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—1— Introduction

In my thesis, I investigate four different concepts that play an important role in mathemat-
ical physics, and in particular I discuss some of the relations between these subjects. They
are Hurwitz numbers, moduli spaces of curves, Chekhov-Eynard-Orantin recursion theory and
Givental’s theory.

The work presented here is based on the papers [112, 113, 114, 115, 116, 117]. Chapters 2
through 8 are basically a collection of these papers, though reorganized in a way I hope presents
the material in a clearer way. The first chapter contains an introduction to provide an overview
of the different topics and their relations.

In the section below, intended for non-experts, or even non-mathematicians, I try to give
some intuitive idea of what all these things are, leaving out almost all formulas. In the rest of
the introduction I then give more precise definitions and explain some of the basic properties,
and I state and try to explain the results proved in the main part of the thesis.

1.1 Introduction for non-experts

One of the most basic objects occurring in this thesis is the concept of a curve. Curves play an
important role in all four of the main subjects, so let me first explain what the word “curve”
means for me.

The most important thing about curves is that they are one-dimensional and that they are
allowed to be curved; that is, they are not necessarily straight, or as mathematicians would say,
linear. Thus, one might think of a curve as the object represented by the picture in Figure 1.1.

Figure 1.1: Cartoon of a curve.

However, Figure 1.1 is not entirely accurate, because in this case we want to work with
complex curves. Since the complex numbers are two-dimensional over the real numbers, more
accurate pictures are given in Figure 1.2. Mathematicians preferring to work over the real
numbers would refer to these as surfaces.



1.1. INTRODUCTION FOR NON-EXPERTS

Figure 1.2: A curve of genus 1 and a curve of genus 2.

Looking at the picture in Figure 1.2, one could ask when two of those pictures actually
represent the same curve. In different branches of mathematics, different answer would be
given to this question. For instance in topology, a curve only depends on its number of ‘holes’,
which is called the genus; for each genus, topologically there is precisely one curve of that
genus.

Here, we consider curves with some additional structure, called a complex structure. Ba-
sically, that means that our curves locally resemble the plane of complex numbers. Then, we
consider two curves to be the same if they have the same (or, mathematically; isomorphic)
complex structures.

Once we have defined what we mean when we say that two curves are equivalent, we can:

e Count all the curves with certain properties. Of course, this will only be meaningful if we
choose those properties in such a way that the number of curves having those properties
is finite.

e Study the set of all curves with some given properties. Examples are moduli spaces of
curves, and classes on those moduli spaces.

Now that we know something about curves, it is time to introduce the main subjects of this
thesis.

Hurwitz numbers. Hurwitz numbers are an example of the first point above. They count
how many coverings there are of the sphere by curves of a given genus, and with some specified
ramification profile. Basically, that means that we look at pictures as in Figure 1.3; there is a
curve C' of genus g drawn above a sphere S (curve of genus 0). One should imagine that above
every point in the sphere, there are some finite number d of points of C, and this number d is
the same for all of them (this is what it means to be a covering), except for some special points
where it can be smaller (this is specified by the ramification profile).

Moduli spaces of curves. The moduli spaces of curves that we are mostly interested in are
those that parametrize curves of some specific genus g, where additionally, we have marked
some specified number n of their points. When studying such moduli spaces, one of the most
common things to do is to try to compute the intersection of some classes that are naturally
defined on them. That is, we look at the set of all curves in the moduli space that have a
certain natural property. In fact, we do this for all kinds of different properties. Then, we are
interested in the intersection of those classes; that is, given two or more such properties, we try
to find all the curves that have all of those properties, and we try to describe this new class
once again by specifying some natural property that is obeyed precisely by the curves in this
class. Sometimes, depending on the properties we started with, the number of curves in the
intersection will be finite; in that case we are back to counting curves with specific properties,
and the number is called an intersection number.
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Figure 1.3: A Hurwitz cover.

Chekhov-Eynard-Orantin recursion theory. Whenever we are given a sequence of num-
bers indexed by some number g, as is the case with the Hurwitz numbers and some of the
intersection numbers described above (here, ¢ is always the genus of the curves in question),
we could ask whether there is some way to compute the numbers corresponding to higher g
directly from the ones corresponding to lower g. A formula describing this type of behaviour is
called a recursion formula. In fact, in both cases described above there is also another index n,
which is the number of points above some special point in S in the case of Hurwitz numbers,
and the number of marked points in the case of intersection numbers, and it turns out that
Hurwitz numbers as well as some types of intersection numbers obey a recursion of a specific
type involving both g and n, called the Chekhov-Eynard-Orantin recursion.

One of the most important features of this theory is that the whole formula is encoded by a
very simple set of data; basically, by just a curve. Thus, it allows to represent all the data that
is encoded in for instance the infinite set of Hurwitz numbers by just giving the equation for
one curve. Furthermore, general facts about the CEO recursion can then be used to relate such
a set of numbers to other branches of mathematics, such as matrix models and cohomological
field theories.

Givental’s theory. To say something about Givental’s theory, we have to introduce coho-
mological field theories, which could be described in many different ways. For now, let us think
about them as a way to encompass the structure of Gromouv-Witten theories, which means that
they provide some formal way to study curves on a given space. That is, given some space, or
manifold X (which is like a curve, but may be higher dimensional), we can study all the curves
that could be ‘drawn’ on them. Note that ‘drawn’ is in parentheses because of the higher di-
mensional nature of these spaces. However, we can define a mathematical equivalent of drawing
that still works in the higher dimensional case (using maps). Once again, we can count the
number of curves with specific properties that can be ‘drawn’ on X, or we can intersect two or
more classes of curves on X, and try to understand what class we end up with.

3



1.2. HURWITZ NUMBERS

Computation like these are what constitute the Gromov-Witten theory of X, and coho-
mological field theories are then a way to formalise the properties of such Gromov-Witten
theories.

Finally, Giventals theory is a powerful method to compute many things in cohomological
field theories by relating them to the trivial cohomological field theory (which in fact is just
the moduli space of curves) using operators which have been quantized in a certain way. The
precise details of this construction are too involved for this part of the introduction, they are
introduced more fully in Section 1.4.4 of this introduction, as well as in Chapter 5.

This concludes the informal introduction to the subjects of my thesis; in the next four
sections I give their precise definitions and describe their basic properties.

1.2 Hurwitz numbers

In this section I introduce (various types of ) Hurwitz numbers from two different points of view.
The interplay between these viewpoints will be used later on, and is one of the main reasons
for being interested in Hurwitz nubmers.

1.2.1 Hurwitz numbers

Hurwitz numbers enumerate branched covers of P! by smooth curves of some specified genus
and with specified ramification profile over some chosen points. I start by stating the most
general definition, and then specialize it to the different cases that we encounter in this thesis.

Definition 1.1. Choose some number m, and let pq,--- ,p,, be m chosen pair-wise different
points on P'. Given some partitions ), .-, u(™ of a positive integer d and a non-negative
integer g, the Hurwitz number hg,,a) ... ,om is defined to be the weighted count of isomorphism
classes of degree d covers f: C' — P!, where C is a (possibly disconnected) smooth algebraic
curve of genus g, such that the ramification profile of f over p; is given by u®, and f is
unramified on P*\{py, - ,pm}. Two covers fi: C; — P! and fo: Cy — P! are said to be
isomorphic if there is an isomorphisms of curves i: C; — Cj such that fyoi = fi, and covers are
weighted by the reciprocal of the size of their automorphism group. Often, the inverse images
of some of the p; are considered to be labelled, and isomorphisms are required to respect the
labelling. For each such branch point p;, this has the effect of multiplying the Hurwitz number
by |Aut(u)].

Note that the Hurwitz number thus defined is finite, and does not depend on the chosen
points pi, ..., Pm, which justifies not including them in the notation.

Here, we do not study Hurwitz numbers in this general form; instead we limit the allowed
ramification profiles in different ways. For instance, there are double Hurwitz numbers hg,, ,,
where the only arbitrary ramification (given by p and v) allowed is over two points (which we
take to be 0 and oo for definiteness), and all other ramification is simple, which means that
it has profile of the form (2,1,1,...,1). For single Hurwitz numbers hg,,, the only arbitrary
ramification allowed is over infinity (it is given by the partition p), there is no ramification
over 0 and all other ramification is again simple.

For us, the most important types of Hurwitz numbers are variants of those called Hurwitz
numbers with completed (r + 1)-cycles and denoted hgiL and h(gT,)“, They are just the ordinary
single and double Hurwitz numbers, but where any ramification over the points away from 0
and oo is not simple, but instead given by the completed (r + 1)-cycle. That is, over those
points, either 7 + 1 sheets come together, corresponding to the partition (r 4 1,1,1,...,1), or
some completion effects take place which are more involved to define; their definition is given
in Chapter 2.
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The branch points where the ramification profile is specified by the partitions that appear
in the notation are called special branch points (in the case of double Hurwitz numbers they
are 0, 0o; for single Hurwitz numbers it is 0o), whereas the other branch points are called non-
special. The inverse images of the special branch points are considered to be labelled, the others
are not.

It is important to note that in all four cases defined above, the number of non-special branch
points is completely determined by the Riemann-Hurwitz formula; for ordinary double Hurwitz
numbers it reads:

m=2g—2+(pn)+ (v (1.1)
while for double Hurwitz numbers with completed (r + 1)-cycles we have

29 — 2
o 29— 24 ) + Uy
T

. (1.2)

Here ¢(p) is the length of the partition p (the number of entries). To get the formulas for
single Hurwitz numbers, just insert the trivial partition (1,1,...,1) for v, so that £(v) = |u],
where || is the size of p (the sum of all the entries). These formulas allow us to specify the
number of non-special branch points instead of the genus; the notation then becomes h,(ﬁ)y’m
(and analogously for the other types).

1.2.2 Combinatorial definition

One of the main reasons that Hurwitz numbers are so interesting, is that they automatically
combine geometry and combinatorics. As we have seen in the previous section, the definition
of Hurwitz numbers, in terms of covers of curves, is geometric. Here, I will explain why this
definition actually leads to combinatorial objects, by giving an equivalent definition in terms
of factorizations in the symmetric groups.

For simplicity, we study the single Hurwitz number A;;". We label the points of non-special
ramification py,...,p,. Choose a base-point p away from 0,00, p1,...,pn. Since there is no
ramification at p, there are d = || points in the fibre above p, which we number 1, . .., d in some
way. Now, moving along a simple loop 7; based at p around one of the points p; interchanges
two of the points of the fibre, which can be described by a transposition o; in the symmetric
group Sy. On the other hand, moving along a simple loop v based at p around co interchanges
the points in the fibre above p in some way allowed by the ramification profile p, which means
that it can be described by an element o of S; of cycle-type p. If we move around all the
loops v; and ~ consecutively, then the points of the fibre are interchanged according to the
product oy - - - 0, - 0. However, since we are on the sphere, the concatenation of all those loops
is equivalent to the trivial loop, so the interchange of the points in the fibre must also be trivial.
Thus, any Hurwitz cover induces a factorization in the symmetric group

ot =01-0p. (1.3)

In fact, it turns out that such factorizations are in one-to-one correspondence with Hurwitz
covers (one can reconstruct the cover from the data of the factorization, as is shown in Chapter 2
for Hurwitz numbers with completed cycles). Therefore, the Hurwitz number hj; is just the
number of factorizations of elements of S|, of cycle-type u into transpositions.

Computing such numbers of factorizations is a purely combinatorial exercise that could be
done on a computer for any individual Hurwitz number. Note that it is not obvious from
the original definition of Hurwitz numbers that such a combinatorial way of computing these
numbers should exist. In fact, in Chapter 2, I describe an algorithm to compute Hurwitz
numbers using their connection to symmetric groups, which will also allow us to deduce more
general properties of Hurwitz numbers, such as polynomial behaviour.
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1.3 Moduli space of curves

In this section, I introduce the moduli space of curves, some standard classes on this moduli
space, and a remarkable relation to Hurwitz numbers that has been used as a powerful tool in
the proof of some famous theorems.

1.3.1 The moduli space of curves

A nodal curve is a compact connected algebraic curve with finitely many singularities, all of
which are nodes. A node is a singularity locally isomorphic to {zy = 0} in C2. Such a curve
is called stable if it has finitely many automorphisms. For ¢ > 0 and n > 0, we denote by
M,,, the moduli space parametrizing stable nodal curves of genus g with n marked points,
labelled by 1,...,n. It turns out that a nodal curve is stable if and only if every irreducible
component of genus 0 has at least three special points (nodes and marked points). Thus, M,
is non-empty as long as (¢g,n) # (0,1), (0,2). It naturally has the structure of a compact
Deligne-Mumford stack of dimension 3g — 3 + n. As an analytic space, it is an orbifold. An
excellent introduction to the moduli space of curves is given in [104].

We will also need some natural maps between moduli space of curves that correspond
to forgetting marked points and to gluing curves together at marked points. The forgetful
map m: Myns1 — My, is the map that forgets the last marked point. The gluing maps
gl: My a1 X My, i1 — Mgisgoniin, and gl: My_q 400 — M, glue two curves together
at their last marked points, or glue the last two marked points of a curve together, increasing
the genus. Remark that we abuse notation and denote both maps by gl, and also that we do
not include g and n in the notation.

1.3.2 Natural classes on M, ,.

We introduce some natural classes on M, ,. For the boundary classes, we associate to any
curve in Mg, a graph in the following way;

1. replace each irreducible component by a vertex labelled by the genus of the component,
2. replace each node by an edge connecting the corresponding node(s),

3. attach a leaf to each vertex for each marked point on the corresponding component,
labelled by the label of the marked point.

This graph is called the dual graph of the curve, and curves with the same dual graph are said
to have the same topological type. Given any graph I' that appears as the dual graph of some
curve, the boundary class Dr is the class of all curves in M., of topological type T'.

To introduce the v-classes, denote by L; the line bundle on ﬂg’n whose fibre at a point
(C,p1,. .., pn) is the cotangent line to the i® marked point p;, glued together in some natural
way. Define ¢; € H*(M,,,; Q) to be the first chern class ¢;(£;) of this line bundle.

Using the forgetful map : ﬂgmﬂ — Mg,m we introduce k-classes by the following for-
mula:

Ri = ﬂ—*wZ:Lll (1.4)

Finally, we introduce so-called A-classes. Let E be the rank g vector bundle whose fibre at
each curve is the space of sections of the canonical line bundle, called the Hodge bundle. Then for
any i € {1,...,g}, define A; to be the i*! chern class of that bundle; \; = ¢;(E) € H*(M,,, Q).

Now that we have defined some natural classes on the moduli space, one of the things to
understand is their intersection theory. In particular, a natural question to ask is how many

6



1. INTRODUCTION

points lie in the intersection of a set of classes the sum of whose degrees is equal to the dimension
on the space. Such a number of points is denoted by an integral. For instance

@/}fl---d)g” for di,...d, GZZO (15)
Mg.n

denotes the number of points in the intersection of d; copies of 1y with dy copies of 15, etc. Note
that this intersection is zero-dimensional if and only if d; + - - - +d,, = 3g — 3+ n; if this equality
does not hold, the integral is defined to be zero. It turns out that those intersections of ¢ classes
are governed by the Korteweg-de-Vries hierarchy; this is the subject of the Witten-Kontsevich
theorem.

1.3.3 The ELSV formula

Another example of natural occurring intersection numbers that are governed by an integrable
hierarchy are the so-called linear Hodge integrals, which are of the form

/ Nt ypde for dy,. .. d, € Zso. (1.6)
Mg

Again, the integral is defined to be zero when i +dy + - - -+ d,, = 3g — 3 + n does not hold.

One of the reasons that these linear Hodge integrals are interesting for us is that they are
related to Hurwitz numbers by a remarkable formula due to Ekedahl, Shapiro, Lando and
Vainshtein [31];

H i I=X+X—-E)
Mg.n HZW (1 — panhs)
Here the right-hand side should be interpreted using the expansion

1 o0
LS (s 1.8
T Z::O;w (1.8)

(1.7)

hgu=

and all terms where the sum of the degrees of the classes does not match the dimension of the
moduli space are disregarded. The formula is remarkable, because it allows us to compute some
a priori geometrical quantities (intersection numbers) in terms of combinatorial ones (Hurwitz
numbers). It turns out that this is a very powerful tool, which was for instance used in one of
the proofs of the Witten-Kontsevich theorem ([63]).

1.4 Cohomological field theories

In this section, I give the definition of a cohomological field theory, and I try to explain why they
are interesting to study. To do that, I introduce the notion of Gromov-Witten theory before
continuing to more general cohomological field theories. This finally allows me to introduce
Givental’s formalism, which will later be related to the CEO recursion of the next section.

1.4.1 Gromov-Witten theory

In the previous section we studied intersection theory on the moduli space of curves. It turns
out that it can be even more interesting to look not just at curves, but at curves inside some
given space. One of the ways to describe such a situation is called Gromov-Witten theory;
basically, given a space X, it studies the moduli space of curves in X, and in particular the
intersections of naturally defined classes on that space. One of the reason for the interest in

7



1.4. COHOMOLOGICAL FIELD THEORIES

this type of theory comes from physics, where one is interested for instance in the world-sheet
of a closed string in space-time, which can indeed be described mathematically as a curve in
some manifold.

To be more precise, let g > 0 and n > 1 be integers, let X be a smooth projective manifold,
and let 3 € H2(X,Z) be a class in the second homology of X. Then a genus g, n-pointed stable
map to (X, )

[ (Copry.eoypn) > X (1.9)

is a map from an n-pointed nodal curve C' of genus g to X such that f has only finitely many
automorphisms (stability), and f.[C] = 8. Concretely, the stability means that C' should have
at least one stable irreducible component, and all irreducible components of C' that are mapped
to a point should be stable (both in the sense of stable curves). We denote by M, (X, 3) the
moduli space of such stable maps to (X, ). Note that when X is a point, this is just the moduli
space of curves, so the Gromov-Witten theory of a point reduces to ordinary intersection theory
on the moduli space of curves. Also note that there is a natural forgetful map to the moduli
space of curves

pp: Myn(X, ) = My (1.10)

that forgets the map and the target, and returns the source curve after an appropriate stabi-
lization.

Once again, we want to integrate some natural classes on the moduli space. However, it is
quite singular (it is not even equidimensional), so one has to do some work to be able to do this.
The solution turns out to be the construction of a virtual fundamental class [M, (X, 3)]"™,
which behaves just like the fundamental class of a smooth space of dimension

dim = (3 —dim(X)) (¢ — 1) + a(TX) N S5 + n. (1.11)

To define suitable classes to integrate, let £; once again be the line bundle on M, (X, 3)
with fibre given by the cotangent line to the i*" marked point, and let 1); = ¢;(£;). Furthermore,
we define some classes associated to the space X. Let ev;: Mg,n(x ,3) = X be the map that
sends a stable map to the image of the " marked point. Then, for any even cohomology class
a on X, we get a class evi(a) on M, (X, 3) by pull-back.

The most common integrals we are interested in are the intersection of these classes, called
correlators, of the following form:

/ [T v evi (e, (1.12)
M,n(X,B)]Vir 557

where e; are some classes in the even cohomology of X. The analogues of these correlators play
an important role in the cohomological field theories introduced in the next subsection, where
they are used to build the so-called descendant potentials.

1.4.2 Cohomological field theory

Cohomological field theories can be viewed as a way to axiomatize some of the properties of
Gromov-Witten theory. The definition is the following.

Let V be a finite dimensional vector space with a scalar product (-,-) and a distinguished
vector e;. Denote by HZ.,(M,,,C) the even cohomology of the moduli space of curves. A
cohomological field theory is a collection of linear homomorphisms ¢, ,,: V& — HZ, . (Mg, C)
for all g and n that behaves nicely with respect to permutation of marked points and tensor
factors, and also with respect to the standard morphism between moduli spaces of curves. To

be precise, the following should hold:
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e For any g and n, the morphism ¢,, is S, equivariant, where the action is given by
permutation of tensor factors in V" and of marked points in M,,,.

e For any a,b € V we have (a,b) = cp3(e; ® a®b) € H*(M,3) = C.

Remember that : MWLH — Mg_yn is the morphism that forgets the last marked point, and
gl denotes the gluing morphism, either gluing two marked points on one curve, increasing the
genus, or gluing two curves together at marked points.

e For any ay,...,a, € V, we have
R a1 © <+ 1) = Cmit (01 -+ © 1, D 1), (1.13)
e Let {e;} be a basis of V and denote 7 = (e;,e;). Then we have for all a1, ..., ap, +n,
inV:

gl*cgl+92«,nl+’n2 (al - ® an1+n2) =
= Cgl,n1+1(al R ® ay, ®e):
Cormrt1 (A g1 @ @ ap, @) -0, (1.14)

e Finally, for all aq,...,a,, we have
gl egn(ar @ ®ay) = cgoini2(a1 ® - Qa, @e; Qej) - 0. (1.15)

Indeed, this definition generalizes Gromov-Witten theories in the following way. Let X be a
smooth projective variety, and 8 a class in the second homology of X. Assume that X does
not have odd cohomology. Let V = H*(X,C) with scalar product (-,-) given by the Poincaré
pairing and unit 1 by the unit in cohomology. Define

n
Conl(t1 ® - ®ay,) = (ps)s ([ngn(X, BN Hcvf(aﬁ) . (1.16)
i=1
Then ¢,, obeys the axioms of a cohomological field theory, making Gromov-Witten theories
into a large class of examples of cohomological field theories.
As in Gromov-Witten theory, it turns out that we are often interested in certain types of
intersection numbers of cohomological field theories called correlators. They are denoted by
(Tay(@1) -+ - Ta, (an))gn and defined as

(ran(@1) -+ 7 () g = / Comla1 ® -+ ® )l - (1.17)

Mg,n

It is convenient to collect correlators of a cohomological field theory in a generating function Z,
called the partition function or descendant potential. Tt is defined as follows. Let eq,...,ex be
some chosen basis for V. Then:

Z (h; {td"i}) = exp (Z hgl]-"g> =

g

_ <Td1(€i1)"'Td (ei )> d1,i dni
oo [ T 6 )) i g | 1.1)
2 2 I
1<t seeeyin <N
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Here, |Aut((d;,i;)}-,)| denotes the number of automorphism of the collection of multi-indices
(dj,i;), and the sum over g,n contains all stable contributions. The variable /i keeps track of
the genus, and the variables t%% keep track of the number of 1-classes and the basis vectors
in V.

1.4.3 Frobenius manifolds

It turns out that the genus zero part of a cohomological field theory has an interesting structure
of its own; it is a Frobenius manifold. We describe it here.

Definition 1.2. A Frobenius algebra is a commutative associative algebra A with unit e to-
gether with a bilinear symmetric non-degenerate inner product

() Ax A= C (1.19)

such that
{ab,c) = (a,bc). (1.20)

Definition 1.3. A Frobenius manifold is a manifold M together with a stucture of Frobenius
algebra on the tangent space at each point, varying smoothly, such that the following hold.

1. The inner product (-,-) induces a flat metric n on M.

2. The unit vector field is covariantly constant with respect to the Levi-Cevita connection
V for the metric 7: Ve =0 .

3. Define a symmetric three-tensor by c¢(u, v, w) = (u - v, w). The four-tensor (V,c)(u, v, w)
should be symmetric in the four vector fields z, u, v, w.

Such a Frobenius manifold is called conformal, if in addition, it is equiped with a vector field F,
called the Fuler vector field, satisfying

4. V(VE)=0.
For any system of local flat coordinates t',..., ¢ on a Frobenius manifold M, denote by
¢, the structure constants of the algebra structure on the tangent space. That is

o 0 . 0
o o - Cig (1.21)
For any N-dimensional Frobenius manifold A/, locally, there exist flat coordinates ¢!, ..., ¢V
and a function G(t) called the potential such that
0
= 1.22
€= 5 (1.22)
e
P 1.23
18 = et oteor? (1.23)
e
o o
G =N e (124

where the matrix 7,4 is just the metric 7 in the coordinates {t*} and n®” is its inverse. It turns
out that the definition of Frobenius manifolds implies that the potential G satisfies the WDVV
equation:
ra ., oG PG PG
otootPor aroror | otorow ororor

(1.25)

10
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Conversely, suppose a holomorphic function G(¢!,...,t") on an open subset U C CV and
a constant matrix 7 satisfying equations (1.23) and (1.25) are given. Then equations (1.22)
and (1.24) determine the structure of a Frobenius manifold on U.

Consider an N-dimensional cohomological field theory with vector space V' = (ey, ..., en),
unit e; and scalar product 1. Let G be the genus zero part of the partition function with no
descendants (1)-classes):

G, .. ") = Fy({t*})] (1.26)

tL,=0
Then by the definition of cohomological field theories, G and 7 fulfil the requirements of Equa-
tions (1.23) and (1.25). Since G does not necessarily converge to a function on some open
subset of CV, we say that it defines a formal Frobenius manifold structure on V.

It turns out that the whole genus zero potential can be recovered from the series G' using
the so-called topological recursion relation in genus zero (note that the CEO recursion is also
sometimes called topological recursion; to avoid confusion here we always call it CEO recursion).
Thus, the information of a Frobenius manifold corresponding to a cohomological field theory is
enough to recover the whole genus zero partition function.

In the next subsection we describe a construction, due to Givental and proved by Teleman,
that allows to reconstruct the full partition function of a cohomological field theory from a local
conformal Frobenius manifold structure.

1.4.4 Givental’s formalism

Givental’s formalism essentially consists of two parts. The first is a group action on the space
of cohomological field theories, and the second is a way to reconstruct a group element that
takes the trivial cohomological field theory to a given one.

Consider the space of partition functions of cohomological field theories on an N-dimensional

vector space V = (ey, ..., en) with scalar product n:
Z = exp (Z hgl]-'g> . (1.27)
920

Let r, € Hom(V, V) for [ > 0 be some operators such that the operators with odd indices are
symmetric and those with even indices are skew-symmetric. We define their quantization (rz!)"
by

-1

- i 0 NS0 b 1y yid O
() = =g + 2 v ()l gy + 5 2 (D" )Y sy (128)
d=0

m=0

Here the indices 4,5 € {1,...,N} on r; correspond to the basis {e1,...,ey} of V, and the
index 1 corresponds to the unit vector e;. When we write r; with two upper-indices we mean
as usual that we raise one of the indices using the scalar product 7.

Given such a sequence of operators r;, we define an operator series R(z) in the following

way
R(z) = ZRlzl = exp (Z mzl> . (1.29)

=1

The quantization R of this series is defined by
R = exp (Z ((=1)'rz") ) . (1.30)
=1

11
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Givental observed that the action of such operators on tame formal power series (series for which
the number of -classes (given by the first index of t4%) at any monomial is not too high) is well
defined. The infinitesimal form of the quantization (1.28) was found by Y.P. Lee [68, 69, 70].

It turns out that the natural action of such differential operators R on the space of partition
functions of cohomological field theories with target space (V,n) is well-defined [44, 62, 103].
This is the first part of Givental’s formalism.

For the second part, suppose that we start with some N-dimensional semi-simple conformal
cohomological field theory partition function Z. Here semi-simplicity means that the associated
Frobenius manifold has a semi-simple Frobenius algebra structure on the tangent space at a
generic point. Then, from the data of just the genus zero part without descendants of Z, so from
the associated Frobenius manifold, one can construct an operator series R(z) = >, Rp2" as
above, such that the quantization of this operator takes the trivial N-dimensional cohomological
field theory (properly rescaled) to the cohomological field theory we started with [45, 46, 47].

Thus, for semi-simple conformal cohomological field theories, the whole partition function
can in principle be reconstructed from just the genus zero data without descendants. Since it
is a bit involved, I leave the actual construction of the operator series R to Chapter 5.

For us, one of the most important applications of this theory is that the action of a series R
can be represented using graphs, so the partition function of a given cohomological field theory
is expressed as a sum of contributions over a specific set of labelled graphs, each of whose
building blocks contribute in a specific way.

1.5 CEO recursion

In this section I describe the Chekhov-Eynard-Orantin recursion. It is a way to recursively
define a series of invariants wy,, (where ¢ is a non-negative integer, and n is a positive integer)
from a simple set of data; a curve in C? called the spectral curve, together with a meromorphic
differential, often called the Bergman kernel. Note that in the literature, it often called topo-
logical recursion theory. Here we avoid that name to avoid any confusion with the topological
recursion relation mentioned in the last section.

This recursion was first established to deal with expectation values in the theory of matrix
models, but it turns out that many series of invariants that arise naturally in different parts
of mathematics also fit into this framework. For instance, Hurwitz numbers, some intersection
numbers on the moduli space of curves, and cohomological field theories can all be described
in some way by CEO recursion.

Let S be a smooth complex curve in C? with coordinates x, y. Let ay, ..., ay be the critical
points of the coordinate function x. Assume that x is a ramified covering with ramification
of order 2 at each of the points aq,...,ay, and no other ramification points. Thus, in the
neighbourhood of each point a; one can define a local coordinate z(¥) such that

z(29) = (22 + z(ay). (1.31)

Furthermore, there is a natural involution o; that interchanges the sheets of the covering x; for
simplicity, for any function or differential form « we often denote this involution by & = o} («)
when the ramification point a; is clear. Now, let B be a meromorphic symmetric 2-differential
on § x S such that near (a;,a;) it can be expressed as

dz%i)dzéj )

B Wi T (i), ,0)
(z@—zéj))? + B2 (%7, 25) (1.32)

reg

Bz, ) =
)

in the local coordinate (2, 2()), where Bﬁeg is a 2-differential holomorphic at (a;, a;).

12
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To such a set of data (S, z,y, B) we recursively associate a tower of n-differentials w,, on
S*" for g > 0 and n > 1, in the following way:

(UOJ(Z) = O, UJ(),Q(Z:[, 2’2) = B(Zl., 2’2)7 (133)
and for 2g —2+n > 0,

Y a2, 20, zm) 7
Wy (2,22, ., 2n ZZIZ m( )d’ — (")) /Z/ B(z7'))7 (1.34)

where
Qg2 2" 20y ooy 2n) = Wy 1 (2, 2" 205y 20) +
+ > wena(? 2 We (27 25). (1.35)
91+92=9
IUJ={2,...,n}

Here z; := (zi,,...,z,) for any subset I C {2,...,N}. The w,, thus defined are called the
correlation functions associated to the spectral curve (C, x,y, B).
Furthermore, we also associate to this data a set of so-called symplectic invariants F, for

g > 2, as follows:
N

Z res (w1 (2)®(2)) (1.36)

where ® is defined locally near a; and obeys d<I> = ydx.

_ 1
977 9 T og 4

Remark 1.4. In fact, it turns out that it is often interesting to study the just the local behaviour
of the CEO recursion at the branch points of the spectral curve. Thus, one defines local CEO
recursion, where the curve is replaced by a set of disks centered at the ramification points, and
all differentials are replaced by their local germs. I will use this set-up when discussing the
relation with Giventals formalism.

Example 1.5. Consider the spectral curve given by

dz®dy
(2= 22

which is called the Airy curve. It has just one ramification point at (z,y) = (a,0). The
corresponding correlation functions w,, encode the intersections of w-classes on the moduli
spaces of curves:

1 29—24n n 2d—|—1”d2’1
Wg,n(zh ey En) = <_> Z (Tay " 7Ta,) gmn H 2d ) . (1.38)

dy,e..ydn>0 i=1

v(z) =2 +a, y(z)=z and B(z,7) (1.37)

This example turns out to be very important, since it constitutes a basic building block for
the correlation functions of any spectral curve. That is, for any spectral curve, the correlation
functions can be written as a sum over a set of labelled graphs, where each part of a graphs is
assigned some contribution. Then, the contribution of the vertices are precisely the correlation
functions of the Airy curve described above (1.38).

1.6 Results

In this thesis, I describe and prove various results about the four areas described above, about
their internal structure as well as the relations between them. Here I give a description of those
results, as well as a plan of how they are presented.

13
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1.6.1 Hurwitz numbers with completed cycles

In Chapter 2, I introduce Hurwitz numbers with completed (r 4+ 1)-cycles and prove various
results about their structure.

After defining the Hurwitz numbers hg’,)“, following [88], I show how to describe them as
the vacuum expectation values of certain operators on the so-called semi-infinite wedge space.
This allows us to define an algorithm to compute héT,L,V by commuting those operators, based
on the algorithm described by Johnson in [59] for ordinary Hurwitz numbers. In fact, we prove
the following theorem:

Theorem 1.6. The Hurwitz number hffz,m is given by the following formula:

h(?:).,m _ ;[lzrﬂq . Z;+1] Z H H ¢ (}:l:[ II:; Pll ) (139)

v 1(p) l(u)
HZ 1 i H Vj PECP3, , teT(P leL(P

Here [2%]Q(2) denotes the coefficient of 2* in the power series Q(z), the set CP;, , indexes the

possible ways of commuting the operators in the vacuum expectation value describing hff, ,),’m,
and the function ( is given by

((z) = /2 —e7#/2, (1.40)
The matrix argument for ¢ in equation (1.39) is just a notation for a certain comibination of
the variables zq, ..., z; depending on the commutation pattern P.

The proof of Theorem 1.6 provideb us with an algorithm (described in detail in Chapter 2)
to compute any Hurwitz numbers hg v individually. This algorithm can then be used to derive
some of their general properties. For instance, it is used to prove the following theorem.

Choose two positive integers s and n and let V' be the set of pairs of partitions of length s
and n respectively, and of the same size. Define a function hg): V — Q by hg) (p,v) = hg,l,y.
For any subsets I C {1,...,s} and J C {1,...,n} let W, ; be the hyperplane

inZyJ—o}cV (1.41)

el jeJ

Wi = {(u,y) eV

Then the following theorem holds.

Theorem 1.7. The function hér) 1s piecewise polynomial on V , with walls given by the hyper-
planes Wy ; for any non-empty proper subsets I and J as above.

In fact, the algorithm also allows to describe the structure of this piecewise polynomial
(Theorem 2.47) and provide wall-crossing formulas for all the hyperplanes W ; (Theorem 2.49).
These theorems are direct generalizations of known theorems for ordinary Hurwitz numbers,
which were first conjectured by Goulden, Jackson and Vakil in [51] and later partially proved
by Cavalieri, Johnson and Markwig in [14] and fully proved by Johnson in [59]. In fact, the
techniques used to prove the theorems described here are direct generalizations of the ones
in [59].

The description of the completed Hurwitz number in terms of vacuum expectation values in
the infinite wedge space can be used directly to prove two further theorems that are also direct
analogues of known theorems for ordinary Hurwitz numbers.

For the first, define a generating series for completed Hurwitz numbers by

. ﬁ Puy*Pus Q" v
H7‘+1(Bap17p2a"'aqlaq2>"~ Z Z }/<“J;1 = s . - n! . (142)

n,m,s #17 s

Then this generating series obeys a so-called cut-and-join equation.

14
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Theorem 1.8. The generating series H,..1 obeys the following equation:

0H,
Wﬂ = Qr+lHr+17 (143)
where the operators Q.1 are defined as the coefficients of the expansion of the following series
9 gy + A,
Q1z+ Q22" + -+ R Z > C(kz) - C(kn2) Th (1.44)

n>1 " ket =0

Here, for k > 1 we define a_, = py, and ap, = k%, and the normal ordering : - : means that the
differential operators go to the right.

For the second theorem define some ‘combinatorial intersection numbers’ by the formula

Lo _ ! 1—AY + AP — o (~1)9AF)
ST S (1= 0y — ey
xin o (L= ®y7) - (1= W)

(1.45)

Here, by combinatorial intersection numbers, we mean that the right-hand side of this formula
is defined by the equality with the left-hand side, but one should hope to be able to define some
spaces Xéﬁ together with classes Ag) and \I/Zm on them such that the Equality (1.45) holds.
Then, Equation (1.45) becomes an ELSV-type formula for one-part double Hurwitz numbers
with completed cycles.

As in the case of the usual ELSV formula, it turns out that the generating series for these
intersection numbers, after an appropriate change of variables, obeys a particular integrable
hierarchy.

Theorem 1.9. Let
Ty T
Gu) =Y (1) (Agymorft .. )gu” kf;! k11! (1.46)

Jik1 sk,

Then, after an appropriate triangular change of variables, we have that for any function c(u)
the series c(u) + G(u, q1,qz, .. .) is a solution of the Hirota equations in variables qi,qa, . . ..

The first few equations of the change of variables are given by

TO = ql, (147)
Ty = uqr + g2,
Ty = u’q1 + 3ugs + 2gs,

while the complete change is described in Chapter 2.

1.6.2 CEO recursion for Hurwitz numbers with completed cycles

In Chapter 3, T describe a spectral curve whose correlations functions conjecturally generate
single Hurwitz numbers with completed cycles. This is a generalization of the Bouchard-Marino
conjecture [10], which was proved in various ways [35, §].

Let Hg(T,)L be the generating function for completed single Hurwitz numbers in the following
sense:

o)
H) (21, ap) o= Z g: exp(pnay + -+ A finn), (1.48)
Lyeensfbn
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where m denotes the Euler characteristic (Equation (1.2)) as always. Also, for any function
f(mh s 7'/En)7 let

o f
f(xh , L ) 6[[161‘,” Ty X ( )
Conjecture 1.10. Let wé?b be the correlation functions associated to the spectral curve
z(z) = —2"+logz
1.50
{ yz) = = (1.50)
dzidzy
B =—s. 1.51
(21, 22) Cr— ) ( )
Then we have
DHéfn(xl,...,xn) =Wy n(T1,...,T,). (1.52)

The evidence for this conjecture is four-fold. First, there is a proof of the Bouchard-Marino
conjecture by Borot, Eynard, Mulase and Safnuk ([8]) that uses matrix models, which can be
fully generalized to the case of completed Hurwitz numbers. Unfortunately, this proof is not
completely rigorous, so it should be regarded as strong evidence from mathematical physics for
the conjecture.

Second is the general idea [30] that the spectral curve for an enumerative problem should
be given by its (0, 1)-geometry. In the case of completed Hurwitz numbers it is easy to see that
the (0, 1)-geometry leads to the spectral curve from Conjecture 1.10.

Third, there is a conjecture by Gukov and Sutkowski [53] which states that if an enumerative
problem can be described using the CEO recursion, then there should be a way to ‘quantize’ the
spectral curve to produce an operator that annihilates a certain specialization of the partition
function for the enumerative problem. In the case of completed Hurwitz numbers, we prove
that the spectral curve from Conjecture 1.10 can be quantized in such a way that the resulting
operator annihilates this specialization of the partition function, simultaneously providing some
evidence for the r-Bouchard-Marino conjecture and the Gukov-Sulkowski conjecture.

Let Z() be the following generating function for single Hurwitz numbers with completed
(r 4+ 1)-cycles:

ZT (N, p1,pa,...) == exp <Z hg’:&)\%’?“(")pm . 'pﬂzm)) . (1.53)

g,k

Remark 1.11. In the generating function above, the parameter A keeps track of the Euler
characteristic of the curve. We will also sometimes use parameters h or gs for this purpose. In
that case they will appear with exponents A¢~! and g2972. We abuse notation and denote all
three generating functions by Z.

Theorem 1.12. Denote by
ZO\x) = Z" (A prpa )

pisat (1.54)
the principal specialization of Z™). Then we have the following Schroedinger type equation.:

T -1\ d Vi, b\ d \r—i )
<)\xd — 2% exp (Zl_ox (rg,'a(Arg,) ) x2) ZO(\z) =0. (1.55)

dx r+1

Furthermore, the operator in front of Z™) in this equation is a quantization of the spectral
curve (1.50) in some appropriate sense.
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The precise sense in which the operator in Equation (1.55) is a quantization of the spectral
curve (1.50) is explained in Chapter 3. One interesting fact is that is one of the first cases of
the Gukov-Sutkowski conjecture where one has to use non-normal ordering for the operators in
the quantization.

In fact, we prove a similar theorem for the so-called ¢g-double Hurwitz numbers. In that case
the spectral curve is known ([9, 26]), and we show that the quantization, once again using non-
normal ordering for the operators, annihilates the principal specialization of their generating
function.

The final piece of evidence for the r-Bouchard-Marino conjecture is provided in Chapter 8,
where we prove that it is equivalent to a generalization of the ELSV formula relating completed
Hurwitz numbers with linear Hodge integrals on the moduli space of r-spin curves. Thus, the
evidence for this conjecture (in the form of computer calculation, and proofs in small genus
cases) also contributes to the evidence for the -BM conjecture.

1.6.3 Integrals of iy-classes over double ramifcation cycles.

In Chapter 4, I define so-called double-ramification cycles, which intuitively are classes on ﬂg,n
consisting of those curves on which a covering to P! can be defined with some specified ram-
ification over 0 and co. Thus, for a list of integers ay, ..., a, satisfying > a; = 0, the double
ramification cycles DR,(aq, . . ., a,) is the class of curves in M, ,, for which there exist a covering
of P! by that curve such that the ramification over 0 is of the type given by all the positive a;
and whose ramification over oo is of the type given by the absolute values of all the negative a;.

Although it is known that these classes can be expressed in terms of the ¢, k and boundary
classes described above, there is no known explicit expression of this type. Here, we give a
partial result towards this answer which is interesting in its own right; that is, we compute the
intersection of any double-ramification cycles with any monomial in ¢-classes when the result
is zero-dimensional.

Theorem 1.13. Given a list of n integers a, ..., a,, satisfying >, a; = 0 and a list of non-
negative integers du, ..., d, satisfying > d; = 2g — 3 + n, the integral
DRy (ar, - an )y -+ (1.56)

of a monomial in 1-classes over a DR-cycle is equal to the coefficient of

28 e (1.57)

n

in the generating function

! ! i ! ! ! ! !
<<a1 a2>c<a1+a2 a3>”,<(a1+"'+an1 an>
! ! ! ! ! ! ! !
210 Zn 21 % 2tz 2 Atz 2z
2442 ad  d d . a o :
atodm) o R A e P
o()=1 % || % % Zpn-1 Zn

(1.58)

1.6.4 Correspondence between Givental and CEO theories

In Chapter 5, I describe a correspondence between Givental’s action on cohomological field the-
ories and the Chekhov-Eynard-Orantin recursion theory. That is, given a semi-simple conformal
cohomological field theory, or equivalently, an operator series R(z) as described in Section 1.4.4
of this introduction, together with a rescaling A of the trivial cohomological field theory (it will
be properly introduced in Chapter 5), one can define a spectral curve such that the associated
partition functions are equal.
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Theorem 1.14. Let R(z) be some operators series on an N-dimensional vector space, as in

Section 1.4.4, and let A be a rescaling of the trivial N-dimensional cohomological field theory.

Let 7 be the partition function of the corresponding semi-simple cohomological field theory.
Define a local spectral curve by the following data

2p,,,2q] R.J R 1 D, ,\q 07 — f:l Ri‘ —2)R 7w£
Bz w) = G g — o ] = z—l—(w e (1.59)
and
21y (2) = 2(2%1)”[#1] (“R(=2))i) (k> 1) (1.60)
[2Yyi(z) = _Q%/E' (1.61)

Then after an appropriate change of variables (that is introduced explicitly in Chapter 5) the
partition function of the cohomological field theory and the CEO recursion invariants agree in

the following sense:
7 = exp <Z hwgyn> . (1.62)

ag,n

Remark 1.15. Note that in the theorem we only define the even coefficients of the the expansion
of B, and only the odd coefficients of the expansion of y. It turns out to be a general property
of the CEO invariants w,, that they do not depend on the full data of the spectral curve and
two-point differential, but only on those coefficients.

The proof of this theorem is combinatorial; in fact, we express both partition functions as
a sum over the same set of decorated graphs, where each component of the a graph (vertex,
edge, leaf) contributes in a standard way. Then we show that, using the identification of The-
orem 1.14, the contribution of each individual component is equal in both partition functions.

1.6.5 CEO-recusrion for the Gromov-Witten theory of P!

The first application of Theorem 1.14 is a proof of the Norbury-Scott conjecture [84] in Chap-
ter 6. That is, we describe a spectral curve whose CEO invariants completely describe the
stationary Gromov-Witten invariants of P*. Here stationary means that we always pull-back
the class of the point from P!.

Theorem 1.16. Let w,, be the CEO invariants associated to the spectral curve

T o= z+1;
{y e (1.63)
dz ® dw
B = 1.64
(o) = 220 (164)

Then, for 2g —2+n >0 and ay,...,a, > 0, we have:

" 1 a;+1 - * aj

H ( Jres, mx] ) Wy (T1,. .., xn) = <J1_[1 ev; (pt)i; > , (1.65)
- g

where pt is the class of the point on P!, and (‘>g denotes the integral on the moduli space of
stable genus g maps to P*.
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1. INTRODUCTION

1.6.6 Equivalence of ELSV and Bouchard-Marino; a new proof of
the ELSV formula

The second application of Theorem 1.14 is a proof of the equivalence of the Bouchard-Marifio

conjecture and the ELSV formula in Chapter 7. Together with a new proof of the Bouchard-

Marino conjecture that does not use the ELSV formula, this is also a new proof of the ELSV
formula.

Theorem 1.17. Let w,, be the correlation functions associated to the spectral curve

x(z) = —z+logz
1.66
xR (1.66)

le ® dZQ

B = 1.
(21, 22) (21 — 22)2 (1.67)
Then we have

DHy (1, ..., x) = w(21, ..., Ty) (1.68)

where D is the operator defined in equation (1.49) and H,,, is the generating function for single
Hurwitz numbers:

o hg,p,
Hg,’n(l'h s a'r'n) T Z (29 —924 f(,u) I |M|)' eXp(/lll‘l + e+ /j’nmn)' (169)

wl(p)=n
Theorem 1.18. The Bouchard Maritio conjecture (Theorem 1.17) is equivalent to the ELSV
formula (1.7).

In fact, as an intermediate step in the new proof of the Bouchard-Marino conjecture, we
prove that single Hurwitz numbers have a quasi-polynomial behaviour that is immediately
obvious from the ELSV formula, but which had not been proved without the use of that
formula.

Theorem 1.19. Single Hurwitz numbers depend quasi-polynomially on the ramification data
in the following sense:

noou
o 1%
h/g;/l.l ,,,,, Hn = m' ( Z" ) Pgm(lu’lv ct ,un)7 (170)
i1 M
where Py, (p1, ..., iy) are some polynomials in fuy,. .., fi,.

1.6.7 Equivalence of r-ELSV and r-BM conjectures

The final application of Theorem 1.14 in this thesis is a generalization of the previous one, which
is the proof (mentioned earlier) of the equivalence of the r-spin variants of the Bouchard-Marino
conjecture and ELSV formula. This is the content of Chapter 8.

Theorem 1.20. Introduce the following integrals on the space of r-spin structures:

f(r) = m! Tm+n+2!]72 ﬁ ﬁ X / S (1 7].)
g1,k — P ;! (1 — l%lwl) e (1 — %d)n) ' .
My an
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and let Fg(rrz be their generating function:

£
F{)(wy, .o wn) = Y 76Xp [Tt + o fnZy)
1:L(p)=n '

Let wg% be the correlators of the spectral curve

{ 2(z) = —2z" +logz
yz) = =

le ® dZQ

B ]

(21, 22) (21 — 2)?

that appears in Conjecture 1.10. Then we have

DF(](fn(xl, e Tp) = wf]fn(xl, Ce X))

Note that this theorem implies that Conjecture 1.10 is equivalent to the equation

(r) _ ()
fg k1,eskn hg,k-l,m,lc71

(1.72)

(1.73)

(1.74)

(1.75)

(1.76)

which is called the r-ELSV formula. Indeed, in the case r = 1 it reduces to the ordinary ELSV

formula (1.7).
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Hurwitz numbers with completed
cycles
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—2—  Hurwitz numbers with completed cycles

2.1 Introduction

The theory of usual double Hurwitz numbers has been considered from several different points
of view, usually in a purely combinatorial way. First, Okounkov [85] observed a relation to
integrable systems of KP-type that is also nicely explained and heavily used in Johnson’s
recent paper [59]. Second, double Hurwitz numbers were studied from different points of view
in a purely combinatorial way in a foundational paper of Goulden, Jackson, and Vakil [51],
where most of the typical contemporary questions were first posed. Third, there is a tropical
approach to double Hurwitz numbers developed by Cavalieri, Johnson, and Markwig [13, 14].
Fourth, double Hurwitz numbers were studied in genus 0 through the intersection theory on
double ramification cycles in the moduli space of curves by Shapiro, Vainshtein, and Shadrin,
see [95, 98].

The theory of Hurwitz numbers with completed cycles has emerged through several relations
with geometry of the moduli space of curves. First, it has emerged in [88] as a way to encode
higher degrees of t)-classes in the Gromov-Witten theory of P!. Second, it is related to the
intersection theory of the moduli space of r-spin structures via an analogue of the ELSV formula
involving the classes studied by Chiodo in [17] conjectured by Zvonkine [111]. This r-ELSV
formula is discussed more thoroughly in Chapter 8.

This motivates us to look attentively into the combinatorial structure of double Hurwitz
numbers with completed cycles, since we expect that some kind of intrinsic combinatorial
niceness of these numbers might be an explanation of the existing connections of completed
cycles to geometry of moduli spaces and predict some further relations. So, we investigate
double Hurwitz numbers with completed cycles in a purely combinatorial way generalizing
various results in [51, 59, 96, 99].

2.1.1 Organization of the chapter

The chapter starts with an introduction of the necessary theory. We define completed cycles as
elements of the class algebra of the symmetric group using an isomorphism with the algebra of
shifted symmetric functions in Section 2.2. In Section 2.3, the infinite wedge space is explained
and the necessary operators are introduced.

The main part of the chapter consists of four sections. In Section 2.4, we introduce an algo-
rithm to calculate Hurwitz numbers in a practical way, which allows us to prove the theorems
in Section 2.6.

In Section 2.5, we use the infinite wedge formalism together with calculations on the repre-
sentation theory of the symmetric group to prove so called cut-and-join equations for completed
Hurwitz numbers. These equations are direct generalizations of the the cut-and-join equation
for ordinary Hurwitz numbers.

In Section 2.6, we use the algorithm defined in Section 2.4 to prove a strong piecewise
polynomiality property in the sense of [51] for completed Hurwitz numbers. The proof is
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2.2. HURWITZ NUMBERS WITH COMPLETED CYCLES

analogous to the proof in [59] for strong piecewise polynomiality of ordinary Hurwitz numbers.
We also derive the corresponding wall crossing formulas.

Finally, in the last section we give a formula for completed one-part double Hurwitz numbers
in terms of the intersection theory of some conjectural moduli spaces. We give an explicit
formula for the generating series for these conjectural intersection numbers and we prove that it
obeys the Hirota equations. The same was done for ordinary one-part double Hurwitz numbers
in for instance [96].

2.1.2 Notation

Throughout this chapter, we will use the following notation.
e By [n], n=1,2,..., we denote the set {1,...,n}.

e By /(1) we denote the length of the partition p = (1, ..., ), and by |u| we denote the
size S0 4y,
i=1 Hi:

e Let U(z) be a formal power series in z. By [2%]U(z) we denote the coefficient of z* in U,

that is, U(z) =Y oo, 2% - [2*]U(2).

2.2 Hurwitz numbers with completed cycles

Following [88] and [111], we give a purely combinatorial definition of Hurwitz numbers with
completed cycles. Intuitively, completed Hurwitz numbers count covers of P! with given ramifi-
cation over 0 and oo, like ordinary Hurwitz numbers, but instead of allowing ramification given
by ordinary branch points elsewhere, we allow ramification by completed cycles.

2.2.1 Shifted symmetric functions

Let Q[x1,...,x,] be the algebra of polynomials in n variables over Q. We define the shifted
action of S,, on this algebra by

o(f(z1—1,...,2, —n)) = f(zoa) —0(1),...,Tom) — o(n)) (2.1)

for any element o € S,, and any polynomial f written in terms of the variables z; — 1.
Denote by Q[z1,. .., 2,]* the algebra of polynomials which are invariant with respect to
this action. It has a natural filtration by degree.

Definition 2.1. The algebra of shifted symmetric functions is the algebra
A* =1imQ[zy, ... ], (2.2)

where the projective limit is taken in the category of filtered algebras with respect to the
homomorphism which sends the last variable z,, to 0.

In other words, the elements of the algebra A* are given as series f = {f™}, f™ ¢
Q[z1,. .., 2,3 such that the polynomials f™ are of uniformely bounded degree and stable
under the restriction f"*V|, o= f0).
2.2.2 Basis of the algebra of shifted symmetric functions
The shifted analogues of the power sums form a basis of the algebra of shifted symmetric
functions.
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2. HURWITZ NUMBERS WITH COMPLETED CYCLES

Definition 2.2. For any positive integer k, the corresponding shifted symmetric power sum py,

is defined as
o0

o1, 1,
w0 =30 (i - i 3)t). 23)
For any partition p, define p, = Hl “1) Dps -

The functions p, form a basis for the algebra of shifted symmetric funtions. Another basis
is obtained in the following way.

Irreducible representations of the symmetric group Sy are in one to one correspondence
with partitions of d. On the other hand, partitions of d are also in one to one correspondence
with conjugacy classes in S;. For partitions p and A, let dim()\) be the dimension of the
representation given by A, let Xﬁ be the character of this representation evaluated on the
conjugacy class C), given by p, and let |C,| be the size of this conjugacy class.

Definition 2.3. We define for any partition 4 a function f, on the set of partitions of || by

fuA) = 1Cyl

dlm()\)
When the partition p is of the form (r +1,1,...,1), we denote f, by f,, 7 =0,1,2,....

Kerov and Olshanski proved that the functions f, are shifted symmetric [65]. They also
form a basis for the space of shifted symmetric funtions.

2.2.3 Completed cycles

Let ZCS, be the class algebra of the symmetric group S;. We can define a linear isomorphism
¢ Doy ZCSqy — A*, ¢: Cy = [y

Definition 2.4. For any partition pu, the completed p-conjugacy class 6# in the class algebra
of the symmetric group is defined as C,, := ¢~'(p,)/ Hf(“l wil. A special role is played by the
completed cycles (r) == Cy, 1 =1,2,....

Remark 2.5. There are actually two conventions for the definition of the completed (r+1)-cycle.
The definition that is given here differs by a factor r! from the definitions in [88, 111]. In fact,
in later chapters (Chapter 3 and 8) we will use the other definition, which is more convenient
for the purposes there.

The first few completed cycles are

0= ()

1-(2)=(2)

2= (3)+ 11+ - (1)

3= +2 210+ @)

BB =) 4331 +4- 2,2+ 5 ()
FA0LD) 45 (LD 4 810 (1).

25



2.2. HURWITZ NUMBERS WITH COMPLETED CYCLES

2.2.4 Hurwitz numbers with completed cycles
We fix two non-empty partitions p and v such that |u] = |v| and non-negative integers r and

m such that 2g — 2+ (u) + ((v) = rm.

Definition 2.6. We define disconnected double Hurwitz numbers with completed (r 4 1)-cycles
via the character formula:

1 P I(A) m

= E XA< rt O (2.5)

9,1,V 7 I3 ol A
1% ] |](:f Vi N (r+1)!

(r),m

We also denote the same Hurwitz number by h;,", and we often omit the superscript (r)
when 7 is fixed in advance.

Remark 2.7. Since the completed 2-cycle is equal to the ordinary 2-cycle, the double Hurwitz

1), . . . .
numbers hﬁ,,lm are just the ordinary Hurwitz numbers for not necessarily connected curves.

2.2.5 Geometric interpretation

Hurwitz numbers with completed cycles possess a geometric interpretation.
Suppose we are given a partition A and a nonnegative interger . To this data we can assign
a singularity of stable maps to P! by the following rule.

e If 2 — 2y —[(\) < 0 then the singularity consists of a contracted curve of genus v (that
is, a curve on which the stable map has degree 0) intersecting the remaining components
of the source curve at [ = [(\) branches on which the stable map has ramification points
with indices Aq,...,A;. Note that in this case the contracted curve is required to be
connected, but not necessarily irreducible.

e If v =0 and I(\) = 2, then the singularity consists of a simple self-intersection of the
source curve such that the stable maps presents ramification points with indices Ay, As.

e Finally, if v =0 and [(\) = 1, then the singularity is just a ramification point with index
Al

This list covers all possible connected singular loci of a stable map to P'. In all three cases
it is natural to consider the image of the singular locus under the stable map as a branch point
of multiplicity 2v + |A| — I(A), see [41]. For this reason we will say that the singular locus
described by the data (A, ) has multiplicity 2y + [A| — I(A).

Now, a completed (r + 1)-cycle is a linear combination of conjugacy classes A\. To each
conjugacy class it is easy to assign a nonnegative integer 7 such that 2y + |A| — {(A\) = r. Thus
every term of the completed cycle corresponds to a singular locus of multiplicity . Moreover,
the terms of the completed cycle cover all types of singular loci like that. The numerical
coefficient of a partition (A) in the completed (r + 1)-cycle is some kind of intersection number
on the moduli space ﬂ%l( ») of contracted components; its nature is still not entirely clear.

We can now give the geometric meaning of Hurwitz numbers with completed cycles. Call a
stable map f : C'— P! an r-covering if (i) it has a finite number of preimages of 0 and oo and
(ii) all its singular loci have multiplicity r except possibly the preimages of 0 and co. Call the
weight of a singular locus described by (X, ) the coefficient of (A) in the completed (r+1)-cycle,
where r = 2y +|A| = 1(A\). Call the weight of an r-covering the product of weights of its singular
loci divided by the number of automorphisms of the covering.
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2. HURWITZ NUMBERS WITH COMPLETED CYCLES

Proposition 2.8. The Hurwitz number hf;,l,l, 1s equal to the sum of weights of not necessarily
connected r-coverings f : C' — P' with m fized branch points, where the Euler characteristic of
C' equals 2 — 2g and the number of branch points equals m = (29 — 2+ £(u) + L(v))/r.

This proposition leads to a natural definition of connected Hurwitz numbers: just replace
“not necessarily connected” by “connected” in the above formulation. Connected Hurwitz
numbers can be computed from the disconnected ones by the exclusion-inclusion formula, see
also [88, 111].

Remark 2.9. The explicit formula for the coefficients of the completed (r + 1)-cycle that we use

in this geometric description is given in Section 2.4.6.

2.3 Semi-infinite wedge formalism

In this section we sketch the theory of semi-infinite wedge space following [88] and [59].

2.3.1 Infinite wedge

Let V be an infinite dimensional vector space with basis labelled by the half integers. Denote
the basis vector labelled by m/2 by m/2,so V =

i€Z+1 L.
Definition 2.10. The semi-infinite wedge space is the span of all wedge products of the form

i ANdg A - (2.6)

for any decreasing sequence of half integers (ix) such that there is an integer ¢ (called the
charge) with i, + k — % = ¢ for k sufficiently large.

Here, we are mostly concerned with the zero charge subspace of the semi-infinite wedge
space, which is the space of all wedge products of the form (2.6) such that

1
it k=g (2.7)

for k sufficiently large. For brevity, we will call this space the infinite wedge space from now
on.

Remark 2.11. An element of the infinite wedge space is of the form A\; — % ANy — % A -+ for

some partition A. This follows immediately from condition (2.7). Thus, we canonically have a
basis for the infinite wedge space labelled by all partitions. The inner product associated with
this basis will be denoted (-, -).

Notation 2.12. We denote by vy the vector labelled by a partition A\. The vector labelled by
the empty partition is called the vacuum vector and denoted by |0) = vy = —% A —% ARERS

Notation 2.13. If P is an operator on the infinite wedge space, then we define the vacuum
expectation value of P by (P) = (0|P|0), where (0] is the dual of the vacuum vector with

resprect to the inner product (-, -), and called the covacuum vector.

2.3.2 Operators

We now define some operators on the infinite wedge space.
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2.3. SEMI-INFINITE WEDGE FORMALISM

Definition 2.14. Let k be any half integer. Then the operator v is defined by
Ur: (A A--) = (EAG NI A (2.8)

This operator acts on the whole semi-infinite wedge space (the sum of spaces with all charges).
It increases the charge by 1.

The operator 1} is defined to be the adjoint of the operator vy, with respect to the inner
product (-, ).

Definition 2.15. The normally ordered products of ¥-operators are defined in the following

way
. Yy, it j>0
:wﬂ/)j: = ' ,Z e (2.9)
=iy it j <0

This operator does not change the charge and can be restricted to the infinite wedge space.
Its action on the basis vectors vy can be described as follows: :wid)}‘: checks if vy contains J
as a wedge factor and if so replaces it by i. Otherwise it yields 0. In the case i = j > 0,
we have :z/}l-'l/;;f:(m) = vy if vy contains j and 0 if it does not; in the case i = j < 0, we have
:wiwj:(v,\) = —uy if vy does not contain j and 0 if it does. These are the only two cases where
the normal ordering is important.

Remark 2.16. Let E;; for i, j € Z+1 denote the standard basis of matrix units of gl(co) = gl(V).
Then the assignment Ej; — :¢p;¢}: defines a projective representation of the Lie algebra gl(V)
on A% (V).

Notation 2.17. We denote by ((z) the function e*/2 — e=#/2.

Definition 2.18. Let n € Z be any integer. We define two operators &, (z) and én(Z) depending
on a formal variable z by

. 5y
En(z)= Y " DB+ C(;) (2.10)
keZ+i
Enz)= > B, (2.11)
keZ+3

The operator &,(z) is called the deregularized E-operator, while &,(z) is the regularized &-
operator.

Notation 2.19. We denote by a,,, n # 0, the operator £,(0). We denote by F,,1, r > 1, the
operator [2"T]&(2).

2.3.3 Properties of operators

These operators relate the infinite wedge space to the representation theory of the symmetric
group and to double Hurwitz numbers via the following properties.

Proposition 2.20. Let 1 = (ju1, ..., fguy) be some partition. Then we have

am )

)
a_,,|0) = Z Xﬁm and (0] Hamv)\ = Xi‘“ (2.12)
=1 A=ul =1

where Xf) is the character of the conjugacy class p in the representation \ and is set to be 0 if
woand A are partitions of two different integers.
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2. HURWITZ NUMBERS WITH COMPLETED CYCLES

This proposition is a reformulation of the Murnaghan-Nakayama rule [57]. Tt is proved, for
instance, in [61] or [59].

Proposition 2.21. We also have

id:Z% 3 HLHQ

k>1 Ve, Vk

0} [T e (2.13)

where id is the identity operator in the infinite wedge space.

This proposition follows from the orthogonality of characters.
Finally, the algorithm that we will use to compute double Hurwitz numbers is based on the
commutation relations of the £-operators.

Proposition 2.22. The E-operators satisfy the following commutation relation (see Equa-
tion (2.17) in [88])

[Er(w), E1(2)] = C(kz — lw)Epi(z + w); (2.14)
in particular,

[€:(0), &Eu(2)] = C(k2)Ekri(2) (2.15)

and, taking a limit as z — 0,

[£:(0), £1(0)] = kdpr10- (2.16)

2.3.4 Hurwitz numbers with completed cycles

Proposition 2.23. A double Hurwitz number with completed cycles can be expressed as a
vacuum expectation value in the infinite wedge space in the following way:

¢ (v
Lo LY, P T o)

2.17)
v am (v (
Hig]) Hi H](:; vj

Proof. This is just a way to rewrite Equation (2.5) using Proposition 2.20.

Then, the fact that for an arbitrary partition g the vector v, is an eigenvector of F,44
with eigenvalue p,.1(p)/(r + 1)!, where p,,; is the shifted symmetric power sum defined in
Definition 2.2, completes the proof. O

2.4 Computation of Hurwitz numbers

In this section we generalize the algorithm for computation of double Hurwitz numbers in [59]
to the case of double Hurwitz numbers with completed (r + 1)-cycles. This algorithm presents
several advantages with respect to direct copmputations with characters. In particular, it will
allow us to prove the piecewise polynomiality of Hurwitz numbers. In Sections 2.4.5 and 2.4.6
we also show that in certain cases it leads to quite explicit expressions for Hurwitz numbers,
that cannot be directly deduced from the character formulas.

Throughout the section we fix » > 1 (and therefore omit it in all notations). We also fix
two partitions, p and v, such that |u| = |v|, and an integer m > 0. They are the ramification
profiles over two special points and the number of completed cycles of a particular Hurwitz
number that we consider here.
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2.4.1 Notations and properties of operators

For any subsets I C [((u)], J C [((v)], and K C [m] we introduce the following notation. We
denote by pi7, vy, and zg the sums py == >/ phi, py = ZjeJ v, and zg = >, g 2. We
denote by £(I, J, K) the operator &,,_,, (2x). We use the same notation also in the case of the
operator £. Let M C [¢(p)], N C [¢(v)], and L C [m]. The last piece of notation we need is

Clir & 5) = ¢ (det (2200 2)) (2.18)

where ((2) = €*/? — ¢ */? is as defined in Notation 2.17.
Using this notation, we can rewrite a Hurwitz number with completed cycles as

=~

1
B = [T (2.19)

v 4 L(v m
Hz(zul) Hi Hf:i Vj

£(p) m L(v)
<H5({z‘},@ 0) H (0,0,{k}) H5(®, {.7},®)>~

By the symbol [2{T!...2"*!] we denote the coefficient of the monomial 2™ ...z in the
formal power series which follows it.

We will use a special case of the commutation relation in Proposition 2.22 that in this
notation is given by the following lemma.

Lemma 2.24. For any subsets I, M C [((u)], J,N C [((v)] and K,L C [m] such that INM =
JNN=KnNL=0, we have

[E(I,J,K),E(M,N,L)] = C (L { ¥)YE(TUM,JUN,KUL). (2.20)

Remark 2.25. As before, Lemma 2.24 is also true if one of the £-operators on the left hand side
of the Equation (2.20) is replaced by €.

2.4.2 An algorithm for computation

We say that the operator &,(z) has positive (respectively, negative, zero) energy if the integer n
is positive (respectively, negative, zero). We see immediately that (I, J, K)|0) (respectively,
(0|1€(1, J, K)) is zero when £(I, J, K) has positive (respectively, negative) energy. The vacuum
expectation value in Equation (2.19) has operators of negative energy on the right and oper-
ators of positive energy on the left; by commuting them, we will be able to make use of this
observation.

Remark 2.26. Below we present an algorithm that computes the vacuum expectation value on
the right hand side of Equation (2.19). It consists of commuting operators of negative energy
to the left. Since £(0,0,%)|0) = 0, each of the E-operators must be involved in a commutator
somewhere in our computations. Then Remark 2.25 implies that we might as well have started
with the vacuum expectation value

L) o(v)
<H‘9 {i},0,0) HS(@ 0,{k}) Hé’ ®,{5},0) > (2.21)

if we additionally demand that each of the zero energy operators will be involved in a commu-
tator at a certain step of the algorithm.
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2. HURWITZ NUMBERS WITH COMPLETED CYCLES

Now we describe the algorithm. Note that the vacuum expectation value (2.21) is of the

form
TTc(i ) <H e, Jt,Kt)> (2.22)

q€eQ teT

for some finite index sets T" and () and subsets
L, F,, M, C [t(n)], J:,Gyo Ny, C [l(v)] and Ky, Hy L, C [ml]. (2.23)

At the beginning of any step in the algorithm we have vacuum expectation value of this
form. Suppose that the operators in the vacuum expectation value of some step do not all have
zero energy. Then the step will consist of the following actions.

Let tg be the index of the leftmost operator of negative energy. If it is the leftmost operator,
then this vacuum expectation value is zero by the remarks above and the algorithm terminates.
If it is not, commute it to the left, that is, apply the equality

g(ItO*h Jto*h Kto*l)g(]tm Jtm Kio) (224)
- g(ltm Jtm Kt(])g(lt(]*h Jt(]*lﬁ Kt(lfl)
+ [5([t0717 Jtofh thfl)a E(It(m Jtoa Kto)}-

The vacuum expectation resulting from the first (respectively, second) term on the right-hand
side is called the passing (respectively, commutator) term. By Lemma 2.24, the commutator
in the commutator term is equal to

¢ (1’2: Jf'ﬁgl Klggl ) E(Ity U lyg1, Jtg U Jpg 1, Ky U Ky 1). (2.25)

We now choose either the passing term or the commutator term and continue the algorithm
with it.

In the end we will sum over the contributions from all possible choices. Because both
the passing term and the commutator term are again of the form (2.22), we can iterate this
procedure. The algorithm terminates when the result is zero because an operator of negative
energy is on the far left, or one of the £(0, 0, {k}) wasn’t commuted with any negative energy
operators and moved to the far right, or an operator of positive energy is on the far right. It
also terminates when all operators in the vacuum expectation have zero energy.

Since taking the passing term results in having an operator of negative energy further to
the left and taking the commutator term results in having one less operator in the vacuum
expectation value, the algorithm will terminate for any values of the partitions p and v and
any non-negative integer m.

Remark 2.27. Since we demand |u[ = |v| (otherwise the Hurwitz number hj, makes no sense),
a vacuum expectation value with only one operator can only appear in the algorithm if this
operator has zero energy.

Remark 2.28. For definiteness, we have chosen here to always move the left-most operator with
negative energy to the left. It is clear, however, that moving any negative energy operator to
the left, or any positive energy operator to right, will bring the algorithm closer to termination.
In practice, we will often choose to compute Hurwitz numbers in such a different way, since it
might simplify the computations. The rest of the discussion in this section still goes through
even for those different orderings of taking commutators (see Remark 2.35 for the only subtlety).
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2.4.3 Commutation pattern

Using the algorithm in the previous section, we can give an expression for a Hurwitz number
in terms of (-functions.

Definition 2.29. A commutation pattern P is a set of six-tuples of sets
{(PIl7RlI7PIl<7PJZ\%PJZ\HPII?,)}ZGL(P) (2'26)

(where L(P) := [|L|] is some index set) such that we get a non-vanishing contribution to the
vacuum expection value (2.19) when we go through the algorithm in such a way that the [-th
commutator computed is [E(PY, Pt PL) , E(PL,, Py, PL)].

The set of all commutation patterns for given values of p1, v, and m is denoted by CP}',.

Note that the final vacuum expectation value in any commutation pattern P € CPJ', W111
always be the vacuum expectation of a product of zero energy operators, that is, it will always
be of the form ([];csp)&o(2s,)) for some index set T'(P) and some non-intersecting subsets
Sy C [m], t € T(P) whose union is equal to [m].

Theorem 2.30. The Hurwitz number hj', is given by the following formula:

WV

1
hﬁuzl_[g()—rm[zm'“zﬁfl] > HC 11 C(gfﬁf lef> . (2.27)

i=1 Hi PECP, teT(P) leL (P)

Proof. This follows immediately from Equation (2.19) and the description of the algorithm in
Section 2.4.2. We use that ([];c7p) &o(2s,)) = 1/ [ ;e (p) C(zs,) which follows directly from the
definition of the operators &(z). O

Remark 2.31. In Theorem 2.30, a factor ((0)&y(0) that arises through the contribution of the
commutator [£,(0), £_,,(0)] in the contribution of a commutation pattern to the Hurwitz number
should be interpreted in the following way. When the factor is produced, replace the zero in the
argument of the (-function by n times a formal variable ¢, and replace the zero in the argument
of the &-operator by ¢. Then when the whole commutation pattern is completed, let ¢ go to
zero. We see immediately that this is the same as replacing the commutator [£,(0),E_,,(0)]
by the scalar operator n instead of by ((0)&(0). This also agrees with the analysis in [8§]
(Equation 2.19).

2.4.4 Connected Hurwitz numbers

The algorithm also allows for the computation of the connected Hurwitz number. For this, we
need one more definition.

Definition 2.32. A commutation pattern P € CP}, is called connected if the set T'(P) consists
of exactly one element. The set of all connected commutation patterns is denoted by CP},”.

Theorem 2.33. The connected Hurwitz number hj}'; is equal to

o 1 T T ! l
W = AT ) s> IMe(as)) e

L(v)
|y PeCP’” °1eL(P)
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2. HURWITZ NUMBERS WITH COMPLETED CYCLES

Proof. Since &y(z) is a scalar operator, for any commutation pattern P € CP ww we have
(ILierp) €0(25.)) = ierp)(€o(2s,)). Furthermore, when [T'(P)| > 2, the operator% from the
start of the algorithm contributing to £y(zg,) for different ¢ € T'(P) do not interact with each
other at all. That is, a commutator term involving operators eventually contributing to £y(zs,)
for different ¢ is never taken. Therefore, for any integer n > 1, the contribution to A}, by covers
with at least n connected components is given exactly by the contribution to Equatlon (2.27)
of commutation patterns P for which |T'(P)| > n.

That means that the exclusion-inclusion formula for the connected Hurwitz number in terms
of ordinary Hurwitz numbers coincides precisely with the exclusion-inclusion formula for the
contribution to Equation (2.27) by commutation patterns P with |T(P)] = 1 in terms of
contributions by arbitrary commutation paterns. This completes the proof. O

Definition 2.34. More generally, the contribution of a connected commutation pattern to the
vacuum expectation value of a product of E-operators is called a connected contribution. The
sum of all connected contributions of any such product is called a connected vacuum expectation
value and denoted by (-)° (adding a super-script circle to the full vacuum expectation value).

Remark 2.35. Even if we take a different ordering of the commutators in the algorithm (see
Remark 2.28), the connected vacuum expectation value will still be the sum of the connected
contributions, that is, the contributions from commutation patterns that have only one &-
operator in the final expectation value. This can be easily seen through the method of the
proof of Theorem 2.33.

2.4.5 Example: one-part double Hurwitz numbers

In the case of one-part double Hurwitz numbers, that is, £(v) = 1, we have just one commutation
pattern. Therefore, applying Equation (2.27) (or, equivalently, Equation (2.28)), we obtain

m e
m r+1 . Zr-&—l} Hk:l C(|M|Zk) H121> C(sz[m])

. . - (2.29)
il = 1 Hf(ul) " C(2m)

2.4.6 Example: coefficients of the completed cycles

The coefficients of the completed cycles are obtained from Theorem 2.33 in the case m = 1,
v=(1,...,1). In that case there is only one connected commutation pattern, and we get for
the coefficient of the partition p in the completed r + 1-cycle.

hlo

(1) 1 ) T ¢
152) 2.30)
CollAw(] ~ Tl H (

(where |Aut(y)] is the number of automorphisms of the partition p and |C,] is the size of the
conjugacy class C),). This formula agrees with the one given in [88, Equation (0.22)] modulo
the diffences in conventions and notation. As an example, we compute the coefficients of the
different terms in the completed 4-cycle. Since the power series expansion of ¢ is given by

©© k

((2) =) 2,57%, (2.31)
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we get
Cm - %WC(Z)BC(A‘Z) = %4 = % (2.32)
|0<2,iz|i§)£f<’3, Iy~ 9 = g2 = (239
m = %[2416(2)14“(22) = é 2—14 + ;—i) = %Z (2.34)

which agrees with the coefficients of the completed 4-cycle given just below Definition 2.4. All
the coefficients there can be computed in this way.

2.5 The cut-and-join operators

2.5.1 Three vector spaces

Let p1,pa,... be an infinite sequence of formal variables. Given a permutation o € S; with
cycle lengths ny, ..., ns denote by p(o) the product p,, - - - p,.. If we assign the weight n to the
variable p,, then the monomial p(o) is of total weight d. The map p is extended by linearity
to an isomorphism

p: ZCSq— Cylp1, - .., pdl, (2.35)

where ZCS, is the center of the group algebra of the symmetric group Sy and Cylpy, ..., pd]
is the space of quasi-homogeneous polynomials of weight d. This is an isomorphism of vector
spaces, but not of algebras, since the target space of p does not have a natural algebra structure.
However the action of elements of ZCS,; by multiplication gives rise to interesting operators
in the space of homogeneous polynomials. In particular, the map p transforms the operator of
multiplication by the sum of all transpositions into the well-known cut-and-join operator:

1 . 0 L 0

The first term corresponds to the case where two cycles of lenghts ¢ and j are merged together
by the transposition; the second term corresponds to the case where a cycle of length ¢ + j is
cut into two cycles of lengths i and j.

The operator corresponding to the mutiplication by the sum of all (r + 1)-cycles was de-
termined for every r by Goulden and Jackson in [49] and by Mironov, Morozov, and Natanzon
in [79] and [80].

The space C[[p1,pa,...]] of formal power series in variables py, ps,... is a completion of
the direct sum of the spaces of quasi-homogeneous polynomials. It is natually isomorphic to
a completion of the direct sum of spaces ZCS,;. Moreover, both vector spaces are naturally
identified with the infinite wedge space via the isomorphism vy > s,(p), where s, is the Schur
polynomial:

50 = 3 3 a0)plo). (2.37)

Under this identification, the multiplication by the completed (r 4 1)-cycle corresponds to the

operator
1
}—7’+1 - m Z kT_HEk’k (238)
' kezZ+1/2
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2. HURWITZ NUMBERS WITH COMPLETED CYCLES

in the infinite wegde space. Our goal is to construct the corresponding cut-and-join operator
in the space C[[p1,p2..-,]]-

2.5.2 The construction of operators

For n > 1, let a_, = p, be the operator of multiplication by p, and a, = nd/0p,. We let
ag = 0. In the infinite wedge space the operator a,, becomes «a;,, = 5 (0) = ZkEZH/Q Ey_ni (see
Notation 2.19). For n < 0 it transforms vy into y_ €(u)v,, where the Young diagrams 1 are all
diagrams that can be obtained from A by adding a ribbon of length n and the sign e(u) is the
number of horizontal steps in the ribbon, as in the Murnaghan-Nakayama rule [57]. Similarly,
for n > 0 it transforms vy into > e(p)v,, where the Young diagrams p are all diagrams that
can be obtained from A by removing a ribbon of length n and the sign €(u) is the number of
horizontal steps in the ribbon.

The normal ordering :ay, - - - a,,: of a monomial a,, ---a,, is the non-decreasing order of
indices; in other words the derivations go to the right and the multiplication operators to the
left. Recall (Notation 2.17) that ((2) = /2 — e7*/2,

Definition 2.36. The coefficients Ql, Qg, ... of the series
Wy - Ay
Q2+ Qo2 + - (Z) Z . > (mz)--C(ne) ﬁ (2.39)
s>1 ni+-+ns=0
are called the completed cut-and-join operators.

Theorem 2.37. The map p: ZCS; — Cy[p, ..., pd] transforms the operator of multiplication
by the completed (r + 1)-cycle into the (r + 1) completed cut-and-join operator.

For instance, we have

Q1= ;ipiaap/ (2.40)
Q2= ;]ZN <ijpi+j ap?; + i+ J)ppsg ij) (2.41)
Q3 = (13”;21 (ijkpiHJrka}%(?a;az?k +(i+Jj+ k)pipjpkapz'im) (2.42)

+ iﬁ;ﬂ ijpip 6;); 214 Z(2i3 - i)pia%~ (2.43)

The multiplication of ¢ € 54 by the completed cycle m = (1) corresponds to picking an
element of o, which just mutiplies the permutation by d. Hence the operator J; multiplies a
homogeneous polynomial by its total weight.

The operator @), is the standard cut-and-join operator.

The operator Q3 is the more complicated cut-and-join operator whose action corresponds
to multiplying a permutation by the completed 3-cycle. Let us briefly explain how its terms
are related to the expression of the completed 3-cycle $(3) + 2(1,1) 4+ 5 (1).

The last term (1) is the operator of picking a sheet of the ramified covering or an element
of the permutation. So 27(1) corresponds to

1 .0
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2.5. THE CUT-AND-JOIN OPERATORS

Here 7 is the length of the cycle of the permutation that contains the picked element.
The second term (1, 1) is the operator of picking two sheets of the covering or two elements
of the permutation. So $(1,1) corresponds to

1 o? 0
42””’13 o T Z Dpig, (2.45)

i,7>1

The first sum describes the case when the chosen elements belong to two different cycles of
lengths ¢ and 7, while the second sum describes the case where they lie in the same cycle of
length .

Finally, the term (3) is the operator of multiplication by a 3-cycle. It’s action is more
complicated. If the elements of the 3-cycle belong to three different cycles of the permutations
of lenghts i, 7, k, these cycles are merged into one. This gives us the term

63
= Z UJkDitjrk (2.46)
i,7,k>1 ap apjapk

If one element lies in one cycle and two other elements lie in another cycle, then a piece of the
second cycle is cut off and attached to the first one. But there is a subtlety: there are two ways
to go from cycles of lengths, say, 2 and 19 to cycles of lengths 9 and 12: one can either take
a T-elements piece of the 19-cycle and attach it to the 2-cycle, or one can take a 10-elements
piece. On the other hand, to go from cycles of lengths 2 and 19 to cycles of lengths 2 and 19
again there is only one way: one should take a 17-element piece from the 19-cycle and attach
it to the 2-cycle. As a result, we get the following sum:

L > o 41 o (2.47)
= PP+ 71iPiPi5—— .
4 i+j=k+l aplap] ! p 8])1

(i} #{kd}

Finally, all three elements of the 3-cycle can lie in the same cycle of the permutation. If the
cycles “turn” in two opposite ways, the cycle of the permutation is split into three parts and
we get the term

0
A Z (i + 37+ k)pipiprs—— o (2.48)

g k>1 z+J+k

If both cycles “turn” in the same direction, then the cycle of the permutation remains in one
piece, though the order of elements changes. This corresponds to the operator

- 1) - 2p L

e (2.49)

12

i>1

The reader can check that if we add all these terms we recover the operator ()s.

Remark 2.38. As we see from this example, the operators Q, k > 3, can also be obtained as
linear combinations of the operators W () that correspond to the partitions A in the expressions
for the completed cycles. These operators are discussed in detail in [79] and [80]. This approach
to the cut-and-join operators for completed cycles is discussed in a very recent preprint [7], and
it seems that so far it doesn’t allow to reproduce the explicit formulas that we have here for an
arbitrary k.
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2. HURWITZ NUMBERS WITH COMPLETED CYCLES

2.5.3 The generating series for Hurwitz numbers

Introduce the following generating series for the disconnected Hurwitz numbers with completed
cycles:

” 6 Pur = Pue, Qv Qo
HT+1(B7p17p27"'7ql7q27"' Z Z g:,lj) . él' = - 62' 52. (250)

£y ,la,m l"l ~~~~~ ey

Here, as before, m = (2g — 2+ ¢, + £53) /r and, by convention, the summands with > u; # > v;
are set to 0.

It follows from the discussion in Section 2.3 and [88] that H,,; is a tau-function of the KP
hierarchy in both sets of variables p; and ¢;, where ¢ > 1.

Theorem 2.39. The series H,.1 satisfies the partial differential equation
OH, 1,
op
This theorem is actually an equivalent formulation of Theorem 2.37.
2.5.4 Proofs

Now we are going to prove Theorem 2.39 and hence the equivalent Theorem 2.37.
According to Proposition 2.23, we have

H..|= <0Xp (anan/n> exp(BF,11) exp (Z qna_n/n>> . (2.52)

n>1 n>1

= Qri1Hp11. (2.51)

Hence,

ag[i;l = <exp (anan/n> r+1 eXP(ﬁFvH exp (Z Gn v n/n>> (2.53)

n>1 n>1

We will prove several lemmas that will allow us to simplify the above expression and to
relate it to the cut-and-join operator Q1. First of all recall (Lemma 2.24) that

[£a(2), Ep(w)] = C(aw — b2)Euyp(2 + w) (2.54)
and (Notation 2.19) that
an=E(0),  E(z) =) Fz (2.55)

Lemma 2.40. We have

exp (anan/n z) exp ( anan/n> (2.56)

n>1 n>1
- 1N . ;
:So(z)JrﬂZC(zz p—g Zsz ]zppjé}ﬂ( )
i=1 Tig=1

Z (i2)C ()¢ (k=) p? B irinlz) +

.ij 1
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Proof. The map u — e"ue™" is the exponent of the map u > [z,u]. Substituing u = &(2),
T =Y, Pntn/n and using the commutation relations for the operators € we obtain the above
formula. O

Lemma 2.41. Let

=1 C(niz)---C(ngz) O 0
SR IpS | )<<z>( )apm“'apn; (2357)

ni+-tns=K
Then we have

3 Qi Z Y Cma) ()P PO (7). (258)

! n n
r>0 n1,...,ns>0 1 i

Proof. This is obtained by a simple computation. O
Lemma 2.42. Let X be any operator in the infinite wedge space independent of p1, pa, .. ..

Then
<gK(z) exp (anan/n> X> = Ok(z) <exp <anozn/n> X> . (2.59)

Proof. Tt is enough to prove the lemma under the assumption that X (vy) = vy. The general
case is obtained by taking a linear combination of operators X like that. Let |\ = N

We are going to evaluate the right-hand side of the equality and simplify it finally obtaining
the left-hand side. Note that the vacuum expectation value (exp (3,51 pacvn/n) ) is equal to
the Schur polynomial s, which is conveniently written as

%p (Z XA(U)U> : (2.60)

oeSN

The action of the operator O (z) has a natural interpretation in terms of permutations: the
operator picks (in all possible ways) a set of cycles of o with total length K. These cycles
will be called distinguished. A distinguished cycle of length n is assigned a factor of ((nz).
A non-distinguished cycle of length n is assigned a factor p, as before. To o is assigned the
product of these factors. And the result of the action of Ok (z) is the sum of the contributions
of all permutations o € Sy divided by N! and by ((2).

The summation over all permutations ¢ € Sy with a set of distinguished cycles of total
length K can be replaced by a summation over the permutations whose distinguished cycles
cover the elements from 1 to K. A permutation like that actually lies in Sk X Sy_g. The
contribution of permutations like that is N!/K!(N — K)! times smaller than the contribution
of all permutations, so the new sum should be divided by K!(N — K)! instead of N!.

We can decompose the representation A of Sy into a direct sum of representations of Sk x
Sn_x as follows:

Prer\p. (2.61)
HCA
Here 1 denotes an irreducible representation of Sk corresponding to a Young diagram included
in A and A\ g is the (possibly reducible) representation Homg, (1, A) of Sy_g. Using this
decomposition we obtain:

RHS = 5 3 ,(C(2).C22) o) sa oo, (262)
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2. HURWITZ NUMBERS WITH COMPLETED CYCLES

This expression can be further simplified using the following lemma.
A partition is called a hook if it has the form p,;, = (a 1b) for a,b > 0. This name is due to
the shape of the corresponding Young diagram.

Lemma 2.43. We have

oG C@). ) = (1l (2.63)

if = pap and 5,(¢(2),((22),...) = 0 otherwise.

We will prove this lemma later; at present we continue to simplify the right-hand side of
the equality of Lemma 2.42. Using Lemma 2.43 we get

RHS = Z (*1)b€(a_b_1)2/25/\\p(p17p27--~)~ (2.64)
a+b=K

Now let us explain why this coincides with the left-hand part. The vector £ (z)(x) has a
non-zero vy component only when p is a hook partition. In that case, we have

Exc(2)(pap) = (—1)Pele™0 7D 2y, (2.65)

We also need to recall (see, for instance, [106]) that the Schur polynomial of the representation
A\ i of Sy_k is obtained by the Murnaghan-Nakayama rule, that is, it is equal to

sau(p1,p2,-..) = <“u exp (Z ozkpk/k> ’U>\> . (2.66)

k>1

Therefore we have

LHS = > (€x(2)v,) <Uu exp (Z Oékpk-/k> ”U,\> (2.67)

k>1
= > (=D e (1o,
a+b=K
|
Now we prove Lemma 2.43.
Proof. We use the well-known identity for Schur polynomials
Pasp = Y Es), (2.68)

where the sum is taken over the Young diagrams A obtained by adding a ribbon of length
n to p and the sign + is the parity of the number of downward steps in the ribbon. (This
is a reformulation of the action of the operator a_,.) First let us check that this formula is
compatible with the claim of the theorem.

If 1 is not a hook, then neither of the A’s will be a hook. So after the substitution p,, = {(nz)
we get the correct equality

((nz)-0="> =0. (2.69)
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If 1t = piayp then there are exactly two ways to add an n-ribbon to p in such a way that it
remains a hook: we can increase either a or b by n. In the first case the sign of the ribbon is
+1, in the second case it is (—1)""1. Thus we get the correct equality

C(nz) . (_1)be(a7b—1)z/2 _ (_l)be(aJrnfb—l)z/Q + (_1)71—1(_1)b+ne(a7b—nfl)z/2. (270)

Now, every Schur polynomial can be obtained as a linear combination of the form

Zcipnis)\l. (2.71)

i

For instance, we can use the formula
1 0
D (2.72)

and decompose every n ds,/Jp, into a linear combination of Schur polynomials. These expres-
sions allow us to find the Schur polynomials before or after the substitution p, = ((nz) by
induction on the degree. The equality

1 ¢(z) 0,1-0—1
——51(¢(2),((22),...) ==>—==1=(—1)" 2.73
e, )= 5 =1= () (273)
provides the base of induction. Since we know these inductive relations are compatible with
the formula given in the lemma, we conclude that the lemma is true. |

Finally, Theorem 2.39 follows immediately from Lemmas 2.40, 2.41, 2.42. In~deed, in the
expression (2.53) for OH, /983, the operator F, ; is the coefficient of 2"! in &(z). Using
Lemma 2.40 we obtain that OH, /98 is the coefficient of 21 in

IEDINI )

s>0 ni,...,ns =1

X <‘€EnZ Z)exp (Z pnan/n> eXp(ﬁFr+1 exp (Z qn n/n> >

n>1 n>1

According to Lemma 2.42 this is equal to

ZS. 2. chz 2 Og(2) (2.75)

s>0 ni,...,ns =1
X <eXp (Z pnan/n> eXp(ﬁFT-H) exXp (Z Qna—n/n> >
n>1 n>1

- ZQT‘+IZ 7+1>

where in the last equality we have used Lemma 2.41 for the expression of @), and Equa-
tion (2.52) for H,,;. Extracting the coefficient of 2", we get

6‘[—IrJrl
p

= Qr1Hy i1 (2.76)

as claimed.
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2.6 Strong piecewise polynomiality

In this section, we prove an analogue of strong piecewise polynomiality for Hurwitz numbers
with completed (r+1)-cycles and derive the wall crossing formulas for this piecewise polynomial.
It is a generalization of Johnson’s results in [59].

2.6.1 Notation

Throughout this section we fix two positive integers ¢1 and ¢5. Let V' be the subset of (ZZO)Zl &
(Z>0)* defined by

V= {(I17...7Ig17y17~~-7y52)

1A lo
i=1 j=1

We consider double Hurwitz number with m completed (r 4+ 1)-cycles as a function h™: V' — Q
such that ™ (u,v) = hj}',

Definition 2.44. Let I C [¢;] and J C [{] be any non-empty proper subsets. Then the
hyperplane
{(,y) eV |z —y; =0} CV (2.78)

is called the hyperplane given by I and J and denoted Wi ;.

Remark 2.45. Consider a pair (u, v) € V such that it does not lie on any of the hyperplanes W7 ;.
Then hj', = h};7, since there are no covers of P! with ramification over 0 and oo given by u
and v with more than one connected component. Thus, if we interpret the Wy ; as the walls
of a hyperplane arrangement, then at the internal points of the chambers of this arrangement

the disconnected and connected Hurwitz numbers are equal.

2.6.2 Polynomiality in a chamber

Theorem 2.46. The function h™: V. — Q is a piecewise polynomial function with the walls
gwen by the hyperplanes W7y ;.

Proof. The proof is analogous to the one in [59] of piecewise polynomiality for ordinary dou-
ble Hurwitz numbers. Let ¢ be some chamber of the hyperplane arrangement mentioned in
Remark 2.45. We have to prove that h™|. is polynomial.

The crucial point is that the set of commutation patterns CP}, does not depend on (u,v) €
¢, but only on the chamber ¢ itself. Note that for any subsets I C [¢;] and J C [l5] the sign
of the number p; — v, is determined by the chamber ¢ containing (1, ), and it is these signs
which determine the set of commutation patterns for (u, ). Thus, CP}, depends only on the
chamber ¢ containing (u, v). From now on, we will denote it by CP(c).

Furthermore, since we are in a chamber of the hyperplane arrangement, by Remark 2.45,
the connected and disconnected Hurwitz numbers are equal, so |T'(P)| = 1 for any commuta-
tion pattern in CP(¢). Thus, the Hurwitz number is determined by Theorem 2.33 instead of
Theorem 2.30. Let us prove that the factor

Y I e(An) 2

PeCP (¢) lEL(P)

in Equation (2.28) restricted to ¢ is a power series in z1,... 2z, with coefficients depending
polynomially on (4,7). Indeed, the only problem is the factor 1/((z}y)). Meanwhile, in any
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2.6. STRONG PIECEWISE POLYNOMIALITY

commutation pattern in CP(c) the last commutator taken will produce a factor ((nz,) for
some integer n. Since ((nz)/{(z) is holomorphic at z = 0, the whole expression is indeed a
power series in 21, ..., zy,. Clearly, the coefficients depend polynomially on (u, v).

Therefore, the Coefﬁ(nent of 2T 2 will depend polynomially on p and v and it only
remains to show that it contains a factOI Hl 1 M H 1 V5. Indeed, in the vacuum expectation
value at the start of the algorithm (equation (2. 19)) we have the operator £({i},0,0) for all
t=1,...,0;. In any commutation pattern P € CP(c) it will eventually be commuted with
some operator, which will provide a factor ¢(u;z1) for a certain subset L C [m] that is divisible
by ;. The same argument also works for v;, for all j = 1,..., {5, and we see from this argument
that the product ]_[Z 1M H =1 vj also divides the product of (-functions on the right side of
Equation (2.28). Thus, h, is polynomial on any chamber ¢, which proves the theorem. O

2.6.3 The structure of the polynomial

Theorem 2.47. Let ¢ be a chamber of the hyperplane arrangement of Remark 2.45. Then h™|,

has the following form:
g

h’mlc(,u'al/) = Z(_l)kpc'r’r’zc(‘u’y) (280)

k=0
where P2V — Q is a homogeneous polynomial of degree (r+1)m+1—{(u) — £(v) — 2k with
(s v) >0 for all (p,v) € ¢, and g = (rm — £(u) — £(v) +2)/2 is the genus of the covering.

Proof. Since we know that h™|, is a polynomial, we only need to prove that it is either even or
odd, that it is of degree (r + 1)m + 1 — £(u) — £(v), that the lowest occurring term is of degree
2g less than the highest, and the alternating nature of the homogeneous terms. It is clear that
h™|. is either even or odd from Theorem 2.33 and the fact that ((z) is an odd function.

Let P € CP(¢) be a commutation pattern. Then for any [ € L(P) we will always have that

either Pl or P} is non-empty (it is easy to see the vacuum expectation will be zero otherwise,
P! P PL

Pl
n (p,v) and (z1,...2y). So the highest total order in (u,v) in hm|c occurs when we take the
lowest possible total order in (z1,. .., z,) in the factor 1/{(z; + -+ + 2z,,) in Equation (2.28);

which is equal to —1. Thus, the highest occuring order in (p, v) is the total degree in (z1,. .., 2s)

(which is m(r + 1)), plus 1, minus the degree in (u,v) of Hf(”l m H 1/]7 for a total degree of

(r+1)m+1—1£(pn) —Lv).
The lowest degree term in (p, ) of h™|. occurs when we take the lowest possible degree

in z in C( P Ilj, f,l ) for all [ € L(P); which is equal to 1. Therefore, the lowest occurring

contradicting that P is a commutation pattern). Therefore ¢ ( ) has equal total order

degree in (u7 v) is equal to the number of commutator terms taken in P. Taking a commutator
term reduces the number of E-operators by one. We start with ¢(u) + ¢(v) + m of these
operators and we end up with one. Therefore, the number of commutator terms taken is equal to
0(p)+¢(v)+m—1. Thus, the lowest degree in (u, v) occuring is £(p)+0(v)+m—1—0(u)—L(v) =
m — 1.

By the Riemann-Hurwitz formula, the difference between the highest and the lowest degree
n (p,v) is then equal to (r+ 1)m +1— () — (v) —m+ 1 = 2g.

The coefficients of the homogeneous summands of the expansion of 1/((2},)) have alternating
signs. Therefore, to prove positivity of P it is enough to prove that all coefficients of odd-
degree terms in the expansion of the (-functions in the product in Equation (2.28) are positive.
By definition of the algorithm, we can only get a factor

C(H PR 2 (den (Ve E (2.81)
Py Py Pk |“P]lu‘_|upjlv‘ “pL '
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2. HURWITZ NUMBERS WITH COMPLETED CYCLES
when E(P!, Ph, P!) has positive energy and (P!, Py, PL) has negative energy. But then

det ey = lpgl 2y = azpt + bzpi (2.82)
‘NP}W - |VP}V| Zp Fic P

for some a,b > 0, and since the odd-degree coefficients in the expansion of ((z) are all positive,

this shows that all coefficients of odd-degree terms in the expansion in zi,..., 2, of the (-
functions in the product in Theorem 2.33 are positive. This completes the proof of the theorem.
O

2.6.4 Wall-crossing formula

In this section we obtain the wall crossing formula for double Hurwitz numbers with completed
cycles with respect to the walls Wy ; described in Remark 2.45.

Fix I C [¢;] and J C [f3]. Let ¢; and ¢ be the two chambers bordering along the wall W7 ;.
The wall crossing formula is a formula for the difference between the polynomials describing
the Hurwitz numbers on the different chambers: WCY)J = hff)|cl - hs(f) les -

In order to compute it, we define a series which captures the information about double
Hurwitz numbers with completed (r + 1)-cycles for any value of r with given ramification over
0 and oc:

(v

£(p) m (v)
H (2, 2) = % [ H H _,(0)). (2.83)

H 1IU'AH'(V)VJ i=1

Remark 2.48. The information of the double Hurwitz number with completed (r + 1)-cycles
and ramification given by (u,v) is encoded in H)', for any value of r, that is, hff ym =
[z zfn“}HL’f,,. However, the coefficients of other monomials in z,..., 2, also have an
interpretation as some Hurwitz numbers. The coefficient of the monomlal z”+1 < 2mm T for
any non-negative integers 71, - - - 7, is the number of covers of P! with ramification over 0 and oo
given p and v, and ramification over m more points given by @, ey ().

It is clear from the proof of Theorem 2.46 that all coefficients of the power series H})', are
piecewise polynomial with respect to the described hyperplane arrangement. Thus, if we take
completed cycles of different values for different ramification points, the corresponding Hurwitz
number will still be piecewise polynomial.

So, let W; ; be a given wall in the hyperplane arrangement of Remark 2.45. Let pu, v also
be given. Let § denote the difference ¢ := |ur| — |vy].

Theorem 2.49. The wall crossing formula is given by

(r) rur+l r41 C(ZK)C(ZKC)C((SZ[m])
WCI,J(N? v) =[] K%:m] 52C(52k)<(521(c)<(2[m])-

K Ke
HL,,‘V_,H({Zk}keK)HL,cig,wc ({2 }rere)-

(2.84)

Proof. Let P be a commutation pattern in CP(¢;). If P does not produce the operator £(1, J, K)
for some K C [m] at some point, it will also be a commutation pattern in CP(cp). Thus, a
commutation pattern P only contributes to the wall crossing formula if at some point it produces
E(1, J, K) for some K C [m]. Let P be such a pattern. Using that the operators in any of the
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2.6. STRONG PIECEWISE POLYNOMIALITY

three products in Equation (2.19) commute amongst themselves, we may start the algorithm
with the vacuum expectation value

(Teooewon [Te0onTeosr0 l050). e
i¢l icl k=1 jeJ J¢J
If a pattern produces £(I, J, K), the first vacuum expectation value where it occurs must be
<H £G,0,0) [T £0.0,k) £(1,.0.K) ] £00. 4, @)> : (2.86)
il k¢K i¢J

Let T/ be the product of (-functions produced by the algorithm up until this point. Note that
it does not depend on whether we run the algorithm on ¢; or ¢o. It is easy to see that it is given
by

T ({zk }hex) - <H5 (1,0,0) [T 0.0,k [T £0,5.0)€ )> C(((SZK)) (2.87)

i€l keK jeJ

On the other hand, by defintion of the function H we have:

Hypwyvs({zither) = m (2.88)
- <H .00 [T£@,0,0) ][04, @)55(0)> 4
icl keK jer
Therefore,
{Zk}kEK _6H/L7H J<— 5 ) /11 DJ+6({Zk}k€K) (2~89)

el jeJ

Let TX denote the difference between the polynomials computing the vacuum expectation
value (2.86) on ¢; and ¢,. To compute this, it will be better to let the algorithm run according
to the rules of the chamber ¢; on both sides (i.e.; we use the set of commumation patterns
CP(¢y)). This means we will move the operator £(1, J, K) to the left on both chambers, even
though on ¢ it has positive energy.

If the operator £(I,J, K) is involved in a commutator term at any point, the algorithm
will run as normal afterwards on both chambers, since the chambers differed by only one wall.
Therefore, the only contribution to Ty comes from commutation patterns where £(I, J, K) is
moved entirely to the left. The result will then be zero on ¢, since there is an operator of
negative energy on the far left, but it will be non-zero on ¢s. The last step in the algorithm on
¢y for Equation (2.86) will be

0Z[m
(1,0, K) £(1°, 0, k) = SL0%m), (290)
¢(2m)
where I¢ denotes the complement of I C [(4], and the same for J¢ and K°. Also using that
(&5(0) £(1°, ¢, K©)) = S0ZK). (2.91)
((zke)
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2. HURWITZ NUMBERS WITH COMPLETED CYCLES

we see that
© 5 m
T ({2 brgr) = < 0)[[£6.0.0) [T £0.0.k) ] £0.5.0) >zK)C(Z) (2.92)
i¢l k¢ K j¢J )C(Z[m])
(by Iigr we denote [, jec; the same for I and J). On the other hand
1

Hype swpe ({21 rere) = T oLy vy (2.93)
: <a;<o> [Tea0.0) [T e@0.0)]]ew.5 ®>5_5<0>> :
il k¢ K i¢J
therefore
T3 (i dugr) = 0 T [ T w5¢ (3e)C(0316) € (0216 ) ¢ (210) Hpnge tse ({20 herce) - (2.94)
¢l j¢J
It is clear that
. 1
wa (1. v) = Esnirran TETK. (2.95)
7 [icie i Tlicien Vi ' KCZ[m] L

Substituting Equations (2.89) and (2.94) into this formula, we obtain the wall crosing for-
mula (2.84). O

2.7 An analogue of GJV-formula

In this section, we discuss an analogue of the Goulden-Jackson-Vakil formula for one-part
double Hurwitz numbers that might relate them to the intersection theory of some moduli
spaces. These conjectural “intersection numbers” have very nice properties as some explicit
solutions of the KP hierarchy. The number r > 1 is fixed throughout the section, so we omit
the superscript (r) in all notations.

2.7.1 The formula

Let 4 be an arbitrary partition (p1,...,4¢) and g > 0 be an arbitrary non-negative integer.

We consider the one-part double Hurwitz number with completed (r + 1)-cycles hy |- We
propose the following formula:
m! 1_A2+A4_+(_1)QA2
hgv‘HLH = 7/ 1 \IJ 1 \Ij g’ (296)
Kpago (= 0¥a) - (1= e W)

where X, is a sequence of spaces of complex dimension 2¢(r+1)+n—1, and we fix the degrees
of the rational cohomology classes Ay, € H¥™ (X,,) and ¥y,..., ¥, € H*(X,,). Existence
of these geometric objects is a pure speculation, so a way to understand this formula is the
following.

One-part double Hurwitz numbers with completed cycles hy|,|, are expressed in terms of
some new combinatorially significant numbers that we denote by

(A H Ta)g = / Aok H v (2.97)
i=1 i=1

Xgn

that are symmetric in di, .. ., d,,, non-zero only if 2¢g(r +1)+n—1= (2k+ >, d;)r, and have
interesting properties together with a hope to be related to geometry in future.
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2.7. AN ANALOGUE OF GJV-FORMULA

2.7.2 Generating function for intersection numbers

We consider a generating function for the numbers (Agy [[7, 74,)4. Let

. To T’“
G(u) := E (=17 (Agyriorkr ) gu® ' . (2.98)
. kol kil
Jik1ka,...
Here we take the sum of all non-negative integer indices j, ki, ..., k,, n > 0, such that there

exists a non-negative integer g such that 2g(r + 1) +n—1= 2k + >, d;)r.

Notation 2.50. In this section, we use the isomorphism described in Section 2.5 between
the infinite wedge space and the space of formal power series C[[q1,¢2,...]] to interpret the
E-operators as operators on C[[g1, ¢z, - . .]]. By abuse of notation, we denote these operators in
the same way. We denote by &, the operator [z9]&(z).

We would like to consider the formal variables Ty, k = 0,1,..., as linear functions in formal
variables ¢;, i = 1,2,.... We set Ty = ¢, and Ty11 = (u€1 + E_11)T). We list the first few
expressions:

To =, (2.99)
Ty = uq1 + g2,

Ty = u?q + 3ugy + 2gs,
and so on.

Theorem 2.51. For any function c(u), the series c(u) + G(u,q1,qz,...) is a solution of the
Hirota equations in variables q;, i = 1,2,... (u is just a parameter).

In particular, we consider the series F' := GJ,—o, that is, the generation function for the
intersection numbers without A-classes:

0lgy)ko (1lgy)kr
F(Qqula"') = Z <T(])€0T1kl >g( ]{7[:') ( k12') (2100)

ko,k1,...

Theorem 2.51 implies the following property of F.

Corollary 2.52. The series F(q1,qz,...) is a solution of the Hirota equations and linearized
Hirota equations.

2.7.3 An explicit formula for G and F

In this section, we give explicit formulas for the series G and F'. For that we need to introduce
some operators Y;, ¢ > 0. We denote by Y the operator &. We denote by Y. 1, ¢ > 0, the
operator

Observe that Vi (w) = O(w™™).

Theorem 2.53. We have:

r+1
. w
G(u,q1,qo,...) = exp ( ] Z k T_T_llk— M ) Q. (2.102)
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2. HURWITZ NUMBERS WITH COMPLETED CYCLES

Corollary 2.54. We have:

F(q1,q2,-..) = exp (Y41(0)) a1 (2.103)

Remark 2.55. The constant term of Y, (used in the Equation (2.103)) is a linear combination
of &_(r41y,, where i =1,3,5,...,r+1 (i =0,2,4,...,7+1) for even (respectively, odd) r, and
the coefficients are central factorial numbers [1].

2.7.4 Rearranging the generating series

Consider the following version of a generating series for Hurwitz numbers,

m

p
H(B,p1,p2,.-.) Zn' Z g uf P - pbnﬁ' (2.104)

,,,,,

Here m = (29 +n — 1)/r. In fact, it is the way we rather present a generating series for the
integrals in the formula (2.96). Since

H +¢(B) = exp </3- (w1 Eo(w ) ( + sz> , (2.105)

we conclude that H + ¢(0) satisfies the Hirota equations, for an arbitrary function ¢(5). Note
that Equation (2.105) is just the cut-and-join equation and that the operator [w"+!|Ey(w) is
actually explicitly given by the operator @, ;1 discussed Section 2.5 (see Notation 2.50).

Now, using that (r + 1)m = dim Xy ,,/r + n — 1, we obtain:

Ao+ A .
= Z > / 1= MI\I,Q = ;:\I,n)pm DB (2.106)
L g1, mUn,
— —u? . 2g - _ UPp;
Zn'g,u; /Xgn1 u Ao+ ---fu AQgE 0= uply)
— 72*' <(1 —?L2A2+’U,4A4— )H <ZTde>>
u <~ A\

where vt = 8 and T = D b1 UPb (ub)d = i+t D b1 bépy. Observe that Ty = u€o Ty
2.7.5 Change of variables

We use the same change of variables as in [99, 96]. We rescale the variables by setting p, = ¢,/u®,
and then we replace ¢; with exp(—&_11/u)g;, i = 1,2,.... An explicit formula for this linear
triangular change of variables is given by

Py = i %(—1)“’ <2: in. (2.107)

i=b

Under this change of variable a series f(u, p1,p2,...) transforms into

9(u, q1, G2, - ) = exp(=E-11/u) f(u, 1/, (I2/“27 ) (2.108)

This change of variable is a symmetry of the Hirota equations.
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2.7. AN ANALOGUE OF GJV-FORMULA

A straightforward computation shows that Tj turns into ¢; and ué:o,l turns into
exp(—é‘,l,l/u)uéoﬁl exp(S,Ll/u) = U(c:‘()’l + 5,171. (2109)

This means that T; = (ugo,l +&.11)%. B
In order to apply the change of variables to the operator & (w), we need the following
lemma.

Lemma 2.56. We have: [Y;,E_11] =Y, i=0,1,2,....
Proof. Indeed,

YiEu] = [qw)" (f[ (- 5+ k)) £ (), [z]zrl(z)] )

k=0

Observe that

(2] [E-0y(w), [£]€-1(2)] = [2] (C(w — i2)E- iy (2 + w)) =

0
- (cmaw - z<’<w>) E o (w). (2.111)
A straighforward computation implies that
0 —1— 2k 0 k
(50 + =52 (Ctorgs ~ = B0 - 5ew) 2112)

= (¢t = = 1= R - o)) (5 + 52

k=0,1,...,i— 1. Therefore,

(H (- 5+ k)) (stw)az - i) = <tu I (Z-i+). ey

k=0 k=0

Thus we see that the right hand side of Equation (2.110) is equal to

C(w)"- (g(w) H <0(;)u - % + k)) E_(i41)(w) = Yigs. (2.114)

|
Corollary 2.57. Under the change of variable the operator Ey(w) turns into >0, u~'Y; /il

2.7.6 Proof of Theorems 2.51 and 2.53

The generating series given in Equation (2.104), H + c(u), is a solution to Hirota equations.
We apply the change of variables (2.107). Using Corollary 2.57, we see that under this change
of variables Equation (2.105) turns into

AR DT IR 2.115
c(u) +exp (u [w ]Zzzo:u l/z) » (2.115)
Using that Y;(w) = O(w?), we see that this formula multiplied by u is equal to the right hand
side of the Equation (2.102) (if we choose ¢(u) = 0). On the other hand, from Equation (2.106)
we know that H multiplied by u is equal to GG in coordinates u, g1, ¢2, . ... This completes the

proof of Theorem 2.53. Theorem 2.51 is then obvious since the change of variables (2.107) is a
symmetry of the KP-hierarchy.
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—3—  CEO recursion for Hurwitz numbers with
completed cycles

3.1 Introduction

In this chapter we introduce the r-spin variant of the Bouchard-Marifio conjecture (the r-BM
conjecture), stating that the spectral curve for Hurwitz numbers with completed (r+1) cycles is
the r-Lambert curve z = log(y) —y", and we provide three pieces of evidence for this conjecture.
A fourth piece of evidence is discussed in Chapter 8.

First is an attempt at a direct proof using matrix models, generalizing the direct proof of
the Bouchard-Marino conjecture in [8]. Unfortunately, the proof in [8] turned out not to be
completely rigorous; thus, our generalization should be viewed as a strong indication in favour
of the r-BM conjecture. More precisely, we prove Theorem 3.3, which states that Hurwitz
numbers with completed (r + 1)-cycles are given by a matrix model. Then we argue that the
spectral curve corresponding to this matrix model should be the one described by the r-BM
conjecture, and we show where there are still gaps in the proof of this second statement.

Second is the general idea that the spectral curve for an enumerative problem should be
given by its (0, 1)-geometry, as discussed in [30]. In the case of completed Hurwitz numbers,
this leads us immediately to the r-BM conjecture.

For the third piece of evidence, we turn to a conjecture from physics [3, 23, 24, 25, 53].
That is, when we have some invariants w,, coming from the CEO-recursion for a genus zero
spectral curve, it is conjectured that the following holds.

e There exists a unique procedure to calculate the canonical primitive functions of the
symmetric differential forms that are obtained by the CEO-recursion.

e The partition function of the theory, which is the exponential generating function of the
principal specialization of these primitive functions, satisfies a holonomic system generated
by a single stationary Schrodinger operator.

e Moreover, the total symbol of the holonomic system defines a Lagrangian subvariety
immersed into the cotangent bundle of C*, which is exactly the same as the realization
of the spectral curve as a plane curve.

e In other words, the spectral curve and its immersion as a Lagrangian into the cotangent
bundle are recovered from the semi-classical limit of the Schrédinger equation.

In the physics literature cited above, this Schrodinger operator is called a quantum curve. It

is the Weyl quantization of the defining equation of the spectral curve in the cotangent bungle.
Mathematical proofs of this conjecture for a few simple cases have been established in [81].
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3.2. THE r-BOUCHARD-MARINO CONJECTURE

In the case of simple Hurwitz numbers, whose spectral curve is the Lambert curve x =
log(y) —y ([10, 8, 35, 33]), Zhou has shown [110] the existence of the quantum curve, quantizing
in a proper way the equation of the Lambert curve (see also [81]).

Here, we show that a proper quantization of the r-Lambert curve indeed annihilates the
principal specialization of the partition function for Hurwitz numbers with completed cycles,
simultaneously providing evidence for the conjecture described above and the r-BM conjecture.

Furthermore, we show that the conjecture also holds for so-called g-double Hurwitz numbers
(described below), as well as for the mixed case of g-double Hurwitz numbers with completed
(r + 1)-cycles.

Together, these already provide a good indication that the r-BM conjecture should be
true. In Chapter 8, we provide a final piece of evidence, showing that the m-BM conjecture is
equivalent to the r-ELSV conjecture, which has independent evidence of its own.

3.1.1 Plan of the chapter.

We start by stating once again the r-BM conjecture in Section 3.2. For the first part of
the evidence, we state and prove Theorem 3.3 in Section 3.3, providing a matrix model for
completed Hurwitz numbers. In Section 3.4, we indicate why it should be expected that the
spectral curve for this matrix model is the one specified by the r-BM conjecture.

In Section 3.5, we collect the data of the spectral curves for the different types of Hurwitz
numbers, as well as their quantizations.

For the second and third parts of the evidence, in each of the following three sections we
(a) introduce a particular generalization of Hurwitz numbers; (b) derive the formula for the
principal specialization of their partition function; (¢) identify the formula for the spectral curve
using the (0, 1)-geometry; and (d) prove the existence of the quantum curve, or the stationary
Schrédinger equation. The g-double Hurwitz numbers are studied in Section 3.6, the r-spin
Hurwitz numbers in Section 3.7, and finally in Section 3.8 we prove the results for the mixed
case.

3.2 The r-Bouchard-Marino conjecture

We repeat the statement of the r-Bouchard-Marino conjecture.
Let Hg,z be n-point generating function of genus g for Hurwitz numbers with completed
(r + 1)-cycles as defined in Chapter 1:

h(f)
Hg(;)l(xl, ey X)) = Z % exp(k1zy 4+« + kpy). (3.1)
k1yeokn :

Remark 3.1. In this chapter, we use a different convention for the definition of the completed
(r 4+ 1)-cycle from what we did in Chapter 2; the completed (r + 1)-cycle here is r! times the
completed (r 4+ 1) cycle from that chapter. To avoid too cluttered notation, we still denote
Hurwitz numbers with completed cycles in the same way. See also Remark 2.5. If we would
use the definition from Chapter 2, Equation (3.3) would have z(z) = —Z; 4 log(z).

Also, for any function f(z1,...,x,), let

o f

Df—-_“>J
! O0xy -+ 0xy,

dzy - - - day,. (3.2)

Then we conjecture the following generalization of the Bouchard-Marino conjecture.
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3. CEO RECURSION FOR COMPLETED HURWTIZ NUMBERS

Conjecture 3.2 (r-BM). Let w,, be the n-point correlation forms associated by the CEO-
recursion to the plane curve

z(z) = —2"+logz
3.3
K (33

ledZQ
B = —= 4
(Zle2) (Zl _ 22)2 (3 )
Then we have

DHy,(x1,...,2Tn) = Wgn- (3.5)

3.3 Completed Hurwitz numbers as a matrix model

In this section we state and prove a theorem, representing the partition function for completed
Hurwitz numbers as a matrix integral, that is shown in Section 3.4 to lead to strong evidence
for the r-BM conjecture. Both the theorem presented in this section and the resulting evidence
in the next section are based on a direct generalization of one of the proofs of the original
Bouchard-Marifio conjecture in [8]. Unfortunately, it seems that this proof is not completely
rigorous, meaning that we can only present the generalization to completed Hurwitz numbers
as evidence for the »-BM conjecture.

3.3.1 The statement

Let Z be the partition function for Hurwitz numbers with completed (r + 1)-cycles:

The character formula for not necessarily connected Hurwitz numbers allows us to write

rm K— l(u)

Z(p, g5it) = ZtK > Z X (3.7)

K=0  |p|=K m=0

s () S ()

A=K

Here rm — K — || is equal to the Euler characteristic of the curve (by the Riemann-Hurwitz
formula), A and p are partitions of K encoding an irreducible representation and a conjugacy
class C), respectively, and p, = pp, -+ Py, for p = (p1,..., puy). For every p the coefficient of
py in this expression is a formal Laurent series in g, with a finite number of negative degree
terms.

Note that we have inserted an extra formal variable ¢ to encode the degree of the covering.
It is redundant, since the degree can also be recovered from the total degree in p, but turns
out to be convenient later on.

Fix a positive integer N. We use the following substitution for the variables py, k = 1,2,...,

as symmetric functions:
N
= gs Z oF. (3.8)
i=1

Moreover, introduce the N-tuple of Varlable v := (v1,...,vy) and the diagonal matrix of
their formal logarithms R := diag(logvy,...logvy). We use A to denote the Vandermonde
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3.3. COMPLETED HURWITZ NUMBERS AS A MATRIX MODEL

determinant:

A(v) = H (v; — vj), (3.9)

1<j<i<N
and similarly for A(R), where we take the Vandermonde determinant of its diagonal entries.

Let By be the Bernoulli numbers, and introduce the following functions depending also on
the parameter N:

r+1 1\k rl—

) ) (*N‘f* 5) .%"+1 k

Ay (z) = kz <7! Ry (3.10)
=0

(1) (=1)*By, (2k-1 —1) N7tk ,
! k! 2k—1 (T +o_ k)! ;

V(I) = g§+1AT+1(I/gS) + Js IOg(gs/t)Al (x/gs) (311)
+ Irx — Js IOg(F(fx/gs)) + I7Tgs~

The function A, is just a function of =, whereas V' is a function of = that also depends on the
variables g, and ¢ that live on C\(—o0,0). These functions originate from the combinatorics of
Young diagrams, their meaning will be explained later in this section.

Let Cp be a fixed contour in the complex plane that goes around the integers h with
0 <h < D. Let Hy(Cp) be the space of N by N normal matrices M with eigenvalues in Cp.
In other words, M € Hy(Cp) if and only if M can be diagonalized by conjugation with a
unitary matrix, and its eigenvalues belong to Cp:

M =U'XU, UecU(N), X =diag(x,...,zn), i€Cp. (3.12)
We use the following measure on Hy(Cp):
dM = A(X)*dXdU, (3.13)

where dU is the Haar measure on U(N) and dX is the product of Lebesgue curvilinear measures
along Cp.
Now we formulate the main theorem of this section.

Theorem 3.3. We have:
—_ N2

SR | TR
Z S’t N dM gs . 14
(P, gs; ) N AW) Jaunien) ) .

Notice that the left-hand side is a formal Laurent series in p, gs,t, whereas the right-hand side is
a meromorphic function of those variables, defined for t and gs on the domain C\(—o0,0), that
also depends on two parameters N and D. The symbol ~ means that for any K, the coefficient
of ' on the left-hand side is given by the coefficient of t* in the series expansion around t = 0
of the function on the right-hand side for any choice of the parameters such that N > K and
D> K+ 81

Remark 3.4. The form of Theorem 3.3 differs from that of the analogous statement in [8]; here
the contour is around a finite set of integers, whereas in [8] it goes around all non-negative
integers. According to our understanding, the contour should be finite in both cases, since the
integral over the infinite contour does not converge to a meromorphic function, which makes
it impossible to have an expansion for it in powers of ¢. See Remark 3.7 for a more precise
discussion of the origin of this problem. Note that this is one of the reasons we are not able to
convert the evidence in the next section into a formal theorem (see Section 3.4.1).

The proof of this theorem occupies the rest of this section.
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3.3.2 Schur polynomials
We recollect some facts about the Schur polynomials sy (v) that can be defined, for a sufficiently
large N, by the following formula:

det(v%‘j_ﬁN)

3

AT (3.15)

sa(v) =

The Schur polynomials are related to representations of the symmetric group (and thus to
Hurwitz numbers) by the Frobenius formula

] Z Culxa(C)by (where f, = Zv : (3.16)

|ul=r
There is an expression for s, in terms of the Itzykson-Zuber integral (see [56, 8])

det(e™7)

= ANARY (8:17)

I(X,Y) = / AU YU —
U(N)

where dU is the Haar measure on U(N), normalized according to the second equality. Denote by
h, the diagonal matrix diag(h; ... hy), where h; = \; —i+ N, and by A(h,) the Vandermonde
determinant of its diagonal entries. Then we have:

A(R)

sx(v) = A(hy) AY)

I(hy,R). (3.18)

3.3.3 Partition function in terms of the Itzykson-Zuber integral

First, we rearrange the partition function for completed Hurwitz numbers in the following way:

> = gk im 1 m
Z(P795;t):KZ Z > sA(v)dw(!A) (p;*+(f)) (3.19)

m= T =K
NN
A g re1()
_ (t> d“i(f) A(V)es
(N N Al
Here we use the interpretation of pg, & = 1,2,..., as symmetric functions in v;, 1 <7 < N.

Furthermore, the formula above should be interpreted order by order in powers of ¢; for any
given power K of ¢, the formula is true for N larger than K. We should keep this interpretation
in mind throughout the rest of the computations.

Suppose that we have found functions A, (z) such that

N
pr+1(>\)

Ari1(hy) = , 2

Z (k) = = (3:20)
so that in particular

N

> Au(ha) = [\ (3.21)

i=1
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Then, applying Equation (3.18) and the equality

dim(A)  A(h)
B _Hf-vzlhi! for N > L(N), (3.22)

we get the following:

Z(p,gsit 5 ;( S)IA[(h»

S ryam) QHE% A (g, /1)~ ™)

H geArir(h (3.23)
Z i=1

z 1

A(V) hi1>-->hn>0 F h + 1)
1 AR) ) N g5 A (hi) (g )= Ar(ha)
- NIA(v) Z I(h, R)(A(h)) H D(h; + 1)
R, hn >0 i=1

Remark 3.5. Note that we should be careful when writing (g,/t)**("), since this might introduce
non-integer powers of the formal variables g, and ¢. In fact, by Equation (3.27), we obtain half-
integer powers. However, it is clear that in Equation (3.23) they will cancel in the full product
over 1.

3.3.4 Computation of A,

In this section we compute explicitly the polynomials A, using Equation (3.20) as a definition.
The result will coincide with Equation (3.10).
We have

(h; — N + %)T“ —(—i+ )T“) (3.24)

_iv:Hl(rzl)(_N‘F ik _ ﬁ’:( 2]+1>

Jj=1

The second term can be represented in the following form:

N —2j+1 r+ 2N-1 N-1 -
Z( 2 ) (2)v+1<23 - _(2h) ) (3.25)

j=1 k=1

- U i (T N 2) (=1)*By ( ! (2N) 2 — NT”"“)

r—+2 P k ort+l
(_1)r r+1 r42 L (2k—1 _ 1)NT+27k
= -1)*B
42 2 g )T B k-1

(here By, := By(0), k =0,1,..., are the Bernoulli numbers).
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Thus we have the following formula for A, ;:

T+l ]
Aa(@) =3 ((r . 1) N+ (3.26)

- § LGN gt
TR 1k
(—l)kBk (2k—1 _ 1) N’!‘+l—k
k! %1 (r+2— k)

+(=1)" !

in agreement with (3.10). In particular, we have

Ay(z) =2 — % (3.27)

3.3.5 Contour integral

We now replace the N sums in Equation (3.23) for the partition function by integrals over
a contour Cp enclosing the non-negative integers less than or equal to D. For that we use a
function which has simple poles with residue 1 at all integers:

F©) = T e b 1)r(—g)e (3.28)

" sin(rd)

Note that for any K, only finitely many terms of the sum in (3.23) contribute to the
coefficient of +. Thus, when we want to compute any such coefficient, we can replace the sum
by a finite one:

(t51Z(p, goi t) = [t*¥]Z0(p, goi t) ==

N v ) —
It A1) (g, 1) 1)

2. I RA®)’ [ —F757—

which is true as long as D > K + &L

Remark 3.6. While Z is a Laurent series that does not converge to a function, the truncated
series Zp obviously does converge to a meromorphic function with domain C for all the variables,
since it is a finite sum of such functions.

Using the function f defined in equation (3.28) we can rewrite the function Zp in terms of
residues, if we restrict the domain of g, and ¢ to C\(—o0, 0):

D

ZD(p,gs;t):iA(R) > res oo res

N! A(V) B iy =0 z1—h1 zN—hN

N o) gt A () —A1(z)
I R) (A T P

i=1

(3.29)

On the right-hand side, (g,/t)"***) is defined as exp(— A, () log(gs/t)), which requires a choice
of branch of the logarithm (one can see that the end result does not depend on this choice),
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3.4. SPECTRAL CURVE FOR THE 7-SPIN HURWITZ MATRIX MODEL

and explains the change in domain. Here, it is important that g, and ¢ are no longer just formal
variables, but the arguments of a function.
Finally, the sum over residues can be replaced by a contour integral:

1 AR)
NIA(~v)

Zp(p,9s:t) = i Am) IR (3.30)

N f(h egs T+1(h)(g /)~ Ay (hi)
H I'(hi+1) '

Remark 3.7. Equation (3.30) is an equality of functions, and the function on the left-hand side
is defined as a (converging) series in ¢, implying that the function on the right has the same
series expansion at t = 0. Note that we have to work with Zp because it is not possible to
write a formula like (3.29) for Z, since it is only a formal series, and does not converge to any
function. Another way to see this is that the integral around all non-negative integers does not
converge, so that it is meaningless to take the coefficient of ¥ in that integral.

Rescaling the integration variables h; — h;/gs, we get:

9" AR)
NI A(v)

ZD(pa Gs; t) = fé}v dhl e dh]\[(A(h))2 X
D

i

N h

h hi hy I7r}zl O\ —AGEH)

I <.,R> I1-r <—> eI A1 () (g ) “’ . (3.31)

Js ey Js 3

3.3.6 Normal matrices and final formula

As it is done in [8], we now replace the integration along the N copies of the contour Cp by

integration over the space Hx(Cp) of N by N normal matrices with eigenvalues in Cp. We get
1 AR

lim — (R)

N-oo NI A(vV)

Zp(p, gsit)) = /7-[ © )dMeim(M)m(MR)’ (3.32)
N(LD

where V' is as in formula(3.11):

V(&) = gl A 5 )+ 0. loa(Z)A () 4 tnt — g, log(T(— ) + T

S S S

In particular, it implies

Z(p, guit) ~ g N A(R)/ dM e & THVOD-MR) (3.33)
s Ys NI A(V) Har(Co) )

concluding the proof of Theorem 3.3.
3.4 Spectral curve for the r-spin Hurwitz matrix model

3.4.1 Spectral curve associated to a matrix model

In [8], a “physics proof” of the Bouchard-Marino conjecture is given by first representing the
generating function for Hurwitz numbers as a matrix model, and then showing that the spectral
curve for this matrix model is equal to the one predicted by the Bouchard-Marifio conjecture.
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3. CEO RECURSION FOR COMPLETED HURWTIZ NUMBERS

We generalized the first part of this proof in the previous section, where we showed that the
generating function for completed Hurwitz numbers is given by the matrix model (3.14).
Unfortunately, it seems that the reasoning in [8] does not constitute a precise mathematical
proof, nor can it easily be made into one. On the other hand, all the reasoning in [8] generalizes
directly to the case of completed Hurwitz numbers. Thus, if a way could be found to transform
this into a rigorous mathematical proof, it would immediately prove the m-BM conjecture.

Remark 3.8. There is another proof of the Bouchard-Marino conjecture in [35], but it is based
on the ELSV formula, so it is not useful for our purposes.

In the rest of this section, we briefly describe the steps taken in [8] and how they generalize
to completed Hurwitz numbers, and we note the places were we believe the reasoning is not
mathematically rigorous. Since all the steps in [8] generalize directly to our case, we do not
repeat the detailed steps of that paper, and just give an overview of the reasoning.

3.4.2 Loop equations and topological expansion

It is a general theme in the theory of matrix models that they can be related to a spectral
curve by way of so-called loop equations. That is, to any matrix model one can associate a free
energy F' = log Z and a tower of n-point correlation functions W, (zy,...,2,), n > 1. Then,
one can ask whether there exists a curve such that those invariants coincide with the symplectic
invariants and n-point correlation forms associated to this curve by CEO-recursion.

In general, the answer to this question is given by varying the integration variable in the
matrix integral in a specific way. The resulting equations are called the loop equations, and in
good situations they imply that the free energy and correlation functions of the matrix model
are given by a specific spectral curve.

To derive such loop equations, we need F' and W,, to have a Laurent series expansion in
powers of g, with finite tail (this is called the topological expansion property of the matrix
model). In particular, this allows us to define invariants F, and W,, as the coefficients of
powers of g5 in the expansions of F' and W,,, which in turn makes it possible to compare them
to the symplectic invariants and correlation forms of a spectral curve. In [8], it is shown that
the matrix model discussed there has this topological expansion property, and the proof goes
through in exactly the same way for our matrix model.

Remark 3.9. In [8], the correlators W, are themselves power series in g,. Because of the
triangular nature of the relation between W, ,, in that paper and the coefficients of powers of g
in W, it is immediate that those coefficients of powers of g; are well-defined and they are
non-zero only for finitely many negative powers of g;. This does mean that the powers of g,
in the expansion of W,, do not necessarily increase in steps of 2, but that does not present any
problems in the rest of the reasoning.

Loop equations

Given that our matrix model has the topological expansion property, the loop equations are
derived as the invariance of the integral under a certain change of variables. In [8], the change

L (3.34)

M— M +e
- +€xf]\4yfR

for e small is used, but this does not preserve the property of being a normal matrix, so we
prefer the change

e 1 1 e 1 1
M — M+ - -
+2;L'—]\4y—]~2+2y—RaU—M

(3.35)
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which does preserve that property. In Appendix D of [36] the spectral curve equation and
the CEO-recursion for the correlators are derived from such a change of variables for a matrix
model of the form (3.14). However, their derivation depends on the potential V' (z) being a
rational function of z, independent of gs, neither of which holds for the matrix model in [8]
or the generalization described here. This does not affect their reasoning when deriving the
spectral curve, but they really use those properties of V' to show that the Wy, indeed obey the
CEO-recursive relations associated to that spectral curve.

Furthermore, the invariance of the integral under the change of variables depends on the
fact that the domain of integration does not change under this change of variables. When using
the infinite contour of [8], this in fact holds, but for the finite contour Cp (see Remark 3.4),
it is not the case. That is, one easily sees that the change (3.35) does not affect the property
of a matrix being Hermitian (normal matrix with real eigenvalues), but it sends the space of
normal matrices with eigenvalues in Cp to the space of normal matrices with eigenvalues on
some different contour Cp.

Remark 3.10. If we were integrating over the space of diagonal matrices with eigenvalues in Cp
instead of those that are diagonalizable using unitary matrices, the space would also effectively
be invariant under the change of variables, since the integral would only depend on the ho-
motopy type of the contour with respect to the non-negative integers. However, the unitary
matrices spoil this symmetry.

Spectral curve for completed Hurwitz numbers

Suppose that we would overcome the problems described above in some way. Then, the loop
equations would lead to a spectral curve (depending on gs) and corresponding topological
recursion for the Wy ,,. The proof of Conjecture 3.2 could then be completed as in [8], using the
relation between the n-point genus g correlation functions for Hurwitz numbers and the free
energy of the matrix model

O"Hyn(Ri,....R,) 1 0"F,
ORy---OR,  grORy---0R,|,

(3.36)

and some properties of the topological recursion theory and its relation to matrix models.
To%ether7 those show that the spectral curve for completed Hurwitz numbers is given by
0y = —y"+logy, concluding the evidence for the spectral curve of the matrix model (3.14).

3.5 Spectral curve and quantization

In the remainder of this chapter we consider two different generalizations of the usual simple
Hurwitz numbers. The first are the Hurwitz numbers with completed (r 4 1)-cycles discussed
in the previous sections, and one of the main subjects in this thesis. In the remainder of this
chapter we denote them by h%; the reason for the extra index 1 in the notation will become
clear when we introduce the mixed case.

The other type of Hurwitz numbers we study here are a certain kind of double Hurwitz
numbers. They count ramified coverings of Pt with two special fibers as follows. One of the
special fibers has an arbitrary fixed cyclic type of monodromy g = (ju1, ..., i), and the other
has the cyclic type of monodromy equal to (¢, q, ..., q). All other critical points are assumed to
be simple. This type of Hurwitz numbers we call ¢-double Hurwitz numbers and denote by h}]:Z.
There is a closed formula for these numbers in terms of the so-called Hurwitz-Hodge integrals,
see [60]. For ¢ = 1 we recover the usual simple Hurwitz numbers.

Finally we also consider the mixed case of the above two generalizations. Geometrically,
this is the case of two special fibers, where one has an arbitrary fixed monodromy, the other
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3. CEO RECURSION FOR COMPLETED HURWTIZ NUMBERS

has the cyclic type of (¢,q,...,q), and all other ramifications are the completed (r + 1)-cycles.
We call these numbers g-double r-spin Hurwitz numbers, and denote them by hp4,.

3.5.1 Spectral curves

If we have a partition function Z that is the exponential generating function of the free energies,
i.e., if Z has an expansion of the form

Z =exp (Z A2y Fg,e> , (3.37)
g=0 (=1

then a natural question is whether we can produce a spectral curve and the other input data
of the CEO-recursion procedure so that the /-point differential forms w,, determined by the
recursion would coincide with the exterior derivatives d; - - - d,F} ¢ of the free energies.

We do not have a general answer to this question. If we can find the holonomic system
satisfied by Z, then its semi-classical limit gives a spectral curve as a holomorphic Lagrangian
subvariety. Another mechanism was proposed in [30]. The idea is that the spectral curve can
be obtained via the analysis of the (0, 1)-geometry, that is, the spectral curve is the Riemann
surface (the maximal domain of holomorphy) of the one variable function Fj ;. This mechanim
works for many examples, including simple Hurwitz numbers [30].

Note that in both cases, it is not & priori clear that the ¢-point differential forms produced
from the resulting spectral curve will coincide with the exterior derivatives of the free energies;
it appears to be the case in many known examples, but has to be proved in each individual
case.

We first examine the latter idea in the case of various generalizations of simple Hurwitz
numbers described above. This way we obtain the spectral curves in Table 3.1.

¢-Double Hurwitz Numbers =yl y
r-Spin Hurwitz Numbers x=ye ¥
Mixed ¢g-Double 7-Spin Hurwitz Numbers | z = y'/%e=¥"

Table 3.1: Spectral Curves.

Remark 3.11. In the table above, a change of coordinates x — exp(x) occurred compared to
the previous section. This does not change the spectral curve itself, but it does change the
functions x and y defined on it, so it also changes the correlators wy,. Thus, when computing
correlators, one should always use the parametrization of the previous section. In this section
we use the new coordinates since they make for slightly more attractive formulas. Note that
one could also do all the computations in this section in the old coordinates, as long as one uses
the quantization § = Ad/dz instead of § = Azd/dx. See also Remark 3.13 and Equation (3.59).

We note that the spectral curve for the case of ¢-double Hurwitz numbers was recently
proved in [9, 26]. The formula for the spectral curve for r-spin Hurwitz numbers is the subject
of the r-BM conjecture. The mixed case is so far still conjectural.

3.5.2 Schrodinger equations

The formulas for the spectral curves, even still conjectural for the most general case, give
enough input to test the conjecture of the existence of the quantum curves, or the Schrodinger
equation for the principal specialization of the partition function. We prove it in all three cases
mentioned above, generalizing in this way the result of [110] for simple Hurwitz numbers.

99



3.6. ¢-DOUBLE HURWITZ NUMBERS

It is worth mentioning that when we apply Weyl quantization, we need to find the correct
ordering of the operators. Our guiding principle is the straightforward application of the semi-
infinite wedge product formalism of the various Hurwitz numbers, as described in Chapter 2.

The main result of the quantum curves we establish are summarized in the following table.

. N a=1s, _g=1:\7 _.
¢-Double Hurwitz Numbers J— (e 7 Yge 2 y) e?y
ST a giag Y o _%
r+1

. . ~ ~ 4 NTT a—agigagr—1 . _
Mixed Hurwitz Numbers || § — 2971/2¢741 im0 2 0'2%"" 3-1/2

r-Spin Hurwitz Numbers J— i3 exp (

Table 3.2: Quantum Curves.

Here the canonical quantization of the coordinate functions x and y are defined by

{j - (3.38)

reflecting the nature of the cotangent bundle 7*(C*) and the holomorphic tautological 1-form
y d(log z) on it.

3.6 ¢-Double Hurwitz numbers

In this section, we study g-double Hurwitz numbers. Their geometric definition, mentioned in
the previous section, is equivalent ([85, 59]) to the following one in terms of connected (see
Definition 2.34) vacuum expectation values in the infinite wedge space.

Definition 3.12. We define the (connected) g-double Hurwitz numbers as

o

> : (3.39)

where [wS" - - - w] denotes the coefficient of the monomial w - --w in the power series that
follows it. Note that s = |u|/q is an integer since || is the degree of the covering, and m is the
number of simple ramification points away from 0 and oo; it is given by the Riemann-Hurwitz
formula:

a)

S
s!

) m
[ ~ o
e ot ) (T TT -
=1 J

(2 i—1

m=2g—2+(n)+s. (3.40)

Note that the Hurwitz numbers defined here differ slightly from those in [59] in that we do
not remember the ordering of the branch points over oo, reflected in the factor 1/s!. Write

hla
1, . § : o
Fg,él(php% s ) = ;Z; Pui = Pun (341)
o E(p) =t

for the generating series of genus ¢, ¢-double Hurwitz numbers whose partition p has ¢ parts.
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The full generating series is given by

1Og Zl,q(php?u s Z F 7(1 p17p27 '))\29_2+Z (342)

_ !JH 29—2+0(p) .
Z LA Pas** Puy

- <exp (1:1 ;‘;Ijq) exp ([wQ]go(w))\) exp (aq_q) >

3.6.1 Spectral curve from (0,1) geometry

To find an equation for the spectral curve, we compute the (g,n) = (0, 1) part of the generating

function
o] n—1 5 ©
Eo(w;) al
Fyf(p) = [w} - w? )Y pug (S0 T 00 L) 3.43
01 (P) = [wy -+ w;,_4] n:1p 7\ ng H(n—l)! q"n! ( )

i=1

Using the commutation relation (2.20) to commute the operator oy, to the right, we obtain:

pnq (3.44)

We will abuse notation and write Fyy(z) = FO1 (P)|p;sei for the principal specialization
of Fyy.
Remark 3.13. Suppose the generating function for these Hurwitz numbers comes from a spectral
curve in C2. Denote by z and y the coordinates on the two copies of C. Then by the topological
recursion theory, the one-form wy;(z) = dFol,’lq(x) should be equal to y(z)dz. Sometimes, it
will be more natural to think of the spectral curve as living in C* x C or in (C*)2. In that case

x

wo,1(x) should be equal to y(z)9* or log(y)9* respectively.

We define an auxiliary functlon. Let W be the main branch of the Lambert function [21].
It has a power-series expansion around zero with radius of convergence of 1/e given by

o nn—l
W) == — (3.45)
n=1
and has the property that
W(z)eW® = 2. (3.46)
Using this definition, we have
1 = n”’1 dx 1 dx
dF - ) = W (=gx9)—= 4
woi(x) = dFyY = > —(ga?)" — qW( gzt)—, (3.47)

n=1

where the last equality is true as long as x| < (ge)~1/4.
Therefore, Remark 3.13 leads us to think of the spectral curve S as living in C* x C, given
by the equation

1
She: gy = —QW(—qxq). (3.48)
which can be rewritten to get

—qrl = —que ¥ & = yl/qefy, (349)
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3.6.2 Principal specialization

Here we once again abuse notation and write
ZMU(z; N) = Z9(Ps N s (3.50)

for the principal specialization of Z14.
Let s,(p) be the Schur function corresponding to a partition o, which is given as the
following vacuum expectation value in the infinite wedge space

Sq(p) = <0 exp <Z aiipi> va>. (3.51)

i=0
It is a standard fact in the theory of Schur functions that its principal specialization is given

by

2t if o = (1,0,...) for some [
86(P)|pisai = o 3.52
(P)lpi {0 otherwise . ( )
Using this it is easy to see that the principal specialization of Z1 is given by
S (ig = 3 - (-7
ZM(z; \) = _ A 2 2. 3.53
) =3 i e (T (353

To find an operator that annihilates this power-series, we proceed as follows. Denote the
summand in Z"9(z; \) by a;:

g = -2 e (A(iq—é)Q—(—§)2>. (3.54)

ith

il(A\q)? 2
Then
it1 xd Aig?+ 21
= — , 3.55
a; (i+ 1))\qe s (3:55)

which implies that the coefficients of Z19(x; \) are related by
Aq(i + 1)agss = (xe)‘%l)qe)‘iqzai. (3.56)

In terms of operators, this can be rewritten as

d g—1\ 9 e d
)\xaaiﬂ — (xe’\7> e a; =0, (3.57)

which implies that the operator
d - :
M——@&TYW% (3.58)
annihilates Z19(z; \).

62



3. CEO RECURSION FOR COMPLETED HURWTIZ NUMBERS

3.6.3 Quantization

We show that the operator that annihilates the principal specialization of Z'¢ can be obtained
as a quantization of the equation of the spectral curve S'9.

The spectral curve S%9 is defined in C* x C, where the symplectic form is Ad(log(x)) A dy,
so we have the following rules of quantization:

>

- (3.59)
J=Art— =zl '

d(log(z)) dx

In order to have the right ordering, we rewrite the equation for S as follows:
Sha: gy — (eq%yxef%ly)q e = 0. (3.60)

Theorem 3.14. Quantization of the equation of SY? in this form annihilates Z19(x, \).

Proof. Indeed, direct computation implies that
U — (e%%e_q%g)q e = )\;ri - (a:e)‘%l)q P ds (3.61)
dz
and we have seen in the previous section that this operator annihilates Z%(z, ). O

We see that g-double Hurwitz numbers are an example of a theory obeying a Schrodinger-
like equation with respect to the quantization of the spectral curve as expected by [53], but
contrary to the previous known cases [81, 109, 110] we have to take a non-trivial ordering of
the operators to obtain this result.

3.7 r-Spin Hurwitz numbers

In this section, we look at the r-spin single Hurwitz numbers. They were described as vacuum
expectation values in the infinite wedge space in Chapter 2; we repeat that description here as
a definition.

Definition 3.15. We define the (connected) r-spin Hurwitz numbers as

é(u)a ~ m(a )\ul °
M = <H‘“'<T![w7’“]50(w)) . > (3.62)

. |
el !

where m is the number of ramification points other than 0, which is given by the Riemann-
Hurwitz formula:

o 29— 24 6p) + |l (3.63)
r

Note the extra factor of \uil‘ compared to Proposition 2.23; it appears because for single
Hurwitz numbers, we only label the the inverse images of the special ramification point.

For r = 1, this definition reduces to the definition of ordinary single Hurwitz numbers.
We remind the reader that there are different conventions on the coefficient of [w"+!)y(w) in
different sources; in particular, a different convention is used in [88, 112].

Similar to to previous section, we denote by F g’}l(p) the generating function for genus g,
r-spin Hurwitz numbers hgb whose partition p has ¢ parts. That is,

Fgr,él(p) = Z h;;}/,pltl © Pue- (364)
e L(p)=¢
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For the full generating function Z™! we then have

log Z™(p, A ZF“ YA+ (3.65)

= <exp <§: (Zl;jz> exp (r![wr“}go(w))\r) exp(oz_l)>o .

i=1

3.7.1 Spectral curve from (0, 1)-geometry

To find an equation for the spectral curve, we compute the (g,n) = (0, 1) part of the generating
function. Commuting the operator ay responsible for the total ramification over 0 in (3.65) to
the right, we obtain

. 2 (rn + 1)"2
Fpi(p) = Z %Pm% (3.66)

n=0

Applying the principal specialization, this means that

r,1 _ - (’I"’I”L + 1)n72/ rn+1
Fo,l(m) = ;:O TJC ) (3.67)
which leads to
SRR S (R s
woa () = A = Y a1 (3.68)

n=0

We use the following formula from [21]:

(W(I)> Toyalmra (3.69)

. n=0
to express the right hand side of Equation (3.68) in a more convenient way. That is

o0

Z Tn+1)rL ! rn+1 ‘Li

n=

ey

l
T

- + ;) 'r;L'T)" (3.70)

T T)l/r

Thus, by Remark 3.13 we arrive at the following equation for the spectral curve S™! in C* x C:

W (—ra)\"" .
Sty = ((TI)) & r=ye V. (3.71)

—r
3.7.2 Principal specialization
Once again we look at the principal specialization of the full generating function

d (d— byt (=L
Pt = )\dd' exp (A 2 ] 2 ) . (3.72)

Z" (@A) = 27 (23 0)

We define aq to be the d™ summand this expression. The quotient of agqy; and ag is given

by
Qg1 x L (d+ %)TH —(d— )
a  ANd+1) P (’\ r 1 ’ (8.73)
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3. CEO RECURSION FOR COMPLETED HURWTIZ NUMBERS

which is equivalent to

(3.74)

d+ Lyl — (g — Lyr+1
(d+ 1))\ad+1:{1}exp ()\7"( +2) ( 2) )ad.

r+1

To get this into a more convenient form to compare later on with quantization, we define
an operator

X 1 r )\ d 7 )\ d r—1i .
A — 3 exp <I Zz:O ( Idz) x ( Idz) ) 3. (375)
r+1
Observe that
Az"™ = exp (Ti P (n+ %)‘(n - ;)7’> gt (3.76)
_ )\T 1 r41 1 r+1 n+1
exp<7‘+1((n+2) (n 2) "
Thus, equation (3.74) implies that
d r,1
()\:ra —A)Z" (x;A) = 0. (3.77)

3.7.3 Quantization

We show that the operator that annihilates the principal specialization of Z™! can be obtained
as a quantization of the equation of the spectral curve S™!.
We can rewrite the equation of the spectral curve (3.71) as

r —1, ., T—i
Sy 2t exp (Zgly) = (3.78)

Theorem 3.16. Quantization of the equation of S™ in this form annihilates Z™ (z, \).

Proof. Indeed, apllying the standard quantization (3.59) to Equation (3.78) we obtain the
operator )\xd‘—ix - A C

3.8 Mixed case

In this section we provide a slight generalization of the previous two sections, were we look at

(connected) r-spin g-double Hurwitz numbers A7 9. Since the computations are basically the

same as in the previous two sections, we just give the main formulas. Note that for » = 1 this

reduces to the computations of Section 3.6, and for ¢ = 1 this reduces to those of Section 3.7.
These Hurwitz numbers are given as vacuum expectation values by:

L s\ °
hrt, = <1_[10:Z (T![Zrﬂ]go(z)) (C;S:')> ) (3.79)

Here the degree of the covering is given by d = Zf(:”l) i = qs, and the Riemann-Hurwitz

formula reads 2g — 2 + £(u) = mr — s.
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3.8. MIXED CASE

The full generating function is given by

- h/r.q — L
log Z"(p; \) = Z ﬁ)ﬁg 2y, Daei (3.80)

951

—~ a;p; 118 ” a_ ’
(o (£ ) ()

and the (0, 1)-function is given by

Foa(z) =q i ((WZ%I(”MM (3.81)
This leads to the following spectral curve:
S =ytie v, (3.82)
which means that
y=— <:q) W (g (3.83)

where W is the standard Lambert function.
The principal specialization (p; — x%) of Z™9 is given by

o0

dn AT ((qn_l)r+1_(_%)r+1)

7"z, ) = ——— e 2 , (3.84)
‘ Ang™n!

n=»

which is annihilated by the operator

oL a2 e (k) et () 12 (3.85)
dx
This operator dequantizes to y — x%exp(qy”), which is equivalent to the equation (3.82) of
the spectral curve S™? computed from the (0, 1)-geometry.
Furthermore, one sees immediately that under the specializations (r,q) = (1,¢) and (r,1)
we recover all the formulas we had in Sections 3.6 and 3.7.
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—4—  Integrals of 1 -classes over double ramication
cycles

4.1 Introduction

In this chapter we introduce the so-called double ramification cycles on the the moduli space
of curves, and prove a direct formula for their intersection with monomials in -classes of
complementary codimension.

4.1.1 Relative stable maps and double ramification cycles

Let ay,...,a, be a list of integers satisfying > a; = 0. To a list like that we assign a space of
“rubber” stable maps to P! relative to 0 and oo in the following way.

Denote by n, the number of positive integers among the a;. They form a partition p =
(f15- - -, ftn, ). Similarly, denote by n_ the number of negative integers among the a;. After a
change of sign they form another partition v = (v4,...,1,_ ). Both p and v are partitions of

1 n
d= §Z|a¢|. (4.1)
i=1

Finally, let ng be the number of vanishing a;.
To the list a4, ..., a, we assign the space

the same integer

mg;cn.,...,an = HN (]P)lv 07 OO) (42)

g:noipv
of degree d “rubber” stable maps to P! relative to 0 and oo with ramification profiles 4 and v,
respectively. Here “rubber” means that we factor the space by the C* action in the target P'.
We consider the pre-images of 0 and oo as marked points and there are ng more additional
marked points.

Thus in the source curve there are n numbered marked points with labels a4, ..., a,. The
relative stable map sends the points with positive labels to 0, those with negative labels to oo,
while those with zero labels do not have a fixed image.

We have a forgetful map

p: mg;al,m,an — mg,n- (4.3)
Definition 4.1. The push-forward
y2 [ﬂg;mw,anrirt (4.4)

of the virtual fundamental class under the forgetful map p is called a double ramification cycle
or a DR-cycle and is denoted by DRy(ay, . .., a,).
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4.2. INTEGRAL OF -CLASSES OVER A DR-CYCLE: THEOREM

It is known (see [43]) that the Poincaré dual cohomology class of DRy(ay, . .., a,) lies in the
tautological Chow ring of M, . The virtual dimension of M,,, _,, and hence the dimension
of DRy(ay, .. .,a,) equals 2g — 3 + n.

A well-known problem, publicized in particular by Y. Eliashberg in view of applications
to Symplectic Field Theory, is to find an explicit expression for the class DRgy(a1, ..., a,) in
terms of the standard tautological classes. Recently R. Hain [54] found the restriction of
DR(as,...,a,) to the locus ﬂ;n of curves with compact Jacobians. His expression is a
homogeneous polynomial of degree 2¢ in aq, . .., a, with coefficients in HY (ﬂ;n) In this paper
we find the intersection numbers of DR, (ay, ..., a,) with monomials in y-classes. Note that
these numbers involve more than the knowledge of DRy(ay, ..., a,) on ﬂ;". Thus our results
are in some sense complementary with Hain’s, even though they are still insufficient to deduce
the complete expression for the double ramification cycles. For a given monomial in 1, ... 1,
the intersection number we find is a non-homogeneous polynomial of degree 2¢g in variables

ai,...,a,. This gives additional evidence to the following folklore conjecture.

yerny

Conjecture 4.2. DR,(ay,...,a,) is a polynomial in ay, ..., a, with coefficients in HY(Mg,,).

4.1.2 Plan of the chapter

In Section 4.2, we give a general formula for the intersection number of a double ramification
cycle with any monomial in 1-classes. We also give a particular case of this formula where the
monomial consists of just some power of one i-class. The reason is that this formula is a lot
simpler, interesting in its own right, and is used as a base case for an inductive proof of the
more general formula later in this chapter.

In Section 4.3 we provide formulas for the intersection of a DR~cycle with a 1-class in terms
of other DR-cycles. In Section 4.4 we use those formulas to inductively proof Theorem 4.3.
Theorem 4.4 is then proved in Section 4.5 using Theorem 4.3 as a base case and the splitting
formulas from section 4.3 for the induction step.

4.2 Integral of i-classes over a DR-cycle: Theorem

We first give a formula for the intersection number of a double ramification cycle with a power of
just one 1)-class, then we generalize this formula to the intersection number with any monomial
in 1)-classes.

4.2.1 Intersection with one 1/-class

For the first formula, denote by S(z) the power series

sinh(z/2) 22 22 2 28
_ — S ——— T 4.
5 =—x ; k1) 24 T 1020 T 322560 (45)

Theorem 4.3. We have

Iz, S(ai2)

2g—3+n — [~29
(0 DRy(ay,...,a,) = [z%] Se) ,

(4.6)

where [2%9] denotes the coefficient of z29.

4.2.2 Intersection with several v)-classes

Our next goal is to express the integral over a DR-cycle of a monomial in ¢-classes at different
marked points. We will use the following notation.
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4. DOUBLE RAMIFICATION CYCLES
e We let ((2) = e*/2 — ¢7#/2. (In the previous section we were using S(z) = ((z)/z, but
here ((z) is much more convenient.)
e For a permutation o € S, denote a; = a,(;y and zj = z,(;).

e Finally,
a b
d

= ad — be. (4.7)
Theorem 4.4. Given a list of n integers as,...,an, satisfying > . a; = 0 and a list of non-
negative integers du, ..., d, satisfying > d; = 2g — 3 + n, the integral

DRy (a1, -~ ap)ypd - aptn (4.8)

n

of a monomial in 1-classes over a DR-cycle is equal to the coefficient of

20 e (4.9)

n

in the generating function

ay d ay +ah aj ay+--+a,, a,
Uz a2 Narg ) et 2
C(Z1++Zn) €S, o all a/Z al2 ai’i a’;z—l a;’L o ‘
a(1)=1 Yozl 24| 2 2 2h 2|

(4.10)

Remark 4.5. The expression for the generating function is not written in a symmetrical form:
the first marked point is singled out, since we only sum over the permutations that fix the
element 1. However the generating function turns out to be symmetric in all n variables. The
expression can be symmetrized by extending the summation to all permutations and dividing
by n.

Remark 4.6. At first sight it appears that the generating function has simple poles along the
hyperplanes a,z; — a;2; (because of the determinants in the denominator) and z; +---+2, =0
(because of the ((z; + -+ + z,) in the denominator). It is easy to see, however, that these
denominators actually simplify.

Indeed, in each summand the factor afz} — a)z] simplifies with ((a}z} — a)z]). But this
was the only factor of the form a,2; — a;z1, thus no factor like that remains in the denominator
of any summand and hence of the total sum. Since the first marked point was singled out
arbitrarily, this implies that no factor of the form a;z; — a;2; remains in the denominator.

As for the factor z; + - - - + z,, it simplifies with

3

if we take into account that a} + -+ +al,_; = —a,.

The only case where this reasoning breaks down is when n = 2. Indeed, in this case z; + 25
and a1 29 — a2 = a1(21 + 22) are twice the same factor, but this factor is only compensated for
once in the numerator. In this case the generating function does contain a singularity of the
form 1/(z; + z9) (see Example 4.7). This singular term should be ignored when we extract the

coefficients.

’ ’ ’

ayt o,y ay
/

21tz 2

), (4.11)
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4.2. INTEGRAL OF -CLASSES OVER A DR-CYCLE: THEOREM

Example 4.7. For n = 2 we let a1 = a, as = —a. There is only one permutation in Sy that fixes
the first element. Thus we get the generating function
ZIZQ C(a(zl + 22)) — C(a(zl + ZQ)) (4 12)
C(z1+22) malz1+22) 20 al(z1+ 22)C(z1 + 22) ’
1 a?—1 (a®> —1)(3a®> = 7) 3
B 0 . 413
pa TG R 5760 (o1 4 2)"+ (4.13)
It follows that
a’?—1
DRi(a, —a)yy = DRy(a, —a)ihs = YRR (4.14)
. 2-1)(3a®> -7
DRy (a, —a)? = DRy(a, —ayit — (-~ DB =T 5)7(63 ), (4.15)
DP{Q(CL7 —a)’(/)%i/)g = DRQ(CL, —a)’l/)li/); (416)
12 —1 2 _ 12 —1 2 _
_ 3(a )(3a® —7) _ (a )(3a 7). (4.17)
5760 1920
Ezample 4.8. For n = 3 we have a3 = —(a; + a2). There are two summands in the formula
corresponding to the permutations (1,2, 3) and (1,3,2). We get
1 C(ar1z0 — azz1) 22 C((a1 + az)(z1 + 22 + 23)) (4.18)
C(z1+ 22 + 23) 122 — G221 azzs + (a1 + az)z '
Clarzs + (ar + az)z1) 23 C((lQ(Zl + 22 + 23)) (4.19)
arzz+ (a1 +ag)zr azzz+ (a1 + az)z . .
Expanding this expression we get, in particular,
2, 2
-1
DR1 (al, as, ag)lﬂ% = (12_'_%, (420)
2, 2 2
-2
DRy (a1, az, az)ihthy = D2 T8~ 2 %2;: B (4.21)

where we have re-introduced a3 for more symmetry.
4.2.3 Completed cycles as a particular case of Theorem 4.3

Let ﬂgﬁLKW(CPl, o0) be the space of degree K relative stable maps f: C' — CP! with branch-
ing profile Kk = (kq,..., k,) over co and with one marked point x € C' satisfying the condition
that f(xz) = 0. It is a natural problem to find an effective cycle representing the homology class

i vir m

[Mg,l,K;m(CPI’ OO)] ! 1/]9: . (422)
Okounkov and Pandharipande gave an answer to this question when m is equal to the virtual
dimension K + n + 29 — 2 of W717K;R(CP1,OO) and thus the answer is just a number. To
simplify the formula we assume that the n pre-images of co in our space of relative stable maps
are numbered. Then we have the following equality.

Theorem. (Okounkov, Pandharipande [88]). For m = K +n+ 2g — 2 we have

1 virt jm ;L: kZ g - -
My 1 s (CPY, 00) T g :m!HTl[ZQ 1S(2) ] S(iz). (4.23)

!
i=1
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4. DOUBLE RAMIFICATION CYCLES

Using the degeneration of the target it is not hard to generalize this formula to several
relative points with ramification types p1, ..., us. In particular, for the case of two relative
points, the following expression is given in [88], Eq. (3.11) or [94], Eq. (10). Let ay,...,a,
be the list of elements of p; merged with the list of elements of uy with reversed signs. Thus
> a; = 0. Denote by 1, the ¢)-class at the marked point .

Theorem (Okounkov-Pandharipande, Rossi). We have

0

. C omioe v S(az
2 (P, o)) 2 = (20 Tz P0s2)

S02) (4.24)

It is easy to see that this formula is a particular case of Theorem 4.3, namely, the case when
as = 0 while all other a;’s do not vanish. The case where a;, = 0 and some other a;’s may also
vanish is covered by a more general computation in Proposition 2.5 of [89].

Actually, we don’t have an independent proof for the case a; = 0; we just invoke the above
result. Our proof for the case as; # 0 is quite different and does not generalize to a; = 0. Thus
we get the same answer for a; = 0 and ay # 0, even though we do not know any proof that
would work in both situations.

4.3 DR-cycle times a 1)-class: splitting formulas

In this section we express the intersection of a -class with a double-ramification cycle in terms
of “splittings” of the DR~cycle. These formulas can then be used in the next sections to give
inductive proofs of Theorems 4.3 and 4.4.

4.3.1 The splitting formulas - formulations

In this section we express the product of a double ramification cycle DRy(ay, ..., a,) and the
class ¢, for some s € {1,...,n} in terms of other DR-cycles. This will make it possible to
evaluate monomials in 1)-classes on a DR-cycle by induction. Note that we can only do that if
as # 0.

The picture below shows a cycle in M, obtained from two DR-cycles via a gluing map.

The two DR-cycles are constructed in the following way. The list aq,...,a, is divided
into two disjoint parts: /U .J = {1,...,n} in such a way that > .., a; > 0 or, equivalently,
> icy @i < 0. In the figure, for instance, we have 1,2,s € I and n € J. Then a new list of
positive integers ki, ..., k, is chosen in such a way that

P P
>ai—Y k=Y a+y k=0 (4.25)
iel i=1 icJ i=1
Now two DR-cycles of genera ¢g; and gy are formed as shown in the figure and glued together

at the “new” marked points labelled £y, ..., k,. Since we want to get a genus ¢ in the end we
impose the condition g; + go +p — 1 = g. We denote by

DR,, (ar, —ki, ..., —k,) B DRy, (as, ky, ... k) (4.26)

the resulting cycle in ﬂg,n.
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4.3. DR-CYCLE TIMES A t-CLASS: SPLITTING FORMULAS

Let r = 2g — 2 + n be the number of branch points of our initial DR~cycle DR(ay, ..., a,).
Let ' =2¢g; — 2+ |I| + p and 7" = 2g; — 2 + |J| + p be the numbers of branch points in the
two components of the target curve. (In both cases we do not count 0 and o0.)

Theorem 4.9. Let ay,...,a, be a list of integers with vanishing sum. Assume that as # 0.
Then we have

assDRy(aq, ..., a,) = (4.27)
2% Z pH Wi Kipr (ks k) R DRy, (ay, ko, k). (4.28)

I.J p>1 g1,92 k1,..
Here the first sum is taken over all I U.J = {1,...,n} such that . a; > 0; the third sum is
over all non-negative genera g1, g» satisfying g1 + g2 +p — 1 = g; the fourth sum is over the
p-uplets of positive integers with total sum Y, a; = =Y . a;. The number p is defined by

" sel,
p—{ —r’ if seld (4.29)
Theorem 4.10. Let ay,...,a, be a list of integers with vanishing sum. Assume that as # 0
and a; = 0. Then we have
assDRy(ay, ... a,) = (4.30)

I3« 21 L=LEDR, (ar, —ky, - —ky) R DRy, (ag, ki, - .o ky). (4.31)

I,J p>1 g1,92 k1,....kp

Here the first sum is taken over all I U.J = {1,...,n} such that y_,_; a; > 0; the third sum is
over all non-negative genera g1, go satisfying g1 + g2 +p — 1 = g; the fourth sum is over the
p-uplets of positive integers with total sum Y ;. a; = — Y .., a;. The number ¢ is defined by

1 if selleld,

e=< —1 if seJlel, (4.32)
0 otherwise.
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4. DOUBLE RAMIFICATION CYCLES

Theorem 4.9 is called the splitting formula with respect to branching points, while Theo-
rem 4.10 is the splitting formula with respect to a marked point. Before proving the theorems
let us formulate some corollaries that we will use in our computations.

Corollary 4.11. Assume that as # 0. We have

ras Y7 'DRy(ay, . . ., a,) = (4.33)
1 ~ ~
— 5 Z(at + Clj) ¢;_2DRg(a1, vy Ay ey gy ey Oy A + a]-)
1,j#£S
1 . ~
~5 Zsign(ai) Z be Wi 2DRy_1(a1, ..., @iy . . .y Gy b, C).
i#s bg—c:gi
>

Here, as before, r = 2g — 2 +n and a hat means that the element is skipped.

Proof. We will use the splitting formula with respect to the branch points. Since we are
interested in the intersection number of our DR-cycle with 17~ we only need to keep those terms
of the splitting formula for which the s** marked point stays on a DR-cycle of dimension 7 — 2.
This implies that the remaining DR-cycle is of dimension 0, that is, it is of the form DRg(a, b, ¢).
The expression in the corollary is a sum over all splittings of this form. O

This corollary gives a recursive relation for intersection numbers of DR-cycles with powers
of one 1)-class. We will use it to prove Theorem 4.3.

Corollary 4.12. Let t and s be two different elements in {1,... ,n}. Assume that both as and
a; are non-zero. Then we have

(ass — arpy)DRy(ay, . . ., an) (4.34)

= > 3> N H“ L=LEDR, (ag, =k, . .., —ky) R DRy, (ay, ki, - . ., kp) (4.35)

selted p>1 g1,92 ki,....kp

- Yy s Lo bR, (0~ k) BDR s ) (1360
tel,s€J p>1 g1,92 k1,..
Here, as before, the first sum is taken over all I UJ = {1,...,n} such that ), a; > 0; the
third sum is over all non-negative genera gy, g satisfying g1 + go +p — 1 = g; the fourth sum
is over the p-uplets of positive integers with total sum Y, a; = —> . a;

Proof. This follows directly from the splitting formula with respect to the branch points. It
suffices to notice that the expressions it provides for a4ty and a,); only differ in the definition
of 7. |

Multiplying the identity in this corollary by any monomial in -classes of degree 2g —4+n
we obtain a simple way to “move” a 1-class from one marked point to another.

4.3.2 The splitting formulas - proofs
Plan of proof

Our proof uses the Losev-Manin compactification LM, of Mg ,42. It is the moduli space of
chains of spheres with two special “white” marked points 0 and oo at the extremities of the
chain and r more “black” marked points on the other spheres. The black points are allowed
to coincide with each other and there should be at least one black point per sphere. For more
details see [75].
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4.3. DR-CYCLE TIMES A t-CLASS: SPLITTING FORMULAS

°
00 4=6=8 O

..... n*

LNIT-Q—nO/Sr <L mg;al,...,an L) mg,n7 (437)

where ng is the number of indices ¢ such that a; = 0 and r = 29 — 2+ n is the number of branch
points.

The map ¢ assigns to a relative stable map its target rational curve. The marked points
are the r branch points and the images of the marked points in the source curve. The map p
assigns to a relative stable map its stabilized source curve. (This is the map that we used to
define the DR-cycle DRy(ay, . .., a,).)

The proof of the splitting formulas proceeds as follows.

1. Identify the 1)-class on the DR-space with the -class on the Losev-Manin space.

2. Express the 1-class on the Losev-Manin space as a sum of boundary divisors (we will do
that in two ways, whence two splitting formulas).

3. Lift these divisors to the DR-space
4. Subtract the difference between the 1)-class on the DR-space and the 1)-class on M, ,.

We start with two lemmas that will be needed in the course of the proof.
DR-cycles with disconnected domains

Consider the space of stable maps to CP! relative to 0 and oo, but with disconnected domains

Mgiialar, X o0 X

" (4.38)

qk
Gh3QY 5eens Oy

We assume that 2¢g; — 2 +n; > 0 for each i. From the corresponding rubber space

~

(Mg];a},...,al X X gk;a’f,...,a,ﬁk) (439)

ny

there is a natural forgetful map p to the product of moduli spaces My, ,,, X = X My, ..

Lemma 4.13. The image of the virtual fundamental class of

~

(Pt iy % P, ) (4.40)
in Mg, py X -+ X My, . under the forgetful map p vanishes.

Even though the computations of this section take place in the DR-space, the goal of the
paper is to study the DR~cycles, that is, the images of the virtual fundamental classes of DR-
spaces by the map p. Therefore in the sequel of this section we will perform all our computations
“modulo terms with disconnected domains”. In other words, we will disregard all the terms
that, according to the lemma, vanish after the push-forward by p.

Proof. We will call parts the k connected components of the curves.
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4. DOUBLE RAMIFICATION CYCLES

Adding a new marked point. Consider the space

(Mgl?a}w

If 7 is the forgetful map that forgets the new point, we have, by the dilaton relation,

~

Lo XX My o) (4.41)

‘7an1 b

— - ~ qvirt
T { [(Mgl;a;...,a;,l,o X X My gk a;g,k> } %wl} (4.42)
— - ~ qvirt

= (291 -2+ nl) {(Mgl;a%,...,ail Koeee X M‘qk;a’f,m,a’;’;k) i| . (443)

Thus it suffices to prove that the image of

— - ~ qvirt
[(Mgl;a%,...,a}ll,() X X Mgk;a’f,...,aﬁk) i| ,lz]77«1+1 (444)
vanishes in ng a1 X e X ﬂgwk_.

Introducing a C*-action On the space

~

(Mgl;ai,m,a}u,o X X gk;a’f,m,aﬁk) (445)

we can introduce a C*-action in the following way. Let f : C — S be a rubber map, where S
is a genus 0 curve from the Losev-Manin space. Let S, be the irreducible component of S that
contains the image of the new marked point, that is, the (n; + 1)** marked point in the first
part of C. (The purpose of adding a new marked point was precisely to be able to single out
a component of S in this way.) Now, for A € C*, we let A.f be equal to f on every component
of C' that does not map to S, or is in the first part (that is, the part that contains the new
marked point). On the components of the other parts that map to S, we let A\.f = A\f.

The pull-back of any differential form from ﬂglmﬂ X - X Mg, n, to our DR-space is
C*-invariant, because the action of C* does not change the complex structure of the source
curve. We are going to prove by localization that the integral against

— _ ~ qvirt
[(Mg1 ;a},...,a},,l,o XK X gk;a/f,...,a,ﬁk) i| Z/)’!LrH (446)

of any C*-invariant form vanishes.

Localization. The invariant locus of the C*-action is composed of maps that have no marked
or ramification points over S, on parts 2,...,k. Thus the invariant locus has three types of
components, classified by the topological type of the target genus 0 curve S (at the generic
point of the component of the locus):

1. the curve S has the form S’ U S,;
2. the curve S has the form S, U S”;
3. the curve S has the form S’ U S, U S”.

Each component of the invariant locus is the product of two (in the first two cases) or three (in
the last case) disconnected DR-spaces and has the same virtual fundamental class. A simple
dimension count shows that the virtual dimension of each component of the invariant locus is
less than the virtual dimension of the original DR-space. (Indeed, the dimension is equal to
the number of marked and branch points minus the number of components of S.) Therefore
each term in the localization formula vanishes, completing the proof of the lemma. i
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Pull-backs of divisors from the Losev-Manin space

Consider a DR-space M., . ., and consider the forgetful map

q : Mg;al,...,an — Ll\/Ir+no/Sr- (447)

Let a U 8 be a partition of the set of indices ¢ such that a; = 0. Let ' + " = r. Denote by
D o gy the boundary divisor in the space LM, ,,/S, with self-explanatory notation.

Lemma 4.14. Modulo terms with disconnected domains, we have

virt

O Dir o p) [Mgasnan] = (4.48)

HZ;: ]{ZL —_ virt virt
SO Y T Mperbii] B Mooy, ] ™ (449)
I,J p>1 g1.92 k1,...kp P
Here the first sum is taken over all IU.J = {1,...,n} such thata C I, 3 C J and ) ,.;a; > 0;
the third sum is over all non-negative genera g1, go satisfying g1 + go +p — 1 = g; the fourth
sum is over the p-uplets of positive integers with total sum Y .., a; = —> . a;.

Proof. This lemma is a version of Jun Li’s degeneration formula [72, 73]. It should be applied
to the target rational curve where all branch points have been marked and numbered. We then
take the sum of contributions from all possible ways to put 7’ marked point on one component
of the degeneration and r” on the other component. After this we can forget the numbering of
the branch points once again.

In the degeneration formula we see DR-spaces with both connected and disconnected do-
mains over each component of the target. However, since we are working modulo terms with
disconnected domains, only the terms indicated in the lemma survive. O

Comparing the i/-classes on different spaces

Recall the two forgetful maps from the DR-space

p: Mg;al,m,a" — Mg,n (450)

and
¢ Mgy, an = LMy /Sy (4.51)

Denote by W, and 1, the i)-classes at the sth marked point on ﬂg;ahm,an and on Mg,n
respectively. Denote by 1y and 1, the 1-classes on the Losev-Manin space.

Proposition 4.15. Assume that as # 0. We have
asU, = ¢y if as >0, (4.52)
—a, ¥V, = ") if as <O. (4.53)

Proof. This simple but very useful statement first appeared in lonel’s paper [55]. Assume for
definiteness that as > 0. Then ¢ obviously identifies the tangent line to 0 in the target with
the asth power of the tangent line to the sth marked point in the source, which proves the
proposition. O
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Lemma 4.16. Assume that as # 0. Modulo terms with disconnected domains we have

T, — p'h, = (4.54)

s i T vir vir
1 ZZZ Z %[Mgl?ahfklwwfkp] tgwgmwhklw-»kp] " (4.55)

|a5| I,J p>1 g1.92 k1,....kp

Here the first sum is taken over all I U.J = {1,...,n} such that Y, ,a; > 0 and s € J if
as > 0 ors € I if ag < 0; the third sum is over all non-negative genera g1, go satisfying
g1+ 92 +p—1= g, the fourth sum is over the p-uplets of positive integers with total sum

Zie[ a; = — Zz‘e] @i

Proof. The sum in the lemma enumerates all the boundary divisors, modulo the ones with
disconnected domains, on which the sth marked point lies on a bubble (that is, on a rational
component that gets contracted by the forgetful map p). It is precisely those divisors that
contribute to the difference between the two 1)-classes. It remains to determine the coefficients.

Assume, for definiteness, that a, > 0. A divisor enumerated in the sum splits the marked
and branch points in the target into two groups: those that lie on the component of 0 and
those that lie on the component of co. Consider the map ¢ that forgets all the marked and
branch points from the component of 0. It is a forgetful map between two Losev-Manin spaces.
Denote by ¢y the 1-class at 0 on the smaller Losev-Manin space, that is, on the image of the
forgetful map. It is easy to see that in the neighbourhood of our divisor and outside of the
other divisors enumerated in the lemma we have as1)s = ¢*¢*, and therefore

as(\Ijs - p*l/}s) = q*(% - Cf*%) (456)

The difference ¢y — ¢*¢y, is exactly given by the divisor where the target curve degenerates.
Therefore the coefficient of our divisor in ¥, — p*1, is equal to the coefficient of the same divisor
in Lemma 4.14 divided by as. O

Expressing v, and 1), as boundary divisors

The class 1y on the Losev-Manin space LM,,, is easily expressed as a sum of boundary
divisors: namely, for any i € {1,...,r+ng}, we have

Yo=Y O@w : (4.57)

where the sum is over all boundary divisors such that the ith marked point lies on the same
component as co. If 7 is the image of a marked point we leave this expression as it is.

If 7 is a branch point, it makes sense to symmetrize the expression with respect to the S,
action, since we are working with the quotient LM, ,,,/S,. We get

%:Z% O@w : (4.58)

where the sum is over all boundary divisors and r” is the number of branch points on the
component of co.
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Computing p*i,

Now we prove Theorems 4.9 and 4.10 using the preceding lemmas to express p*i, in terms of
boundary divisors. Assume for definiteness that ay > 0. Then we have

asp*hs = as Wy — a (Vs — p™bs) = "o — as (Vs — p*ibs). (4.59)
Equations (4.58) and (4.57) give two alternative expressions for ¢*iy while Lemma 4.16
gives an expression for as(V, — p*1)s). All three expressions involve very similar summations

over the same set of divisors, but with different coefficients.

Proof of Theorem 4.9. We use Equation (4.58) for ¢*y. The coefficient of

4 kl vir vir
;7!1 ng;al,fkl,m,fkp] ' X Wgz;aJ,lc““,kp} ' (460)

in Eq. (4.58) equals r”/r. Its coefficient in Lemma 4.16 multiplied by as equals 1 if s € J or 0
if s € I. Subtracting the second coefficient from the first one and using ' + r” = r we get

/],,//
— if sel, (4.61)
r
7,,/
—— if se (4.62)
r
These are exactly the coefficients from Theorem 4.9. i

Proof of Theorem 4.10. We use Equation (4.57) for ¢*g. Denote by [ the index of the marked
point with a@; = 0 that appears in this equation. The coefficient of

Hﬁll kz virt virt
T Wg1;a1,—k1,..,,—kp:| ‘E Wgz;a.],kh...,kp} (463)

in Eq. (4.57) equals 1 if [ € J and 0 otherwise. Its coefficient in Lemma 4.16 multiplied by as
equals 1 if s € J and otherwise. Subtracting the second coefficient from the first we get

1 if selled, (4.64)
-1 if seJlel, (4.65)
and 0 otherwise. These are exactly the coefficients from Theorem 4.10. |

Both theorems are proved.

4.3.3 A digression on admissible coverings

Double ramification cycles have an alternative definition, using admissible coverings rather than
relative stable maps (see, for instance, [55]). To distinguish the two notions, just for the length
of this section, we will write DR*™ and DR***". The goal of this section is to explain what
would change in our results if we replaced DR®**" by DR*™ . This section is not self-contained,
since we don’t introduce the admissible coverings here; it can be skipped in first reading.
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4. DOUBLE RAMIFICATION CYCLES

Example 4.17. We have
DRZI}dm(aﬁ _a) = a’Q —le Ho(ﬂl,1)7 (466)

DR;*P(a, —a) = a* € H'(M,,), (4.67)

where the tilde means that the the corresponding marked point is forgotten.

Indeed, given an elliptic curve (C,x) with one marked point, there exists a® points y such
that z —y is an a-torsion point in the Jacobian of C'. The space of admissible coverings contains
one point per y # x, that is, a®> — 1 points. The space of rubber maps contains one additional
point corresponding to y = x: it represents the map with a contracted elliptic component.

Theorem 4.18. The intersection numbers of a monomial djfl -eeapdn with Ddem(al, )
and with DR;tab(al, ..., ay) coincide if none of the a;’s vanishes. These intersection numbers

may differ in presence of an a; = 0.

Corollary 4.19. At least for some g and n the class DRZd“’(al, ..., ay) does not have a poly-
nomial dependence on aq, ..., ay.

Proof. Our formulas show that the intersection number of a given monomial in 1-classes with
DRZ“‘b(al7 ..., a,) depends polynomially on ay,...,a,. The intersection number of the same
monomial with DRde(al, ...,ay,) has the same values for non-zero a;’s, but different values
if some of the a;’s vanish. Therefore this intersection number cannot depend polynomially on
ai,...,a,. Hence the class itself cannot depend polynomially on ay, ..., a,. O

Remark 4.20. Ultimately it’s Corollary 4.19 that convinced us that DRS**P-cycles must be
preferred to DR*™-cycles.

Proof of Theorem 4.18. The first claim of the theorem is proved by checking that all the steps
of our computation of DRy(ay, ..., a,) fl - apn g0 through in the same way for DR*™ and
DR**" as long as ay, . . ., a, do not vanish.

Theorem 4.9 is the base of our computations. Its analogue for DR*™-cycles is well-known
(see [55], Lemma 2.4 for a proof modulo some omitted terms; see [100] Lemmas 3.2, 3.3, 3.6, 3.7
for a detailed proof is genus 1 that easily generalizes to higher genus). The proof is actually even
simpler for DR*™_cycles because the space of admissible coverings has the expected dimension,
so there is no virtual fundamental class involved. The combinatorial part of the computation
only uses Theorem 4.9 as long as there are no vanishing a;’s, therefore it works in the same
way for both DR*™ and DR,

The only part of the computation that does not generalize is the use of Okounkov and
Pandharipande’s computation in the case where there are 1)-classes only at the marked point
with vanishing a;’s. If there are no vanishing a;’s this part is not needed.

To prove the second claim of the theorem we will use the following example. Let

8= : (4.68)
e s

be two cohomology classes in H2( M, 5).
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Proposition 4.21. We have

a®>—1

DR (a, —a) = (a® — 1)B + 13

v, (4.70)

a®>—1

DR;*"(a, —a) = a*8 + 1

5. (4.71)

Proof. In this case the space of rubber maps has two irreducible components of the same
dimension equal to the expected dimension. Its virtual fundamental class is the sum of the
fundamental classes of the two components. The first component coincides with the space of
admissible coverings. The second component is composed of maps with a contracted torus in
the source curve. Thus the difference between DR}™(a, —a) and DRS™(a, —a) comes from
the component with contracted tori, whose fundamental class projects to 5. In other words,
DR***"(a, —a) — DR™™(a, —a) = B, which is actually the only thing that is needed for the proof
of the theorem.

The expression for DR (a4, ..., a,) is given by Hain [54] in full generality, so our expression
can be found as a particular case. Both formulas can also be proved using a lifting of the WDVV
relation in the Losev-Manin space. O

Corollary 4.22. We have
DR}™(a, —a,0)2 = (a* —1)/12, (4.72)
DR (a, —a, 0)y% = (22> — 1)/24. (4.73)
Proof. The classes DRy (a, —a, 0) are obtained from DR (a, —a) by pull-backs under the forget-
ful map 7*: My 3 — M. It is straightforward to compute the intersection of the classes thus

obtained with 2. Note that the second equality is a particular case of Example 4.8. What
matters for us is that

w 1
Y2(DR***"(a, —a,0) — DR*™(a, —a,0) = ¢i7*B = 5170 (4.74)
O

Thus we have found an example where the intersection numbers of the same monomial in
h-classes with a DR*™-cycles and with a DR®**P-cycle differ. This proves the second claim of
the theorem. O

4.4 Generating functions for one 1/-class

In this section we prove Theorem 4.3 that evaluates the power of a 1/-class on a DR-cycle.

4.4.1 Proof of Theorem 4.3
The proof of Theorem 4.3 splits into two very different cases: as = 0 and as # 0.

Proof for a;, = 0. We use two lemmas.

Lemma 4.23. Let p: My, 4, — My, be the forgetful map from the rubber space to the
moduli space. Assume that as = 0. Then we have p*is = 1.
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4. DOUBLE RAMIFICATION CYCLES

Proof. Let f: C' — CP! be a point of Mo, ... an- If the sth marked point lies on a component
of the source curve contracted by f then this component is stable, because f is stable. If it lies
on a component that is not contracted by f then this component contains at least two more
marked points: a pre-image of 0 and a pre-image of co. Therefore it is also stable. Thus the
sth marked point never lies on a component of the source curve contracted by the forgetful
map. This allows us to identify the cotangent lines to the curve at the sth marked point before
and after the forgetful map. O

Note that the statement of the lemma is completely wrong if as # 0.

Lemma 4.24. Let p,v be two partitions of the same integer d. Consider the rubber space

Vi 1

M (CP,0,00) (4.75)
of relative stable maps to CP' with p marked points x, . .. ,xp. Also consider the moduli space

— .

M (CP,0,00) (4.76)
of relative stable maps to CP! with p marked points x1,...,x, such that the image of x1 is fizved

to be 1 € CP'. These two spaces are isomorphic to each other; their perfect obstruction theories
and virtual fundamental classes coincide.

This is a well-known fact and the proof is a simple check.
The consequence of these two lemmas is that the intersection number

¢zg_3+"DRg(a1, ) (4.77)

is actually a Gromov-Witten invariant of CP' relative to two points. Indeed, by Lemma 4.23,
instead of evaluating ¥2973" we can evaluate it directly on the rubber space ﬂg;alwan. And,
according to Lemma 4.24, this is equivalent to finding a Gromov-Witten invariant of CP!
relative to two points.

The Gromov-Witten invariants that we need were computed in [88], Eq. (3.11) and [94],
Eq. (10) if as is the only vanishing marking; while the general case is covered by Proposition 2.5
of [89]. We do not have any new contribution to this computation.

This proves the theorem for a; = 0. O

Proof for as # 0. We proceed by induction on the number of branch points r = 29—2+n, +n_.
The base case isr = 1, that is, g = 0, n,.+n_ = 3. (Genus 1 is impossible, because n,+n_ > 2.)
We have

Mo,ng+3

1/J;L°DR0(a1, ag, gz, O, e ,0) = / ’(/)go =1, (478)
——

no

which coincides with the constant term of the generating function in the theorem.
Recall the recursion from Corollary 4.11:

ras . 'DRy(ay, ..., a,) = (4.79)
1 ~ ~
5 Z (a; +a;) Wi 2DRy(an, ..., @iy, @Gy e e vy Gy @i + @) (4.80)
1,j#s
1 ~
~5 Z sign(a;) Z be YL DRy_1(ar, ..., @y ...y an, b, ). (4.81)
i#s b+c=a;
b-c>0
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By the induction assumption, the sum (4.80) is equal to

L 5 ) o () e S) (152)
aiz) H#i,s S(a;2) _

2g 1
= [z ]7“7@ ;(aiJraS)cosh( 5 S%)

ij#s 2

By the induction assumption, the sum (4.81) is equal to

c 18 Oz
- [ng*Q}% Zsign(ai) Z Z;S(bz)S(cz)W = (4.83)
S its b+c=a;
g L a;z\  sinh (%) cosh (%) \ ;4. S(a;2)
=—[z }ms ; (ai cosh( 5 ) — - (%) ) ;éS(z) .

Thus, (4.79) is equal to

DY <a5 cosh (a;) + S () oo (;)) g St052) (4.84)

Ta vn sinh (%)

- [229]% (zddz +n— 2> [z, Steiz) =

S(z)
Hi;és S(aiz) .

— [»2%9
(2] SG)
The theorem is proved. O
Remark 4.25. Our formula for 47" 'DR(ay, ..., a,) coincides, up to a simple factor, with the

formula for one-part double Hurwitz numbers found in [51] (first equality of Theorem 3.1).
This is due to the fact that the recursion relation of Corollary 4.11 coincides with the cut-and-
join equation for Hurwitz numbers. Note, however, that in the Hurwitz numbers theory the
formula only holds for one-part numbers; in other words, all the numbers aq, ..., a, must be of
the same sign except for ay that is of the opposite sign. If this condition is not satisfied then
the cut-and-join equation fails. In our situation, however, the signs of the numbers a; do not
matter. Thus we get the same generating function and the same cut-and-join equation, but
their interpretations and their ranges of applicability are different.

4.5 Integrals of 1-classes over a DR-cycle: Proof

In this section we use the infinite wedge formalism to prove Theorem 4.4. The proof is by
induction, and the base case is Theorem 4.3. For that we first need to restate both theorems
in terms of the infinite wedge formalism.

In the rest of this section g will always be used to denote the genus of some DR-cycle
which is intersected with some -classes. It is determined by the dimension constraint that
this intersection should be a number.

Proposition 4.26. Let ay,...,a, be a list of real numbers such that > a; = 0. Denote J =

{1,...n}\{s} and define
Jy={jeJ 1 aq;>0} (4.85)
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and J_ = J\J.. Then
&4,(0)

. S(a;z
[Zgg} H]EJ ( J ) _ [x29—2+n] < H

£,(0)\
26 Ea(@) ] > . (4.86)

jeJy 9 jer

Remark 4.27. When a; = 0 for some i, we interpret the right-hand side of the formula as
follows. We first compute the vacuum expectation value using the commutation relations of
the E-operators (Proposition 2.22) where we keep a; as a variable. It is easy to see that the
result can be continued analytically to a neighbourhood of a; = 0, so we take the limit a; — 0.
Note that way the apparent singularity coming from the factor a% will be cancelled with the
zero coming from ((a;x).

Lemma 4.28. Let ay,...,a, be a list of non-zero real numbers with vanishing sum. Assume
that it is split into a disjoint union of three sets
{1,...;n}={s}UJUuJ_. (4.87)

Then the vacuum expectation value

<H €, (0)E0, () T & (0)> (4.88)

jedy jed-
vanishes unless all the elements of Jy are positive and all the elements of J_ are negative.

Proof. Assume, for instance, that an element a; = a of J_ is positive. We apply our algorithm
by moving this operator to the right. Since

[ga(o)v gb(o)] = %i_I}%C(at)ga+b(t) = a50,a+b (489)

by Proposition 2.22, we see that the commutator term either vanishes or contains an &, factor
that is prohibited in a connected expectation value. Thus to compute the connected expectation
value we only need to take the passing term. In other words we can just move the operator &,(0)
to the right-most position and we see that the expectation value vanishes, because &,(0)vy =
0. |

Proof of Proposition 4.26. We first assume that the a; # 0 for all i € {1,...,s}.

To compute the expectation value we apply our algorithm by commuting &, (z) with its
right and left neighbours in an arbitrary order. At every step the contribution of the passing
term vanishes by the lemma. Using the commutation formulas we get

Casz) 1 C(—asz) a" ] S(a;2) [T S(a:x)
29—2+n a;x —a;r) 29—2+n JjeJ _[..2g178

(4.90)
where we used S(0) =1 and S(—a;z) = S(a;x). Now note that when a; = 0 for 7 in some index
set I, we can view this case as the previous one, where now we have to add those a; by hand.
The left-hand side remains unchanged, since S(0) = 1, while the right-hand side is multiplied
by

jeJ4 7 jed-

. ¢ (aiff) _

ahng Tu x (4.91)
iel

while simultaneously n is increased by |I]. Because of the [2?~2""] in front, these two changes

exactly cancel. This completes the proof of the proposition. O
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Proposition 4.26 allows us to restate Theorem 4.3 in terms of the infinite wedge formalism:

Corollary 4.29. We have

YBIDR, (an,... ,) = [52H) < T e, o) T & @> S

jEJ+ J jeJ-
On the other hand, Theorem 4.4 is equivalent to the following:

Theorem 4.30. Let n be a positive integer, and let ay,. .., a, be integers such that Y a; =0
and d, . .., d, non-negative integers such that > d; =29 — 3+ n. Then we have

,Sa/z(xg)] ,] Ear (@,

! /
/ ATy o Gna®n
oes! v (ah = ) (ay, =

n—1

P DR, (ay, . . a,) = [28 - a] Z (L Sy (o) ) , (4.93)

where S! is the group of permutations o of the set {1,...,n} with (1) = 1. As before, we
define x; == 2,0y and @} 1= a,).

The fact that Theorem 4.30 is equivalent to Theorem 4.4 follows immediately by repeated
application of the commutation relation of Proposition 2.22.

Notation 4.31. In the following, if a sequence of integers ay,...,a, and a corresponding
sequence of formal variables z1,...,z, have been defined, we will often use the following ab-
breviation for the sake of clarity:

g]‘ = ga] (.Z‘]) (494)

Definition 4.32. Let I C {1,...,n}. Given a list of integers ai, ..., a, and a list of variables
T1,...,%y, let P be a polynomial in operators &;, ¢ € I, whose coefficients are rational functions
inz; and a;. Let t & I.

For any i € I we define O!P to be the result of the substitution

& —&, & 4.95
6] (1.95)
Furthermore, we define O'P =3, _, O!P.
Definition 4.33. Let n be some positive integer, let aq,...,a, be some sequence of integers,
and let xy, ...z, be a sequence of formal variables. Then we define
R (oA S A o
G'ay, ..., an;21,. .., 2,) = Z aol[%:z o1, €l G‘J—lz"tt] (4.96)
res; Tor (o ) (S05E —a0)
To prove Theorem 4.30, we will need the following lemmas.
Lemma 4.34. For any positive integers t < n, and for all ay,...,a, € Z, we have
1
Glay,...,an;71,...,1,) = O O*—&,. (4.97)

X1

Note that the empty product of operators that appears on the right-hand side in the case t = 1
should be interpreted as the identity operator, as usual.
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Proof. We prove that the coefficients of ib’llil -~z are equal on both sides of the equation for

any non-negative integers dy,...,d,. The lemma is clearly true when t = 1. We proceed by
induction on t.
Denote by F* the right-hand side of equation (4.97):

1
Ft ot...0?—¢ (4.98)
Zy

Now assume that F'* and G are equal for some ¢, and are related by just a series of applications
of the Jacobi identity. Defining .

Gt = Ot Gt (4.99)
it follows that O Ft = Gf“, again related by a series of applications of the Jacobi identity.
We complete the proof by showing that G**! is equal to G**! := ZE:O G and this equality
can be given just by application of the Jacobi identity.

The terms of G'*! are of the form
[' o [5017502]7 - ']7 501}7 £t+1]1 s ']1 gﬂt]

i (B ) (R — g, (P2 — )

, (4.100)

where ¢ is some permutation appearing in the sum in G, and where j runs from 1 to ¢ — 1,
skipping 7.

First we look at the case where 0 < i < t. A term with the iterated commutator appearing
in (4.100) arises in G**! in precisely two ways:

1. In C:“;“, as the first term of the Jacobi identity applied to
[' o [5017 502}7 e ~L So'i—l]’ [501" 50t+1]7 gai+1]a e -]a gat] (4~101)

2. In @fﬂ, as the second term of the Jacobi identity applied to
[‘ o [80'] ) 50'2}7 e ']7 801}7 [801+17 Eﬂ't+1]7 801+2]7 s ']7 gar,]' (4'102)

Taking into account the coefficients of these two contributions, we get

1 1
Hj(anj;:JH - a01+1) ((ani::iﬂ - aﬂi+1)(ao;ji+l - at+1)

J i

1
T GoiToiy, Qojqq Tt+1
( o, - a01+1)( Ty - at+1)
1 1 1
= o Ty Ug, Tii1 At 1%0 , (4.103)
[T —ap,,,) =5 — e L — g
VAN 75+1 To; + Tit1 Tit1

(where j runs over the same set as above) which is precisely the coefficient of the iterated
commutator appearing in (4.100).

In this way, we use all the terms of G**! except three to get the terms of the form (4.100)
in G**!' with 0 < i < t. The three terms we did not yet use are G5!, the second term of the
Jacobi identity applied to Gi*! and the first term of the Jacobi identity applied to GI*'. The
only remaining terms in G**! are those of the form (4.100) with i = 0 and with i = ¢. By
a similar argument as the one above, the first is easily seen to be equal to the sum of é’f)“
and the second term of the Jacobi identity applied to C~¥§+17 whereas it is immediate that the
second is equal to the first term of the Jacobi identity applied to éﬁ“. This completes the
induction. O
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Corollary 4.35. Let a = (a1,...,a,) be an ordered set of integers. Denote T = (x1,...,%y).
Then the expression

F(z;a) := 0" (92 5a1 (1) (4.104)
is symmetric with respect to the action of S, on {1,...,n}.

Proof. The group S, is generated by S/, and the transposition (1,2). The fact that F(Z,a) is
symmetric with respect to the action of S), follows immediately because the quantity on the
left-hand side of (4.97) is symmetric with respect to this action. The invariance under the
transposition (1,2) is shown as follows:

1 &1, & &, &
orle - Enbl [2 J 01 & (4.105)
T a1ty — agry  wo( 2 —ay)
|
Lemma 4.36. Let n be any positive integer, and let aq, ..., a, be any integers. For any sub-

set I C {2,...,n} we have

[H I% <O"---(92x1151>0 _< H o <H0f 81) H 5;]> ; (4.106)

ielc i€l¢,a;>0 tel j€I¢,a;<0
where I¢ denotes the complement of I C {2,...,n}.

Proof. Let k =|I| 4+ 1. By Corollary 4.35, we can assume that [ = {2,--- , k}.
First note that
On @k—}—l

Qn k41

=0 (92—81

iel°

1
o ... 02;51 (4.107)
1

where O is defined by O = ade,, (o). This follows immediately from the fact that we take the
coefficient, of e -2 and the expansion of the factor —=— ” — appearing in the operator (’)t
t

Whenever a, = 0 for some t > k, the operator & ” Just acts as multiplication by from
the left; since we take the connected vacuum expectation value, it will be forced to 1nv01ved in
a commutator with a negative energy operator from the left at some point. It is easy to see
that the effect of this commutator will be the same as the effect from the one coming from the
definition of @t.

For t > k with a; # 0, we use the standard Lie-theory fact that for any ¢ > &

Ot... OOk ..(92igl -

T

=&,(0)07... 01Ok . 02i51 — O ORI Ok 02(%51)5%(0). (4.108)
1

Ty

Depending on the sign of a;, only one of these two terms will contribute when we take the
vacuum expectation value. Iterating this procedure from ¢ = k + 1 up to ¢t = n completes the
proof of the lemma. O

Remark 4.37. Using Lemmas 4.34 and 4.36, it is easy to see that Corollary 4.29 is a special
case of Theorem 4.30, i.e. that Theorem 4.3 is a special case of Theorem 4.4.
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4. DOUBLE RAMIFICATION CYCLES

Lemma 4.38. Let n be a positive integer, let ay,...,a, be a sequence of integers and let
Z1,...,%, be a sequence of formal variables. Denote a := (aq,...,a,) and T = (x1,...,Tp).
Then we have, for any p,q with 1 <p < q < n:

G"(@:z) = — 2 NG agar), G ag; ) (4.109)

UpLe = Qqlp 7

where the sum is over all disjoint sets I and J such that ITUJ ={1,....,n} andp €I, g€ J,
and G is as defined in definition 4.33.

Proof. Let us introduce the following notation. Suppose hq, ha, ..., h, are operators. Let

ootog " Lo, [T ha17h02 On
Qulhs, ol =y oo o [ L] o] (4.110)

ses!, (Toy = Toy)  (Tg_y — T,

For any o € S,,, we have the symmetry
Qn(hoys o Noi Ty ooy Toy) = Qu(hay oo by Ty, o ). (4.111)

It can be proved in the same way as the symmetry of G"(a;z). We have

_ ( 1)” ! X Tn

G"(a;7) = (s S Ty, 4.112
(@53) = - Qa2 (1.112)

The lemma obviously follows from the formula

Tpk
Qn(h;z) = ﬁ Z Qn(hr;zr), Qi (hays ). (4.113)
P 9 I11J={1,..,n}
pel, qgeJ

We prove (4.113) by induction on n. The case n = 2 is obvious. Suppose n > 3. Let us denote
the set {1,2,...,n} by [n]. We have

TpT
% Z Qn(hrszr), Quu(hysxy)] =
P qzugw

oer

i#p,q
€T
xv_(; Z [Q111-1([hp: ha]s Rgipys Tis Trgipy ), Qray(hurs 25)]+ (4.114)
! 9 r11J=[n]
i,pel
qed
+l [h Qn—1(ha)\(p}; T\ (o})]- (4.115)
P

By the induction assumption the sum (4.114) is equal to

(1 —
Z( ol ) 4)Qn71([hp>h/i]ah[n]\{i,p};xia£[n]\{i,p}):

Tp — xq)(l’p — T

1#p,q
—1([Pp, Pi, hp\gipys T T\ gy )+ (4.116)
#pq
+ Z Qn—1([hp, Nl Ba\ i pys Tis T\ fip}) (4.117)
Zsﬁpq p
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It is easy to see that (4.117) is equal to

——— [, Qn1 (b} T\ (1) ]+ (4.118)
Tg = Tp
T
———Qn-1 ([ hgl Pia\ .03 T T\ tp.ab)- (4.119)
Tp = Xq
Clearly, the sum of (4.116) and (4.119) is equal to Q,(h; z) and the sum of (4.115) and (4.118)
is zero. The formula (4.113) is proved. O

The proof of Theorem 4.4 is by induction, starting from two base cases. In the first case all
1-classes are at points on the DR-cycle which are not mapped to zero or infinity. In the second
case there is one point in the inverse image of zero or infinity were some non-zero power of a
1-class appears, and all other 1)-classes again are at points which are not mapped to zero or
infinity. The induction will then be completed using Corollary 4.12, which allows us to move
1-classes between points on the boundary. We now prove the two base cases.

Proposition 4.39. Let n be some positive integers, and let ay, . .. ,a, be integers. Let dy, ..., d,
be a set of non-negative integers such that d; is zero whenever a; # 0. Then Theorem 4.30 holds.
That is, under the conditions described above, we have:

n n 1
i=1 i=1

Proof. First note that by Lemma 4.34, equation (4.120) is indeed equivalent to the described
special case of Theorem 4.30.

Denote by I the set I = {1 <i < n:d; > 0}. It is clear that the in the left-hand side
of (4.120), we can replace the product over i from 1 to n by a product over the set I.

By Corollary 4.35 we can assume that 1 € I and that ¢ < j whenever a; = 0 and a; # 0. Let
t be the number of ¢ for which a; = 0. By Lemma 4.36, the right-hand side of equation (4.120)

is equal to
¢ N gl . , Sj o
[gm 11 @ <O 0 51) I =) (4.121)

i,a;>0 4,a;<0 aj
which shows that when I contains only one element, the statement of the proposition is a direct
consequence of Corollary 4.29.
Furthermore, by [89], Proposition 2.5;

d +"'+dn —-n
DRy(ar, ..., a,) [ o = (1d1 P )DRg(al,‘..,an)zﬂf” Fdn—ntl (4.122)
icl v

Using this and the expression above for the right-hand side of (4.120), it only remains to show

that

1 di+---+d 1
[1(111 L w;it}ot L 02751 _ < ld_li' ‘; t> [xd1+mdt—t+1];(€0(x). (4123)
geeey Ut :

It is a direct computation that this equation is equivalent to
O 02 51 = (l‘] + -+ .’Z't)t_250(.’l'1 + -+ It)7 (4124)
which is clearly true when ¢t = 1, so we proceed by induction. Suppose that the equation above

is true for all ¢ <[ for some [ > 1.
Note that the action of (9; on [], O is given by the following actions.
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e replace x; by ;5 + 14
e replace a; by a; +

zjC(ajz—ayxy)
a; T —aT;

tend to 0 (which is the case for us since 7 € I implies a; = 0).

e multiply the result by = x;5(ajx;—ax;), which is equal to ; when a; and a;

Thus, we have, by the induction hypothesis

OlJrl e 02&1] (Il) = Ol+1I1(I1 + -+ xl)17250(xl + o+ l’l)
= (.’IJ1 + 331+1)(.%'1 + -+ $l+1)l7250(l’1 + -+ $l+1)-73'1

+ Z.’L’l ((L’1 + -+ ZL‘1+1)I_2(€0(JJ1 + - .’L’l+1).’L'j
=xy(zy 4+ a) T E(r -+ ). (4.125)
0

Proposition 4.40. Let n be some positive integer, and let aq,...,a, be some sequence of
integers with a1 # 0. Let K be a subset of {2,...,n}, and suppose that a; is zero for all i € K.
Then for all sequences of integers dy, . .., d, with d; # 0 if and only if i € K U {1} we have

DR, (a1, .., a Hw H <o -02;5a1(x1)>. (4.126)
=1

where g is determined by the usual formula.

Proof. Let k := |K|. By Corollary 4.35 we can reorder the set {1,...,n} in such a way that
the elements of K correspond to 2,...,k. By Lemma 4.36, the statement of the proposition is
equivalent to

k
ZDR ay, . » (n H 1/} xt
di,...,dy i=1
& &
:<< 11 a) (ok .02~ gl> H T]z] > (4.127)

i>k,a;>0 j>k,a;<0

We prove this statement using induction on k. If k = 0, the statement is a direct consequence
of Corollary 4.29. On the other hand, the right-hand side of (4.127) is equal to

M<( 11 5) O o) | 1 _% >

o1 . @; . j
i>k,a; >0 j>k,a;<0
o
1 &; E;
=— > IT o) (dloe Jloe) | 1T =
1Ty — Ao a; .
P2 2P g k) \ \iskia>0 ses tese j>kaj<0  J
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—mi%Z{klk! <H Z<H0551)H ; 13[5,;; >

el seS jeJ q=1

(e (1o %)

g=1 7 ere s€8¢ jeJe
P (o]
- <H§ (H 05&) eRIE s >
iel ' \seS jeJ T g=1
P o
< 5’%(0 H <H05>H & >} (4.128)
a; ]

q=1 q S seSe jeJ©

S

where the last sum is over all subsets S as in the line above, all subsets I C {i;¢ > k,a; > 0}
and J C {j;j > k,a; < 0}, all positive integers ¢ and all sequences of integers ki, ..., k.
If we take the coefficient of .rih -+~ a9 in this expression, using the induction hypothesis and
Proposition 4.39, we get

1 kg k
Za— 1 p' p<DRg1(a17&1,k17...,kp)@DRQQ(QQ,&Z,kh...,kp)
1 !

— DRy, (a2, @1, k1, . .., kp) ® DRy, (a1, @, ky, . . ., kp) )0 Hapg2 - - e (4.129)

where we use a; as shorthand for the set of variables {a;}icrusus and as as shorthand for
{a;}icreuseuse, and where the sum is over the same range as in the previous equation (note
that the genera g; and go are determined by dimensional constraints). By Theorem 4.10,
this combination is precisely equal to the intersection of i-classes and a DR-cycle as in the
proposition. O

Proof of Theorem 4.30. The left-hand side of equation (4.93) is completely determined by the
case where a; is zero whenever d; is not zero, the case there is precisely one ¢ with a; # 0 and
d; # 0, and Corollary 4.12.

The right-hand side of the equation is completely determined by the same two cases, and
Lemma 4.38. By Proposition 4.39 the left- and right-hand side are equal in the first case, and
by Proposition 4.40 they are equal in the second case.

Furthermore, intersecting the equation of Corollary 4.12 with a monomial in v-classes of
total degree 2g — 4 + n, we see that the application of Corollary 4.12 and Corollary 4.38 lead
to equivalent operations on the left- and right-hand sides of equation (4.93). O
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—5—  Givental's action and CEO-recursion

5.1 Introduction

5.1.1 Givental theory

Givental theory [46, 45, 47] is one of the most important tools in the study of Gromov-Witten
invariants of target varieties and general cohomological field theories that allows, in particular,
to obtain explicit relations between the partition functions of different theories, to reconstruct
higher genera correlators from the genus 0 data, and to establish general properties of semi-
simple theories.

The core of the theory is Givental’s formula that gives a formal Gromov-Witten potential
associated to a calibrated semi-simple Frobenius structure. Teleman proves [103] that the formal
Gromov-Witten potential associated to the calibrated Frobenius structure of a target variety
with semi-simple quantum cohomology coincides with the actual Gromov-Witten potential in
all genera.

Roughly speaking, to a calibrated Frobenius structure of dimension N with a chosen semi-
simple point ¢ one can associate two N x N matrix series, S;(¢™!) and Ry(¢), and N x N
matrices W, and A, (the latter one is diagonal), such that for a certain quantization of these
matrices we have the following formula for the corresponding Gromov-Witten potential

SN, RA,ZE (5.1)

where by Zkqv we denote the Kontsevich-Witten tau-function of the KdV hierarchy; that is,
the function parametrizing the intersection indices of 1)-classes on the moduli space of curves.

5.1.2 CEO-recursion theory

The Chekhov-Eynard-Orantin-recursion, or CEO-recursion (see [36, 38]), is a procedure that
takes the following objects as input. First, a particular Riemann surface, which is usually
called the spectral curve. Second, two functions x and y on this surface, and third, a choice
of a bi-differential on this surface, which we will call the two-point function (it has often been
referred to as the Bergman kernel, but since this term has other uses as well, we refrain from
using it here). Occasionally, a particular extra choice of a coordinate on an open part of the
Riemann surface is also made. The output of the CEO-recursion is a set of n-forms w,,,, whose
expansion in this additional coordinate generates interesting numbers.

In some cases these numbers are correlators of a matrix model (that was the original mo-
tivation for introducing the CEO-recursion; it is a natural generalization of the reconstruction
procedure for the correlators of a certain class of matrix models, see, e.g. [5]), in some other
cases they appear to be related to Gromov-Witten theory and to various intersection numbers
on the moduli space of curves.

One of the ways to think about the input data of the CEO-recursion theory is to say
that the (¢g,m) = (0,1) part of a partition function in some geometrically motivated theory
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determines the spectral curve; the (g,n) = (0,2) part of a partition function determines the
two-point function, and the rest of the correlators can be reconstructed from these two via
CEO-recursion, in terms of a proper expansion of w,, (see [30]).

The CEO-recursion theory is often used to reproduce known partition functions, to extract
from them some higher genus correlators which were until then unreachable and to give new
non-trivial relations for the correlators, see e. g. [39].

5.1.3 Identification

As we see, there is a lot of similarities in both theories (which was first noted by Alexandrov,
Mironov and Morozov in [4, 5, 6]). In both cases we have to start with a small amount of data
fixed in genus zero, and in both cases the intersection indices of -classes on the moduli space
of curves are some kind of structure constants of the reconstruction procedure (in the case of
Givental this is just a part of Givental’s formula for the formal Gromov-Witten potential, and
in the case of CEO-recursion it is recovered locally in an expansion near a simple critical point
of the spectral curve, see [33]).

Moreover, in both cases we have an expansion of the correlators in terms of Feynman graphs,
see [118] on the Givental side and [34, 39, 67] on the spectral curve side. So, the natural question
is whether we can precisely identify both theories in some setup.

On the Givental side we restrict ourselves to a part of the Givental formula, namely, RAZZ",
(this expression gives the so-called total ancestor potential, written in the normalized canonical
basis). In some sense, it is the most important part of the Givental formula since it determines
the underlying Frobenius structure, while the rest of the formula is a linear change of variables
(action of the matrix \i/) and a change of calibration rather than of the Frobenius structure
itself (action of the matrix series $~1). Note that for a cohomological field theory which does
not have quadratic terms in the potential, the S-action becomes trivial when one takes the
origin as the chosen point on the Frobenius manifold. For Gromov-Witten applications, where
quadratic terms do appear, the S-action is nontrivial, but, together with W-action, it amounts
to a linear change of variables. This still allows for the correspondence below to be established,
as long as one makes a specific choice of coordinates on the CEO-recursion side. We describe
this in detail in the case of the particular example of P!, see below.

On the CEO-recursion side we consider a collection of local germs of a spectral curve at a
finite number of points, with fixed expansions of the coordinate functions = and y and the two-
point function near these points. The result of the CEO-recursion are local germs of n-forms
Wy defined on the products of the given germs of the curve, which we expand in a particular
basis of forms that also depends on the expansions of the two-point function.

The resulting systems of correlators coincide for consistent choices of the input data in both
theories. We prove this fact, essentially using the graphical interpretation of the formulas given
in [118, 34], and provide a dictionary to translate Givental data into local spectral curve data
and vice versa.

Thus, we solve the problem about the mysterious relation between CEO-recursion and
enumerative geometry.

5.1.4 Organization of the chapter

The chapter assumes some pre-knowledge of both Givental and CEO-recursion theory; we refer
to [38, 71, 97] as possible sources. In Section 5.2 we recall the Givental theory, and we present
the Givental formula as a sum over graphs. In Section 5.3 we do the same for CEO-recursion
theory. In Section 5.4 we prove the theorem on identification of the two theories and provide a
corresponding dictionary.
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5.2 Givental group action as a sum over graphs

In this section we review the Givental group action and we remind the reader how it can be
used to write the partition function of an N-dimensional semi-simple cohomological field theory
as an operator acting on the product of N KdV 7-functions. Using this, we write the partition
function for such a cohomological field theory as a sum over decorated graphs. This is essentially
the same as what was done in [118]; in the present chapter the contributions are distributed
in a slightly different way over the components of the graph to make the comparison with the
CEO-recursion.

5.2.1 Givental group action

We remind the reader of the original formulation, due to Y.-P. Lee, of the infinitesimal Givental
group action in terms of differential operators [68, 69, 70].
Consider the space of partition functions for N-dimensional cohomological field theories

Z = exp (Z hglfg> (5.2)

9=0
in variables v¥*, d > 0,47 =1,..., N. There is a fixed scalar product ni; = 0;; on the vector space
V :={e1,...,en) of primary fields corresponding to the indices i = 1,..., N. Furthermore, we

will denote by e; the vector in V' that plays the role of the unit.
Later on we will also use the so-called correlators

<Td1 (eil)TdQ (eiQ) © Tdy, (eik)>g (53)

which correspond to the coeflicients of formal power series F, in the following way:

Td] 621 Td, 622) © Tdy (eik-)> i i
]:. gvdl,n . ,vdwk’ 5.4
Z |AUt( tm, m)k 1)| ( )

where |Aut((i,,, dp) )| denotes the number of automorphisms of the collection of multi-
indices (4,,, d,,) and where the sum is such that it includes each monomial v@: . .. pdkk exactly
once. Note that in the special case of a Gromov-Witten theory for some manifold X, these

correlators carry the following meaning:

(Tay (€i,)Tay (€iy) -~ Tay (€3,)) Z/ v} (e, )V evs (e5,) 052 - - - evi (&5, )V, (5.5)

deg Xg,k,des]

where [X .deg] 18 the moduli space of degree deg stable maps to X of genus-g curves with k&
marked points, ev; is the evaluation map at the i*" point and the v correspond to 1)-classes.

Consider a sequence of operators 7, € Hom(V, V) for [ > 1, such that the operators with
odd (resp., even) indices are symmetric (resp., skew-symmetric). Then we denote by (r;2!)" the
following differential operator:

. ;0 N gy O
(2" ::—(rﬂlm—}—Zvd’ (o)l 525 (5.6)

h m+1 02
+ 9 Z avmiavl—l—m,j'
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Here the indices 7,5 € {1,..., N} on r; correspond to the basis {ey,...,ex} of V, and the
index 1 corresponds to the unit vector e;. When we write r; with two upper-indices we mean
as usual that we raise one of the indices using the scalar product 7.

Given such a sequence of operators 7, we define an operator series R(z) in the following

way
R(z) = Z Ri2' = exp (Z nzl> . (5.7)
1=0 1=1

The quantization R of this series is defined by

[e)

R =exp <Z (=1)'m2") A) . (5.8)

=1

Givental observed that the action of such operators R on formal power series Z for which the
number of -classes (given by the first index of v®#) at any monomial of degree n is no more
than 3g — 3 + n, is well-defined. The main theorem of [44] states that this action preserves the
property that Z is a generating function of the correlators of a cohomological field theory with
target space (V,n) (see also [62, 103]).

Remark 5.1. Note that this definition of R differs from the one in [118] by the sign (—1). Tt is
needed here to agree with Givental’s notation in Proposition 5.3, cf. [46, Proposition 7.3]. For
the same reason, in order to agree with the conventions of Givental, we label in a matrix by
the upper index the column and by the lower index the row.

5.2.2 Givental operator for a Frobenius manifold

Let Z({t*"}) be the partition function of some N-dimensional semi-simple conformal coho-
mological field theory. We recall the construction (due to Givental [46, 45, 47], see also
Dubrovin [28]) of an operator series R(z) as in the previous section whose quantization takes
the product of N KdV 7-functions to Z.

Let F be the restriction of log(Z) to the genus zero part without descendants. Denote
th:=t% . Then F can be interpreted as a formal Frobenius manifold with metric

PF
g = ————— 5.9
T8 = Btiote ot (5.9)
and Frobenius algebra structure czﬁ
PF
= . 1
o0 = Hragti o (5.10)

We can assume that 7. = 0a45n+1 and e; = e;. According to [27] it is always possible by
an appropriate choice of these flat coordinates t*.

Canonical coordinates

Another set of coordinates is given by the canonical coordinates {u'} which can be found as
solutions to Equation (3.54) from [27], and have the property that {9; := 9/0u’} forms a basis
of canonical idempotents of the Frobenius algebra product. In these coordinates the metric is
diagonal and the unit vector field is given by e; = ) + - -+ + On.

Define A; := 1/(8;,9;) to be the inverse of the square of the length of the i*" canonical

basis element, and call {9/dv" := A;/ 9/0u’} the normalized canonical basis in the tangent
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space. We denote the coordinates corresponding to this basis by v, and the formal variables
corresponding to these coordinates by v%*. They are precisely the formal variables v** appearing
in the previous section.

Let U be the matrix of canonical coordinates U = diag(u',...,u") and denote by ¥ the
transition matrix from the flat to the normalized canonical bases. That is, denoting dt =
(dtt, ..., dt")T and du = (dut, ..., du™)T, one has

A7V = Wdt, (5.11)

where A = diag(Aq,...,Ay).

Remark 5.2. Note that ¥ obtained by the definition above depends on the point p of the
Frobenius manifold.

Recursion

Construct an operator series R(z) = Y, ., Rx2" as in the previous section in the following way.
Recursively define the off-diagonal entries of R, in normalized canonical coordinates by

solving the equation
U A(UR,_ ) = [dU, Ry). (5.12)

using Ry = I as a base case. Construct the diagonal entries of Ry by integrating the next
equation

U A(VRy,) = [dU, Ry (5.13)
using the fact that the diagonal entries of [dU, Ry.1] are equal to zero. To fix the integration
constant, use the Euler equation

Ry, = —(igdRy)/k, (5.14)

where E = 3" 4'0; is the Euler field (here we use the fact that we started with a conformal
cohomological field theory).

This procedure recursively defines Ry for all k. The following proposition is essentially
proved in Givental’s papers [46, 45].

Proposition 5.3. Let F' be a local N-dimensional Frobenius manifold structure, semisimple
at the origin, and let (Ry) be the series of operators constructed from this F by the recursive
procedure described above, at the origin. Let ¥ and A be as above, taken at the origin as well.
Then we have the following formula:

Fo =Resdh- log URAT. (5.15)
Here Fy = Fo({t*}) is the genus O descendant potential of cohomological field theory associated
to F; T is the product of N KdV tau-functions,
T = Ziav({u™}) - Zav ({u™});

A replaces the variables of it KdV 7t-function according to u®™ = Ailmvd’i and replaces h
with AR, while U is the change of variables v&" = W't The unit for the R-action is given
by (9}, ),

Remark 5.4. In fact, using Teleman’s result in [103], one has a refined version of Equation (5.15):
Z = VURAT. (5.16)

Note that it holds for cohomological field theories. In the Gromov-Witten case, when quadratic
terms in the potential cannot be neglected, there appears an additional complication, see the
next remark below.
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Remark 5.5. Givental’s formula [46] for a Gromov-Witten total descendant potential (without
the (g = 1,n = 0)-term),
Z = ST'RAT, (5.17)

also includes the operator S, given by

S =exp (Z(slzl)j , (5.18)

where the operators (sz27%)" are defined in the following way (see, e. g., [44, Section 4.2]):

o0 1 [ee]
—I\~
> (s27) == (a1 18750;4 ﬁz sava) (5.19)
=1 d=0
+ ZO ” td+l V&td M Qh zd: Sd1+d2+1>ul 12 tdl’mtdz,w'
;1 ui Ji2

Note that formula (5.18) for the quantization of S differs from the analogous formula (5.8) for
R by a factor of (—1)! in the exponent, which agrees with the definition in Givental’s papers
(45, 46).

The matrices s, are defined through the following relation:

z) = Z Sz % = exp (Z slzl> , (5.20)
k=0 1=0

where for S(z), taken at a point p of the Frobenius manifold, we have (see [46]), for any points
a and b of the Frobenius manifold,

(a,bS,) )+ > (ro(a) exp (10(p) 7(b))g 2. (5.21)

Here on the left hand side the brackets stand for the scalar product on the tangent space to
the Frobenius manifold at p, and we used an identification of the tangent space with the whole
Frobenius manifold, since in this case the Frobenius manifold is itself a vector space. If p is the
origin, we have just

(a,bS) )+ > (7 Z717k, (5.22)
k=0
Note that this S action is defined in the general case when the total descendant genus 0
potential is known. For the case when only a Frobenius potential is specified, the choice of S is
then called a calibration of the Frobenius manifold, see [45, 28] for related details. In the case
of cohomological field theory when we disregard quadratic terms, the S action is trivial if p is
taken to be the origin.
It turns out that in most of the relevant cases, e.g. for the Gromov-Witten theory of CP1
(see section 6.1 below), the only relevant term in equation (5.19) is

(o) , a
D (st (5.23)
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5. GIVENTAL'S ACTION AND CEQO-RECURSION

since (s1)4 vanishes and all other terms just change the unstable terms in the potential.
This means, that in these cases S~! just performs a linear change of formal variables t%* in
the following way:

> (Sa) ™. (5.24)
m=d

5.2.3 Expressions in terms of graphs

In [118] the action of an operator series as in equation (5.8) is written as a sum over graphs.
By Remark 5.4, this allows us to construct the potential of any semi-simple conformal coho-
mological field theory as a sum over graphs. Here we repeat the construction of [118] in a
slightly different way that will be more convenient for the comparison with the CEO-recursion
formalism. Furthermore, we also include the action of A. It is easy to see that the construction
is equivalent to that of [118].

Notation 5.6. Let v be any graph. By a half-edge we mean either a leaf or an edge together
with a choice of one of the two vertices it is attached to. By V(v), E(v), H(y) and L(y) we
denote the sets of vertices, edges, half-edges and leaves of 7. For any vertex v of 7, denote
by H(v) the set of half-edges connected to v.

Let T be the set of all connected graphs v together with a choice of disjoint splitting L(v) =
L*(v) T L*(7), a labelling of the vertices by pairs (g,i) € Zso x {1,..., N} and a labelling
of the elements of H(v) by non-negative integers, such that the label of a leaf in L*® is always
greater than one. The elements of L*() are called ordinary leaves, the elements of L* are called
dilaton leaves. We denote by I" the subset of all graphs in [ that are stable; that is, any vertex
labelled (0,4) for some i is of valence at least three.

For any graph v denote by g: V() — Zso and i: V(y) — {l,..., N} the maps that
associate to any vertex its first and second label respectively, and by £: H(y) — Zs>( the map
that associates to any half-edge its label. Denote by v: L(y) — V(7) the map that associates
to each leaf the corresponding vertex, and by v,,v,: E(y) — V(v) and by by, ha: E(y) — H(7)
the maps that associate to an edge the first and second vertex, and the corresponding half-edges
respectively.

Remark 5.7. The labels introduced above are used to keep track of different data for the trivial
cohomological field theory; ¢ is for the genus, ¢ for the primary field in canonical coordinates
and the labelling of the marked half-edges is for the power of 1-class.

Remark 5.8. As in [118], edges of a graph in ' are considered to be oriented (this allows to
define the maps v; and v, unambiguously); the final result does not depend on the orientation.

Let R(2)} be the components of the operator series R(z) in normalized canonical basis as
computed in Section 5.2.2. To each part of a graph v € I" we assign some polynomial in formal
variables i and v%*. Here h is used to keep track of the genus, while the first index of v keeps
track of the number of 1)-classes and the second index keeps track of the normalized canonical
coordinate.

Leaves
To each ordinary leaf [ € L* marked by k attached to a vertex marked by the pair (g,4), we

assign

(LD =[] (Z ((R(—Z))Evd’jzd)> ; (5.25)

d>0
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5.3. CEO-RECURSION AS A SUM OVER GRAPHS

which corresponds to the second term in (5.6).
To a dilaton leaf A € L*(y) marked by k attached to a vertex marked by (g,7) we assign

(L9)i(N) = [ (=(R(=2))1) (5.26)
which corresponds to the first term in (5.6), which is called the dilaton shift.
Edges

To an edge e connecting a vertex v; marked by (g1,i1) to a vertex vy marked by (ga,42) and
with markings k; and ko at the corresponding half-edges, we assign

L)

2+ w

6 (€)= [P (1 (5.27)
Note that this does not depend on the choice of ordering of the vertices and that it follows from
the fact that R(z) can be written as R(z) = exp(>_ r;2') that the numerator on the right-hand
side is equal to the product of (z + w) with some power series in z and w, so this definition
makes sense.

Vertices

Let v be a vertex marked by (g¢,7) with n half-edges attached to it (this includes all ordinary
and dilaton leaves and also half-edges that are parts of internal edges) labelled by ki, ..., k,.
Then we assign to v the following expression:

VD oy () = R (A, 3R . ke (5.28)

Z as a sum over graphs

It is easy to see that the sum over all graphs in I' of the product of the contributions described
above, weighted by the inverse order of the automorphism group of the graph, is equal to
the graph-sum described in [118] (the only difference is that now we have specialized to the
action on the trivial cohomological field theory, leading to t-class integrals (5.28) as vertex
contributions). Thus, we recover the partition function Z of the cohomological field theory we
started with as a sum over I':

(RA'T Y({v}) = Z|A ] H RS Aiw))? 3(20(0) 2+vadv))< H Tth)>

yel veV (T) heH (v) s
(v1(€)),i(v2(e)) l(U(l>> o l( (l))
H gg(hi(zﬂ(hzzz))() H B(l) (1) H (£ ﬁ(l;) . (5.29)
ecE(y) leL*(y) AeL®(y)

5.3 CEO-recursion as a sum over graphs

In this section, we define a local version of the CEO-recursion and write the corresponding
invariants as a sum over graphs, which allows us to compare it to the Givental action in the
next section.

5.3.1 Local CEO-recursion

We define a local version of the CEO-recursion in the following way. The term local refers
to the fact that the data are all defined locally around the canonical coordinates without any
reference to the possible existence of a global manifold where these functions can be defined.
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5. GIVENTAL'S ACTION AND CEQO-RECURSION

Definition 5.9. For N € N*, we call times a set of N families of complex numbers {hj},  for

i =1,..., N and jumps another set of N x N infinite families of complex numbers {BZ’J (kD)en?

fori,j = 1,...,N. We finally define a set of canonical coordinates {ai}i:1 € CV subject to
a; # a; for i # j.

For all 4,5 € {1,..., N}, we define the following set of analytic functions and differential
forms in a neighborhood of 0 € C:

oo
2(2) =22 4 a;, yY(z) = Z hi 2" (5.30)
k=0
and
. d d
B ) =y rode Z Bl dz @ d. (5.31)
k=0
For 29 — 2+ n > 0, we define the genus g, n-point correlation functions w et (2100 2)
recursively by
90,01 500050 al f—zz Bio,j (ZO" )

Won Zn(z(h By Z’!l) = res j j ]
gn+1 ; 2202 (Y (2) — 1y (—2)) dai(2)

w_gz’lz};z+’22n (Z7 _Z7 Zl7 MR Zn) + Z Zwil‘i‘+1 z ZA) g h ‘B|+1( Z7 ZB) 9 (532)

AUB={1,...,n} h=0

where for any set A, we denote by z4 (resp., ia) the set {z;}rea (resp., {ir}rea), and where
the base of the recursion is given by

wéﬁl(z) = 0; wé’é(z, 2) = B%(z, 7). (5.33)
For convenience, in the sequel we denote
Jo.BY(Z,)
2(y7(2) — 9 (=2))da’ ()

K% (z,2) = (5.34)

and

won(2) = 3wl (3), (5.35)

where the length of Z and iis n.

5.3.2 Correlation functions and intersection numbers

The correlation functions built by this CEO-recursion can actually be written in terms of
intersections of ¢ classes on the moduli space of Riemann surfaces. This result is a slight
generalization of [33, 34] to the local CEO-recursion.

5.3.3 One-branch point case

The link between the CEO-recursion formalism and intersection numbers on the moduli space
of Riemann surfaces comes from the application of this formalism to the Airy curve. This case
corresponds to N = 1 and:

dz @ d

z(2) =2 4a, 2) =z and 2,7) = —3.
()= +a, ¥ (e, ) = 2

(5.36)
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5.3. CEO-RECURSION AS A SUM OVER GRAPHS

Remark 5.10. Since there is only one branch point in this case, i.e. N = 1, we omit the
superscript indicating which branch point we consider in the notations of this section.

For further convenience, we introduce two additional parameters by considering the curve

dz ® dz’
27

(z—2)

the usual Airy curve being aw = 5 = 1. In this case, the CEO-recursion reads

z(2)=2"+a, y(z)=az and B(z?)=p (5.37)

B dZO 1
res -
2=0 20 22 dz (22 — 22)

wg7n+1 (Z(), 21y - - Zn)

g

wgfl,n+2(z~, T2, 2, 7Zn) + Z th,mm(% ZA)wg—h,|B|+l(_Z7 ZB) (5~38)
AUB={1,....,n} h=0

and one has

Lemma 5.11. The correlation functions of the Airy curve can be expressed in terms of inter-
section numbers:

g\ (20; + 1) dz;
wg,n(zlv R Zn) = <_20¢ Bg+ ' Z <T¢11 .- 'Tan>g,n H T 2a+2 (539)

This lemma was proved many times by direct computation [32, 33, 38, 109], matching the
CEO-recursion with the recursive definition of the intersection numbers.
As a side note, the first few correlation functions are

( ) = £ f[ d (5.40)
99/ 21, %9, % .
0.3\~1, <2, <3 20{ - 227
By = 3
woa(21, 22, 23, 24) = TZIJ p ; 7 (5.41)
()= L& (5.42)
WLie) = 200 8z% '
and Bt dzx d 5 3
Z1UZy
— —+ == . 5.43
W1,2(Z1,ZQ) (Jz2 82122 (zi‘ + Z§ + Z%Z%) ( )

Remark 5.12. Tt is important to remark that there exist different conventions in the literature for
defining the CEO-recursion, mainly differing by a change of sign of the recursion kernel. The latter
can be recovered by a change of sign o — —a.

Let us now consider a deformation of the Airy curve which we will refer to as the KAV curve
in the following. It has only one branch point, N = 1, and reads

2(2) =22+ a;
2)=ay hzt . (5.44)
k=1
B(z,2') = BBxav(z, %) = 5?;;8’%;

The corresponding correlation functions can also be expressed in terms intersection numbers
as follows:
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Lemma 5.13. The correlation functions of the KdV curve read:

6 2g+n—2 00 m
Won(21,- .0, 2n) = (— ) potn-t

2ah1
" hoa 2d; + 1)1 dz;
Z HQak-i-l il 2 k+1H( i <H¢d HTak“> . (5.45)
aeN*" k=1 i=1 i j=1

g,n+m

Proof. Once again the proof can be found in the literature [32, 37, 33]. However, let us study
a graphical interpretation of this result when considering an arbitrary convention for the CEO-
recursion. For f(z) an analytic function around z — 0 and {7}, , a set of parameters, one
can compute

res res K(Zy,z {(ZTk )dZI K(Zy,—21)f(Z5) [dZ2]2

7Z1—0 Z2—0
k>1

- (Z Tk(_Zl)k> dZy K(Zs, Z1) [ (Z2) [dZZ]Q} (5.46)

k>1

where the recursion kernel is the one of the Airy curve, i.e. the one for which h;, = 0 for k > 2:

[3 dZO 1
K 5.47
(2:20) = 20hy 2zdz (23 — 22)° (5.47)
One can move the integration contours to get
res res = Tes TIes + res res + res res . (5.48)

Z1—0 Z3—0 Z2—0 Z1—0 Zo—07Z1—72 Zo—0Z1——27>

The first term of the right hand side vanishes since the integrand does not have any pole at
Z1 — 0. Let us now compute one of the other two terms:

Jes, res K(Z,2) (Z TkadZ1> K(Zy, —20)f(Z) [dZo)?

k>1

B dz, e 1§ 1
- 2, T, ZFdZ
Zﬁefozahlzzz,f( 2) 1,07, 271 (2* — Z%) 2ahy (Z} — Z3) 2

k>1

B dZydz 1 T o
2% 2 22, T E = Qahlz (5.49)

In the same way,

res  res K (Zy,2) (ZTkZ{“dL) K(Zy, —20)f(Zs) [d2Z,)* =

Zo—=021——Z
2 1 2 1

B B dZ.dz 1 8 T,
= 2502k, 27, f(Z2)( Z2)2ah1; (=22)"%. (5.:50)
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5.3. CEO-RECURSION AS A SUM OVER GRAPHS

The sum of these two terms reads

res res K (Zy,2) (ZTkale> K(Zy, —2,)f(Z,) [A2Z,)* =

Z9—0 Z1—+2Zo PR
_ B dZ,dz 1 B Toi ), o
= 2% % 22, TP E = 2 2am, > Sz (551)
and finally:
2
Zriejo Zlgej K Zh { (; Tk ) le K(ZQ> _Zl)f(Zz) [dZQ]
- (Z Tk(_Zl)k) dZy K(Zy, 2)) f(Z3) [dzzf} —
k>1
_ ) ﬂ dZydz 1 2k-2
= 550 2ah, 22, f(Z2)(22 7 2cvh1 ZTzk . (5.52)

k>1
On the other hand, plugging in the times hj; amounts to computing similar quantities:
£ dzg 1 1

res

20 20thy 2z dz (22 — 22 i

=0 2ahy 22 dz (2§ Z)<1+Zh22:rlz2k
k=1

,8 dZO 1
= res
5=0 2ahy 22dz (22 — 22)°

1 Zh2k+1 2% | [illi;cﬂzgk

k=1 1

) f(z)[de]? =

f(2) [da]?

4| (5.53)

The first term of this sum is the Airy recursion kernel. The second one is of the shape of the
preceding one with Top.o = %ﬂ’““ for k > 1 so that:

6 dzo 1 h2k+1 L2k
25020 22dz (22 — 22 Z

= Tres res K(Zl,ZO {g Z1 dZ1 K(Z27_Zl)f(Z2) [dZQ}Q

Z1—0 Zo—

—9(~=20)d2, K(Z, Z:) f(Z5) [AZ)*}  (5.54)

where

Pl 200kt aire, (5.55)
k>1 Bl

This same procedure can be applied to the other terms of the sum. The k™ order term can be
written as a sequence of k + 1 residues computed with the Airy recursion kernel with g(z)dz
on one of the outgoing legs. This computation shows that introducing non-vanishing times
amounts to introducing a non-vanishing wg 1 (z) := ¢(z)dz in the CEO-recursion.

It is often useful to represent the CEO-recursion in a graphical form by representing the
interaction kernel K (z, zg) by an edge oriented from zy towards a trivalent vertex labelled by z
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and the function wg (21, 22) by a non-oriented edge (see [36] for more details about this set of
graphs). In this form, wy,(z1,...,2,) is a sum over trivalent graphs of genus g with n leaves
labelled by the arguments 21, ..., z,. The preceding computation shows that the correlation
functions of the KdV curve can be obtained from the correlation functions of the Airy curve
by introducing a set of new leaves, called dilation leaves, in the definition of the graphs used.
A dilation leaf decorated by a label k is weighted by

2achog—y
7»3 .

Plugging this expression into the formula for the Airy correlation functions proves the result. [

dz
(2d = D) res 9(2) 77

= (2d — 1) (5.56)

General case

In this section we give a formula for the correlation function of the local CEO-recursion.

Definition 5.14. Let I, be the subset of " (see Notation 5.6) consisting of graphs of genus ¢’
such that ¢’ + ZUEV g(v) = g and with n ordinary leaves. Let us also introduce orderings on

the ordinary leaves and denote by fmn the set of all graphs from I', ,, with all possible orderings
on the ordinary leaves. For a given graph with a fixed ordering 4 € fgyn and for an ordinary
leaf of that graph [ € L*(%) we denote by m(l) the index of this particular leaf (then m(l) is an
integer from 1 to n such that different leaves have different values m(l) assigned to them).

Theorem 5.15. The correlation functions can be written as a sum over decorated graphs whose
vertices are weighted by intersection of 1-classes on ﬂgﬁn, edges by the jumps, ordinary leaves
by primitives of B and dilaton leaves by the times.

For2—2g—n <0, one has

. 1 (o 2-20(v)—val(v)
=5 Y T (o) < Il >

’ F€lgn vEV(Y) heH (v) g(v),val(v)
1(e)),i(v i(0(N)
H B 1(e))2( H Z dff 7m(l> J) H he(ﬁ\) (5.57)
ecE(%) leL*(“/) Jj=1 AeL*(¥)
with
hk = 2(2k — AL, 4, (5.58)
i . 2d + 1)!dz i
d€)(za,j) = ngso(zTBZ/ B"(z, zq), (5.59)
By 4, o= By 5, (2d — DI (2dy — 1)1 (5.60)
and

<HT’“> = YRk gk, (5.61)
i=1 an Mg.n

Proof. The proof is very similar to the one presented in [34, 67]. However, we prefer to present
a completely graphical proof so that the link with the next sections becomes clear.

We follow the proof of [34]. From the definition, one can write the correlation functions as
a sum over graphs with oriented and non-oriented arrows linking trivalent vertices resulting in
the following expression:

W)= > w(G) (5.62)
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with @g’n the set of genus g trivalent graphs with one root and n — 1 leaves labelled by the
arguments z; and a skeleton tree of oriented edges pointing from the root towards the leaves
weighted by

w(G) _ H Zrejo H Kz(m(e K v2(€>)(Zv1 (e) Zuz(e))
veV(G) €€ Eoriented (G)
H Bivi(e)si(v2(e) (Zvl(e)7 Zv2(€>)
€€ Eunoriented (G)

(5.63)

where each leaf is considered as a one-valent vertex v and one denotes Z, the variable z;
associated to this leaf in the correlation function, Eoentea(G) is the set of oriented leaves of G
and Eynoriented (G) 18 the set of unoriented leaves of G (see [36] for further details). The product

of residues H resy,_,o is oriented following the arrows, i.e. one first computes the residue
veV(G)
corresponding to the end of an arrow before the one associated to its root.
It is useful to remark that, for any edge, oriented or not, one has two types of contributions.
Indeed, the functions B%(z,2') have a singular part

i dz ® d2’
BKdV(Z z ) (5 ’Jm (564)
and a regular part
Bil(2,2) = Z By lz bz @ dy (5.65)
k=0
when z — 2" B
BY(z, ) = Bidy (2, ) + Bi(2,2). (5.66)
In the same way, one has
K" (2,2) = Kighy (2, 2) + K (2, 7). (5.67)

One can translate this by representing By, (z,2') and B (z,2')) by dashed and dotted

reg

unoriented edges respectively, while representing Ky (2, 2') and K}J(z,2)) by dashed and
dotted oriented edges from z to z’. The preceding sum is thus transformed into a sum over
graphs where the edges are dotted or dashed and weighted accordingly.

The dashed edges can be expressed in a slightly different way. Indeed, one has

Bﬁ(’jg(z 2') = res res BKdV 2,21) [/ / o (21, 22 } Bf;fiv(zz,z') (5.68)

212 29—z

and

Krlgg(z 2') = res res BKdV(Z z1) [/ / Bﬁ’ejg 21, 2o } Kﬁgv(zbz’) (5.69)

21—z zo—+t2!

by a simple application of the Cauchy formula.
Remember that such an edge comes with integration of its boundary variables, thus, one
typically has to compute
res res g(2) K% (z,2') f(2) (5.70)

z—02'—=0 res
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which reads

res res res  res (g( v (2, 21) {/ / Bl (21, 2 } Kljéﬁv(zzzl)f(z')) . (5.71)

z—021—2 2/ =0 z0—>+2'

One can move the integration contours around 0 thanks to:

res res = res res — res res (5.72)
z—0 21—z z21—02—=0  2z—021—0
and
res res = res res — res Tes . (5.73)
2'—0 z9—+2/ 20—=02'—=0  2/—022—0

Since, the integrand does not have any pole as z; — 0 nor zp — 0, this shows that (5.70) is
equal to

res res res < (2) Biw(z,21) {/ / v (215 22 ] res. K (20, 2) f(z/)> ) (5.74)
z'—

21—0 2—0 25—0

In the same way, one gets that

res res g(z) Bl (z,2) f(2') (5.75)

2—02'—0
is equal to

res res res <g(z) By (2, 21) [/ / (21, 22 } res Bl (22, 7) f(Z')> . (5.76)
2=

21—0 z—0 22—0

One can finally proceed in a similar way for re-expressing the weights of the root and the
leaves by writing

res K" (z,2)f(7) = res {/ B"”j(z,z2)} res Ky (2,2) f(2) (5.77)
z'—0 20—0 2 —0
and .
i i (5 o
res g(2)BY(2,2) = res res g(2) Bgav(z, 1) U B (zl,Z)] (5.78)

Remark that, for the roots and leaves, in opposition to the inner edges, the functions are the
full ones, not just the regular part.

As a result, by applying this transformation to each dotted line, any graph is composed of
a set of dotted subgraphs whose vertices have the same label separated by dashed lines. Since
each subgraph with label 7 also includes a root and leaves, it is a contribution to the correlation
functions obtained for the case N = 1, times A} and vanishing jumps Bkl = 0. In the sum
over graphs, one can thus replace every sum over such sub-graphs by vertices of corresponding
genus weighted by the correlation function for N = 1, which reads

W)= Q) (5.79)
’YGFg,n
where

KdV,i(v)
=11 1I 25 Yalw)val(w) ({Zh}hemv))

veV (v) heH (v)

Zhy(e) [ Zhae) ; "
I/ sz, z.0 11 / BY(Znzn) (5.80)

e€E(y) heL*(y)
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where deV 4(21,...,2,) is the genus g, n-pointed correlation function obtained from the CEO-

recursion in the case N = 1 and the initial data:
x(2) =2+ a;
o0

y(z) = > hpt . (5.81)

k=1

B(z,2') = Bkav(z,7) = ?;?j)z;

As explained in the preceding section, it can be expressed in terms of intersection numbers:

. o o . -
a}f}fgv,l(zh,,.,zn) — (_2hl1)2 2g nz ( m')
m=0 :
m o 2d; + ) dz [ m
H 2ak ' 1 i 2hk+1 H ( ,2’2(111'22 : <H7—d] HTak:+1> (5.82)
AEN*™ = 1 : j:1 11

g.n+m

which can be made more symmetric under the exchange of the ordinary and dilation leaves by
writing

_ > 1
KdV,i o 2—2g—n—m
Won (21, 2n) = mgzo (—2hy)* —
; (2d; 4+ 1)1 dz;
> Jox —n2ns,, H i +2 HTd Hfak . (5.83)
aEN*™ k=1 i=1 i j=1

g,n+m

Absorbing the factors of the form % into the corresponding half-edge contribution,

the weight of an inner edge becomes

zI1‘e—>50 zge—?O/ / Brc]g A1 & 2 Z%d1+2 Z§d2+2 (584)
which is equal to o N
By 4, = B3, 0g, (2d1 — 1! (2dy — 1)1, (5.85)

while the weight of the ordinary leaves becomes

) I 2
d&)(za, J) := res M/ B"(z, z4), (5.86)

o0 2d+2

where one has to consider both the singular and non-singular part of B%(z, z,). Collecting
these contributions together proves the theorem. O

5.3.4 Change of scales

An important property of the correlation functions built in this way is their homogeneity
property which reads

VA€ C, wyn(Zn|z, Ay, B) = N2 "w, (2|2, y, B) (5.87)

One can thus get an additional factor A" by replacing hi — A'hi resulting in a rescaling of
the weight of the vertices by ()\‘(“>)2 29(v)—valle)
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5.3.5 Weights, Laplace transform and recursive definition
It is interesting to note that the weights of the edges are the coefficients of the Laplace transform
of B;
B (u,v) = Z Biu v (5.88)
(k,)EN?

is equal to

L u upetaitra; . ,
B (u,v) = i . A / / B¥(z,2)e w2 - (5.89)
u+tv 2m #(2)—a; R+ Ja(2")—a;eR+

In [34], it was proved that, if dz is a meromorphic form defined on a Riemann surface, B/ (u, v)
can be factorized and expressed in terms of some basic functions. Here, we will consider the
converse and build By} by induction in such a way that there exist a set of functions { f; ; (u)}Y

7,j=1
such that
i
B (um) U+ v ( Zfz fk] > : (5'90)

Let us define the coefficients B”l recursively in terms of the initial data B by imposing
that

. d§ 2,7) .
o (2,7) = dd[]] Z 050 z, ), (5.91)

k=1

or, in terms of the Laplace transform

fod) =g [ e g (5.9

= (Sm(fl)dud - Z Bs’i,u_d/_l

d’

this reads

=

Fiea(u, 5) == =2ufi(u, ) =Y Byg f§(2,9). (5.93)

k=1

With this definition, one has

B (u,v) =

" (- Sttt ). 59

k=1

5.4 Identification of the two theories

In this section we show how to find a local spectral curve corresponding to any semi-simple
conformal Frobenius manifold.
Suppose some local spectral curve is given. For any ¢ € {1,..., N} and k € Z>, define

Zd ((—)k&é(z,j)) | (5.99)
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5.4. IDENTIFICATION OF THE TWO THEORIES

Theorem 5.16. Let R be some series of operators on an N-dimensional vector space V' as
in Section 5.2. Let Z = ]:EAT, where T is a product of N KdV 7-functions, be the partition
function of the corresponding semi-simple cohomological field theory.

Define a local spectral curve by the following data

87 — SN Ri(—2)R(—w)!

Bl = [2Pw’) o (5.96)

and
B = [ (~R(=2))}) (5.97)
h = b (5.98)

2V A

Let wy,, be the genus g, n-pointed CEO-recursion invariant of this spectral curve and denote by

i Bt 5.99
) = (St (59)

their sum after a change of variables Wi(z,,) <> v%® for all m. Then the partition function of
the cohomological field theory and the CEO-recursion invariants agree in the following sense:

Z({o"}) = exp (Q({™}) . (5.100)

Proof. In Sections 5.2 and 5.3 we have given representations of Z and wy, as sums over the
set I' (in fact, in the case of w,,, this set is I" rather than T, but after changing the variables
Wi(zn) > v% we can take the sum over orderings and arrive at the sum over I' acquiring
an additional factor of n!, which cancels with the corresponding factor in (5.57)). We prove
the theorem by showing that the contribution of each individual graph to Z is equal to the
contribution to .

Let v € T be some graph. Note that on both sides we assign the same weight to the vertices
of 7, namely to a vertex labelled (g,7) with n half-edges attached to it labelled dy, ..., d, we
associate

(=2h0)* 7" (Tay - Ta) g - (5.101)

Furthermore, by equation (5.96), any edge in 7 contributes the same to Z and Q.

Let [ be an ordinary leaf of « labelled by k attached to a vertex labelled by (g,7). We use
induction on k to show that the contribution to Z is the same as the contribution to 2.

The contribution of [ to Z is given by

Li(h) = [2"] <Z(R(—Z))§vd’jzd> =D (D) (Ra)jo™ (5.102)

d d=0

When £ = 0, the contribution of [ to 2 is given by

> A&z, 4) = Wy, (5.103)

Since (Ry); = &}, the contributions to Z and 2 agree when k = 0.
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5. GIVENTAL'S ACTION AND CEQO-RECURSION

Now suppose that they agree for some k € Z>,. That is, suppose that

k

D6 0) = (DT (B )W (5.104)

=0

Then, using Equation (5.91), the contribution of the leaf to  for the index k + 1 is given by
i i 8€k i
ngkJrl(Zv])_Zd - G ZBkUOZ’]
J J
- Y (-2 L) - S~ R )
- 23 Oz Sk ) +1/)t50 )

t=1

k k+1
= > (D' R)iWiro + (CDMHRis)iWi = (D' (R)iWigy, (5.105)
1=0 =0
where we used equation (5.96) to write
Bily = =(= 1) (R (5.106)

This completes the induction, and since it is clear that the dilaton leaves contribute the
same in both cases, it also completes the proof of the theorem. O

Remark 5.17. The theorem above deals with the potential of a cohomological field theory
written in terms of formal variables v®* corresponding to normalized canonical basis. In order
to pass to flat coordinates one can change the variables in the following way:

vt = W (5.107)
On the spectral curve side it will correspond to changing the variables W} in the following way:
Wi =w vk (5.108)

Thus, the theorem holds in the same form for the potential of cohomological field theory
written in terms of formal variables ¢, only one should identify ¢** with V}".

Remark 5.18. Above we established the correspondence between cohomological field theories
and symplectic invariants of spectral curves. However, as noted in Remark 5.5, in the case of
Gromov-Witten theories we cannot disregard quadratic terms. So, in the formula for the total
descendent potential an additional operator S appears. In some cases, again see Remark 5.5,
it performs only a linear change of formal variables t“* on which the potential depends. Thus,
to establish the correspondence in this case, one has to change the variables W} in precisely
the same way, and then identify the resulting variables with ¢%# similar to the case of previous
remark. Occasionally, the changes of variables preformed by ¥ and S can be a re-expansion
of wy,, in a new coordinate on the spectral curve. In Chapter 6 we explain this procedure in
detail for the case of P!,

Remark 5.19. The system of equations obtained via a Laplace transform from the equations
of Givental for the R-matrix (that is, the so-called equations of deformed flat connection) is
studied in detail in [28, Section 5]. This gives, in particular, a recipe to reconstruct the two-point
function directly from the Frobenius structure bypassing the reconstruction of the R-matrix.
This also explains why we call the critical values aq, ..., ay of x the canonical coordinates.
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—6—  ‘The Norbury-Scott conjecture

As a first application of Theorem 5.16, in this chapter we recall and prove the Norbury-Scott
conjecture on the stationary sector of the Gromov-Witten theory of P'.

6.1 Gromov-Witten theory of P!

The Gromov-Witten theory of P! is discussed from the geometric point of view in many sources,
see e. g. [86]. Givental proved in [46] that his formula for the formal Gromov-Witten potential
coincides with the geometric Gromov-Witten potential of P*, so we discuss it here only from the
Givental point of view, ignoring the geometric background. One can find the same computations
in [101, 102].

The underlying structure of Frobenius manifold is determined by the following solution of
the WDV'V equation

1
5(151)2152 +e, (6.1)

(2 (1)) . (6.2)

All ingredients of the Givental formula depend on a particular choice of the point on the
Frobenius manifold, and in this case we choose the point (0, 0) in the coordinates (¢, %s).

We perform a direct computation following the recipe of Givental in [45], see also Sec-
tion 5.2.2. As a possible choice of the canonical coordinates, we use

and the scalar product given by

ut = t' + 2exp(t?/2); (6.3)
u? =t' — 2exp(t?/2). (6.4)
In particular, for t' = t?> = 0 we have u! = —u? = 2. Then,
_ o 0 exp(—t%/2)
A 1 = R — - - . )
! <8u17 8u1> 2 ' (65)
_ o 0 —exp(—t?/2)
A = (22N ZexpEr/E) .
2 <8u2’ 8u2> 2 ’ (6.6)
so we can choose the square roots as
- —t%/4
Al 1/2 _ exp( / ); (67)
V2
s —iexp(—t2/4
N ) .

V2
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6.1. GROMOV-WITTEN THEORY OF P!

For this choice we have the following matrix of transition from the basis given by (9/9t', 9/0t?)
to the normalized canonical basis:

exp(—t2/4)  —iexp(—t>/4)
= expg/zx) iexp\(/l?z/4) : (6.9)
V2 V2

It is the matrix ¥ = W!  where « labels the rows and corresponds to the flat basis, while i
labels the columns and corresponds to the normalized canonical basis.

The recipe of reconstruction of the matrix R from [45] gives at the origin the matrix R(¢) =
> ne RiCt, where
2k —-1)N2k=3)1 =1 (—1)F12ki
Ry = Y \2ki  (=1)F! (6.10)

The S matrix is given by the derivatives of the deformed flat coordinates, computed in [29,
Example 3.7.9] At the origin we have:

SCH=1+¢"- ((1) 8) (6.11)
L0y
()

(Note once again that we are using the convention that the matrices are acting on vector rows,
opposite to the standard one).
The unit vector at the origin in the normalized canonical basis is equal to

1 i :
- 7 1 —
e= (1,0 )= <> : (6.12)
(ﬁ s V2 V2
Therefore, the dilaton leaves (cf. Equation (5.26)) in the Givental formula for P* at the
origin are

1 (=DM ((2k — 1))
o\1 .
e 0 (k-1
(L%)is1 = N (6.14)
for k> 0.
Proposition 6.1. The Gromov- Witten potential of P*,
Zp (B, {151 4523520), (6.15)

1s obtained from RAZ%V (understood as a sum over graphs in the sense of Section 5.2.8 and
written down in the normalized canonical basis, that is, in the variables v¥*, d > 0, i = 1, 2)
via a linear change of variables given by

(o) o0

Z (tm,l.‘ tm,2) Skcmfk _ Z (,UZ,I7 v€,2> CZ . \I,fl’ (616)

m>k =0

and a correction of the unstable terms (that is, (g,n)-correlators with 2g —2+n < 0).
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6. THE NORBURY-SCOTT CONJECTURE

Proof. In order to get the Gromov-Witten potential of P! as given by the Givental formula,
we have to apply the U- and S~l-action to the expression in terms of graphs discussed in
Section 5.2.3 that corresponds to RAZ%V, The W-action is just a linear change of variable by
definition. The general S-action is discussed in [44, Section 4.2]. It is a combination of a shift
of variables that vanishes in our case (indeed, (1,0)S; = (0,0)), the linear change of variables
that we have in the statement of Proposition, and a correction of unstable terms that is not
essential for us. O

6.2 The Norbury-Scott conjecture

Norbury and Scott [84] propose the following construction. They consider a spectral curve

given by
r = z+ l;
{ y = log ; (6.17)
and the standard two-point function
dz ® dz’

Via CEO-recursion they obtain the n-forms wy, that they consider in the global variable x,
and they conjecture the following theorem (they prove it for g = 0, 1):

Theorem 6.2. For 2g — 2+ n > 0, we have:

n

l I 1 a;+1 =
<_ zrgsoo (a. + 1)'$1 " > wg,”(xlv .- ‘737n) = <| | T27G_7>g7 (6~19)
Tj= j . iy

=1

where <H?:1 To.a;)g 15 the corresponding correlator in Zp, that is, the coefficient of

W ] [ tea, /| Aut(as, .. an)] (6.20)

j=1
in log Zp:1.

In the rest of this section we prove this theorem, identifying all ingredients of the CEO-
recursion with the corresponding parts of the Givental formula.

6.3 Proof of the Norbury-Scott conjecture

6.3.1 Local coordinates near the branch points
We denote the local coordinates by z; = v/x — 2 and 25 = v/ + 2. Then we have:

r=z42nearz =2, 2 =1, z = 0; (6.21)
rT=2—2mnear v = —2, z=—1, z=0. (6.22)
Therefore,
22 23
=1+ 4/ 1+ 2 6.23
z + 5 21 + 1 ( )
2 2
r= 14 2 4z 1—% (6.24)

In both cases we choose + for =+.
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6.3. PROOF OF THE NORBURY-SCOTT CONJECTURE

6.3.2 Expansion of y
Recall that y = log z. A direct computation shows:

/ le
y=

/ —1 dz2
y= .

Note that
1 2k7 1)
—1 —i) - (2k = )N
N _Z+Z T'

Therefore

)k
aes1 (—1)"(2k — DI
U—zﬁ—Zz k'23k(2k+1) )

_ oer1 | (71) - (26 — DU
= —ZZ2+ZZ k;IQSk 1)

Thus the coefficients hi 41, k>0, are given by the following formulas:

i (=D* ((2k = DI)*

1 _
M1 =2 J:193k ’
2 g (20 (k-1
b 128k

6.3.3 The matrix f; ;(w)

We use the following definition of the matrix f;;(w) (cf. Equation (5.90)):

f”(w) = 51J — IUB[Z]](O, w_1)7

where w = v, We use By, = (B4

reg

Byos) =[SO ot
Biy(0,2) = m}o
BL(0,21) = W}
B = [EDEE) dhotn]
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)o.2:(21 — 1)!1, and the following expressions:

(6.25)

(6.26)

(6.27)

(6.28)

(6.29)

(6.30)

(6.31)

(6.32)

(6.33)

(6.34)
(6.35)
(6.36)

(6.37)



6. THE NORBURY-SCOTT CONJECTURE

Therefore,
1 1
Brlelg(o., Zl) = ? 722 —1 (638)
1 1 + I1
B2(0,2) = — (6.39)
reg\ - 221
4(1— 2)3/2
B2(0,2) = — ' — (6.40)
g 401+ %)3/2
1 1
Bi(0,2) = 5 | ——=—1 (6.41)
z3 1
4
So, we have the following expansions:
1 Nl (SDMTEE DN
Brcg(07 Zl) - ; 21 (k n 1)[23(k+1) (642)
- i(2k + 1)1
B2 (0,2) =Y =" e (6.43)
k=0 :
21 Nl HEDREE DN
B(0,21) =Y 2" O (6.44)
k=0
22 N~ e (2R DN
BZ(0,2) = ; 2 G DB (6.45)
The formulas for f;;(w) are then
- (=1)*1(2k — D)!(2k — 3)!!
fr(w) =1+ wh- o (6.46)
k=1
e —i(2k = D)2k — 3)!
fra(w) = ;w : (k= 1)12%1 (6.47)
= (—1)%i(2k — 1)!1(2k — 3)!!
fr(w) =) wh- (F D (6.48)
k=1 '
E —(2k — N2k — 3)!!
foo(w) =1+ Zwk L= k?23(’“ ) (6.49)
k=1 ’

This coincides with the formula for the Y2 ) Rx2"(—w)" at the point (0,0).

6.3.4 Comparison of the coefficient of (g,n, m)-vertex

In this section we consider a vertex of genus ¢ with n attached half-edges or ordinary leaves,

n

and m dilaton leaves, with an associated intersection number ([, 74, [T'%; Tai+1)gntm. There
are vertices of type 1 and type 2, depending on the canonical coordinate that we associate to
the vertex. We compare the coefficients that we associate to these vertices in the Givental case,
using the data from Section 6.1 in Formula (5.29), and in the case of local CEO-recursion, using

the data from Sections 6.3.1-6.3.3 in Formula (5.57).
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6.3. PROOF OF THE NORBURY-SCOTT CONJECTURE

The coefficients that we have in Formula (5.57) (at the vertex of the type 1 and 2 resp.)
are:

(=2)*7%7m=m and  (20)27%M (6.50)

Let us compute how these coefficients change if we take into account all the differences be-
tween R-matrix and the dilaton leaves. For convenience, from now on we rescale the differential
forms on the leaves, Wi — 279W¢ i = 1,2, a = 0,1,2,.... Observe that this rescaling, the
extra factor of 2% in R;, and, in addition, an extra factor of v/2 that we have to put by hand
on each ordinary leave give us together the extra factors of

oXimidign/2and  oximdign/?, (6.51)
Then the quotient of the contributions of the dilaton leaves gives us extra factors of
9¥iti(ait)gm/2(_1)m and 9Xia(ait)gm/2(_qym (6.52)

Let us assign by hand an extra factor of (—1)*~2*" to each (g, n, m)-vertex. This way we get
the following coefficients:

2g71+n/2+m/2 and 2g71+n/2+m/2Z~2972+n+m. (653)
These coefficients are precisely
((A1)1/2)29*2+n+m and ((A2)1/2) 2g—24n+m . (654)

Therefore, the coefficient of szl 2 W;fc in a graph of global genus § with n marked leaves
in the Formula (5.57) for the set up of Norbury-Scott, multiplied by

M2 ()20 — (_\/2)", (6.55)

is equal to the coefficient of szl %% in the same graph in Formula (5.29). This extra factor
will be taken into account via a rescaling of the variables by —v/2.

6.3.5 The W-action

Let us apply the W-operator to the leaves. After comparing the R-action with the graph
expansion given by formulas (5.29) and (5.57), and taking into account the extra factor of
—V/2, we have the following identification of the marking on the leaves:

D)8, = (27WL 27 W2) U/ (—V2). (6.56)

a—b=c
Here
dz dz
wl=__—"°2_ + (6.57)
0 (1 - 2)2 z=2(z1) (1 - Z)2 z=2z(z2)
5 idz idz
=~ ; 6.58
O (14 2)2 ey L2y (6:58)
and

2 Wi =d (<dci_>c/wg> , (6.59)

so we can work in the global coordinate z rather than in the local coordinates 2, zo.
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Since o
w-va- (3 7). (6.60)
22
we have:
> S, = (UL, U2), (6.61)
a—b=c
where
1 dz dz
1
_L1r 62
Yo 2( (1—z)2+(1+z)2> (6.62)
-1 dz dz
Ul=— 6.63
0= Q1—a2+u+¢p> (6.63)
and

T a ‘ 7
Uc—d<(—ax> /UO), i=1,2%¢c=01,2,.... (6.64)

6.3.6 The S-action

The S-action is just a linear change of variables prescribed by Equation (6.61). This means
that we replace each U! with a linear combination of times ¢%7, a > ¢, where the coefficient of
2 (this is the series of variables corresponding to the stationary sector) is equal to

0, if a — ¢ is even,;
1 . (6.65)
W, lfa_C:2k+14
for i =1, and
1 : — 9.
ek Tf a—c = 2k; (6.66)
0, if a — ¢ is odd.

for ¢ = 2.
Norbury and Scott make the same kind of a linear change of variables, with the coefficient
of t%? in UJ, j = 1,2, given by

— res $x“+1Uj ! res z—}—l " U’ (6.67)
r=00 (a+1>! ¢ ( + 1) ==0 z €’ ’

In order to complete the proof of Theorem 6.2, we have to check two things: (1) that
the Norbury-Scott formula for the contribution depends only on the difference a — ¢; (2) that
for ¢ = 0 Equation (6.67) gives exactly the same coefficients as we have in Equations (6.65)
and (6.66).

The first thing follows directly from the formula. Indeed,

S () ) (2 [y
Sl
- (a—|—1—c ( >

In particular, we see that the coefficient is equal to 0 if a < c.
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Then, a direct computation shows that

1 1 a+1 )

aroslictz) W (6.69)
o 7+;”’“; __dr

S (a+1D)=0\" 2 2 (1—2)2 (1+2)?

1 +1 N\ —2zdz
I"QS z D E—
! (1— 222

(
if a is even
ot () e+ 1) + (k4 + (1) ifa=2k+1.

k
if a is even;

Hl(k,) ifa=2k+1.

and

1 1 a+1 )
CE res (z + z> U; (6.70)
1 +1““f1 = d
= e st —
(a4 1)! =0 z 2 \(1—2)2 (14 2)?
-1 n N\ zdz
= e st —_—
(a4 1)! 2= z (1—22)?
e (C0) G )+ (7)o () 1) i a= 2k
0, if @ is odd
B ﬁ if a = 2k;
- 0, if a is odd.
We see that there is an extra factor of (—1) in all coefficients. This means that the (g, n)-
correlation functions of Norbury-Scott differ from the stationary Gromov-Witten invariants
of P! by a factor of (—1)". But this factor is exactly the difference we must have because Norbury

and Scott are using a different convention of the sign in the CEO-recursion, cf. Remark
This completes the proof of Theorem 6.2.
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—7—  Polynomiality of Hurwitz numbers,
‘Bouchard-Marifio conjecture, and a new proof

of the ELSYV formula

7.1 Introduction

Hurwitz numbers play an important role in the interaction of combinatorics, representation the-
ory of symmetric groups, integrable systems, tropical geometry, matrix models, and intersection
theory of the moduli spaces of curves. In this chapter we revisit two of the most remarkable
properties of Hurwitz numbers.

The ELSV formula [31] gives an expression for connected Hurwitz numbers in terms of
intersection numbers on the moduli space of curves:

=m! H . ON (7.1)

i=1 [LZ Mg e Hz 1 lilulwl

The Bouchard-Marifio conjecture [10] (proved by now in several different papers) is also a
relation of Hurwitz numbers to matrix models. Consider the spectral curve

x=ye "’ (7.2)
equipped with the two-point function
dydy’
SV (7.3)
v—v)
Then the n-point functions wy,, produced from this data via CEO-recursion [36] are equal to
he.
Z 7“]’”1"""“" . TNt ey L day, (7.4)
m!
H1seesin

These two statements are known to be equivalent [33]. In this chapter we revisit this
equivalence and present this argument in a new way (see also Chapter 8 for a generalization).

Let us describe the existing proofs of both statements. All proofs of the ELSV formula [31,
52, 86, 74] are based, either directly or, as the original one, indirectly, on the computation
of the Euler class of the fixed locus of the C*-action on the space of (relative stable) maps
to P'. All mathematically rigorous proofs of the Bouchard-Marifio conjecture [35, 82] use the
ELSV formula and the Laplace transform of the so-called cut-and-join equation for Hurwitz
numbers, the basic equation that also allows to reconstruct them recursively. There is one more
proof of the Bouchard-Marino conjecture in [8] that goes through the construction of a matrix
model for Hurwitz numbers and a direct derivation of the CEO-recursion, but it will require
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plenty of subtle analytic work to make it really mathematically rigorous. Of course, since the
ELSV formula is proved independently, the fact [33, 116] that the two statements are equivalent
implies the Bouchard-Marifio conjecture as well.

There is still a number of interesting questions on both statements. The first question is
whether it is possible to prove the Bouchard-Marino conjecture independently of the ELSV
formula. The second question is whether there exists any way to derive the ELSV formula
combinatorially, rather than via the computation of the Euler class mentioned above. For
example, all Hurwitz numbers can be computed combinatorially, either using the character
formula, or, equivalently, using the semi-infinite wedge formalism, or recursively via the cut-
and-join equation. On the other hand, the intersection number in the ELSV formula can
also be computed combinatorially. Indeed, we can use the Mumford formula [83] for the Chern
characters of the Hodge bundle in order to reduce the intersection number in the ELSV formula
to intersection numbers of 1-classes, and any intersection number of 1)-classes can be computed
using the Witten-Kontsevich theorem [107, 66]. The third question, posed e.g. in [105, 50], is
the following. The structure of the ELSV formula implies some polynomiality property of
Hurwitz numbers, that is

n i
o i
h’g;/q,.“,u" = m/! (H ') ngn(:ulv ey ,un)7

g Mi

where Py, (1, ..., /t,) are some polynomials in p, ..., p,. Though this fact is completely
combinatorial, the only way to prove it known up to now is to use the ELSV formula. So, the
third question we consider here is whether it is possible to prove this polynomiality in some
direct way, without any usage of the ELSV formula.

7.1.1 Organisation of the chapter

This chapter provides full answer to all three questions. It is organized in the following way.
First, we prove in Section 7.2 the polynomiality of Hurwitz numbers directly from the definition
in terms of the semi-infinite wedge formalism. Our argument is a refinement of an argument
by Okounkov and Pandharipande in [87]. Then, using the polynomiality property of Hurwitz
numbers we are able to derive in Section 7.3 the Bouchard-Marino conjecture directly from the
cut-and-join equation. Then, since we have an equivalence of the Bouchard-Marino conjecture
and the ELSV formula, we immediately derive the ELSV formula in a new way. In Section 7.4
we review the correspondence between the topological recursion and the Givental theory, with
a special focus on the 1-dimensional case, and in Section 7.5 we provide a (slightly refined)
proof of the equivalence of the ELSV formula and the Bouchard-Marifio conjecture.

7.2 Polynomiality of the Hurwitz numbers
In this section we prove the following theorem:

Theorem 7.1. The Hurwitz numbers hy,, .- for (g,n) ¢ {(0,1),(0,2)} can be expressed as
follows:

. S
hg;p,l,...,,un = (29 + |M| +n— 2)' (H M') Pgﬂ’l(ulv e 7#71)7 (75)

i=1

where Py (1, . .., ) s some polynomial in pu, . .., fiy,.

Basically this theorem gives the form of the ELSV formula without specifying the precise
formulas for the coefficients. This property (in a bit stronger form) was conjectured in [48]

124



7. ELSV AND BOUCHARD-MARINO

and then proved in [50], with the help of the ELSV formula. Still, the question whether this
property can be derived without using the ELSV formula remained open [105]. This is precisely
what we do here: we prove this statement without using the ELSV formula.

7.2.1 Hurwitz numbers in the infinite wedge formalism

By hg, we denote the Hurwitz numbers for possibly disconnected covering surfaces. From
Proposition 2.23 we know the character formula for the disconnected Hurwitz numbers Ay,
implies that (see also [87]):

() o
By = <ea1f;" 11 ‘“> . (7.6)

; i
i=1
Here ¢(11) denotes the number of parts of y, and
m = 2g + |p| +€(p) — 2. (7.7)

We remind the reader of the difference of a factor |[Aut(u)| between our disconnected Hurwitz
numbers h, ,, and the ones in [87] (which are denoted by C,(y) there).

Definition 7.2. Define the genus-generating functions for the disconnected Hurwitz numbers
and for the connected ones as well:

0 u2g72
hy(u) =" — g (7.8)
g=0 ’
o - ’U/2q72 o
() =D ———hg, (7.9)
g=0

They are related to each other through the inclusion-exclusion formula.
We have

)
B (1) = H1=E) <e°“e"f2 I1 O“‘> (7.10)

- P

£(p)
_ u—\y\—é(u) ef1 eu]:g H Oy e—u]-'ze—oq

)

— U*W‘faﬂ) <H (ealeufz Xy euf26(¥1> >
3 i
i=1

The second equality holds since e™/2 and e~ fix the vacuum vector.

7.2.2 A-operators

Now, following [87], we introduce certain operators that we use later on to rewrite the formula
for Hurwitz numbers.

Definition 7.3. Define

Ala,b) = (C(bb)> > <) Er(b), (7.11)

ot (CL + l)k
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where a and b are parameters and we use the standard notation:

k)! 1 2)--- k k>0,
(a+1) = @tR_ JlatD(a+2).(a+ )11 = (7.12)
a!l (ala=1)---(a+k+1)", E<O0.
Ifa#0,1,2,..., the sum in (7.11) is infinite in both directions. If a is a nonnegative integer,
the summands with £ < —a — 1 in (7.11) vanish.
Note that Proposition 3 of [87] implies that the correlator
(A(z1,uz1) ... A(zn, uzy)) (7.13)

is well-defined for all (z1,...,2,) € Q C C™ and sufficiently small u, where

k—1

2] > > ail, k—1,...,n>. (7.14)
i=1

Definition 7.4. Define the connected correlator of A-operators

(A(z1,uz1) ... Alzn, uz,))° (7.15)

Q= ((zl,...,zn)

through the disconnected ones via the inclusion-exclusion formula.

Proposition 7.5.

h;'p,l = m! H (M) [u29—2+n] <A(M17ulu'1) .A(/.Ln,ulin» (716)
e o\ ! fi - pn
Proof. The main part of the proof follows [87]. Note that
e a_ e =8 (um) (7.17)

which is easy to see since Fy acts diagonally. From the commutation relations for & we see
that

eME L (s)e M = C(Ti)!m Z (ng(j_)l)k Enls) (7.18)

The previous two formulas imply the following, for m € {1,2,3,...} (Lemma 2 of [87]):

et e e = U ﬂZL A(m, um) (7.19)
Now we can rewrite formula (7.10) as
o s (Apr, uper) - - - A, uptn))
h =u " — 7.20
o) =7 ]| (/m ) L (7.20)

Recall that the connected Hurwitz numbers can be expressed though the disconnected ones
with the help of the inclusion-exclusion formula. Since the relation between connected and
disconnected Hurwitz numbers is the same as the one between connected and disconnected
correlators, we have:

he (U) =y ﬁ <p‘fl> <A(p'17 uﬂl) e A(N’nv UN‘TL)>O (721)

ftn o\ ! Ry

Comparing the coefficients in front of the same powers of u on the right hand side and on the
left hand side we directly obtain the statement of the proposition. O
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Now we see that in order to prove Theorem 7.1 we only have to show that expressions

[u2972+n] <-A(U17 UUI) e 'A(:“nv uﬂn»o
My

(7.22)

are polynomial in gy, ..., fi,.

7.2.3 Further properties of A-operators

In this subsection we modify an expression for the connected correlators of A-operators in order
to exclude possible so-called unstable terms.
Definition 7.6. Let A, be the coeflicients of the expansion of the operator A(z, uz) in powers
of z:
Az, uz) = Z Ay 28 (7.23)
keZ
We will use the following theorem, due to Okounkov and Pandharipande:

Theorem 7.7 (Okounkov-Pandharipande, [87]).

(A, Al = (=1) 0ppir - (7.24)
Definition 7.8. Define -
A (z,uz) == ZAk 2F. (7.25)
k=1
Notation 7.9. For any operator P(u) define
(P(u)), := [u"] (P(u)) (the coefficient of u* in (P(u))) (7.26)
(P(w)); == [u"] (P(u))° (the coefficient of u* in (P(u))°)

Definition 7.10. We denote by Y, i be the set of {1,...,n} Young tableaux (i. e. Young
diagrams of size n with each box labelled by a number from 1 to n such that no two boxes are
labelled by the same number) with certain conditions and additional row labels.

Namely, let y be such a tableau. Let ¢; j(y) be the number in the ¢-th row and j-th column.
Let h(y) be the number of rows, an let ;(y) be the length of the i-th row. Now we are ready
to describe the conditions.

First, the numbers in the rows should be ascending, i. e. for any ¢ and for any j; < jo we
have ¢; j, (y) < ¢4, (y). Second, the numbers in the first column that correspond to rows of the
same length should be ascending, i. e., if I;, (y) = l;,(y) and iy < iq, then ¢;, 1(y) < ¢iy1(y).

By M\i(y) € {—1,0,1,...} we denote additional labels that are assigned to all rows, and we
require that "% X, (y) = k.

Note that there is a one-to-one correspondence between the elements of V), ,, and the terms in
the expression for a disconnected correlator through the connected ones (the “inverse” inclusion-
exclusion formula). Rows in y correspond to individual connected correlators in the product,
while labels A correspond to the Euler characteristics of these connected correlators. This can
be expressed through the following formula:

(A(z1,uz1) .. A zn, uzn))y, (7.27)
h(y) o
= Z H <A(ZC"*1(y)’ uzci'1<y)) o "A(Zc%li,(y)(y)’ uzcl-,l;(y)(y))>)\
. i(y)
YEYVn k 1=1

The terms in this sum that contain either (A(z;,uz))”; or (A(z;, uz;)A(z;, uz;)), are called
unstable terms. If we exclude all unstable terms, we obtain the following expression.
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Proposition 7.11. We have:

(A (z1,uz1) o Ap(Zn, uzn))y (7.28)
h(y) o
= Z H <’A(Zci,1(y)7 uzci,l(y)) - 'A(Zcz,z,,;(w(y)v uzcz,l,i(y)(y))>)\‘( .
— i—1 i y)
YEVn k
Here

In other words, (Ay(z1,uz1) ... Ap(2n,uz,)),, is equal to (A(z1,uz1) ... Az, uzy)), with all the
unstable terms dropped.

Proof. Let us first compute the unstable factors, i. e. the genus-zero one- and two-point con-
nected correlators.
Note that
1 z2(z-1)

(A(z,uz)) = P + o1

This directly implies the following formula for the genus-zero one-point correlator:

u+ O(u?). (7.30)

o 1
(A(z,uz))” | = e (7.31)
The definition of the operator A implies that
1
(0| A(z,uz) = E<O| + (0| A4 (2, uz) (7.32)

The definition of the two-point connected correlators together with formulas (7.30), (7.32) and
(7.24) implies the following formula for the genus-zero two-point connected correlator:

(A(z1,uz1) A2, uza))g = (A(21, uz1) A2, uz0)) g — (A(z1,uz1)) | (A(22, uz0)), (7.33)
= (A(z1, uz)), (Alze,uz2))
= (A (21, uz1) A2, uz0)) — (A(z1,u21)); (A2, uz2)) 4
= (A(z2, uz2) A (21, u21)) o + 21 Z(—l)k (Z1>

2
k=0 2

— (A(22, UZ2)>71 (A(z1, U21)>1

— (As (20, uz) A (21, uz0))g + 21 é(‘”k ()
. i(l)’“ ()k

Now we prove the statement of the proposition by induction over the number of operators
n in the correlator on the left hand side. From the definition of the operator A it is easy to see
that the statement holds for n = 1. Suppose that it holds for the correlator of any number of
operators less than n. We will prove that it holds for n operators.
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Taking into account (7.32), (7.24), (7.31) and (7.33) we see that

(A(z1,uz1) .. Alzn, uzy))y (7.34)
= zl (A(z2,u22) . .. A(Zn, Uzn)) iy

+ (Ay(z1,uz1) A2, uz) . .. Az, uzn))
= (A(z1,u21))2 (Al u2) - Alzn, uzn)) g
+ 2 i(fl)]C <Zl>k (A(zs, uzs) ... Azn, uzy)),
k=0 <
+ (A(22, uze) Ay (21, uzr) Alzs, uzs) . . Alzn, u2n)),
= (A(z1,u21))” (A(z2,u22) . .. A(2Zn, u2n)) 1y
+ (A(z1, uz1) A(22, uz0)) g (Alzs, uzs) . .. A(zn, uzn)),,
+ (Al(z2,u22))° (As (21, uz1) A2, u23) - - A2, U2n)) g
+ (A4 (21, uz1) Ag (22, uzo) A(zs, uzs) . .. Alzn, uzy))

We continue with the same computation (replacing the leftmost operator A with A, and
commuting it to the right, collecting the emerging coefficients in the unstable correlators),
finally arriving at the following expression.

(A(z1, uzl) . ..A(zn7 wzn))y, = (Ax(zr,uz1) o Ap (20, uzn)), (7.35)

+Z Z D (A o) U aw) - A Ger ) Wern) g n) g

p=3 q=0 yeyqu

q+1 h(y)
X H<A(Zci.,1(y)7uz@i,l(y))A(zcim(y)’uz@i,z(y))>o H <A(Z071,1(y)7uzci,l(y)»_l
= i=q+2
n—2
(%371
+ Z Z <‘A+(zcs(y),1(y)7uzcs(y),1(y))“4+(ch(y),z(y)7Uzcs(y),z(y))>k h L
=0 yey21 +h(y)—q—
q+1 h(y)
X H <A(zcri,1<y)7uzci,l(y))A(zci,z(y%uzci,z(y))>o H <‘A(Zci,1(y)7uzci,l(y))>_1
i=1 i=q+2
i#s(y)
(5]
2D <A+ Zeatyya @) W2ely), 1 y>)>k+h( -
1=0 yee Y
h(y)
x H<A Zeinly Uzcz1(y))-'4(zc¢,2(y)>uzcz’,z(y))>o H <A(Zci,1(y)’U’Zci,l(y))>—1
i=q+1
i#g(y)

Here yp contains all elements y of ), , such that there is precisely one row of length p labelled
by k+h( )—gq—1, g rows of length 2 labelled by 0, and all other rows are of length 1 and labelled
by —1. s(y) stands for the position of the row with p elements labelled by k + h(y) — ¢ — 1.
Ip=2and k+h(y) —¢g—1=0o0orp=1and k+ h(y) —g— 1 = —1 one cannot determine
s(y) in this way, but this is not a problem since, due to the fact that (A4 (z,uz))_, = 0 and
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(A4 (21, uz1) A4 (22, u22))y = 0, the corresponding term vanishes in any case. Also note that,
obviously, for p > 3 we have s(y) = 1.
Note that the right hand side of formula (7.35) is equal to the correlator

(Af(z1,uz1) o A (Z,uzn))y (7.36)

plus all possible unstable terms entering exactly once, since, by the induction hypothesis,
the correlators of less than n operators A, are equal to sums of all possible stable terms.
This means that upon moving these terms to the left hand side and subtracting them from
(A(z1,uz1) ... A(zn, uzy)), we get precisely all possible stable terms. This proves the proposi-
tion. O

7.2.4 Polynomiality

In this subsection we establish polynomiality of some correlators, and this allows us to complete
the proof of Theorem 7.1.

Proposition 7.12. The series
(A (z1,uz1) . A (z,uz)),

21 2n

(7.37)

for (n,k) ¢ {(1,-1),(2,0)} is a symmetric polynomial in z1, ..., zp.

Proof. From the definition of A, it is easy to see that for every i the power of z; in the series
(Ay(z1,uz1) ... Ap(zn, uzy)),, is bounded from below by 1. From (7.24) it is clear that this
series is symmetric in zy, ..., z,. Let us prove that, for fixed k, the power of z, in this series is
bounded from above, following the proof of Proposition 9 of [87].

Note that £ (u) £ (um)
(uz (uz,
(Ery(uz) .. Ep (uzy)) = < b k v k > , (7.38)
uk ukn
holds since the correlator vanishes unless Y k; = 0.
Let us apply this transformation to the correlator of A operators:
(A(z1,uz1) ... Azn, uzy)) = <¢4~l(z1, uzp) .. ../Z(zm uzn)> (7.39)

Here A stands for the operator A where the substitution &, + v *&, was made. Note that

~ 1
each term in each A is then regular and nonvanishing at u = 0, except for the term ——

((uz)
coming from &y, which has a simple pole. Let us write the following:
.Z(zn, uzp) |0> (7.40)
()Y G S
Uzp rez (Zn + 1)k u’“

M

- (=) o — b+ 1) E () |0)

uzp — C wzn)*
C(Cluz) \ ™" > uzy, 1 kE—1 /
-(%) 24 w) (12) - (=55 e
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It is easy to see that z, and u enter this expression in such a way that for all terms with a fixed
power of u the power of z, is bounded from above. Since in (7.39) this expression is multiplied
by operators ,Z(zi,uzi), i € {1,...,n — 1}, which have at most simple poles in u, the whole
correlator (7.39) is bounded from above in powers of z,, for a fixed power of .

From the definition of A, it is clear that the fact that the power of z, in
(A(z1,uz1) ..o Azn, uzn)),y,
is bounded from above for a fixed k immediately implies that the power of z, in
(Ap(z1,uz1) . A (2, uz)),

is bounded from above for a fixed k as well.
The symmetricity of (Ay(z1,uz1) ... AL (2, uz,)), then implies that for fixed & the power
of z; in this expression is bounded from above for any 4, which implies that

(A (z1,uz1) - Ay (2, uzn))k

(7.41)
21 Rn
is polynomial in z,..., z,. O
Proposition 7.13. For (n,k) ¢ {(1,—1),(2,0)} the series
(A(z1,uz1) -+ - A(zn, uzn))y (7.42)

/1’1/171

18 a symmetric polynomial in zq, ..., Zy,.

Proof. Let us prove the statement of this proposition by induction in n, the number of operators

in the correlator. It is clear that for n = 1 the statement holds. Suppose that it holds for any

number of operators less than n. We will prove that it then holds for n operators as well.
Formula (7.28) can be rewritten as

<A(Zlv uzl) e A(Zn UZn))Z _ <A+(Zlv uzl) e A+(Zn7 uzn)>k (7 43)
Zl...Zn Zl...zn '

Z hﬁ) <A(zclvl(y)7 Uzcl,l(y)) v .A(Zci,l,(y)(y)7 “ZCi,z,<y>(y)>>

yey,, ,, =1

o

Ai(y)

Zeii(y) T Ry ()

Here, naturally, j)v;k is equal to JNJTL,;C with the single-row Young tableau thrown away.

By Proposition 7.12, the first term on the right hand side of (7.43) is polynomial in z1, . . ., z,.
By induction hypothesis, all the terms in the sum on the right hand side of (7.43) are polynomial
as well, since they are finite products of connected correlators of the lower number of operators
(and, by definition of J ,, correlators with (n;, k;) € {(1,—1),(2,0)} never appear). This
implies the statement of the proposition. O

Taking into account formula (7.16), we see that Proposition 7.13 directly implies the state-
ment of Theorem 7.1.
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7.3 Proof of the Bouchard-Marino conjecture

In the present section we give a new proof of the Bouchard-Marino conjecture using the poly-
nomiality result from the previous section and not using the ELSV formula.

This conjecture was already proved in [8] and [35]. The first of these papers provides a
“physical” proof through the study of the corresponding matrix model. Unfortunately, we were
not able to attribute precise mathematical meaning to all of the statements of that paper (see
Sections 3.3 and 3.4 in Chapter 3 for a discussion). In the second paper the Bouchard-Marino
formula is derived directly from the known cut-and-join recursion relation for Hurwitz numbers,
with the help of the ELSV formula.

Here we follow the ideas of the proof of [35] presenting them in a simplified way, with one
essential modification: we do not use the ELSV formula in this proof, using instead just the
polynomiality property.

7.3.1 Generating function for Hurwitz numbers
Let us introduce the generating function for the connected Hurwitz numbers Ay, in the following
way:
he.
Hp = Y st gt (7.44)
1y in €{1,2,...} :

Theorem 7.1 implies that, for (g,n) ¢ {(0,1),(0,2)},

nooo itk

H;,n = Z Cly..kn H Z Iul/Txft7 (745)

Ki,....kn€ i=1 p=1
{0,1,...,Kg.n}

where ¢y, , are the coefficients of the polynomials P,, from Theorem 7.1, and K, is the
highest power appearing in F .

Define
© mmtk .
pe(x) = Z T (7.46)
m=1

Now we can rewrite (7.45) as

n
Hpw= > Chuka [ or() (7.47)
ki,....,kn€ i=1
{0,1,...Kgn}

Consider the following change of variables:
1y -1
= (1 n ?) e (7.48)

We see that the generating function H,,, is a polynomial in variables ¢; (in all but two ‘unstable’
cases when g = 0 and n < 2) after the above substitution (we treat this substitution as a power

series expansion at the point ¢; = —1). For the unstable cases we have
X _a-2
a 1 1
HS, = ¢ =p_o(r) = = — —,
0,1 ; al 1 p—a(z1) D) 22?%
a L L (7.49)
a® b afal 1 totl i+l
HS., = PR =lo R
0.2 Za!b!a+b & L _ 1
a,b x1 Ty
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The formula of Bouchard and Marino is a recursion relation for these polynomials. In order
to present it in a more closed form it is convenient to introduce another family of polynomials
Wyn(ty, ..., t,) obtained by the above substitution from the series

e, ,
(H xkawk)H;’n = Z R T (7.50)

m!
H1seeosfbn

i. e., for (g,n) & {(0,1),(0,2)},

Wonlti, ot = >y [ [ o (8- (7.51)

k1,...,kn€ i=1
{01, . Kgn}

In the unstable cases we define the functions W, ,, by setting explicitly

Wo(th) =0, (7.52)
2t + Dt2(ty + 1)
Woa(ty, ta) = = - 7.53
0,2( 1 2) (t2 _ t1)2 ( )
Define also auxiliary functions qu(u, Vita, ..., t,) by
/W/Q»n (u’ vy tL/) = WQ*L?’HJ (U, v, tL’) (754)

+ Y Y Woa(u ta) Wy, 41 (v, ts)

g1+g2=g ALUB=L'
We denote here by L' = {2,...,n} the index set, t;, = (ta,...,t,); the summation is taken over
the set of all possible partitions of the index set into a disjoint union of two subsets, A and B.

Theorem 7.14 (Bouchard-Marino conjecture). The polynomias W, can be determined by the
either of the following recursive formulas

~ 11
Wyn(ti,tr) = — EE%(K(z, 0) W (S < tL/)) (7.55)
~ 1 1
ZES%(K(ZJI) Wg,n(; @JL’))
—~ 1 1
- gg%(K(Z7 tl) Wg,n(o_(z) ) O'(Z) 3 t[/))
where () ) 4
t +t zdz
K(z,t)) = - .
) = S A = s n) 41 (7.56)
and the series o(z) = —z + %zQ — 323 + ... is defined in the next subsection.

The second equality is a reformulation of the Bouchard-Marifio conjecture. Experiments
show, however, that the first formula is more efficient for practical computations.

Analytically, the meaning of this theorem is as follows. The function H,, is defined orig-
inally as a formal power series expansion at x; = 0. It turns out, however, that this series
has a finite radius of convergence with respect to each variable x; (to be precise, the radius
of convergence is e71). An attempt to prolongate it beyond the radius of convergence meets
difficulties: the function becomes multivalued with ramification at 2; = e~!. Therefore, it is

more natural to consider H,, as a function on the product & x --- x & where S is the curve
given by the equation x = (1 + %) e1=%. When treated in this way, it becomes single-valued

and even rational. The recursive relation of the theorem is formulated in terms of the analysis
of the behavior of the function H,, (and closely related to it function Wy ,) in a neighborhood
of the ramification point z; = e~! which is different from the origin.
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7.3.2 The Lambert curve

The Lambert curve is a curve in C? defined by the equation
r=ye Y. (7.57)

We consider this affine curve as an open part of its compactification S = P'. We regard y as
a rational coordinate on & and the projection to the z-line as a holomorphic function with an
essential singularity at the point y = oco. In addition to y we use other convenient rational
coordinates on S. In particular, we keep the notations z and ¢ for the rational coordinates
related to y by
y=l4z—142 (=2 (7.58)
t z

There are two points on S of special interest for us: the origin O corresponding to the
coordinates y = 0, 2 = —1, t = —1, and the branching point P with the coordinates y = 1,
z = 0,1t = oco. The point P is a Morse critical point for the function x. It means that the
projection to the z-line considered as a branched cover has ramification of order two at P.

Consider also the function w = logx. It is multivalued, however, its differential is a well-
defined meromorphic differential on C,

der 11—y z dt
dw = =% — dy = — dz = ) 7.59
Y= y 4 z+1 i 2(t+ 1) (7.59)
Denote also by D the vector field dual to this 1-form,
1
D=, = 2o, =2 . = 2+ 1) (7.60)
—y P

We regard (7.59) and (7.60) as a single meromorphic form and a single vector field on S
respectively, whose coordinate presentation depends on the chosen local coordinate. Remark
that the form dw vanishes at P, while the field D has a simple pole at this point.

The inversion of (7.57) near the origin is given [21, 30] by the expansion

pn—1
=Y Ean (7.61)
p=1 H:
It follows from (7.60) that for any integer k the series
= Hwk k41
pk:Z —alt =DMy (7.62)
p=1

is a rational function on C. More explicitly, in the t-coordinate it is given for k£ > 0 by the
recursion

0
po(t) =—=1=t,  pea(t) = 2+ 1) 5 (pu(1))- (7.63)
It is a polynomial in ¢:
pp(t) = —KIFTL — (2 — 1)1 (7.64)

The degree of this polynomial is 2k + 1. Equivalently, one can say that pp considered as a
meromorphic function on S has pole of order 2k + 1 at P. It follows that the linear span
of the polynomials p; form a subspace of ‘approximately half’ dimension in the space of all
polynomials in ¢. This subspace has a nice characterization that we describe now.
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Denote by o the involution interchanging the sheets of the ramification defined by the
function x near the point P. The function ¢ is holomorphic in a neighborhood of P and its
Taylor expansion can be computed from the equation

(14+2)e*=(1+0(2))e ™. (7.65)
Here are the first few terms of this expansion written in the coordinates z and t, respectively:

2, 4, 44 , 104, 40 ,

_ gl s M, 1045 40 5 7.66

o) = =245~ 5 T 57 T 1t Tase” (7.66)
| 2 4 8 8

()= — =t - 7.67
o) = Sam 3 13522 40568 Bo7er (7.67)

Lemma 7.15. For any k > 0 the principal part of the pole of pr(t) at the point P is odd with
respect to the involution o. In other words, the function py.(t) + pr(5(t)) is holomorphic at P.

Proof. For k = 0 the assertion is obvious since the principal part of any simple pole is odd.
Now, arguing by induction, we assume that pj, is represented in the form

pr(t) = ni(t) + Fi(t) (7.68)

where 1, (t) = £ (pr(t)—pr(6(2))) is odd and Fy,(t) = £ (pi(t)+pr((t))) is even and holomorphic
at P. Then, by definition,

pr1(t) = D(pi(t)) = D(ni(t)) + D(Fi(t))- (7.69)

The field D is invariant with respect to the involution, therefore, it preserves the parity. It
follows that D(n.(¢)) is odd, and D(Fy(t)) is even and the order of its pole at P is at most 1.
It follows that D(F(t)) is, in fact, holomorphic at P, which proves the lemma. O

7.3.3 The cut-and-join equation

Yet another way to collect Hurwitz numbers into a generating series is given by the expansion

1 G
Ggﬁn(p17p2’...) = H Z %puy“pun' (770)
b ’
The series G, involves an infinite collection of variables pi,ps,... and all its term are

homogeneous of degree n. The relation between the two series G, and Hg, is obvious. In
particular, Gy, can be obtained from %H;’n by replacing every monomial x4 ...z#" by the
corresponding monomial p,,, ...p,, .

The cut-and-join equation is a recursion on Hurwitz numbers obtained through the analysis
of the cyclic type of the result of multiplication of a given permutation by a single transposition.
In its original form [49], it is written as

e - de 1 e 9%e
u— 1) pe— = - B)palb——— + U @b Py 71
Wt i+ Ung =5 Y (0 b, T vabng) (AT
where
G=> u'Gyn (7.72)
g,n
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The same equation written in terms of the individual components G, is

. 9Ggn
o2 Gt Z”’i a;v’ (7.73)
PGy 1ni1 0G, n, OG,,
Y Z (a+ b)papb + abpaisp 9=y Z Tg1m T g2ma ) )
( ( apaapb gjr +;‘73:?H 8pa apb ))

Let us rewrite this equation in terms of the functions H . The operator i p;0p, from the
left hand side of the equation corresponds to the operator )" | D; acting on H;, where

D; = 2,0y, = t2(t; + 1)0;,. (7.74)

The action of the ‘cut’ operator » (a + b)pups0,,,, in terms of the series Hy , results in the
replacement of any monomial z¢, by the sum

(=1t
Z (a+ b)zsz = kax] (i )

atb=t Th =
i, 0@ O(x}) ] ¢ Ty ¢
_ ;) _ D D;(ah). (775
ack.—acj " 0wy +xj—xkz] Ox;  mp—xj k<xk)+xj—xk i(25)- (175)

In a similar way, the action of the ‘join’ operator ab pa+bapf)72pb results in the replacement of

any monomial :r?xz by the monomial

b

St (xma(ﬁ”)) (xma(xm)) — Dy (%) Din(a). (7.76)

m 0z, 0z,

The relation between the indices k, 7, and m in the above considerations is not essential. One
should only take care that the result is symmetric with respect to the permutations of the
variables x1, ..., x,.

The relation obtained from (7.73) in this way is presented below. In this relation L denotes
the collection of indices L = {1,2,...,n}, and t;, = (¢t1,...,tn).

(2g—2+n)H.,,(t1) +ZDk J(tn) (7.77)

1
=- 2 DyH? t
2 Z T, —Z'] ktlgn— 1( L\{J})

+ = Z(Dk 1, 1n+1(tL7 n+1) |tn+1:tk

DY DkH;,\Am(tkvtA)DkH§2,\B\+1(tk=tB))’

91+92=9 AUB=L\{k}

where the last summation is taken over the set of all possible partitions of the index set L\{k} =
{1,...,k—1,k+1,...,n} into a disjoint union of two subsets, A and B.

This relation can be regarded as a relation on the functions in either x or ¢-variables, where
x; and ¢; are related by (7.48). We consider this relation as the ‘preliminary form’ of the
required cut-and-join equation. The final form is obtained by extracting unstable terms from
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7. ELSV AND BOUCHARD-MARINO

the last summation corresponding to the functions Hg, and Hg, and combining these terms
with the corresponding terms of the previous sums. Using (7.49), we find the coefficients of the
recombined terms

1
1= DiHg, (t) = _?’ (7.78)

1
D1HS (t1,t A+ 1) 7.79
xl_x2+ 0o(ti,t2) = T ( )

We obtain thus the final form of the cut-and-join equation in the t-coordinates, see more
details in [82]:

- 1
29—24+n)H° (t (——)D H° (t 7.80
(29—24n) g,n(L)Jr; i) Dr an(tr) (7.80)
G +8) o
= %Dng,n—l(tL\{j})
k;é] /k 2
+ = Z(Dan+lH 1n+1(tL7tn+1 ’tn+1:tk
k=1
stable

XY Dy (e t) DiH s (1))

91+92=9 AUB=L\{k}

It is remarkable that the ‘non-polynomial’ summands are cancelled out, and both sides
of the relation proved to be polynomial in t-variables. As it is pointed out in [82], selecting
the highest and the lowest degree terms of this formula one gets immediately the Virasoro
constrains for the intersection numbers of ¢-classes on the moduli spaces of curves [22, 66, 107]
and the relation of the A\ -formula [40, 42], respectively.

7.3.4 Reduction by symmetrization

The cut-and-join equation (7.80) can be used to determine Hy , inductively. However, in the
presented form it is not very convenient since it is not clear how to invert the operator on
the left hand side of the equation. It is not even obvious that the function Hy, obtained by
this recursion is polynomial in ¢-variables. The following two key observations of [35] lead to a
considerable simplification of (7.80):

1. The function H , is polynomial in each variable ¢;, therefore, the whole information about
this function is contained in the principal part of its pole at the point P with respect
to tz

2. The principal part of the pole of H, is odd with respect to the involution ¢ on each
t;-line (as it follows from Lemma 7.15).

Consider the even summand of the principal part of the pole at P of each term in (7.80) with
respect to the first variable t;. It follows that most of the terms will give trivial contribution to
the result so that the whole equation will be considerably simplified.

It is more convenient for us to use a slight modification of this idea. Namely, set

nin) =o(5) - - (7.81)
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This function is holomorphic at P and odd with respect to the involution. Now, for any
meromorphic function f(t1) we denote by
-
1

n(ti)

the odd residueless principal part of the pole of the quotient f/n at the point P. More explicitly,
if we write the Laurent expansion

Lf(;f(h»: S at (7.83)

21t —co<i<N
at P, then we set, by definition,
N
L/mly = aits. (7.84)
i=2

From this definition we see that | f/n], is a polynomial in ¢; divisible by 1.

We apply the transformation f(t;) — [2f/n]; to both sides of (7.80). This transforma-
tion annihilates any function in t; whose pole at P has odd principal part. In particular, it
annihilates Hg, (t;) on the left hand side as well as all terms on both sides of the equality
corresponding to the summation index k different from 1.

Let us compute the action of this transformation on the therm f%DlH;n on the left hand
side. For any meromorphic function f(¢;) which is odd with respect to the involution we have

—f(t1) _ f(a(t1)) 1 1

B R i R (7.85)
n(t1) n(t1)

Therefore, {7"2(12(';2%_ = [f(t1)];. The function D;Hy, differs from such a function by a
1)t1 1 )

holomorphic summand that gives trivial contribution to the transformation. This implies

2 ) o )
L_WDIHg’nJI = LDng,nJl = Dng,'n,' (786)

We obtain finally the equation

n t2 1 +t )
271( - ,])Dng,n—l(thtL'\{j})
-
Jj=2
1
D\Hy, = |-| * DiDnyrHy gy (Bt tngn) |tn+1:t1 (7.87)
i n
stable
+ D D DiHp (b ta) DG, g ()
L g1+g92=9 AUB=L' 14

where L' = L\ {1} ={2,...,n}.

In order to represent this equation in a more readable form, let us apply [],_, Dy to both
its sides and observe that the expression inside the square brackets becomes algebraic with
respect to the functions Wy, defined by (7.51). Moreover, the first term on the right hand side
can be formally included into the last since we defined the contribution of the unstable terms
as in Equations (7.52) and (7.53). With this notation, the result of the application of [[,_, Dy
to both sides of Equation (7.87) takes the form of the following recursive relation on W, ,.
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7. ELSV AND BOUCHARD-MARINO

Proposition 7.16. The function Wy, defined by (7.51)~(7.53) satisfies the recursive equation
1 _

Wyn(ty, tr) = {W(thh;tL/)J ) (7.88)
! ' 77(151) 1

where L' ={2,...,n}, tp, = (ta,...,tn), and
Won(u,v3t10) = Wy 1 nia (u, 0, 1) (7.89)
+ > Woan (u ta)We, 511 (v, tp).

91+92=9 AUB=L'

Remark 7.17. If f(t1) is a meromorphic function whose pole at P has odd principal part then
for any other function g we have

since (g(t1) +g((t1)))/n(t1) is odd. Therefore, W, ,, can equivalently be obtained by the either
of the following relations

Wyt t) = — L@Wg,n(tl, G(t): tL/)J (7.91)

_ hél)wg,n(&(tl), G(t): tL/)J ; .

7.3.5 Residual formalism

The coefficient f; of the meromorphic function f(t;) = >° oy fiti can be extracted by
taking the residue

fe = rg%‘)(f(é)zk_l dz). (7.92)
It follows that the whole residuless principal part of the pole of f is given by
N oo fQZ
E_ ool £(1 k k-1 _ 1y U
Z fit] = gg(f(;) Ztlz dz) = ros (f(;) 12 dz). (7.93)
k=2 k=2
Similarly, for the function f(t;) = f(6(t1)) = Y. _ i<y fith we get
i fut? = res (f(i) fiz dz) (7.94)
k=2 T\ N T '
t20(2) z 1+o0(2)
1 1
= S = d .
5:?)(][(”)1 —tio(z)1+2z o(z) Z)

We used here the equality
zdz _ o(z)do(z) (7.95)
142  1+40(2) ’

that follows from Equation (7.65).
Combining (7.93) and (7.94) we obtain a residual formula for the odd residueless principal
part of the pole of a function:

L@ /m(t)]y = —res(K (2, 0) £(1/2)) (7.96)
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where
1 122 t?o(z) z l+o(z)
K(z. 1) = LS — d .
(z01) 2n(1/z) (1 —tiz 1—tio(z)14+2z o(z) ) N (7.97)
£2(1+t1) zdz

T2 -zt)(l—o(x)t) 2+ 1
This, substituted into the recursive formulas of Proposition 7.16 and Remark 7.17, directly
gives Theorem 7.14.

7.4 Topological Recursion/Givental correspondence re-
visited

In this section we review the correspondence between topological recursion and Givental the-
ory established in [113]. We use it in the next section to prove the equivalence between the
Bouchard-Marino conjecture and the ELSV formula. This way we obtain a new proof of the
ELSV formula, using the new independent proof of the Bouchard-Marifio conjecture from the
previous section.

7.4.1 Givental formula

Let H be a Frobenius algebra, that is, a finite-dimensional commutative associative algebra
over C with a unit denoted by 1 € H, equipped with a linear function ¢ : H — C such that
the symmetric bilinear form given by (a,b) = ¢(ab) is nondegenerate. A typical example is
the (even part of the) cohomology ring of a complex compact manifold. Its dimension will be
denoted by N = dim H. Fix a basis e1,...,ey in H.

Consider also an element of the Givental upper triangular twisted loop group, that is, a
formal series of the form

R(z) =1+ Rz, Ry € End(H), (7.98)
k=1
satisfying
R(z) R*(—z) = 1. (7.99)

In terms of the Lie algebra element r(z) = log(R(z)), R(z) = expr(z), the last relation can be
equivalently rewritten as r(z) +7*(—z) = 0.

To this data (a Frobenius algebra and an element R of the upper triangular group) Givental
associates a formal Gromov- Witten potential F, a formal series in an infinite number of variables
ti, k=0,1,2,...,v=1,2,..., N, and one extra variable h, defined by the formula

enl = ﬁe%Ftop, R= e, (7.100)
where F'™P is the potential of the topological field theory associated with the Frobenius al-
gebra H, and 7 is a second-order differential operator obtained from r(z) by a procedure of
‘quantization of quadratic Hamiltonians’, see details in [46].

A choice of basis in H is not essential. A change of the basis leads to a linear change of
variables in the potential of the form ¢;, — Zﬁ;l Whty,, where W is the matrix of the change
of basis. In other words, we can treat F' as a formal functionon H @ H ® . ...

It was observed in [44, 62] that the potential F' constructed this way is, in fact, a descendant
potential of a certain cohomological field theory. Moreover, it is proved in [103] that the
descendant potential of any semi-simple cohomological field theory can be represented in such
form.
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7.4.2 Topological recursion

Topological recursion is a formal procedure leading to a family of certain differentials wy,,
associated with a plane complex curve. They were introduced originally for particular curves
in relation to matrix models in mathematical physics, then the procedure was formalized for
arbitrary abstract curves.

Let C C C? be a smooth complex curve on the plane with coordinates z,y. Let ai,...,ay €
C' be the critical points of the coordinate function z. The construction of the differentials wy,,
requires the study of the curve in a neighbourhood of these points, therefore, it is sufficient
to assume that instead of C' we have a union of N small discs centered at the points a;,
i=1,...,N, or even the union of formal neighbourhoods of these points. Respectively, by a
function or differential form (holomorphic or meromorphic) on C' we mean a collection of germs
of functions or differential forms at the points a; or even a collection of formal Laurent series
at these points.

Assume that each point a; is a Morse critical point of the function x, that is, x is a ramified
covering with a ramification of order 2 at a;. Let ¢ be the holomorphic involution on C'
interchanging the branches of the function x near a;. In order to simplify notations, for any
function or differential form « we denote @ = o*«. With this notation the involution is given by
o: (x,y) = (z,7). Remark that this bar sign has nothing to do with the complex conjugation
in the present context. Remark also that the form @ is defined in a neighbourhood of the
point a; only, even if the form « is globally defined.

On top of that, assume that we are given a 2-point differential B(z1,z2) (called in some
papers by Bergman kernel), that is, a meromorphic symmetric 2-differential on C' x C repre-
sentable near a;, x a; € C'x C' in the form

dz(i)dz(j) ]
B(z1,2) = 5z‘,j(i)17(2j)2 + Br(éjg)(% ,2) (7.101)
(21" —25")

where 20 is a local coordinate on C near a; and where Breg (zy)7 zgj ) is holomorphic at a; X a;.

The Eynard-Orantin invariants wg,, g > 0, n > 1, are meromorphic n-differentials on C*"
defined inductively by the following formulas:

WOJ(Z) = 07 wo,g(zl, ZQ) = .B(Zl7 22)7 (7102)

and for 29 —2+n > 0,

N 5
Wg,n(27227-~-, Z res (ngn z ;M(227)...7Zn) / B(Z,')) , (7.103)

N Z'=a; ’
i=1

where p is the 1-form p := y dx — gy dx defined in a neighborhood of the union of points a;, and
where

Wgn(2', 2" 2K) = wgm1 1 (2, 2", 25) + Z Way 114+1(2'5 21) Wy a141 (2", 2). (7.104)
91+g2=g
TUJ=K
We used here notation K = {2,...,n}, and ur = (usy, ..., u;,,) for any subset
I={i,... iy} CK. (7.105)

Remark 7.18. We collect here several important remarks clarifying the meaning of all these
formulas.
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1. Consider the following operator o — Pa acting on the space of meromorphic 1-forms,

N

(Pa)(z) = res (O[(;) //Z B(z, )) . (7.106)

i 2
Denote by L the image of this operator. Then the operator P is the projection to the
subspace L, that is, it is identical on L. The kernel of P is generated by holomorphic and
by even (in the sense of local automorphism o) meromorphic 1-forms.

2. It follows that the 1-form in z on the right hand side of (7.103) belongs to L. In other
words, the invariants w,, can be regarded as tensors w,, € L®" (for (g,n) # (0,2)).
These tensors are symmetric and polynomial. The last property means that w,, belongs
to the corresponding tensor product space itself, not to just its completion.

3. The data contained in the collection of invariants w,, can be collected in a single potential
F =" h9F, such that the symmetric tensor wy,, is identified with the nth homogeneous
term of the Taylor expansion of F,

o"F,
L= — T | e, ®-®dE,,. 1
Won = DL G g Yo €@ e, (7.107)

Ql,eslin

Here {d&,}aca is some chosen basis in L, and ¢ = {t,}aca is the set of formal variables
labeled by the same set of indices. The coordinate expression of the potential F' depends
on a choice of the basis in L. A different choice of the basis leads to the corresponding
linear change of coordinates in F'. Otherwise, I’ can be regarded as a formal function on
the infinite dimensional space L*; with this treatment the potential is invariantly defined
and independent of any basis.

4. The dual space V' = L* can be identified with the space of odd holomorphic 1-forms. The
pairing is given by

(0, 8) = res (a /5), aclL. BeV. (7.108)

z=ay

If {d€q}aca is any basis in L and {d§*}aea is the dual basis in V = L*, then there is an
asymptotic expansion

%(B(z, w) = B(z,)) = Y _ déu(2)dE(w). (7.109)
acA

This expansion takes place as w — a;, |w — w(a;)| < |z — z(a;)].

5. It follows, in particular, that the subspace L is spanned by the coefficients of the Taylor
expansion of the antisymmetrized Bergman kernel §(B(z, w) — B(z,w)) with respect to
the second argument w at the points a;.

7.4.3 Givental action as topological recursion

Here we formulate in a refined way the result of [113] in the case N = 1.
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Let C be a curve on the (z,y)-plane as above. Consider the following operator acting in
the space of meromorphic 1-forms,

D aHd(dx) (7.110)

This operator commutes with the action of the involution ¢, D@ = Da. Set
d¢* =D dy, k=0,1,2,.... (7.111)

The forms dé* are holomorphic in a neighborhood of the point a;. There is an ambiguity in
the choice of integration constants appearing in the inversion of D. Different choices of these
constants lead to forms that differ by a holomorphic and even (with respect to the involution
o) summand. It follows that the odd parts of these forms

%(d{k—dgk), k=0,1,2,... (7.112)

are independent of any choice. Moreover, these odd forms form a basis in the space of odd
holomorphic forms. Let us take the antisymmetrized Bergman kernel %(B (z,w) — B (z,w)),
develop it over the obtained basis, and denote by d¢§, the coefficients of this expansion:

L (Bzw) - B dek ) E0) — € (w) (1.113)

This asymptotic expansion takes place as w — 0, |w| < |z| where z is a local holomorphic
coordinate on C near the point a;. The form d& defined by this expansion is meromorphic
with a pole of order 2k 4+ 1 at z = 0.

Definition 7.19. The Bergman kernel is said to be compatible with the operator D if the
introduced meromorphic forms d¢, are given explicitly by d&, = (—1)*1D*1d¢0.

The following criterium simplifies the verification of the compatibility condition.
Lemma 7.20. Assume that the Bergman kernel satisfies the identity
(D. +D,)B(z,w) = —D.dE%(2) D,de% (w). (7.114)
Then it is compatible with D.

Proof. Applying the expansion (7.113) we get

B(z,w) — B(z,w)

de*(w) — d€’ (w)
2 w

2

0= (D, +D,) +D.de%(2) D

dek(w) — d&"(w)
2

(7.115)

I
WK

(D.d&(2) + d€py1(2))

~
i

0

+(D2d€"(2) + déo(2)) D

de®(w) — €’ (w)
Lok

This equality is equivalent to the system of equations d§y = —DdE°, dé,1 = —DdE,, that is,
dé&p = (—1)MIDEHALO, as required. O
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Now, assume that the Bergman kernel is compatible with D. Introduce the local coordinate s
on the curve near the point a; from the relation dx = sds, that is,

s =/2(x —z(ay)). (7.116)

This coordinate is defined up to a sign, and the involution in this coordinate is given simply by

5 = —s. Consider the expansion of the odd part of the form dy in this coordinate,
1 > 2k ds
—(dy —dy) =d Ry——. 7117
5= d7) = ds + 3 Ry (7117)

We can now formulate the main result of [113] for the case of N = 1.

Theorem 7.21. If the Bergman kernel is compatible with the operator D, then the spectral
curve n-point functions are the n-point correlator functions of a certain formal GW potential

Flto.ty,...) =S h9F,,

o"F,
L= d o ®dé . 11
W, Ek Dtn - dty. 1o &y ® ® d&,, (7.118)

Moreover, this GW potential is given by the Givental formula (7.100) with the Witten-Kontse-
vich potential for F'*°P and with the element R(z) = 14+ Ri2+ Roz?+... of the upper triangular
group whose components Ry, are determined by the expansion (7.117).

7.5 New proof of the ELSV formula

In the present section we prove the equivalence of the Bouchard-Marino formula and the ELSV
formula with the help of the Givental-topological recursion correspondence reviewed in the
previous section. Note that this equivalence was already proved by Eynard in [33], and a
generalization is described in Chapter 8.

From this equivalence, using our new proof of the Bouchard-Marifio conjecture (Theorem
7.14), we obtain a new proof of the ELSV formula.

7.5.1 Hodge class

The total Hodge class Ay = 1= A1 +---+(—1)9\, € H*(M,,,) provides the simplest non-trivial
example of a cohomological field theory (of dimension N = 1). It follows that its potential, the
generating function for Hodge integrals,

F(hto,tr,...) = > — /quﬁfl...w,’j" thy oo th, (7.119)

is a formal GW potential. Indeed, Mumford’s formula [83] for the Chern characters of the
Hodge bundle rewritten in terms of intersection numbers has exactly the form (7.100) with
the Witten-Kontsevich potential for the series F*°P and the following element of the upper
triangular group

o0
BZn 2n—1 1 1 2 139 3
- e I T 12
h(z) = exp <n1 o (2n—1)" T2t s T hisa0” T (7.120)
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Bag
n=1 2n (2n—1)

where B, is the n'® Bernoulli number. The operator R = exp (Z 22"—1) corre-

sponding to this element acts by
0 0 1 .02
e - + ti——— = —1)—. 7.121
O 2 G 2,2 TV (1)

In the definition of this operator, we use convention which differs by the sign from that of the
original paper [46].

7.5.2 BM-ELSV equivalence
Consider the Lambert curve (7.57)

F=j-log(l+§), di=

, (7.122)

which is given here in logarithmic coordinates

r=—1—logx
y=-1l+y
For this curve, the standard Bergman kernel B(f,%9) = % is compatible with the

operator D. Indeed, we have

(Dy, +Dy) dg1dys _d El"fyl)iim 4 d Eli‘?h)iiyl (7.123)

(yl - y2) ” yl(yl - y2)2 " Z/2(Z/1 - y2)2
_ dgidge
U195

= _,Dyjldyl Dgzdgg.

Therefore, by Lemma 7.20 and Theorem 7.21, the spectral curve n-point functions in this
case are the correlation functions of a certain formal GW potential. Moreover, this potential is
obtained from the Kontsevich-Witten potential by the action of the element R(z) = 1+ Ry.2*
of the Givental group whose coefficients are determined by the expansion

0 3(s) ~ = %
D) _1+sz(2k o (7124

where the function 7(s) is given by the implicit equation

s=1/2(y — log(1+7)). (7.125)

It is proved in [11] that these coefficients are the same as those given by the expansion (7.120).
This means that for our spectral curve we have

o F,
Woin = ZE: Oty -,

44444

(d&k,)1 - - - (A& )n (7.126)

t=0

Z nox 'uuﬂrk i+1 )
- L . wk" | I Z LA Hz* dlz
K1k \7 Man Pl
2 : A n Mbl-kl -
B ' day
[ 5o ( Mg.n H?:l(l - ﬂzﬂ%)) E }Lll g
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Here we used the fact that in our case

§\FH
d&, = (=)D =d <xa> y (7.127)
x
9 k+1 oo /ﬂil 0 M,L+k+1
4 ( ) S ) = T gy
( Ox = ! = !
Note that the Bouchard-Marino conjecture may be written as
he.
Won = Z L'“" 1. TNt ey L day, (7.128)
m!

while the ELSV formula states that

i
bk
h? =m! e e ‘ 7.129
Sl ( Mgn ]._L 1(1_,“11;01 )z 1#2 ( )

We immediately see that formula (7.126) directly implies the following

Theorem 7.22. The Bouchard-Marinio conjecture and the ELSV formula are equivalent.

This means that we have a new proof of the ELSV formula, since we proved the Bouchard-
Marino conjecture independently in Section 7.3. Note that the Bouchard-Marifio conjecture as
given in Theorem 7.14 is equivalent to formula (7.128), if one takes into account the topological
recursion formula for w, ,,, given by Equations (7.103) and (7.104).
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—8—  Ther-ELSV formula and the r -BM conjecture

8.1 Introduction

In this chapter we discuss two conjectures related to Hurwitz numbers with completed cycles
that generalize two important theorems in the theory of ordinary Hurwitz numbers. The first
is a generalization of the celebrated ELSV formula relating Hurwitz numbers and Hodge inte-
grals [31] that we call the -ELSV conjecture. The second is a generalization of the (now proved)
Bouchard-Marifio conjecture [10, 35, 8] relating Hurwitz numbers to the CEO-recusion proce-
dure of Chekhov, Eynard, and Orantin [15, 36], that we call the r~-BM conjecture. We prove
that these two conjectures are equivalent. This completes our evidence for the r-BM conjecture
started in Chapter 3, while simultaneously providing evidence for the r-ELSV conjecture.

8.1.1 The space of r-spin structures

The r-spin structures on smooth curves

Fix an integer > 1. Let C be a (smooth compact connected) complex curve of genus g with n
marked (pairwise distinct numbered) points z1, . .., x,. Denote by K the canonical (cotangent)
line bundle over C. Choose n integers ai,...,a, € {0,...,7 — 1} such that 2g — 2 — > a; is
divisible by r.

Definition 8.1. An r-spin structure on C'is a line bundle £ together with an identification

is the space of all r-spin structures on all smooth curves.

yeeny

We will denote this space by MY" omitting the other indices if this does not lead to
ambiguity.

The element K(— " a;z;) € Pic(C) can be divided by r in 7% different ways. Hence there
are exactly 729 different r-spin structures on every smooth curve C. Thus the natural morphism
T MY My, to the moduli space of smooth curves is actually a nonramified r29-sheeted
covering.

The space M!/" has a structure of orbifold or smooth Deligne-Mumford stack. The stabilizer
of a generic r-spin structure is Z/rZ (except for several cases with small g and n where it can
be bigger), because every line bundle £ has r automorphisms given by the multiplication by
rth roots of unity. In particular, the degree of 7 is not r29 but r?~1.

The compactification

A natural compactification ﬂ;{;alwan of M;,/J;al,.“,an was constructed in [58], [2], [12], [16]. It

has the structure of an orbifold or a smooth Deligne-Mumford stack. There are three different

147
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constructions that involve different versions of the universal curve G/ , but the moduli

g,niay,...,an
space H;,/,f;aman is the same.

In the geometrically most natural construction the universal curve over the compactification
has orbifold fibers and L is extended into a line bundle in the orbifold sense. The second
construction is a fiberwise coarsification of the first one. After the coarsification the universal
curve becomes a singular orbifold with A,_; singularities and £ becomes a rank 1 torsion-free
sheaf rather than a line bundle. Finally, the third construction is obtained from the second
one after resolving its singularities by a sequence of blow-ups. In the third construction the
universal curve is smooth and £ is again a line bundle, but the morphism £&" — K(— " a;2;)
has zeros on the exceptional divisors. The third construction is most convenient for intersection
theoretic computations.

On a singular stable curve with an r-spin structure, every branch of every node carries an
index a € {0,...,r — 1} such that the sum of indices at each node equals —2 modulo r. The
divisibility condition 2g —2 — Y a; = 0 mod r is satisfied on each irreducible component of the
curve. Thus for a separating node the indices of the branches are determined uniquely, while
for a nonseparating node there are r choices.

From now on we write simply ﬂl/r, and "' for the compactified space of r-spin structures
and its universal curve, if this does not lead to ambiguity.

Remark 8.2. The interest in ﬂlﬁ was initially motivated by Witten’s conjecture asserting that
some natural intersection numbers on this space can be arranged into a generating series that
satisfies the r-KdV (or rth higher Gelfand-Dikii) hierarchy of partial differential equations [108].

The conjecture is now proved [44] and other beautiful results on the intersection theory of Ml/r
have been obtained [17, 100].
One of the main ingredients in Witten’s conjecture is the so-called “Witten top Chern class”

whose definition uses the sheaves R’p.L and R'p.L on M in a rather involved way (see [93]
or [18]). The r-ELSV conjecture, on the other hand, uses the more straight-forward total Chern
class c(R'p.L)/c(R%p.L). Therefore it is not at all clear if the 7-ELSV formula can be related
to Witten’s conjecture. However, it would provide a link between the intersection theory on

M“T and integrable hierarchies via Hurwitz numbers, see Theorem 8.12.

The map m: MYV" — M, extends to the compactifications; : Ml/r — ﬂg’n. Thus the
classes 1, ...,¢, € H*(M,,,Q) that one usually defines on M,,, (see, for instance, [104],

Section 3.5) can be lifted to MW. By abuse of notation we will denote the lifted classes by ;
instead of 7*(1;).
The projection p : [CRA M“T induces a push-forward of £ in the sense of derived functors:
R°p.L = R°p.L — R'p.L. (8.2)
Notation 8.3. We denote by S the total Chern class
S =c(—R*p.L) = c(R'p.L)/c(R°p.L). (8.3)
8.1.2 The r-ELSV conjecture

Let Mrel = Mg,m;kl,m,kn (]Pl) be the space of stable genus ¢ maps to P! relative to oo € P! with
profile (ki, ..., k,) and with m marked points in the source curve. It is a compactification of the
space of meromorphic functions on genus g curves with n numbered poles of orders ky, ..., k,
and m more marked points. See [104], Section 5 for a precise definition and main properties.
Let w € H*(P') be the Poincaré dual class of a point.
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We write every k; in the form k; = rp; + (r — 1 — a;), where p; is the quotient and r — 1 — a;
the remainder of the division of k; by r. Let m = (3" ki +n+2g —2)/r.
Denote by hg ik, ...k, the following Gromov-Witten invariants

I /evi(w)wi’ eVt (W (8.4)

——rel

M
Okounkov and Pandharipande [88] studied Gromov-Witten invariants as above and proved that

(r) ., that where introduced

they are equal to the Hurwitz numbers with completed cycles A ;.

in Chapter 2.
Introduce the following integrals over the space of r-spin structures:

f " b = m! T,m+n+2!]—2 ﬁ ﬁ X / S (8 5)
g,7K1,..kn ° e p1| (1 — kr—lQ/)l) [ (1 - %1/)77,) ' '
Mo

Chiodo [17] studied the class S expressing it in terms of standard cohomology classes on the
moduli space, the coefficients being equal to values of Bernoulli polynomials at rational points
with denominator r. His work allows one to compute the numbers fg .,k

Conjecture 8.4 (r-ELSV). We have
hg,T§k1,---,kn = fg,’r;k1,...,kn~ (86)

This conjecture suggests a hidden equality between virtual fundamental classes. More pre-
cisely, if we consider the space of relative stable maps f such that df has an r-th root, the
conjecture seems to imply that its virtual fundamental class is obtained from the virtual fun-
damental class of the space of all stable maps after multiplication by rth powers of -classes.
However this is not elucidated so far and our evidence for this conjecture is not geometric.

The r-ELSV formula was first conjectured in [111]. Since both sides are computable, the
conjecture can be tested on a computer, and there is virtually no doubt that it is correct. The
conjecture is proved in genus 0, and also for (g,n) = (1,1) and arbitrary r (unpublished).

n*

8.1.3 The r-Bouchard-Marino conjecture

In [15, 36] Chekhov, Eynard, and Orantin assigned to every plane analytic complex curve S
a series of invariants wy,(S) called correlation n-forms. Each wy, is a meromorphic n-form
on §". The construction is described in detail in Chapter 1.

Definition 8.5. The n-point functions of genus g for r-Hurwitz numbers and for r-spin integrals

are defined as *

h,.
Hg(z)L(xl, CeyTp) = Z % exp(kiry + -+ + knxy). (8.7)
k,eokn ’
Fg,’f‘(xb e 7In) = Z W CXp(k1I1 + e + knl’n) (88)
k1,.okon ’
We also let, for any function f(zy,...,x,),
of
f 81’1 T 8.Z'n T v ( )

Conjecture 8.6 (r-BM). Let w,,, be the n-point correlation forms of the plane curve © =
—y" +logy. Then we have
DHﬂ(Il»vxn) = Wg,n- (810)
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8.1.4 Equivalence of the two conjectures

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

Theorem 8.7. Let wy,, be the n-point correlation forms of the plane curve x = —y" + logy.
Then we have
DF,,(x1,...,2,) = Wyn. (8.11)

It shows that the mELSV conjecture is equivalent to r-BM conjecture. Since there is
independent evidence for both conjectures, this theorem transfers that evidence between them.
It is also interesting in it’s own right, providing a relation between to a priori very different
aspects of the theory of Hurwitz numbers.

8.1.5 Plan of the chapter

In Section 8.2 we describe once again the completed cycles and completed Hurwitz numbers
involved in the m-ELSV conjecture.

In Section 8.3 we review the work of Chiodo showing that the cohomology classes & form
a cohomological field theory. We determine that cohomological field theory and the Givental
R-matrix assigned to S.

Section 8.4 contains the proof of the main theorem. It is based on the identification [113]
of the Givental-Teleman theory of semi-simple cohomological field theories with the Chekhov-
Eynard-Orantin topological recursion theory. We check that the R-matrix for the class S
coincides with the R-matrix assigned to the curve z = —y" + logy.

8.1.6 Notation

The following notation is used consistently throughout this chapter.

e r > 11is an integer; we work with the space of r-spin structures.

e I is the imaginary unit, 12 = —1.

J is the primitive rth root of unity, J© = 1.

g > 0 is the (arithmetic) genus of the curves C' under consideration.

e n > 1 is the number of marked points on C'; the points themselves are denoted by
Tyyeeey Ty

e ki,...,k, is an n-tuple of positive integers such that m = (3 k; +n+2g—2)/r is also an
integer. We consider meromorphic functions on C' with n poles of orders ki, ..., k, at the
marked points zy, ..., x,. Such a function represents a ramified covering of P! of degree
> k; with a ramification point of type (ki,...,k,) at co. We also require the covering to
have exactly m additional ramification points of multiplicity 7.

e Each k; determines a unique couple of integers p;,a; such that k; = rp; + (r — 1 — a;)
and a; € {0,...,r — 1}. Thus p; is the quotient and a; the “reversed remainder” of the
division of k; by r. The r-spin structures we consider will be rth roots of the line bundle

The integers g, n, r, ki, ..., k, determine the integers m, p;, and a; uniquely.

150



8. THE r-ELSV FORMULA AND THE 7-BM CONJECTURE

8.2 Completed cycles and completed Hurwitz numbers

Okounkov and Panharipande proved in [88] that the left-hand side of Conjecture 8.4 is equal to
Hurwitz numbers with completed cycles. To make this chapter more independent from the rest
of the text, we introduce them once more in a way that is slightly different from what we did in
Chapter 2. Note that in this chapter, as well as in Chapter 3, we use a different normalization
from what we did in Chapter 2 (see Remark 2.5).

8.2.1 Completed cycles

A partition X of an integer ¢ is a non-increasing finite sequence A\; > --- > \; such that Y \; = ¢.

It is known that the irreducible representations py of the symmetric group S are in a natural
one-to-one correspondence with the partitions A of ¢. On the other hand, to a partition A of ¢
one can assign a central element C,» of the group algebra CS, for any positive integer p.
The coefficient of a given permutation o € S, in (), is defined as the number of ways to
choose and number [ cycles of o so that their lengths are Ay,..., \;, and the remaining p — ¢
elements are fixed points of o. Thus the coefficient of o vanishes unless its cycle lengths are
Ay AL L, o0, 10 In particular, Cp ) = 0if p < ¢. Thus C), 5 is the sum of permutations with
I numbered cycles of lengths A1, ..., A\ and any number of non-numbered fixed points.

The collection of elements Cj,, for p = 1,2,... is called a stable center element' Cy. For
example, the stable element C; is the sum of all transpositions in CS,, which is well-defined
for each p, (in particular, equal to zero for p = 1).

Let A be a partition of ¢ and v a partition of p. Since C), 5 lies in the center of CS,, it is
represented by a scalar (multiplication by a constant) in the representation p, of S,. Denote
this scalar by f\(x). Thus to a stable center element Cy we have assigned a function f defined
on the set of all partitions. We are interested in the vector space spanned by the functions f).

To study this space, one defines some new functions on the set of partitions as follows?:

1

| 1, .
prJrl(,u) = m |:(,Uq, — 1+ 5) +_ (—l + 5) +1 (’f‘ > O) (812)
i>1

Theorem 8.8 (Kerov, Olshansky [65]). The vector space spanned by the functions fy coincides
with the algebra generated by the functions pi1, pa, - . - -

As a corollary, to each stable center element C)\ we can assign a polynomial in py, pa, ...
and, conversely, each p, 1 corresponds to a linear combination of stable center elements C).

Definition 8.9. The linear combination of stable center elements corresponding to p,41 is
called the completed (r + 1)-cycle and denoted by C,. 1.

The first completed cycles are:

¢, = (O,

Oy = O,

Cy = CO5+Ciy+ %Cl, (8.13)
64 = C4 + 20271 + %Cg,

Cs = (54305, +4C, + 1*3103 +4C 11+ %Cl,l + %CL

For reasons that will become clear later, we say that a stable center element C) involved in
the completed cycle C,.11 has genus defect [r+2 — > (N + 1)]/2.

IThis has nothing to do with stable curves.
2The standard definition involves certain additive constants that we have dropped to simplify the expression,
since these constants play no role here.

151



8.3. COMPLETED CYCLES AND COMPLETED HURWITZ NUMBERS

8.2.2 Completed Hurwitz numbers

Let K =Y k;. Recall that the completed (r + 1)-cycle can be considered as a central element
of the group algebra CSk. An r-factorization of type (ki,...,k,) in the symmetric group Sk
is a factorization

O1...0pm =0 (8.14)

such that (i) the cycle lengths of o equal ki,...,k, and (ii) each permutation o; enters the
completed (r 4 1)-cycle with a nonzero coefficient. The product of these coefficients for i going
from 1 to m is called the weight of the r-factorization.

Choose m points yi, . . ., Y € C and a system of m loops s; € w1 (C\{y1,...,Ym}), s; going
around y;. Then to an r-factorization one can assign a family of stable maps from nodal curves
to PY. This is done in the following way. (i) Consider the covering of P* ramified over y1, . .., Y,
and co with monodromies given by oy, ...,0,, and o~! (relative to the chosen loops). (ii) If o;
has [; distinguished cycles and genus defect g;, glue a curve of genus g; with [; marked points to
the [; preimages of the ith ramification point that correspond to the distinguished cycles. The
covering mapping is extended on this new component by saying that it is entirely projected to
the ith ramification point. (iii) Among the newly added components, contract those that are
unstable.

One can easily check that the arithmetic genus of the curve C' constructed in this way
is equal to g. The complex structure on the newly added components of C' can be chosen
arbitrarily, which implies that in general we obtain not a unique stable map, but a family of
stable maps.

An r-factorization is called transitive if the curve C assigned to the factorization is con-
nected, in other words if one can go from every element of {1,..., K} to any other by applying
the permutations o; and jumping from one distinguished cycle of ¢; to another one.

Definition 8.10. The completed Hurwitz number hg ., ..k, is the sum of weights of the tran-
sitive r-factorizations of type (ki, ..., kn).

Theorem 8.11 (Okounkov, Pandharipande [88]). The relative Gromouv-Witten invariant

n

()" feviit - evi)s, (8.15)
ol
1s equal to the corresponding completed Hurwitz number.
Thus there is no clash of notation if we denote both by hg k.. k.-
8.2.3 A digression on Kadomtsev-Petviashvili

The Hurwitz numbers can be arranged into a generating series

1 /3m
Gr(ﬁ;pl:p% ... ) = Z m Z hg,'r;kl,m,kn Epkl <Pk (816)
gmn  kiy.okn ’

(One can prove that hg g, ., =0 whenever m = (3 k; +n + 2¢g — 2)/r is not an integer.)

Theorem 8.12. The series G, is a solution of the Kadomtsev-Petviashvili (KP) hierarchy in
variables p;, B being a parameter.

The proof of this theorem is a straightforward generalization of [63] and [85].
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8.3 The class S
8.3.1 Chiodo’s formula

Chiodo computed the Chern characters
hi(R*p.L) = hi(R°p.L) — hi(R'p.L) (8.17)
and obtained the following expression.

Theorem 8.13 (Chiodo [17], Theorem 1.1.1). We have

o/ e ~ Bea(3) ~ B (“F)
hy(R*p.L) = i+ K — ; szk (8.18)
I e B (%5) (@) + (@")*
22 e DT O

Here j, is the push-forward from the boundary components with a chosen node and a chosen
branch of indez a.

Chiodo’s formula makes it possible to compute any class of the form

exp (Z SkhZ(R.p*£>> . (8.19)

k>1

Specifically, we will need

(—R°p,L) = exp (- > (k- 1)”LZ(R°])*£)> 7 (8.20)

k>1

with s, = —(k — 1)L
8.3.2 Topological field theory and R-matrix

In this section we use the notion of a cohomological field theory, topological field theory and
R-matrix action. See [92] or [97] for an introduction.

Let Qg (a1, ..., a,) = m.(S) be the push-forward of the class S = ¢(R'p.L)/c(R°p.L) from
the space of r-spin structures to M, ,. Further, denote by w,,, the degree 0 part of Q..

The topological field theory

The degree 0 class w,,, is equal to the push-forward of the cohomology class 1 from the space
of r-spin structures to the space of stable curves. Thus it is east to compute:

Wgnz(a1> sy an) = 7ﬂ2g_162g—2—z a; mod rs (821)

because the degree of 7 : ﬂl/r — ngn equals 297!, The classes w,,, form a topological field
theory with unit on the vector space (eq,...,er_1) with quadratic form

1
Nab = ;6a+b+2 mod 7 (822)

and unit eq.
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The 3-point correlators in genus 0 are equal to
1

<ea6bec> = ;5a+b+c+2 mod 7+ (823)
Therefore the quantum product is given by
€q ® €y = €atbmodr- (824)

The idempotents of the quantum product are

1r—1
2N e, 8.25
Z e, (8.25)

where J is the primitive rth root of unity and 0 <7 <r — 1.
The R-matrix and the correlators

It follows from Chiodo’s formula that the family of cohomology classes €, can be obtained
from w,, by Givental’s R-matrix action, where

diagrié Bit1 (a+1) E
R(z) = - = L 8.26
(= |- S P E ), 520
k>1
in basis (e,).
This fact has been observed in [20] in the presence of Witten’s class, then in [19] in the

setting we use here. It follows that the classes €2, form a semi-simple cohomological field
theory.

We define the correlators <le1 Tyt >;°h of this cohomological field theory:

a an g(;}/l P n o n
<7_d11 T, >g T /Qgﬂl(ah s aan) (111 e 1/]2 - /Swiil o 'L/)g ) (8'27)

My AT

g,m3ay,...,an,

which are just the coefficients of the n-point function

F,

SR 2g—2-" L a;
_ a) an\h  2g4on—24 =1%_sm g,
prlmn ) = D (T T g

di,...,dn>0
0<ai,..,an<r—1

m . (rp: _ ,,_1P1+dz
H Z (rpl +r pfl'l ) elrpitr—ai—l)z;_ (8.28)
;!

i=1 p;=0

8.4 Equivalence of the r-ELSV and r-BM conjectures

In this section we derive a formula for the n-point differentials w,, of the curve Sz =
—y" +logy and prove Theorem 8.7. In particular, this implies that the m-ELSV conjecture and
the m-BM conjecture are equivalent.

To do that, we perform a number of local computations with the spectral curve, following the
recipe of [113] in order to present the cohomological field theory corresponding to the spectral
curve as a particular R-matrix action in the sense of Givental, applied to a topological field
theory equal to a direct sum of r one-dimentional topological field theories, properly rescaled.
We prove that the cohomological field theory that we obtain this way is a multiple of {€,}
defined in Section 8.3.2 rewritten in the basis of normalized idempotents.
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Proof of Theorem 8.7. Our goal is to compare the coefficients of the n-differentials w, ,, with the

correlators <T§11 ceTyn ;Oh of the cohomological field theory described in Section 8.3.2 in terms

of the Givental group action. In [113] the coefficients of the differentials w,, are, under some
conditions and modulo some extra factors, expressed in terms of correlators of a cohomological
field theory. We use the result of [113] and compare the cohomological field theories and the
extra factors that appear in the statement of the theorem and in the identification formula
in [113].

Let us outline this comparison. We have the following formula for w,, given in [113]:

W= 3 (ri... T;:)Z“ D (f[ (—2;%)% &, (.rj)> : (8.29)

1yeensin j=1
dyyedn

where &; are some auxilliary functions of the coordinate z on the curve, we recall them below.
The correlators <T£ T >Zr are represented as a sum over Givental graphs, whose structure
is described in [118, 113].

Remark 8.14. The local computations that we do in this section in order to specify all ingredients
of Equation (8.29) are a direct generalization of the computations of Eynard in [34, Section
8.2] for the curve © = —y + logy that shows that the usual ELSV formula is equivalent to the
Bouchard-Marino conjecture for the usual Hurwitz numbers.

Note that the indices i1,...,4, that we have in Equation (8.29) refer to a summation in
the basis of the normalized idempotents (cf. Section 8.3.2), while the indices ay,...,a, in
Theorem 8.7 refer to a summation in the natural flat basis of the cohomological field theory.

Notation 8.15. Throughout this text, when we write an object with a tilde we mean refer to
this object expressed in the natural flat basis, while when we write the same object without a
tilde it should be interpreted as expressed in the basis of canonical idempotents. Furthermore,
(-)%* refers to the correlators of the cohomological field theory associated to the the spectral
curve S by the methods of [113], whereas (-)°" refers to the correlators of the cohomological
field theory €2 ..

Changing the coordinates, we can rewrite Equation (8.29) in the following form:

on= Y <rss---rs:>;‘~“0(ﬁ (—28(;)@5%@), (8.30)

ar =
where
a an tor. L i i \UT- @i i
<Td11 ...Tdn >g = Z <Td1 ...Tdn , HJ( j+1)ij , (831)
Dl yeensin j=1
and
r—1
€= Y 1Ty ig (8.32)
i=0
Below, in Lemma 8.18, we prove that
L em (rn 7 —a—1)"
& 1_satl B B rm+r—a—1)r
& =TV2ri " Z = elrmtr—a—ljz, (8.33)
n=0
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Further, in Lemma 8.19 we prove that

—(a;+1)

(oo [ Var - (-2 (8.34)
j=1

— _o-y¢
- a1 ay\coh ; ‘29+25_2+M_24:1 d;
= (1t Ty r v i

1 L lg

Substituting these two expression in Equation (8.30), using equation (8.28), we obtain the
equality of Theorem 8.7, which proves the theorem. O

The rest of the section consists of a step-by-step computation of the expansions of various
local objects on the curve x = —y" +1logy that are needed to formulate and prove Lemmas 8.18
and 8.19. We follow the scheme of computations proposed in [113] and use the same notation
as there.

gy =1V i=0,...,r—1. (8.35)
The critical values of the function z at these points are

1 I2m¢  logr
XT; = —— + — —
r r r

. i=0,...,r—1L (8.36)

We denote by z; the local coordinates near the critical points, that is, 2? + z; = z, i =
0,1,...,7 — 1. Let us make a choice of the expansion of function y in z;. One of the possible
choices, that fixes y = y(z;) unambiguously is

y(z) =y +yaz + O(Z?) (8.37)

where
Yi1 = I\/§7'_%_%Ji, 1=0,...,r—1 (8.38)

8.4.1 Reciprocal Gamma function

We are using the following expansion of the reciprocal Gamma function:

1 I 7wfvpft
werther (SNBal)
e (S )

where C is the Hankel contour [76] that goes around the positive real numbers, and B;(v) are
the Bernoulli polynomials defined by

:§:Bﬂm3i. (8.40)

Note that Bj(1 —v) = (=1)/B;(v), j =0,1,....
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8.4.2 Local expansions of y

Let us fix 0 <4 <7 — 1. We are interested in the expansion of the odd part of y = y(z;) in z;,
that is, we consider (y(z;) — y(—=2;))/2. We consider also the coordinate ¢ := ry”. It is easy to
see that

y=trrrJh (8.41)
1t logt
=y +logy = - — L+ 8% (8.42)
T T T
dy =t r 3 Jide. (8.43)

Note also that ¢ runs along the negative Hankel contour when z; runs from —oo to +oo.
Lemma 8.16. Denote the coefficients of the odd part of y(z;) by:

y(zi) —y(=z) L e V(22
5 — W2z rJzi207(2j+1)” ) (8.44)
=

Then we have

J=ex Binly) 5
Zvc = p( Z <]+1><) (8.45)

Proof. The Laplace method gives the following asymptotic expansion:

[e.¢]

/ Y (z) exp(—rwz2)dz = IV2mr ' Jw 2 Z Viw™ . (8.46)
_ =
On the other hand,

/ y/(zi)e—rwzfdzi _ / e*?'w(fxifyr+log(y))dy (847)

o0 —

_ 1«:7‘ Jz / efw(l—tJﬁlogt)t%dt

ifr
= TrJle—w/ vt

= frfltr(]ief“’wwf%/ e ?(=p)”
Cy

(we used the substitution p = —wt that transforms the negative Hankel contour C'_ to the
Hankel contour C'). Thus we see that

= dt

14r - _1
- Jze wUJw p

e 2 2rlr—
(z)e v dz = 8.48
| vt ias i (8.48)
147 1 11 00
N ol Jie Wt r w3 ew exp Z Bj‘ﬂ‘(l - %) (—w)™
V2 o G+

L - B]'Jrl(%) —j
A 26Xp( 255+1)" )

which proves
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8.4.3 Two-point function

Now we consider the two-point function. According to [34], since dz is a meromorphic 1-
form in y, we know that the Laplace transform of the two-point function is represented as a
Givental-type edge contribution. So, we have to compute only the even coefficients of the local
expansion of half of the two-point function in order to specify the Givental operator imposed
by the topological recursion, namely, we are interested in the coefficients of the function

yhlyl(zib) 51'11'2
Y, = ——t— = —240(1). 8.50
S Gy oW (850)
Lemma 8.17. We have:

5/;11'2 (le) + }/;17;2(722'2) _ (Uk)lllg (2T) Qk 2 (8 51)
2 £ 2k - 3)!! ’ '
where (Uyg)iyiy, 15 given by
00 r—1 o]
1 B o
Z(Uk)mzzk =2 exp ( Z kkﬂ( ) Jermen, (8.52)
k=0 =0 =1

Proof. Observe that
) ool >
/ <(yfu“lyy((? )))2> e ez, ~ =2V Y (U™ (8.53)
—00 21 12 k=0
On the other hand,

o yhly/(zh) —rwz?
Yl ) e g, 8.54
[t : (854

o 1 TlUZ
= rwy; 1/ ———e "722z,dz,
' —o0 Yin — y(zlz) ’ ’
T 1
Ziy) — = dt
_ Twyill/ y( 2) T e—w(l—t+logt)7 .
c_ U(zn) — Y 3
Here we can use that
y(zi‘z)r - %

11 (t S L) L
Y T = pl/2r "3 g 8.55
ly(ziz) — Y trp— v Jiz — g Jin ( )

r—1
= IV2rm2 Y Jeenys
c=0

Therefore,
o]
/ M@‘””Z?? dz;, (8.56)
- (yll (sz ) )
r—1
= I\/i/’v* 20 —w JCiZ*Cil / ewtt7“’71+§dt
c=0 _

r—1
_1 — io—ci _c —
_ —I\/§7" 2ww+le w§ chz C“U) T/ e p( p) w— 1+rdp
c=0 Ct

r—1 [e%S)
11 i i Bn+1(£)
~ =2/Tr rw? g Je?T M exp < E —Lw | .
— n(n+1)

n=1
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Thus we see that

(o) r—1 0o
1 Byy1(£)2" io—ci
k _ T cig—ci =
E (Un)inin?" = - E exp (— it 1) Jemen (8.57)

k=0 c=0 k=1

8.4.4 Functions on the leaves

According to [113], the auxilliary function &;(x) that we put on the leaves in the graph expression
for the correlation forms of the spectral curve are given by the following formula:

I\/ﬁr_%_%y
&= —F——. (8.58)
r-r J’L -y
Here the index ¢ corresponds to the basis of normalized idempotents, so in the standard flat
basis we have to consider the functions &, given by Equation (8.32):

r—1

Cor= Yty g, (8.59)
i=0
Lemma 8.18. We have:
> NG) 1oatl e (rn+r—a—-1)" (rntr—a—1)z
& =I2rz % Z w e ) (8.60)
n=0 :

Proof. First, observe that

r—1 J-(atD)i

r—1
o= Zril‘]*(aﬂ)i& — W2y s Z

B (8.61)
i=0 im0 L — rrJ=iy
rea=1 .oy
- <7“y> |
1—ry”
Following [21], we define the Lambert function
> nn—1
W(z)==> ——(=2)", (8.62)
n=1 '
and use its property
W)\ = a(n+a)*! n
<z> = nZ:O T(fz) . (8.63)

We have the following equation: e* = ye™¥". This equation implies (cf. [114])
W(—re™ %
Y= (”e)> (8.64)
—r

and
dyT—a—l _ (T‘ —a— l)yr—a—l

dx 1—ryr

(8.65)
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Therefore,
r—a—1
_ -1 r—a—1 d W —re’® Y
(r Ci )y,« = <( e )) (8.66)
—ry T —r
_r—a—1 d g T=a=1 > T_;#,_I(H‘F%)n_l rEAT
= () ey Y - (re)
n=0
d &< (m4r—a—1)""
— o 1 e (1n+7 a—1)z
(r—a ;) o
(rn+r—a—1" o
— —a—-1 (rn+r—a—1)x
(r—a ); " e
So, we see that
- o > (rn+r—a—1)" (rntr—a—1)z
f=Wors ) = e (8.67)
n=0 '
O

8.4.5 Comparison of the correlators

Consider the n-point correlators <Td“11 ceTgh >;'r' introduced in Equation (8.30). They are ob-

tained via a linear change of the indices from the correlators < i Z”> , where the latter
ones are defined in [113] as the sum over Givental graphs. The structuro constants of these
graphs, that is, the parameters that we put on vertices, edges, leaves, and dilaton leaves, are
defined in terms of local data of the curve x = —y" + logy at the ramification points. More
precisely, they are defined via the coefficients of the expansions of the function y(z;) in the local
coordinate z; and the components of the Bergman kernel Y;,;, in the local coordinate z;,.

In this Section we prove that the correlators <T§1 Ty >t‘r‘ are equal, up to some multi-

plicative factors, to the correlators <7'gll Ty cob of the cohomological field theory described

in Section (8.3.2). Namely, we prove the followmg lemma.
Lemma 8.19.

S (reTt T] o ZkHIf P (—2)h (8.68)

i1,eric k=1

o a1 an coh 29+2nf2+w722:1 d
e T PEEEEY T T T
dy dp, g

Proof. The proof follows from the comparison of the ingredients of the Givental graph expres-
sions on both sides, following the identification theorem in [113]. Let us rewrite both sides of
the equality in the basis of normalized idempotents:

(o min),” H —2r) s = (PR (8.69)

where

< ] 17. coh Z < - 7_5: >§(\’E H J*(%*l)ij (870)
j=1

Qa1;...,0n
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The result of Chiodo (see Theorem 8.13) implies that the generating function of the correla-
tors <T[Z e T;: ;Oh is obtained from the r properly normalized copies of the Kontsevich-Witten
tau function by application of the quantization of the operator

RI(¢) = exp( ; ZO Jai—aj k/?+ 12) . (8.71)

In particular (we use it below), we have:

JJJ(M aj o0 kBkH()

"~ , exp <— ZC m (872)
= B

eXp( ch k+1 ) )

The weight of the correlators ([[7_; 7, )q of the i-th copy of the Kontsevich-Witten tau

function (or, in other words, the weight of the vertex labelled by ¢ in the graphical representation
of the Givental formula, as in [113]) is equal to

P
r2a-1 E HJ—@H)Z — p2atp-2-(2qtp-2)i (8.73)
A1 yeeny ap: j=1
r|29—2—a1+--+ap

Let us compare that with the formula we get from the topological recursion, following the
lines of [113]. We compare the coefficients of the expansion of y and the two-point function in
the coordinate z;, i = 0,...,r — 1 (that determine the ingredients of the graphs in the formula

for <T‘2 X 'Té” t'r') with the corresponding formulas in terms of the operator R!(¢) that are

used in the Givental graphical formula for <le T;’” con , in the same way as it is done in [113,
Theorem 4.1].
Lemma 8.16 implies that, in the notation of [113],

.y >\ B
Nyy1 = 12v/2r 2~ rJl(Q'r eXp < Z 7(;1 5 > (8.74)

:w%rkw2w“%1< H=0) -

Lemma 8.17 implies that, also in notation of [113],

. , 1— R(—

Bty =~/ IR = (-anprieh (FEEY). (5.75)
The vertex labelled by ([[7_; 74,)q and an extra index i is also multiplied by (again in the
notation of [113])

(—2h1)2207P = (—12y/2p 27 JI)2 207, (8.76)

This all together (including the factors (727")’1"*% that we have on the global leaves in
Equation (8.69)) gives the following extra factor for the vertex labelled by ([T0_; 74, )4, With py
attached dilaton leaves and p, ordinary leaves and/or half-edges (p = pa + p,), and an extra

index i:

a1 deta o, _Pd
(—2r)mttap (I\/2p)Pp—Pa= (D) @etpo—2) Gabp-2) §(2a+p-2)i

R 8.77
(—12y/2r—277 Ji)2atp=2 877)
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(we used that a; + - - - +a, = 3¢ — 3+ p). Note that the factor r27tP=2J2a+P=2)i coinsides with
the weight that we have in the Givental’s presentation of Chiodo’s formula, cf. Equation (8.73).
Meanwhile, the sum of the exponents 2q + p, — 2 over all vertices in a graph of genus g with n
global leaves is equal to 2g + n — 2. Therefore, the product of the factors rA+DRa+po=2) Gyer
all vertices of a graph is exactly equal to the extra factor r297"=2+**%= that we have on the

right-hand side of Equation (8.69). O
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