderwerp is de moduliruimte van krommen. Dat is een systeem
van ruimten wiens punten overeenkomen met isomorfismeklassen van complexe
krommen, oftwel riemannoppervlakken, met een aantal gemarkeerde punten. Deze
moduliruimten zijn erg ingewikkeld, maar hun meetkunde beschrijft veel interes-
sante eigenschappen van complexe krommen. In het bijzonder kunnen krommen
met specifieke eigenschappen vaak worden geparametriseerd door deelruimten van
de moduliruimten, en het opleggen van meerdere condities komt overeen met het
doorsnijden van zulke deelruimten. Om deze reden is de doorsnijdingstheorie van
de moduliruimten van krommen, gegeven door hun chowring, een interessant onder-
werp om te bestuderen.

Er zijn specifieke klassen in deze chowring die op veel manieren natuurlijk zijn;
deze heten tautologische klasses. In dit proefschrift definieer ik halfspinrelaties, een
specialisatie van the spinrelaties van Pandharipande, Pixton en Zvonkine, om deze
tautologische klassen te definiéren. In het bijzonder gebruik ik ze om een nieuw bewijs
te geven voor de dimensie van de hoogste chowgroep voor de open moduliruimte
van krommen, die voor het eerst is bewezen door Buryak, Shadrin en Zvonkine,
en geef ik nieuwe bovengrenzen en structuurresultaten voor de lagere groepen. Tk
gebruik deze relaties ook om Fabers doorsnijdingsgetalvermoeden voor de hoogste
chowgroup in het geval van geen gemarkeerde punten te reduceren naar een puur
combinatorische identiteit.

Het tweede onderwerp is hurwitzgetallen. Deze getallen tellen het aantal vertakte
overdekkingen van complexe krommen met gegeven vertakkingsprofiel over gegeven
punten. Er zijn veel verschillende condities die je aan vertakte overdekkingen kunt op-
leggen, en die vanuit verschillende perspectieven natuurlijk zijn, en daarom zijn er veel
verschillende hurwitzproblemen. Vaak worden één of twee vertakkingsprofielen expli-
ciet gegeven en moeten de andere aan een specifieke uniforme voorwaarde voldoen. In
een aantal gevallen kunnen deze getallen worden berekend als doorsnijdingsgetallen
op de moduliruimten van krommen via de ekedahl-lando-shapiro-vainshteinformule
of één van haar algemenere vormen.

De voortbrengende functies van deze getallen kunnen vaak worden gezien als
symmetrische meromorfe functies op een specifieke kromme, de spectraalkromme.
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Dit is equivalent met quasipolynomialiteit voor de hurwitzgetallen. In veel gevallen
is dit nog niet bewezen, en in dit proefschrift bewijs ik deze quasipolynomialiteit
voor het geval van de baanvoudversies van simpele, zwak monotone, strict mono-
tone en spinhurwitzgetallen. In het eerste geval was dit al bekend via de johnson-
pandharipande-tsengformule. In de andere gevallen is het een nieuw resultaat. Tk
bewijs ook de dubbele gemixte simpele/zwak monotone/sterk monotone hurwitz-
getallen een soortgelijke eigenschap hebben: in dit geval gaat het om stukgewijze
polynomialiteit.

Zodra polynomialiteit is vastgesteld, zouden we graag willen dat de voortbren-
gende functies voldoen aan topologische recursie; dit is een manier om alle voort-
brengende functies recursief te berekenen. Een manier om dit aan te pakken is door
een knip-en-plakvergelijking te vinden, wat in dit proefschrift gedaan wordt voor
monotone hurwitzgetallen, waar het al was bewezen door Goulden, Guay-Paquet
en Novak, en voor baanvoudspinhurwitzgetallen. In het laatste geval gebruiken we
deze vergelijking om topologische recursie te bewijzen, en daarmee ook Zvonkines
r-ELSV-formule, voor het geval r = 2 en in het algemeen voor geslacht nul.

Het derde onderwerp is integreerbare hierarchieén. Dit is een specifieke klasse
partiéle differentiaalvergelijkingen met veel commuterende continue symmetrieén die
weer kunnen worden beschreven met andere differentiaalvergelijkingen voor dezelfde
athankelijke variabele. Wegens de witten-kontsevichstelling is de voortbrengende
functie van een bepaald soort doorsnijdingsgetallen op de moduliruimten van krom-
men een oplossing van zo’n integreerbare hiérarchie, de korteweg-de vrieshiérarchie,
en wegens een resultaat van Okounkov is een voortbrengende functie van dubbele
simpele hurwitzgetallen een oplossing van de 2D-todahiérarchie, een generalisatie
van KdV. Deze beide stellingen zijn op verschillende manieren veralgemeniseerd, vaak
met behulp van een versie van de ELSV-formule om van de ene naar de andere kant te
gaan. In dit proefschrift geef ik een nieuw bewijs van een recent resultaat van Alexan-
drov, dat de driedubbele hodge-integralen op de moduliruimten van krommen een
oplossing voor de kadomtsev-petviashvilihiérarchie, die tussen KdV en Toda inligt,
geven. Dit doe ik door een bewijsmethode van Kazarian voor enkele hodge-integralen
te generaliseren.

Integreerbare hiérarchién zijn ook an sich al interessant en daarom kan je ook
hun algemene theorie bestuderen. Je zou ze bijvoorbeeld kunnen proberen te klassi-
ficeren. In dit proefschrift geef ik een nieuw en puur cohomologisch bewijs van de
stelling van Dubrovin, Liu en Zhang dat een bepaald soort integreerbare hiérarchién,
gegeven door dispersieve poissonpenselen, op miuratransformatie na geklassificeerd
kan worden door centrale invarianten. Ik geef ook een gestroomlijnde versie van het
bewijs van Carlet, Posthuma en Shadrin dat elke set centrale invarianten ook bij zo’n
poissonpenseel hoort.
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digheden, en toch ging het meestal goed. Ik weet altijd precies wat ik aan je heb, en
dat is best wel prettig. Het is heel fijn dat je zo anders bent, dat geeft me een goed
perspectief naast al die beta’s. Helaas komt er een eind aan samenwonen, maar blijf
vooral genieten daar! Je bent een geweldige broer.

Pap, bedankt voor alle steun en rust. Sport en spelletjes — Carcassone op woensdag
— waren altijd erg leuk. Fietsen mogen kapot gaan, het fietsen blijft altijd. Olga, je
hartelijkheid elke keer als we elkaar zien worden zeer gewaardeerd.

Mam, bedankt voor alle liefde en ondersteuning. Bedankt in het bijzonder voor
alle kunst en natuur, ik ben heel benieuwd wat je er nog meer van gaat leren. Pieter,
dank je dat Gouda nu ook een beetje als thuis voelt, hopelijk gebeurt dat ook met
Reeuwijk. Veel plezier daar samen.
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