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Chapter 1

Introduction

This thesis deals with problems in the fields of algebraic geometry and mathematical
physics related to Gromov—Witten theory, spectral curve topological recursion and Hur-
witz numbers.

The next section, Section 1.1, gives an introduction for non-experts. Then in Sections
1.2-1.4 we introduce and define the objects studied in the thesis. This allows us to for-
mulate the results of the thesis in Section 1.5. Chapters 2—6 constitute the main body
of the thesis; they are based on papers [104, 103, 101, 100, 102] by the author, in collab-
oration with S.Shadrin, L.Spitz; N.Orantin, S.Shadrin, L.Spitz; M.Mulase, P.Norbury,
A.Popolitov, S.Shadrin; M.Kazarian, N.Orantin, S.Shadrin, L.Spitz; and N.Orantin,
A .Popolitov, S.Shadrin respectively!. Finally, Chapter 7 provides a popular summary
in Dutch.

1.1 Introduction for non-experts

One of the central concepts in algebraic geometry is a concept of an algebraic curve.
Usually (and it is indeed the case for this thesis) people work with complez algebraic
curves. In this case these curves are actually two-dimensional surfaces. We call them
curves since such a curve can be represented as a solution to an algebraic equation in
two-dimensional (complex) space. When we say ”algebraic equations” we mean equations
polynomial in the independent variables.

Gromov- Witten theory deals with maps (i.e., essentially, embeddings) of algebraic
curves into a given complex manifold (i.e. some multidimensional space). This theory
originated from physics, more precisely from string theory. Gromov-Witten invariants
are numbers which, essentially, count the number of ways one can embed curves of a
given type into a given complex manifold. Gromov-Witten invariants are very interesting
since they are both interesting entities from the string theory point of view, and because
they turned out to be very useful in algebraic geometry. Moreover, it was found that
they are also connected to a completely different area of mathematical physics, namely,
to the theory of integrable systems.

Spectral curve topological recursion is a quite general technique which has applications

!Formal remark on co-authorship, required by the Promotieregelement of the University of Amster-
dam: all authors of all these papers have equally contributed to all obtained results.
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in many different branches of mathematics and physics. This technique, given certain
initial data, namely, a spectral curve (which is an algebraic curve equipped with some
additional structure), produces so-called n-point functions on this spectral curve. It
turns out that for a vast array of problems in such areas of science as algebraic geometry,
mathematical physics, topology and combinatorics, these n-point functions appear to
be generating functions for numbers arising in these problems, if one takes appropriate
initial data. When we say that these n-point functions are the generating functions for
these numbers we mean that they encode these numbers in such a way that the numbers
appear as coefficients in series expansions of these functions. Spectral curve topological
recursion is very interesting since it is one and the same procedure that for appropriate
choices of initial data produces answers to many seemingly unrelated problems.

Hurwitz numbers count covers of sphere by two-dimensional compact surfaces (com-
pact here, essentially, means that they are not infinite and have no boundary). Cover is a
sufficiently nice map from the surface to the sphere, i.e. to each point of the surface one
puts into correspondence a point of the sphere. To almost every point of the sphere (ex-
cept for a finite number of the so-called ramification points) correspond the same number
of points of the surface, which is called the degree of the cover. Then, if one specifies the
behavior in these ramification points, it turns out that there is only a finite number of
possible covers, up to certain equivalence. This number is called the Hurwitz number.
Hurwitz numbers are interesting since they have interpretations in terms of combinatorics
and topology, and also play a role in algebraic geometry and mathematical physics.

The thesis mostly studies connections between the above concepts. One of the main
results of the thesis is a way to apply (local version of) the spectral curve topological
recursion to any Gromov-Witten theory. Namely, we propose a way (and prove that
it works) to choose initial data in the (local) spectral curve topological recursion such
that the resulting n-point functions will generate Gromov-Witten invariants for any given
target complex manifold.

Another result is related to the so-called quantum spectral curve equation. It turns
out that in some cases it is possible to show that certain generating functions (called
wave functions) satisfy quantized versions of the spectral curve equation. Quantization
here means that the variables in the equation are replaced with differential operators in
the same way as it happens in quantum physics. In the thesis it is shown that the wave
function for the Gromov—Witten invariants of sphere (i.e. for the target manifold being
the sphere) satisfies the corresponding quantum spectral curve equation.

Another main result is the new, combinatorial, proof of the so-called ELSV formula.
This formula relates simple Hurwitz numbers (particular type of Hurwitz numbers with
ramification profiles specified in a certain way) to the so-called Hodge integrals, which
are entities similar to Gromov—Witten invariants. Its original proof (and all the other
subsequent ones) involved complicated geometric considerations. Here we prove it in a
simple combinatorial way by, first, proving that these Hurwitz numbers are polynomial
expressions in numbers which describe the ramification profile, then using this to prove the
spectral curve topological recursion for these simple Hurwitz numbers, and finally using
the above result on spectral curve topological recursion for Gromov—Witten theories to
build the connection to Hodge integrals.

Finally, we prove (in a combinatorial way) the spectral curve topological recursion
for the problem of counting bi-colored maps. Bi-colored maps are, essentially, ways to



subdivide a given two-dimensional surface into polygons and paint them in black and
white such that white polygons only border black ones and vice versa. It turns out that
these numbers can be generated by the spectral curve topological recursion with the
appropriate initial data.

1.2 Frobenius manifolds and Givental theory

In this section we introduce Frobenius manifolds, moduli spaces of algebraic curves,
Gromov-Witten theory, cohomological field theory and Givental theory.

1.2.1 Frobenius manifolds

A Frobenius manifold is a differential-geometric structure that was introduced by Dub-
rovin in the early 1990’s as a mathematical framework for the study of two-dimensional
topological field theory in genus zero [25, 26]. It has appeared to be a quite universal
structure that has many naturally arising examples. In particular, Frobenius manifolds
can serve as a classification tool for (dispersionless) bi-Hamiltonian hierarchies of hydro-
dynamic type [28, 27]. Nowadays there is a number of standard textbooks on Frobenius
manifolds, see [26, 78, 62].
Here we introduce Frobenius manifolds following [26].

Definition 1.2.1. An algebra A over C is called (commutative) Frobenius algebra if:
1. Tt is a commutative associative C-algebra with a unity e.
2. Tt is supplied with a C-bilinear symmetric nondegenerate inner product
AxA—C, a, b (a,b)
being invariant in the following sense:
(ab,c) = (a, be)
Definition 1.2.2. M is Frobenius manifold if a structure of Frobenius algebra is specified

on any tangent plane T;M at any point ¢ € M smoothly depending on the point such
that

1. The invariant inner product (, ) is a flat metric on M.

2. The unity vector field e is covariantly constant w.r.t. the Levi-Civita connection V

for the metric ( , )
Ve =10

3. Let
c(u,v,w) == (u-v,w)

(a symmetric 3-tensor). We require the 4-tensor
(V.o)(u,v,w)

to be symmetric in the four vector fields u, v, w, z.



4. A vector field E must be determined on M such that
V(VE)=0

and that the correspondent one-parameter group of diffeomorphisms acts by confor-
mal transformations of the metric (, ) and by rescalings on the Frobenius algebras
T, M.

Locally Frobenius manifold can be defined in terms of a Frobenius prepotential F(t)
as follows.

Definition 1.2.3. Function F' = F(t), t = (t!,...,t") is a Frobenius prepotential if its
third derivatives

PF(t)
Carn V) = Gregmor
obey the following equations

1. Normalization:
N 7= Crap(t)
is a constant nondegenerate matrix. Let
(11°7) = (1ap) ™"

We will use the matrices (1,5) and (7%?) for raising and lowering indices.

2. Associativity: the functions

sz,B (t) == n"Ceap(t)

(summation over repeated indices is assumed here) for any ¢ must define in the
n-dimensional space with a basis eq, ..., e, a structure of an associative algebra A,

ea €5 = Clg(t)e.
Note that the vector e; will be the unity for all the algebras A;:
alt) = 07
3. F(t) must be quasihomogeneous function of its variables:

F(cMtt, . . ™)y = ¢ F(t ..., t") (1.1)

for any nonzero ¢ and for some numbers dy, ..., d,, dp.

Coordinates ¢ such as above on the Frobenius manifold are called the flat coordinates.
It will be convenient to rewrite the quasihomogeneity condition in the infinitesimal
form introducing the Fuler vector field

E = E“(t)0,
as
LpF(t) = E*(t)0,F(t) =dp - F(t)
E(t) is a linear vector field

E = Z d,t*0,

generating the scaling transformations (1.1).
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Definition 1.2.4. Point of a Frobenius manifold is called semisimple if at this point the
Frobenius algebra structure is nondegenerate, i.e. there is no tangent vector that squares
to zero.

Near a semisimple point of a Frobenius manifold one can introduce the so-called
canonical coordinates, which are defined as coordinates u’ that have the property

0 90 _s 0
out oul Y ouw’

(1.2)

where 6;; is the Kronecker delta.
Define A; := 1/(9;, 9;) to be the inverse of the square of the length of the i*" canonical

basis element, and call {9/0v' := A;/ ?0/0u’} the normalized canonical basis in the
tangent space.
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™M)T and du = (du?, ..., du™)T, one has

A2y = Wdt, (1.3)

where A = diag(Aq, ..., Ay).

1.2.2 Gromov-Witten theory

Let us introduce Gromov—Witten theory, following, e.g. [87].

First, let us introduce moduli spaces of algebraic curves. The moduli space of curves
Mg, g>0,n2>0,29—2+n > 0, parametrizes smooth complex curves of genus g with
n ordered marked points. It is a smooth complex orbifold of dimension 3g — 3 + n.

The space Hg,n is a compactification of M, ,,. It parametrizes stable curves of genus
g with n ordered marked points. A stable curve is a possibly reducible curve with possible
nodes, such that the order of its automorphism group is finite. Genus of a stable curve
is the arithmetic genus, namely, the genus of the smooth curve that we get if the replace
each node (given locally by the equation xy = 0) with a cylinder (given locally by the
equation xy = €). The space Mg,n is a smooth compact complex orbifold.

There is a number of natural mappings between the moduli spaces of curves.

First, there are projections 7: M, 11 — M,, that forget the last marked point.
Note that there is a subtlety related to the fact that when we forget a marked point a
stable curve can become unstable.

Second, there is a 2-to-1 mapping o: ﬂg_l,nH — Mg,n whose image is the boundary
divisor of irreducible curves with one node.

Third, there are mappings p: mgl,nlﬂ X ﬂgmﬁl — MW, g1+gs =g, ny+ny =n,
whose images are the other irreducible boundary divisors of the compactification of Mg,n.

Let L; the line bundle over ﬂgm, whose fiber over a point = € ﬂgm represented by
a curve Cy with marked points xy,. .., z, is equal to T, Cy. Denote by 1; € HQ(ﬂgm)
the first Chern class of L;. 1; are referred to as psi-classes.

Given a complex manifold X, one can consider [X| j qee], the moduli space of degree
deg stable maps to X of genus-¢g curves with £ marked points. There is a natural projec-
tion from [Xg  deg] tO m‘%k which consists of forgetting the map to X. Note that there

11



is a subtlety related to the fact that an unstable curve can be mapped to X in a stable
way. One can consider pullback of psi-classes to [ X, s deg| With respect to this projection.
We will denote them as ); too.

Gromov—Witten theory studies the so-called Gromov-Witten invariants (also called
Gromov—Witten correlators), defined as follows (left hand side is just a notation):

<Td1 (6i1)7_d2(6i2) ©r Ty, (elk)>

Z/ 61)1 eanl ev;<€i2)¢g2 e ev,ﬁ(eik)iﬂgk, (1'4)

vir
deg g k dcg

where , ev; is the evaluation map at the ¢*®
Gromov—Witten potential F, of genus g is the following generating function for the
correlators (v®? are formal variables):

Td1 611 Td2 6’52) e Tdk(eik)> !
f Q,Udhll .
2 At (i o)

m=1

oyt (1.5)

where | Aut((4,,, d,,)* _,)| denotes the number of automorphisms of the collection of multi-

indices (i,,, d,,) and where the sum is such that it includes each monomial v ... ik
exactly once.
It turns out [78] that the genus zero potential without descendants, i.e.
= 'Folvdﬁi:o, d>0 (1.6)

is a Frobenius prepotential.
Partition function of the Gromov—Witten theory is defined as follows:

Z = exp (Z hg_l}"g> , (1.7)

920

where A is a formal parameter.

Celebrated result of Kontsevich-Witten states that the partition function for the
Gromov-Witten theory of a point (i.e. for X = {pt}) is the tau-function of the KdV
integrable hierarchy. We will denote this partition function as Zxqy.

1.2.3 Cohomological field theory

Here we introduce cohomological field theory, again following [87].

Cohomological field theory is a generalization of Gromov-Witten theory where one
drops the target complex manifold and takes just some vector space V' in place of its
cohomology. Roughly speaking, a CohFT is a system of cohomology classes on the
moduli spaces of curves with the values in the tensor powers of V', compatible with all
natural mappings between the moduli spaces.

The formal definition is the following. We fix a vector space V' = (ey,...,es) (€3 will
play a special role) with a non-degenerate scalar product 7. A cohomological field theory
is a system of cohomology classes ay,, € H *(ﬂgm, V") satisfying the properties:

12



1. a4, is equivariant with respect to the action of S,, on the labels of marked points
and components of V®".

2. 0% g = (Qg—1n42,0 ) P g = (Qgrmt1 * Ugomat1,m 1) (In both cases we con-
tract with the scalar product the two components of V' corresponding to the two
points in the preimage of the node under normalization).

3. (3,61 @€ ®ej) =mniy, Ty, = (agnt1,€1) (again, we contract the component of
V' corresponding to the last marked point with e;).

Then correlators in cohomological field theory are defined as follows:

(ras (€)7o (€6,))y = /M T4 (cgm @ier) (18)

=1

Genus-g potentials and partition function are defined for cohomological field theories
in exactly the same way as for Gromov—Witten theories above.

The statement about the genus zero potential without the descendants being a Frobe-
nius prepotential is also true for any cohomological field theory.

1.2.4 Givental theory

Givental theory [52, 53, 54| is one of the most important tools in the study of Gromov-
Witten invariants of target varieties and general cohomological field theories. It allows,
in particular, to obtain explicit relations between the partition functions of different
theories, reconstruct higher genera correlators from the genus 0 data, and 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 semi-simple Frobenius structure. Teleman proves [93] that
the formal Gromov-Witten potential associated to the Frobenius structure of a target
variety with semi-simple quantum cohomology coincides with the actual Gromov-Witten
potential in all genera.

In order to write Givental formula, let wus construct an operator series
R(z) = ",50 Riz" in the following way.

Recursively define the off-diagonal entries of R;, in normalized canonical coordinates

by solving the equation
U A(UR,_y) = [dU, Ry (1.9)

using Ry = I as a base case. Construct the diagonal entries of R by integrating the next
equation
U A(VURy) = [AU, R4 (1.10)

using the fact that the diagonal entries of [dU, Ry 1] are equal to zero. To fix the inte-
gration constant, use the Euler equation

Ry, = —(igdRy)/k, (1.11)

where F = Y u'0; is the Euler field.
This procedure recursively defines Ry for all k.

13



Let us consider the following reexpansion:

R(z) = iRZzl = exp (i rlzl> : (1.12)

Then we denote by (r;2!)" the following differential operator:

) P B,
(rz!) == — ()3 i S vt T (1.13)
d=0

l—

82

1
ymAl/ Vi
(1) (1) Qv igpl—1-m.j

m=0

+

ol St

Here the indices 7,7 € {1,..., N} on r; correspond to the basis {ej,...,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.

The quantization R of series R(z) is then defined by

R =exp (Z ((=1)'r2") A) : (1.14)

=1

Givental formula then allows to reproduce all ancestor correlators of the given (ho-
mogenous) cohomological field theory in the following way:

Z = WRAT, (1.15)

where

T = Zxav({u™}) -+ Zgav({u™"});

A replaces the variables of ith KdV 7-function according to u®® = A; /2pdi and replaces
h with AR, while U is the change of variables v® = Wi tdv,

1.3 Spectral curve topological recursion

The theory developed by Eynard and Orantin (see [48, 44, 18]), is a procedure, called
spectral curve topological recursion, that takes the following objects as input. First, a
particular Riemann surface, which is 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 (which also is often called Bergman kernel). And,
occasionally, a particular extra choice of a coordinate on an open part of the Riemann
surface. The output of the topological 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
motivation for introducing the topological recursion; it is a natural generalization of the
reconstruction procedure for the correlators of a certain class of matrix models, see, e.g.
[4]), in some other cases they appear to be related to Gromov-Witten theory and to
various intersection numbers on the moduli space of curves.
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Note that this spectral curve topological recursion is unrelated to the topological
recursion occurring in the theory of moduli spaces of curves.

One of the ways to think about the input data of the topological recursion theory is to
say that the (g,n) = (0,1) part of a partition function in some geometrically motivated
theory 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 topological recursion, in terms of a proper expansion of wy,, (see [31]).

The topological recursion theory is often used to reproduce known partition functions,
extracts from them some higher genus correlators which were up to now unreachable and
gives new non-trivial relations for the correlators, see e. g. [45].

Local version of the spectral curve topological recursion is defined as follows.

For N € N*, we call times a set of N families of complex numbers {h}},  for
i = 1,...,N and jumps another set of N x N infinite families of complex numbers

{By] (ke fori,j=1,...,N. We finally define a set of canonical coordinates {a;}~ , €

CcN subJect to a; # a; for ¢ 7& J.

Definition 1.3.1. For all 4,j € {1,..., N}, we define the following set of analytic func-
tions and differential forms in a neighborhood of 0 € C:

7(2) =224 a;, y(2) = Z hi 2" (1.16)
k=0
and
- d d
B (z,72") = 5” reae Z B2z @ dz. (1.17)
k,1=0

For 2g—2+4n > 0, we define the genus g, n-point correlation functions w;’;nzn (21, .- 2n)
recursively by

- f Bivi(z, )
10,01 5eens0m 2 : -
w97n+1 (ZO7 Rlyeens : 5’_?0 2 y-] y-]<— )) dl’J(Z) X

jvjvilr--vin
welt " (2, =2, 21, 2n) + E : § :Wh 41 (2  Z4)w, h\B\H( z2:2p) | ,
AUB={1,...n} h=0

(1.18)

where for any set A, we denote by z4 (resp., i4) the set {zx}rea (resp., {ir}rea), and
where the base of the recursion is given by

w1 (2) = 0; wé’é(z, 2') == B%(z, 7). (1.19)

1.4 Hurwitz numbers and covers of sphere

1.4.1 Simple Hurwitz numbers

Simple Hurwitz numbers hy , = hg.,, ~ enumerate ramified coverings of the 2-sphere

by a connected genus g surface, where the ramification profile over infinity is given by the
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partition g = (p1,. .., fn), there are simple ramifications over b(g, u) = 2g — 2 +n + |y
fixed points, and there are no further ramifications.

Hurwitz numbers play an important role in the interaction of combinatorics, represen-
tation theory of symmetric groups, integrable systems, tropical geometry, matrix models,
and intersection theory of the moduli spaces of curves.

1.4.2 Bi-colored maps

Here we discuss the problem of enumeration of bi-colored maps. They are decompositions
of closed two-dimensional surfaces into polygons of black and white color glued along
their sides, considered as combinatorial objects. We count such decompositions of two-
dimensional surfaces into a fixed set of polygons with some appropriate weights. This
problem is then equivalent to enumeration of Belyi functions with fixed type of local
monodromy data over its critical values (following [23], we call such functions hypermaps),
which is a special case of a more general Hurwitz problem.

Belyi functions are objects of principle importance in algebraic geometry; they allow
to detect the algebraic curves defined over the field of algebraic numbers. There is a
way to study them in terms of “dessins d’enfants”, that is, some embedded graphs in
two-dimensional surfaces, see [69] for a survey or [1] for some recent developments.

The local monodromy data of a Belyi function can be controlled by the choice of
three partitions of the degree of the function. We consider a special generating function
for enumeration of Belyi functions. Namely, we fix the length of the first partition to
be n and we introduce some formal variables x1,...,z, to control the first partition as
an n-point function; we introduce auxiliary parameters ¢;, ¢ > 1, in order to control the
number of parts of length ¢ in the second partition as a generating function; and we take
the sum of all possible choices of the third partition so that the genus of the surface is
equal to g > 0. This way we get some functions Wr(bg)(xl, ..., Zy,) that also depend on
formal parameters ¢;, i > 0.

More precisely, we have the following.

We are interested in the enumeration of covers of P! branched over three points. These
covers are defined as follows.

Definition 1.4.1. Consider m positive integers aq, ..., a,, and n positive integers by, ..., b,.
We denote by Mgy mn(ai,...,amn|bi, ..., b,) the weighted count of branched covers of P*
by a genus g surface with m + n marked points f: (S;q1,...,Gm;P1,---,Pn) — P! such
that

e [ is unramified over P'\{0, 1, co};
e the preimage divisor f~1(00) is a1q1 + . . . GmGm;
e the preimage divisor f~1(1) is bipy + . .. bupn;

Of course, a cover f can exist only if a;+- - -+a,, = by+---+b,. Inthiscased = b;+- - -+b,
is called the degree of a cover.

These covers are counted up to isomorphisms preserving the marked points py, ..., p,
pointwise and covering the identity on P'. The weight of a cover is equal to the inverse
order of its automorphism group.
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The n-point correlation function is defined by

QD (2y,...,2,)

g?’n’
m n

i S Mymalar, o amlbr, b)) [ ta, [ 0527 (120)
m=0

1<ay,...,am<a =1 7=1
0<by,....bn

1.5 Results

1.5.1 Inversion symmetry through Givental group action

Here we present the main result of Chapter 2. This result expresses inversion symmetry
(a nontrivial symmetry of Frobenius manifolds) through Givental group action.

In [26], Dubrovin derived some symmetries of Frobenius manifolds coming from the
elementary Schlesinger transformations of the associated special ODE. One type of trans-
formations, the so-called Legendre-type transformations, refers to the possible choices of
flat coordinates for the associated pencil of flat connections that let it be integrated to
a solution of the WDVV equation (we are not sure that it is presented in that way any-
where, but implicitly it is explained in [76, 77]). Another transformation is called the
inversion symmetry and it really looks completely unexpected in terms of the solution of
the WDVV equation and its flat coordinates.

Recently, Liu, Xu, and Zhang studied the action of the inversion symmetry on the
integrable hierarchies associated to Frobenius manifolds [75]. They described the action
of the inversion symmetry on the principal (dispersionless) hierarchies completely; it
turns out to be a particular reciprocal transformation. They made some interesting
conjectures on the topological deformations of those hierarchies and the genus expansion
of the corresponding tau-function.

Given a Frobenius manifold M with flat coordinates (t!,...,¢") and potential F,
inversion transformation consists of the following change of coordinates:

o Ltet?
2
N te
to‘:t—nfora%l,n,
1
—
tn

together with the following change of the potential and the metric:

. 1 . 1gs -
F(t) = (t") 2 [F(t) — §t1t(,t“] = (t")*F + §t1t(,t“,
7704,8 = Tag-

Main theorem of Chapter 2 is as follows:
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Theorem 1.5.1. The inversion transformation is given by the Givental transformation

R =exp (X1 (re2¥) 7) with

0 0 1
0O ... 00

™ = . .. )
0 0 0

r, =0, k> 1.

More precisely, zfﬁ(f) is the inversion transformation of F(t), then the local expansion
of F(f) at (0,...,0,—1) is the same as the genus zero part without descendants of the R-
transformed potential of the cohomological field theory corresponding to the local expansion
of F(t) at (0,...,0,1).

1.5.2 Identification of the Givental formula with the spectral
curve topological recursion procedure

Here we present the main result of Chapter 3.
Suppose some local spectral curve is given. For any ¢ € {1,..., N} and k € Z>( define

Wi(z) = éd ((—%d%)kéé(z,j)> :

Theorem 1.5.2. Let R be some series of operators on an N -dimensional vector space V
as in Section 3.1. Let Z = RAT, where T is a product of N KdV T-functions, be the
partition function of the corresponding semi-simple cohomological field theory.

Define a local spectral curve by the following data

09 — N | Ri(—2)R(—w)!

By = [2Pw] P : (1.21)

and
hy = [ (= R(=2))1) (1.22)
ht = ! (1.23)

oA

Let wy,, be the genus g, n-pointed topological recursion invariant of this spectral curve
and denote by

Q({Ud’i}> = (Z wg,d(zl, Ce 7Zd)‘Wi e hg1>
9,d d(zm)—v ’

their sum after a change of variables Wi(z,) <> v®® for all m. Then the partition
function of the cohomological field theory and the topological recursion invariants agree

in the following sense: 4ivy _ di
Z({v™"}) = exp (Q({v™})) . (1.24)
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1.5.3 Quantum spectral curve for the Gromov-Witten theory
of CP!

Here we present the main result of Chapter 4.
Let us recall the Gromov-Witten theory for the case of X = P!,
The descendant Gromov-Witten invariants of P! are defined by

<Hﬂn(%’)> = / Hwﬁ”'ev:(ai), (1.25)

g [Mg,n(PLd)]vim 5

where [M, ,(P*, d)]"" is the virtual fundamental class of the moduli space,
ev; : My (P d) — P!

is a natural morphism defined by evaluating a stable map at the i-th marked point of
the source curve, o; € H*(P!,Q) is a cohomology class of the target P!, and ; is the
tautological cotangent class in H*(M, (P!, d),Q). We denote by 1 the generator of
H°(P',Q), and by w € H?*(P', Q) the Poincaré dual to the point class. We assemble
the Gromov-Witten invariants into particular generating functions as follows. For every
(g,n) in the stable sector 2g — 2 + n > 0, we define the free energy of type (g,n) by

s ) = <H (_70;1) = b:gff>)> | (1.26)

1=1 b=0 v

Here the degree d is determined by the dimension condition of the cohomology classes to
be integrated over the virtual fundamental class. We note that (1.26) contains the class
70(1). For unstable geometries, we introduce two functions

00 d
So(x) :=x —xlogz + Z <— (2d _igizd_Q(w)> : (1.27)

d=1
2, d
1 1 & 70(1) o= bl7y(w)
Si(x) = —§logx+52<(— 5 e : (1.28)
d=0 b=0 0,2
Main result of Chapter 4 is as follows:
Theorem 1.5.3. The wave function
1 h29—2+n
U(z,h):=exp | 75() + Si(x) + > ———Fyulz,...,1) (1.29)
h 2g—24n>0 n!

satisfies the quantum curve equation of an infinite order

o (122 om0 (122 ]t . w0

Moreover, the free energies Fy,(x1,...,%,) as functions in n-variables, and hence all the
Gromov- Witten invariants (1.25), can be recovered from the equation (1.30) alone, using
the mechanism of the spectral curve topological recursion.
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1.5.4 Polynomiality of Hurwitz numbers and a new proof of the
ELSV formula

Here wi present the main results of Chapter 5.
The ELSV formula [33] gives an expression for connected Hurwitz numbers in terms

of intersection numbers on the moduli space of curves:

g A

e bl Jxay, T (1= )

(1.31)

The Bouchard-Marifio conjecture [12] (proved by now in several different papers) is
also a relation of Hurwitz numbers to matrix models. Consider the spectral curve

r=ye "’ (1.32)
equipped with the two-point function
dydy’
m. (1-33)

Then the n-point functions wy,, produced from this data via the spectral curve topological
recursion are equal to
Z P - Nt ey L di,. (1.34)
b(g, n)! !

Hiseeesfn

These two statements are known to be equivalent [36], see also [89]. We revisit this
equivalence and present this argument in a new way.

Let us describe the existing proofs of both statements. All proofs of the ELSV for-
mula [33, 59, 82, 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 (rel-
ative stable) maps to CP'. All mathematically rigorous proofs of the Bouchard-Marifio
conjecture [43, 79] 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 re-
construct them recursively. There is one more proof of the Bouchard-Marino conjecture
in [11] that goes through the construction of a matrix model for Hurwitz numbers and a
direct derivation of the topological recursion, but it will require plenty of subtle analytic
work to make it really mathematically rigorous. Of course, since the ELSV formula is
proved independently, the fact [36, 89] that the two statements are equivalent implies the
Bouchard-Marino 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 us-
ing 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
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Mumford formula [80] 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 the-
orem [98, 67]. The third question, posed e.g. in [96, 57], is the following. The structure
of the ELSV formula implies some polynomiality property of Hurwitz numbers, that is

o ol
hglll: oln T b(g,,u)' (H M') Pgun(ul7""l’bn)7

i=1 7Y

where P, ,,(f41, - . ., ptn) are some polynomials in jiy, . . ., ft,,. 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.

We provide full answer to all three questions. It is organized in the following way.
First, we prove in Section 5.1 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 [83]. Then, using the polynomiality
property of Hurwitz numbers we are able to derive in Section 5.2 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 5.3 we review the correspondence between the
topological recursion and the Givental theory, with a special focus on the 1-dimensional
case, and in Section 5.4 we provide a (slightly refined) proof of the equivalence of the
ELSV formula and the Bouchard-Marino conjecture.

Theorem 1.5.4. The Hurwitz numbers h;, . for (g,n) ¢ {(0,1),(0,2)} can be ea-
pressed as follows:

[¢] ILL'L
Pogssissogin = (29 + |1t + 1 — 2)! (H ) (B -y fn),s (1.35)

where Py, (1, ..., pn) is some polynomial in iy, ..., fb,.

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 conjec-
tured in [56] and then proved in [57], with the help of the ELSV formula. Still, the
question whether this property can be derived without using the ELSV formula remained
open [96]. This is precisely what we do in Chapter 5: we prove this statement without
using the ELSV formula.

Define the generating function for the connected Hurwitz numbers Ay, , in the following
way: o

Hy, = > Ww‘f Lt (1.36)
e in€{1,2,...}

Theorem 1.5.4 implies that, for (¢g,n) ¢ {(0,1),(0,2)},

o itk

Hyp= Y Chk, H > ”l i, (1.37)

ki,...,kn€ =1 p;=1
{0,1,....Kg.n}
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where ¢, . 1, are the coefficients of the polynomials P, ,, from Theorem 5.1.1, and K, is
the highest power appearing in P, ,,.

Define
> mm—l—k
pre(z) == Z p— ™. (1.38)
m=1 :

for (g,n) ¢ {(0,1),(0,2)}, and

Wonlte, - tn) = D ok | [ e (t). (1.39)
=1

In the unstable cases we define the functions W, ,, by setting explicitly

Woa(ti) =0, (1.40)
t2(ty + 1)t3(ty + 1)
(t2 — 11)?

In Chapter 5 we give a new proof, using the above polynomiality result, the following

Woa(ti, t2) =

(1.41)

Theorem 1.5.5 (Bouchard-Marino conjecture). The polynomials W, ,, can be determined
by the either of the following recursive formulas

:ggﬁ(K(z’tl) Wg’”(;’ o z);tL')>
= —res (K0 W (5 57710
where . d
= 1 1 zZdz
K(z,t) = 21 —zt1)(1—o(2)ty) 241
and o (z) is defined by
(1+2)e7 = (14 0() e, (1.42)

Using this and the Gromov—Witten/spectral curve topological recursion correspon-
dence discussed in the previous section allows us to give a new proof of the ELSV formula:

Hi
7

A s
he..., =b(g,p)! 9 . 1.43
s = L9 19) ( Mg LLim (1= pithi) g ! (143

1.5.5 Spectral curve topological recursion for counting of bi-
colored maps
Here we present the main result of Chapter 6.

Since the combinatorial problem of counting bi-colored maps allows us to arrange te
answers into generating functions W,&” (x1,...,2,), it makes sense to check whether these

functions W, (x1,...,2,) can be reproduced via the topological recursion [48].
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The theory of spectral curve topological recursion, actually, has initially occurred as
a way to solve a set of loop equations satisfied by the correlation functions of a particular
class of matrix model [40, 16, 47, 18].

In fact, bi-colored maps are a standard representation of correlation functions of a two
matrix model, see a survey in [35] or more recent paper [5], and the topological recursion
in this case is derived in [18]. However, the general question that one can pose there is
whether there is any way to relate the topological recursion to the intrinsic combinatorics
of bi-colored maps. There are two steps of derivation of the topological recursion in [18].
First, using skillfully chosen changes of variables in the matrix integral, one can define
the loop equations for the correlation functions [38]. Then, via a sequence of formal
computations, one can determine the spectral curve and prove the topological recursion.

The loop equations of a formal matrix model are equivalent to some combinatorial
properties of bi-colored maps [95]. In this thesis we exhibit these combinatorial relations
deriving the loop equations directly from the intrinsic combinatorics of the bi-colored
maps. This procedure can be generalized for deriving combinatorially the loop equations
of an arbitrary formal matrix model. This allows us to prove the topological recursion
for the functions W, (x1,...,x,) in a purely combinatorial way.

As a motivating example, we use a recent conjecture posed by Do and Manescu in [23].
They considered the enumeration problem for a special case of our bi-colored maps, where
all polygons of the white color have the same length a. In this case, they conjectured that
this enumeration problem satisfies the topological recursion and proposed a particular
spectral curve. So, as a special case of our result, we prove their conjecture, and it
appears to be a purely combinatorial proof. Though similar problems were considered a
lot recently [66, 7, 8], the conjecture of Do and Manescu was not covered there.

There is a general principle that associates to a given spectral curve its quantization,
which is a differential operator called quantum spectral curve [60]. Conjecturally, this
operator should annihilate the wave function, which is, roughly speaking, the exponent
of the generating series of functions [*--- [* W) (x1,...,2p)dxy - - - dx,. We show that
this general principle works in this case, namely, we derive the quantum spectral curve
directly from the same combinatorics of loop equations. This generalizes the main result
in [23] .

The combinatorics that we use in the analysis of bi-colored maps is in fact of a more
general nature. The same idea of derivation of the loop equations can be used in more
general settings. In particular, we show how it would work for the enumeration of 4-
colored maps, where the topological recursion was derived from the loop equations by
Eynard in [39].

All this allows us to give a combinatorial proof of the following:

Corollary 1.5.6. The generating series Qé?,i(:vl, ..., k) can be computed by topological
recursion with a genus 0 spectral curve

E9(z,y) =y <Z iyt — x) +1=0 (1.44)

i=1
and the genus 0 2-point function defined by the corresponding Bergmann kernel, i. e.

le X dZQ

(21 — 22)?

(1.45)

w0,2(2’1, 22) =
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for a global coordinate z on the genus 0 spectral curve.

We would like to mention that most of the results of paper [102], on which Chapter
6 is based, were derived independently by Borot [10] while this paper was being written,
and the combinatorial approach to loop equations in Section 6.3 was also independently
derived by Eynard [34, Chapter §|.

Acknowledgements

First of all I would like to thank my advisor Sergey Shadrin. I really liked working with
him (and I hope to continue working with him in the future), and I am extremely grateful
to him for his support, insight and patience. Sergey provided very interesting problems
to work on and spent a lot of time discussing them. He always offered good advice, not
only in scientific problems. I learned a lot from Sergey, and not only in terms of specific
mathematical knowledge but also in terms of general approach to doing science.

Furthermore I would like to thank my fellow PhD students, Loek Spitz, Alexey
Sleptsov, Alexandr Popolitov and Danilo Lewanski, with whom we worked together on
scientific problems and generally had a lot of fun.

I am very grateful to my coauthors on the papers on the subject of this thesis, Nicolas
Orantin, Maxim Kazarian, Motohico Mulase and Paul Norbury. I had a great pleasure
working with them (and I hope to continue the collaboration); I learned a lot from them.

I would like to thank Alexander Alexandrov, Dirk Broersen, Alexander Buryak, Leonid
Chekhov, Boris Dubrovin, Andrei Mironov, Alexei Morozov, Sergey Natanzon, Hessel
Posthuma, George Shabat and Dmitry Vasiliev for fruitful discussions and help.

I am very grateful to my mother Elena, to my father Igor, to my grandmother An-
gelina, to my wife Olga, and to all the other members of my family, for their everlasting
support and help.

Finally T thank Korteweg-de Vries Institute for Mathematics of the University of
Amsterdam and all its staff for the very nice atmosphere which made working there
a pleasure, and the Netherlands Organisation for Scientific Research for financing my
work in Amsterdam. I am grateful to the secretary Evelien Wallet for the help with
administrative matters.

24



Chapter 2

Givental graphs and inversion
symmetry

This chapter is based on paper [104], joint work with S. Shadrin and L. Spitz. In this
chapter we express Dubrovin’s inversion transformation through the Givental group ac-
tion.

In Section 2.1 we recall Y.-P. Lee’s formulas for the operators of the infinitesimal
deformation and explain them in terms of graphs. In Section 2.2 we use the graphical
representation of the Givental group action in order to find a particular group element that
performs the inversion symmetry. In Section 2.3 we reproduce the elementary Schlesinger
transformation that was the origin of the inversion symmetry (for that we heavily use the
results obtained in [15] in multi-KP approach to Frobenius manifold structures). Finally,
in Section 2.4 we reproduce the formulas of Liu, Xu, and Zhang for the transformation
of the Hamiltonians of the principle hierarchy under the inversion symmetry (this comes
as a very special case of the general deformation formulas for the Hamiltonians obtained
in [14]).

2.1 Givental group action as a sum over graphs

In this section we explain an interpretation of the Givental group action [52, 54] on
cohomological field theories as a sum over graphs.

2.1.1 Cohomological field theories and Frobenius manifolds

Consider the space of partition functions for n-dimensional cohomological field theories

Z =exp(d> h'F,) (2.1)
g=>0
in variables t**, d > 0, 4 = 1,...,n. Such a partition function is always tame; the

weighted degree of any monomial A9t7#1 ... ¢% % occurring with non-zero coefficient
is not more than 3g — 3 + k, where the weight of A is 0, and the weight of t%* is d.
There is a fixed scalar product 1 on the vector space V := (eq,...,e,) of primary fields
corresponding to the indices 4 = 1,...,n. Furthermore, we will denote by ey the vector
in V' that plays the role of the unit in the underlying family of Frobenius algebras.

25



In this chapter, we will always work in flat coordinates, that is, 1,3 = da.n—p and e; =
€1.

The information of the genus zero part of a cohomological field theory is equivalent
to the information of a Frobenius manifold. That is, given a cohomological field theory
with genus zero partition function Fy, we obtain the potential F' of a Frobenius manifold
by

F(t17 s 7tn) = }—O(td#”tdﬁ‘:o for d>0
where we identify t# := t%#,

On the other hand, given a Frobenius manifold we can uniquely reconstruct the genus
zero descendant part using topological recursion ([78]). Although the construction we
describe below is for the full genus expansion of a cohomological field theory, it can be
restricted to the genus zero part (with or without descendants), and thus interpreted as
an action on the space of Frobenius manifolds. This is what we will do in Example 2.1.3
and the subsequent sections.

Notation 2.1.1. Define the so-called correlators
(Ta, (01)7a, (2) - - - 7a, (),
by
gk (2.2)

(Tay (1) Ta, (2) - - - 7qy (ur.))
‘F gtdl,al .
2 | Aut((v, di)E))]

where | Aut((oy, d;)¥_,)| denotes the number of automorphisms of the collection of multi-
indices (s, d;) and where the sum is such that it includes each monomial ¢41:21 .. . ¢dn.an
exactly once.

2.1.2 Differential operators

Let us remind the reader of the original formulation, due to Y.-P. Lee, of the infinitesimal
Givental group action in terms of differential operators [70, 71, 72].

Consider a sequence of operators r, € Hom(V, V'), [ > 1, such that the operators
with odd (resp., even) indices are symmetric (resp., skew-symmetric). Then we denote
by (r2!)" the following differential operator:

. %) S )
(T[Zl) = — (TZ)TW -+ th’ (Tl)ﬁw (23)
-1
h RIS o
3 ; " oo

Givental observed that the action of the operators

o

R:= exp(Z(rlzl)A)

=1

on formal power series preserves tameness. The main theorem of [51] states that this
action preserves the property that Z is the generating function of the correlators of a
cohomological field theory with the target space (V,n) (see also [65, 93]).
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Remark 2.1.2. The action of the operators described above is usually referred to as the
action of the upper triangular group. There is also a lower triangular group action, but
we do not consider it in the present chapter.

2.1.3 Expressions in terms of graphs

We now describe the Givental action in terms of graphs. Consider a connected graph
of arbitrary genus, and with leaves. To such a graph we assign some additional structure.
First, we choose an orientation on each edge of the graph, in an arbitrary way (the
contribution of a graph will not depend on these choices). Second, to each element of the
graph (a leaf, an edge, a vertex) we associate some tensor over the vector space V[[z]]
(where z is a formal variable) that also depends on £ and tt for d > 0and 1 < pu < n.
This graph equipped with an additional structure of such a type we denote by 7.

Notation 2.1.3. By a half-edge, we mean either an edge together with a choice of one of
the two adjacent vertices, or a leaf. If we want to talk only about the first of these two,
we will use half of an internal edge.

Leaves

Leaves are decorated by one of two types of vectors. The first type corresponds to the
second term of the operator (2.3) and is given by

L = exp (i rlzl> <i i eutd’”zd> . (2.4)

=1 d=0 p=1

The second type of decoration is given by the vector

Ly:=—2- (exp(z rzl) — I> (e1) (2.5)

and corresponds to the dilaton shift (the first term of the operator (2.3)).

Edges

An edge is already oriented. We expect to decorate it with a bivector. Using the scalar
product we can turn any (skew-)symmetric operator into a bivector. However, this re-
quires a choice of sign. Some choice of sign was already made in the differential op-
erator (2.3) when we used the symbol (r)*”. Let us fix this choice. In the case of a
skew-symmetric operator, the bivector is also skew-symmetric, so we have to use the
orientation of the underlying edge in order to fix the ambiguity. It will be obvious later
on that nothing depends on the choice of orientations on edges.

So, we are going to assign a bivector £ € (V[[2]])®? to an oriented edge. The first
copy of V[[z]] is associated to the input, the second to the output of the oriented edge.
For clarity, we will denote the formal variable corresponding to the first copy by z, and
the one corresponding to the second copy by w. We put

£=2¢&n,
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where £ € Hom(V, V)[[z, w]] is given by

[ (2 (=) gzt exp (302 rw') — 1
zZ+w :

£:=—

Let us rewrite this formula in a more convenient way. Denote by r(z) the series > ;= 2.

Then € is equal to

& _p. =xp(r(z)") exp(r(w)) — 1
Z+w
_exp (—r(=2)) exp(r(w)) — I
24w '

(2.6)

= —h

(cf. the same formula in [93]).

The change of the orientation of an edge corresponds to the replacement of an operator
with its adjoint and the simultaneous interchange of z and w. From Equation (2.6) it is
obvious that £* |ow = . Using the symmetry of the metric, we see that nothing depends
on the choice of orientations on edges.

Vertices

The collection of correlators of order n corresponding to a formal power series F, in
variables ¢ can be considered as a tensor V,[n] € (V*[[2]])®". Namely, the tensor V,[n]
sends emzfl ® -+ ® ey, 20 to
the correlator (74, (€,,) - Ta, (€, )q) (Which is just a number), and we extend this defini-
tion linearly.

We want to apply an element of the Givental group to the series Z; this means that
we decorate the vertices of index n exactly by the tensor

Vin) =Y hV,[n). (2.7)

920

Contraction of tensors

Consider a decorated graph 5. We have associated vectors in V[[z]] to leaves and bivectors
in (V[[2]])®? to edges (the former depending on A and t®# the later depending on h).
Furthermore, for each edge we have associated one copy of V[[z]] with the input of the
edge and the other with the output. At each vertex, we now contract the tensor V[n|
with the tensor product of the decorations of the half edges corresponding to the vertex,
where n is the index of the vertex. The result is a number depending on A and t%* which
we denote by C(%).

The final formula

Finally, we sum over all possible decorated graphs like this, weighted by the inverse order

of their automorphisms to obtain a formal power series in t%* that also depends on A. In
a formula: )

log(R(Z) =) ———

Z # Aut(9)

yel

C(7) (2.8)
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where I' denotes the set of all decorated graphs as above, and Aut(¥) is the set of au-
tomorphisms of ¥. From now on we will use a decorated graph and the function of A
and t%* assigned to it by the graphical formalism interchangeably.

It follows directly from the combinatorics of graphs that the result is represented as
a formal power series of the same form as in Equation (2.1).

Remark 2.1.4. Note that for any graph the only choice in the decoration is that for each
leaf, it can either be decorated by L or L.

Furthermore, the decorations on the edges and leaves are defined as sums. Using the
linearity of the functions with which we contract at the vertices, we can replace a graph
with a leaf or edge decorated with a sum by a sum of graphs which only differ from the
original one by replacing this sum with its individual terms. We will use this freedom in
computations; thus, we will work graphs that are not elements of I" as well.

Remark 2.1.5. The formal variable z. The contraction of tensors couples the power of
the formal variable z to the first index of the variable t*#. Thus, in the context of
cohomological field theory, the power of z should be interpreted as keeping track of the
power of the 1-class appearing at the corresponding half-edge.

The trivial example

We discuss the trivial example of the Givental action, that is, we assume that r, = 0,
[ =1,2,.... In this case £ = 0, so the only connected graphs that give a non-trivial
contribution are the graphs with one vertex and no edges. Furthermore, Ly is also zero,
so we only need to compute

1
— V(L ®---®L)
n! w—/

which is the nth homogeneous component of > 450 h9—1F,, as we can see directly from
the definition of V[n|. Therefore, the sum over all graphs just gives us the initial series Z.

Dilaton equation and topological recursion relation

We remind the reader of the well-known topological recursion relation and dilaton equa-
tion [98] which hold for any cohomological field theory.
In terms of correlators, the dilaton equation is given by

(MW7, (@) - 7 (an))y = (29 = 2+ F) (m, (1) - 7, (), (2.9)

for any g.

In terms of graphical formalism, the dilaton equation has the following interpretation:
whenever we are given a graph with a leaf that is marked by e;z, the dilaton equation
allows us to remove that leaf entirely, at the same time multiplying the resulting graph
by (2g — 2 + k), where k is the number of leaves/edges going from the corresponding
vertex (the removed leaf is not counted).

Consider the generating function for descendant classes

D = exp (Z td’O‘Td(a)>

d,a
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Then the genus zero topological recursion relation takes the following form (for d; > 0):

(Tay (1) Tay (a2) Tay (a3) D)y =

> (Fa-1(a)0(A) D)y (70(0)Tay (02)7a, (a5) D)y (2.10)

Ao

The topological recursion relation has the following graphical interpretation. When-
ever we are given a graph with a leaf marked by e;2* for some i and k& > 0, we can remove
a 1-class (lower the power of z) in the following way. Pick any two other half-edges
on the same vertex (vertices in graphs that have a non-zero contribution are always at
least trivalent) and split the vertex into two vertices connected by an edge marked by
Zm 8 n*e, @ eg. Put the two chosen half-edges on one vertex and the original leaf on
the other, now marked by e;z*~!. Take the sum over all possible distributions of the
other half edges of the original vertex over the two new vertices. It is easy to see that this
procedure does not depend on the choice of two half-edges, and represents the topological
recursion relation. In an equation (dotted lines represent either edges which connect the
vertices to some other parts of the graph or just leaves):

6pzk71
€y €
pn1 Cpuo es
ko
€,2" = E
IC{1,...k}
e, ” oo Ny, B TN——
;s
ie{l,... kNI

Example; inversion symmetry in two dimensions

To illustrate the graphical formalism in practice, we explicitly compute one of the terms
of the two-dimensional case of the inversion transformation defined and studied in general
in Section 2.2. Let Fj be the potential of a two-dimensional Frobenius manifold given by

Fy(t', %) = (e +) Tk g2y (2.11)

for some set of numbers {o|k > 3}, and let r(z) = >, rxz* be the matrix series given
by

1
7"::7“1:(8 O)’ rp =0 for all £ > 1. (2.12)

As above, using the topological recursion relation in genus zero we can consider
Fy(t',t?) as a restriction to the small phase space of some full descendant genus zero
potential Fo ({t14,t27}52,), identifying ¢*, t? with ¢, %0 and setting all other variables
equal to zero. Define F, to be the genus zero part of log(exp(r(z)) exp(h~'Fp)). We
compute the coefficient 5 of (t29)5 in Fy using the graphical formalism (as usual, we
regard Fy as the exponential generating series for its coefficients).
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€9 €2 €2

r(er) ,

€2 €2 €2 €2 €2 €2

Figure 2.1: Two of the graphs contributing to 65 where one of the leaves is decorated
using Ly. Note that in this case, both of their contributions are zero, because Ly = 0.

Since the variables t%* only appear in the formalism when we have leaves decorated
by L, graphs contributing to 5 must have precisely five leaves decorated by L. Fur-
thermore, in these decorations, only the terms which depend solely on %2 out of all t%#
contribute to 5. By equation (2.12) we have

exp (Z rlzl> =1+rz, (2.13)
=1

therefore, after total expansion using the linearity of Remark 2.1.4, leaves that were
originally decorated by £ have at most one 1)-class.

In principle, there could be extra leaves which are decorated by Ly (note that the
variables t%* do not appear in Lj). We have drawn two graphs with such leaves in
Figure 2.1. However, it follows immediately from equation (2.12) that £, = 0, so the
dilaton term plays no role in this computation.

Once again using equation (2.12), we see that in this case the edge decoration simplifies
to

E=— Z e, @ e,. (2.14)

JTR”

By the tameness property, any vertex for which the total number of ¢-classes (that is,
the total power of z) at half-edges connected to it is equal to some d, must have valence
at least d + 3 for the graph to have a non-zero contribution. Taking into account that
vertices at which no v-class appears must have either precisely three leaves, two of which
are decorated with e; and one with ey, or only leaves decorated with e,, it is easy to see
that &5 is given by the following sum:

€9 €2 es r(es)
P
1. 1 1
5% 75 T
€2 €2 €2 €9 €9 €2
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T 2)

(e2) r(e €2 €2
P P
1 1 €2 €2 .
D ED :
2 e e €2 €2

€ 2
€2 €2 €2 €2
1 €y €9 P (e2) 1 € €1 0 (e2)
- — rie — — rie
4 122 2 4 21 2
€2 €2 €2 €2
€2 €2 €2 €2 €2 €2
N 1 €3 62/L€2 €2 n 1 €2 61/L€1 €2
o NNy o N\
8 r22 r22 8 r21 ri2
€2 €9 €9 €2

Let us explain the notation. The coefficients in front of the graphs are just the inverse
orders of the corresponding automorphism groups. The labels at the leaves are the ones
coming from £, where we have left out the variables t**, and where we have replaced z
by v to remind the reader that it keeps track of the power of ¢-class at that leaf. The
decorations at the edges are split between the input, output and middle of the edge. For
instance, an edge decorated by 7%?e5 ® ey is shown with a label ey near the input and
output of the edge, and a label 7?2 in the middle. The minus signs in the third line come
from the minus sign in equation (2.14).

Note that in the original description of the algorithm, the first three graphs would
have appeared as one graph with the sums of different decortions on the leaves, as would
the second three graphs and also the last two graphs. We have used the linearity described
in Remark 2.1.4 to write them as the sums of graphs that appear above.

To get the result of this computation we first note that r* = rin®”. In our case this
means that 7' = 1, and all other entries are 0. Thus, only the first three terms survive.
Using either the dilaton equation or topological recursion, and using that r(es) = e; in
this case, we see immediately that

05 = 05 + 1004 + 2003.

This agrees with formula (2.22) for the inversion transformed potential, as it should.

2.1.4 Equivalence of descriptions

It follows directly from the standard correspondence between differential operators of
the type (2.3) and Feynman-type formulas in terms of graphs ([53], cf. [86]) that the
descriptions of the Givental group action given in Sections 2.1.2 and 2.1.3 are equivalent.
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For simplicity, we will first assume that r;(e;) = 0 for all /, allowing us to ignore the
dilaton term. In that case, the only thing we have to show is that

R h .
R:=exp ( Z t8 (1) O + 5 Z (—1)Z+lai,u(7"i+j+1)waj,u>

d>0,0>1 1,720

= exp ( > td’y(rz)53d+z,u> exp (Z (Vk:,z)”"ak,uaz,y>

d>0,0>1 k,1>0

(2.15)

0
where 04, = Sedn and Vj; is defined by

hexp(—r(—z))exp(r(w)) -1 kgl
_5 T w = Z kalZ w

and we assume summation over repeated Greek indices (we will do so for the rest of
this section). Equation (2.15) follows from the Campbell-Baker-Hausdorff formula in the
following way. Write

h |
X = ()t Oy, Y = 2 D (0T (i) 0:00

1>1,d>0 i,7>0

for the linear and quadratic parts in the exponent in R respectively. Then Y commutes
with any (iterated) commutator of X and Y containing at least one copy of Y. Therefore,
it follows from Campbell-Baker-Hausdorff that eX*Y = eXe?, where
—e—2dx 4 1 —1?(adx)?
7. —¢ +Y:Z( )P (adx)

p=>0

h . i L fi oot fo s
SIS DD DD SE-- S TAEAS

p>0 s+t=p f1,...,fs>0 g1,...,g: >0 4,50 (p

(T TR T ) Oit gyt oDt i botgre (2.16)

In the last equality we use the fact that r; is symmetric when [ is odd, and skew-symmetric
when [ is even. Writing Z = Zk,l Z1,0,0), it is easy to see that

(= +0) Y Zuzu! =~ fexp(—r(—2)) explr(w)) T (2.17)

k,l
by expanding the right hand side and using the equality
1 1 1

Hon—k—1n  (h=Dln—kn _ Bn—k

This completes the proof of the equivalence of descriptions for the case where re; = 0.
For the general case, it is clear that replacing X by

X=X+ Xo == ()0t Y, ()bt Ougip,

I>1 1>1,d>0
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will not affect any of the arguments made above. That is, since X; commutes with Y,
the same argument proves that e

X+Y X
exp (— Z(rl)‘f@HLu + Z (T[)ﬁtd’yad+l7“> (2.18)

= eXe?. Therefore, it remains to show that

>1 d>0,0>1
:exp< Z (rl),’,‘td’yad+l,u> <Z(M/l>/falu>
d>0,1>1 >1

where W, is defined by

> Wit =(=2) (eXp (Z lel> - 1) :

>1 >1

Since X; commutes with any iterated commutator of X; and X5 including X at least

once, we have X1+ Xz — oX2eT where
—adX
—e 241
T:=—"—-X;
adX2

1 ’
==>_ 2 m(% o PO e fyrtt = Y (W50, (2.19)

pvl f17"'7fp 121

This completes the proof of the equivalence of the graphical and operator representation
of Givental’s theory.

2.2 Inversion transformation

The so-called inversion transformation is an important example of a transformation that
gives a discrete symmetry of Frobenius structures. Namely, if one applies this trans-
formation to any given Frobenius manifold, the resulting object is again a Frobenius
manifold.

It turns out that in terms of the Givental group action one can express this transfor-
mation in a particularly nice way.

Let us recall the definition of the inversion transformation ([26]). Given a Frobenius

manifold M with flat coordinates (¢!, ..., ¢") and potential F', this transformation consists
of the following change of coordinates:

- 1¢,t°

=22

2 tn

.t

t :t—nfora#l,n,

o 1

tn’

together with the following change of the potential and the metric:

ah 1 5 Lojs o
Pl = ()72 [F) - Jo'tt”] = 7P+ 40

ﬁaﬁ = TNag-

34



We will also need the inverse of the inversion transformation:

g 14,17
=5
o 1°
t:—f—nfora#l,n,
n 1
t - — = .
tTL

We prove the following

Theorem 2.2.1. The inversion transformation is given by the Givental transformation

~

R =exp (2@1 (riz®) ") with

0 0 1
0O ... 00
= . . . . P
0 0 0
r, =0, k> 1.

More precisely, if F (1) is the inversion transformation of F(t), then the local expansion
of F(t) at (0,...,0,—1) is the same as the genus zero part without descendants of the R-
transformed potential of the cohomological field theory corresponding to the local expansion

of F(t) at (0,...,0,1).

Proof of Theorem 2.2.1. We are going to check that the coefficients of the local expansion
of F (t) at (0,...,0,—1) and the coefficients of the genus zero part without the descendants
of the R-transformed cohomological field theory potential corresponding to the local
expansion of F(t) at (0,...,0,1) agree.

Let us determine the coefficients of F. Recall that in flat coordinates, the metric is
given by 1,3 = 0a+sn+1. Thus, the potential has the form

F(t) = %tl (tlt" N t”tl) — %tltlt" + H (t2, . ,t") , (2.20)

for some function H.

Note that we consider cohomological field theories as well as Frobenius potentials to
be defined up to addition of any terms of order 2 or lower in t’s, so we disregard such
terms here and below.

Computing the inversion-transformed potential, we have

alm 1/\ n A’I’L AnA 1/\ n An
F(t) = §t1 (" + -+ i) - étltlt +
1 .. . - £2 A |
- (gztn—1+...+t”—1£2)2+t”t”H (—T,...,— . ,—T>. (2.21)
8tn tn tn tn

Recall the correlator notation for the coefficients of the potential and denote by

1 . . I
m (7o (1) ... 7o (an)) g
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the coefficient of £** ...{*N in the inversion-transformed potential coming from the last

term of (2.21), and by '
TAut((a))] (To (1) ... 7o (an))g

the coefficient of £ ... £* in the inversion-transformed potential coming from the second-
to-last term of (2.21), where | Aut((«))| denotes the number of automorphisms of the
collection of indices «;.

We are interested in the local expansion near (0,...,0,—1), so we put " =—1+e
Then, for the last term we have

t2 1

1—e¢ "1 —€"1—¢€

S R i
- | al...aN N...n
N4p>3 2<ar<-<ay<n—1 | Aut((a))| p! \p/
N+k+p—3
=2 2 %HQL..QN non 100N EPTR D (2.22)
N’:rﬁioz3 2<a1 < <any<n—1 | ut((O&))| p: \p/

where H with subscripts stands for the value of the respective multiple partial derivative
of H taken at (0,...,0,1). In terms of correlators this means that

(Fo(cn) ... Folaw) (Fo(n)) ")y

' /N +k -3
-y ]%( e )Hal_.w (2.23)
ptk=q " P
for2 < aq,..., ay < n — 1
For the second-to-last term we have
1 2in—1 n—152)2
— (P ) =
Stn
1 . n oA
_ Z —ek‘toctn'f‘l—atﬁtn'i‘l—/j’ (224)

’Alﬁg(@,ﬁ)’

2<a<p<n+1-p<n+l—a<n—1
k

where | Auts(a, 8)| is defined in the following way. Define @ = n 4+ 1 — « for any
2 < a <n-—1 Then |Auty(a,B)| = 1 if all four numbers a, 3, & and (3 are pair-
wise different, | Auts(a, )| = 2 if two of them are equal, but not equal to the other two,
and | Auta(a, )] = 8 if all of them coincide. In terms of correlators, this means that for
2<o,B,a,<n—1

L K Aut((e, 8@ 8))|
0 | Auty(a, B)]

(% () 70 (@) 70 (8) 7o () (7o (n))") (2.25)

while )-correlators of any other form vanish.

Since the Givental transformation acts trivially on cubic terms, the part containing
t! obviously coincides with what is coming from the Givental transformation.

36



Let us describe the situation on the Givental side. The main point we are going to use
is the very simple form of the matrices r;, where the only non-zero entry of ry is (r;)} = 1,
and r; is identically zero for all other [. Furthermore, we are interested only in decorated
graphs where t%* with d > 0 do not enter the decorations, since we aim at recovering
the Frobenius potential, which is the genus zero part without descendants. Thus we will
write t# := t"* to simplify expressions.

Taking all this into account, by equation (2.4) we have £ = ze t™ + Zzzl e, tt for the
decoration of ordinary leaves, and no dilaton leaves since the expression (2.5) vanishes
entirely in our case. Furthermore, for the internal edges we have £ = —e; ® e; by
equation (2.6).

Let us find which decorated graphs will give a nonzero contribution. We see that z
always comes coupled to ej, which allows us to use the dilaton equation (2.9) to express
all graphs with z entering their decorations in terms of graphs without z entering their
decorations.

Since the contraction with the tensor associated with a vertex is a linear operation,
we can represent a given graph as a sum of 2% graphs, where k is the number of the leaves,
such that instead of the sum ze "™ + Zzzl eut* on each leaf we will have either just ze t"
or just ZZ=1 eut*. Then the dilaton equation implies that the contribution of each of
these 2¥ graphs is a multiple of the contribution of a graph resulting from removal of all
zeq t" leaves from the given graph. All these resulting graphs then obviously do not have
any z entering into their decorations.

Let us then find which graphs with no z in the decorations after using the dilaton
equation can give a non-zero contribution. The claim is that they are either single-vertex
ones with any number of leaves, or trivalent ones with no more than two internal edges
going out of each vertex. Recall that the tensors V[n| appearing on n-valent vertices are
built from the coefficients of the nth homogeneous part of the original potential. Then
the claim follows from the form of the decorations we have on the internal edges, namely
—e; ® ey, and the fact that ¢! enters the the original potential only in cubic terms. More
precisely, if a vertex has an internal edge going from it, then, since the corresponding
tensor V[n] gets contracted with —e; ® ey, n should be equal to 3 because only V[3] has
non-zero components with one of the indices equal to 1.

Furthermore, if there is only one internal edge going from a given vertex, then there
are two leaves attached to this vertex decorated by EZ=1 eutt. Taking the linearity into
account, we can represent the given decorated graph as a sum of n? graphs for which
these two leaves are decorated by e, t* and e, t” for p,v € {1,...,n} respectively. From
the form of the original potential (2.20) it follows that out of these graphs only the ones
with 2 <y <n—1and v =n+ 1 — p give a non-zero contribution.

By similar considerations a vertex with more than two internal edges attached to it
will contribute zero, and on a vertex with precisely two internal edges attached to it only
e,t™ survives as the decoration of the single leaf attached to it.

With help of the linearity property we now totally expand all the decorated graphs
we have after applying the Givental transformation. By the consideration above, we are
left with the following sum, where each graph is of course multiplied by the inverse order
of its automorphism group. First, there are all possible graphs with one vertex and any
number of leaves decorated by e, t* for any p and any number of leaves decorated by ze;t".
Second, there are all possible trivalent graphs with at least one internal edge in total and
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no more than two internal edges going from each vertex, with —e; ® e; decorating internal
edges, e,t" decorating the single leaf attached to a vertex with two internal edges, and
et and e, 1t" T for 2 < g < n — 1 decorating two leaves attached to a vertex
with only one internal edge going from it. Furthermore, all graphs obtained from the
above trivalent ones by adding any number of leaves decorated by ze;t" to any number
of vertices are also included in the sum. One can find the graphical representation of all
of these graphs below.

Thus we have described all relevant graphs giving the Givental-transformed potential.
Now let us show that the Frobenius potential recovered from them precisely coincides with
the inversion-transformed potential.

The contribution coming from the one-vertex graphs turns out to coincide with the
last term of (2.21). More precisely, if we denote the contribution of these one-vertex
graphs to the coefficient of £ ... £*Ne? in the Givental-transformed potential by

1 - 2 7\G
W< To(ar) - .- To(an) (To(n))")
we have
1 . 2 7\G
TRue(@yl ¢ ) To<aN> (o))"} =
1

|Aut Z k! <70 ar) - o(an) (ro(n))” (71(1))k> (2.26)

p+k=q

(here on the right hand side the correlator corresponds to original, non-transformed po-
tential). Using the dilaton equation (2.9) we get

(Folan) - -+ Folaw) (Fo(n)) ") 5

¢ (N+k+p—3
= Z —( k )Hal...ozN n...n (227)

p+k:q p

which exactly coincides with (75(c) ... 70(an) (fo(n))?)}; on the inversion-transformed
side (2.23).
In terms of graphs, equations (2.26) and (2.27) can be expressed in the following way:

(7o) ... Tolan) (Fo(n)))S = (2.28)
en en
q
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Now we look at the graphs with a non-zero number of internal edges, which turn out
to correspond precisely to the second-to-last term of (2.21). By the discussion above
about graphs, they contribute only to correlators of the form

<7A'0 () o (@) 70 (B) 70 (B) (7o (n))k>

(where the index G attached to correlator means that it corresponds to the Givental-
transformed potential, and the index ) means that we take just the part coming from
graphs with at least one internal edge), and this contribution is the following (for 2 <
a,B,a,f<n—1)

(mann i W)
k! | Aut((« ,B))]
| Autg <m1+m2 . m1| o] <7'0 () 7o (@) (71 (1))™ 70 (1))

" {1 W) 1o (B) T (B) (11 (1))™)
+ Y ;, (10 (@) 7 (@) (71 (1))™ 70 (p11)) ()"

mq! mo! ms!
mi1+ma+ms3 1 2 3
—k_1

(ro (1) 7o (1) (71 (1))™ 70 (p2)) (r1)"*™* (70 (v2) 70 (B) 7 (B) (71 (1))™*)

+ (10 (@) 70 (@) 70 (111)) (r1)*** (70 (11) 70 (n) 7o (2)) (1) - -

- (70 (1) 7o (1) 7o (pagr)) (1) (70 (Vagr) To0 (5)7(5)>>- (2.29)

The contribution of each product of correlators on the right hand side is given by
(=1)Pmql----- myp41!, where p + 1 is the number of correlators in the product. Thus, the
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result is equal to

<+o (@) 70 (@) 70 (8) 70 (B) (%o (n))k>Q
K Aut((a, 8,0, )l § (R
B | Auty(a, B)| p;< 1)( D )
_k:! |Aut((oz,ﬂ,d,6))|

|XXUt201aﬁ>| 7

which coincides with what we have on the inversion-transformed side (2.25). This con-
cludes the proof. In terms of graphs formula (2.29) takes the following form:

G

(2.30)

Cnt+l—a Ent+1-8

Ent+l—a En+1-8

| Auts(a,

k[ Aut((, B,a, B)| (_
B)]

€ntl—a €n Cnt1-p

1
+ P —
jE: 7n1!7n2!7n3!

mi+ma+mz=k—1

€a €1 €1 €1 €1 €1 €1 €g
—— —— ——
my ma msa

€ntl—a En+1-8

k+1

k+2 Vertlces

k! Aut(a,ﬁ,@,B)

2 Auty(a, ) (2.31)

]
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Remark 2.2.2. Note that in this Section we used neither semi-simplicity of the Frobenius
structure nor the Euler vector field. The Givental group element that we obtained acts
perfectly without any extra assumptions, except for the analyticity of F(t) at point
(0,...,0,1). Even this last assumption is not necessary due to the following reasons.
Since inversion transformation is singular at the origin, in Dubrovin’s original formulation
analyticity at some point other than the origin is implicitly assumed. This domain of
analyticity can very well not include (0,...,0,1). However, one can deal with this in
Givental approach by considering not only the action of R—operator, but also the action
of U-operator [52], which has a simple form. This will make formulas a bit less nice,
so for this reason we consider here only the case when F'(¢) is analytical at (0,...,0,1).
Going to the more general case with the help of U-operator is rather straightforward.

2.3 Relation to Schlesinger transformations

In the semi-simple case, the inversion transformation of Frobenius structures originates
from a Schlesinger transformation of a special differential operator [26]:

1
Az@Z—U—;[F(u),U], (2.32)
where U is the diagonal matrix of canonical coordinates
ul
U= (2.33)

and I is the Darboux-Egoroff matrix.

With the help of the results of [15] and our known form of R-matrix we are now able
to reproduce the formula for the Schlesinger transformation for the rotation coefficients
7;; from [26]:

Yij = Yij — Adjs (2.34)
\/O;t10;t
Ay = VZiRE
t

in Givental approach. We prove the following
Proposition 2.3.1. R-transformation of rotation coefficients gives
1/ 87,'[;1 ajtl
et hlcy 2.35
14+t ( )

Proof of Proposition 2.3.1. Following [15], for the infinitesimal deformation of v we have
(we write all of the indices explicitly in order to get all of the instances of the metric
correctly):

’%j = Yij —

(r12) 47 = = (Vo) (r1)5 0" (Wo)? (2.36)
(r12)" (o), = (T1) (r)2 — (Wo)} (1)
(r12)” (U1)h = (Va)5 (r1)5 — (Wp)!

)
a
7
a

Q@
—~
=
[
SN—
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Here by ¥,, i = 0,1,2,..., we denote the twisted wave functions of the multi-KP
hierarchy as in [15].

Taking into account that r; has only one nonzero element, we see that this chain actu-
ally terminates in the sense that ¥, never enters the expression for the total deformation
of , and also taking into account that [26, 97]

n

> (W)} (W)} =t (2.37)

k=1

we arrive at the following formula for transformed rotation coefficients:

59 =~ — (Wo)y (Po)] (1 —tr+ (1)" — (t)* +..) (2.38)
i \/@-tlajtl
=7 1+t

Here we should recall that in order to get our ]:E—matrix, we made a shift to the point

(0,...,0,1). Due to flat metric being anti-diagonal with unit components, we also have
t; = t". This means that the right hand side of (2.38) actually coincides with that of
(2.34), which proves the claim. ]

2.4 Implications for integrable hierarchies

The result of Section 2.2 allows us to explicitly obtain inversion-transformed Hamiltonians
of the principal hierarchy. We prove the following

Proposition 2.4.1. Linear span of R—tmnsformed Hamiltonians of the principal hier-
archy coincides with the linear span of inversion-transformed Hamiltonians obtained in

[75].

Proof of Proposition 2.4.1. In order to prove this proposition, we use the results of [14]
for the deformation of €1, .5, under Givental transformation, where

82 F,

Qavp;ﬁvq = 8t0"pat57‘17 (239)

where Fj is the total genus zero potential with descendants.
In the case of genus zero and for our R-operator, for the infinitesimal deformation of
Hamiltonians

ea,p = Qa,p;l,(b (240)
we have (following [14]):
(le)A ea,p =U (9&7,) + 62917[,4_1, (241)
where operator U is given by
n ]' . n+l— 6 n . a
U=—-v"—- 5 ;UWU 7% +v e UW%. (242)
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This infinitesimal deformation can be exponentiated to give the inversion-transformed
Hamiltonians:

Bap (0) = (exp (U (v)) By (v) + G exp (U (1)) b1 (0)) | (2.43)

V=0

Now we are able to compare our results with the ones of [75], where the inversion-
transformed Hamiltonians are given in a bit less explicit form:

: 1 by
0o “(0) = ——, 01,7 (0) = —%(U), p>1, (2.44)

~ QO!
95§Z(@):ﬂ 2<a<n-—-1,p=>0,

éngZ(@) _ 017p+1(v) p>0

Y Y
rUTL

Applying the inverse inversion transformation, we get (for 2 < a <n —1)

~ R . Zn: ,ﬁi,ﬁn-{-l—i @2 @n—l 1
95552(1)) = —0"04, <11T7—@—n,...,— i (2.45)

1 ’(1—1 Nian+1—1 ~2 ~n—1 1
:<1_6)9ap @1__21221)1} ) - 7"‘7U—7
’ 2 1—e¢ 1—e€ l—€e 1—¢€

Now it’s easy to see that the operator from (2.43) makes exactly this change of variables in
the function 6, ,, which proves the coincidence of Hamiltonians 6, , for 2 < a <n-—1. In
an analogous way, for « = 1 and o = n we see that our Hamiltonians do not coincide with
the ones of [75] but are instead certain linear combinations of them, which is perfectly valid
due to the fact that only the linear span of the collection of Hamiltonians is unambiguously

defined. 0

Remark 2.4.2. In principle, the result of [14] gives also a deformation formula for the
Hamiltonians of the full Dubrovin-Zhang hierarchy that is reduced to Equation (2.41)
in genus 0. An advantage of Equation (2.41) is that it is an ODE whose right hand
side is linear in Hamiltonians, and therefore we can immediately write a nice closed
formula for its solution. In the general case the right hand side appears to be quadratic.
This still allows to integrate the corresponding ODE formally, but the resulting formulas
don’t say much about the inverse-transformed Hamiltonians. The same is true for the
tau-functions.
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Chapter 3

Identification of the (ivental
formula with the spectral curve
topological recursion procedure

This chapter is based on paper [103], joint work with N. Orantin, S. Shadrin and L. Spitz.
In this chapter we establish the identification of Givental formula and the local spectral
curve topological recursion procedure with an appropriate choice of initial data. Then,
as a corollary, we prove the Norbury—Scott conjecture on the spectral curve topological
recursion for the Gromov—Witten theory of CP!.

This chapter deals with the Givental theory and the spectral curve topological recur-
sion theory; for more information on both theories we refer to [44, 73, 87] as possible
sources. In Section 3.1 we recall the Givental theory, and present the Givental formula as
a sum over graphs. In Section 3.2 we do the same for the topological recursion. In Section
3.3 we prove the theorem on identification of the two theories and provide a corresponding
dictionary. In Section 3.4 we provide the computations showing that this identification
works for the spectral curve proposed by Norbury and Scott for the Gromov-Witten
theory of CP!,

3.1 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 r-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 Chapter 2; 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 topological recursion.

3.1.1 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 [70, 71, 72].
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Consider the space of partition functions for N-dimensional cohomological field the-

ories
Z = exp (Z hg_l]:g> (3.1)

920

in variables v®**, d > 0,4 = 1,..., N. There is a fixed scalar product ni; = 0;; on the
vector space V := (e1,...,en) of primary fields corresponding to the indices 7t = 1,..., V.
Furthermore, we will denote by ey the vector in V' that plays the role of the unit.

Later on we will also use the so-called correlators

<Td1 (61'1)7_(12 (ei2) © Tdy (eik)>g

which correspond to the coefficients of formal power series F; in the following way:

cpte (3.2)

F - Z (Tay (€iy)Tay (€4y) - - .Tdk(eik»gvdhh .
| Aut((im, dm )=1)|
where | Aut((4,,, dm)¥,_; )| denotes the number of automorphisms of the collection of multi-
indices (i, d,,) and where the sum is such that it includes each monomial vt . . . ydk:ik
exactly once. Note that in the special case of a Gromov-Witten theory for some manifold
X, these correlators carry the following meaning:

<Td1 (eil)Td2(€i2> Tdk elk Z/ 6Ul 611)¢1 67}2(612)77b§l2 o '€UZ(6ik) Icclk7 (33)

deg g k, deg

where [ X, 1 deg] 1s 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 v correspond to v-classes.

Consider a sequence of operators r; € 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:

-1

.0 . .0 h y 0?
I~ . 3 d,i _1\ym+1 7,
(mz')" = —(n)l—avHu + dgzo v ()] 900 T3 mE_O( )™ () ]avmviavlflfm’j'

Here the indices 7,5 € {1,..., N} on r; correspond to the basis {ej,...,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 r;, we define an operator series R(z) in the following

way
Z RiZ = exp (Z Tz ) . (3.4)

The quantization R of this series is defined by

R =exp (Z ((=1)'r2") A) : (3.5)

=1
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Givental observed that the action of such operators R on formal power series Z for which
the number of 1)-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 [51] 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 [65, 93]).

Remark 3.1.1. Note that this definition of R differs from the one in Chapter 2 by the
sign (—1)". It is needed here to agree with Givental’s notation in Proposition 3.1.3, cf. [52,
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.

3.1.2 Givental operator for a Frobenius manifold

Let Z({t**}) be the partition function of some N-dimensional semi-simple conformal co-
homological field theory. We recall the construction (due to Givental [52, 53, 54], see also
Dubrovin [24]) 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 = ——————— 3.6
T8 = Dot ot (3.6)
and Frobenius algebra structure ¢/ 5
PF
By = 3.7
oy = DteptPor (3.7)

We can assume that 7,3 = a4 .,+1 and e; = e;. According to [26] it is always possible
by an appropriate choice of these flat coordinates ¢#.

Canonical coordinates

Another set of coordinates is given by the canonical coordinates {u'} which can be found
as solutions to Equation (3.54) from [26], and have the property that {9; := 9/du'} 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; = 01 + - -+ + Jy.

Define A; := 1/(9;, 9;) to be the inverse of the square of the length of the i*! canonical
basis element, and call {9/0v' := A;/ 0/8u’} the normalized canonical basis in the
tangent 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, ..., dtM)T and du = (du?, ..., du™)T, one has

A~Y2dy = Vdt, (3.8)

where A = diag(Aq, ..., An).
Remark 3.1.2. Note that U obtained with the help of the definition above depends on
the point p of the Frobenius manifold.
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Recursion

Construct an operator series R(z) = >, -, Rrz" as in the previous section in the following
way.
Recursively define the off-diagonal entries of Ry in normalized canonical coordinates
by solving the equation
U (VR ) = [dU, Ry). (3.9)

using Ry = I as a base case. Construct the diagonal entries of Ry by integrating the next
equation

U A(VURy) = [AU, Ry (3.10)

using the fact that the diagonal entries of [dU, Ry, are equal to zero. To fix the inte-
gration constant, use the Euler equation

Ry = —(ipdRy)/k, (3.11)

where E = " u'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 [52, 53].

Proposition 3.1.3. Let F be a local N-dimensional Frobenius manifold structure, semi-
simple 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 W and A be as above, taken at
the origin as well. Then we have the following formula:

Fo = I;L_eos dh - log WRAT. (3.12)

Here Fy = Fo({t%*}) is the genus 0 descendant potential of cohomological field theory
associated to F; T is the product of N KdV tau-functions,

T = Zxav({u™}) - Ziav({u});

A replaces the variables of ith KdV 7-function according to u®' = A;/zv‘“ and replaces h
with Ash, while W is the change of variables v4* = Wit4" . The unit for the R-action is
given by (Ui ... WN).

Remark 3.1.4. In fact, using Teleman’s result in [93], one has a refined version of Equa-
tion (3.12): -

Z = WRAT. (3.13)
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 com-
plication, see the next remark below.

Remark 3.1.5. Givental’s formula [52] for a Gromov-Witten total descendant potential
(without the (¢ = 1,n = 0)-term),

Z = STYURAT, (3.14)
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also includes the operator S, given by

S =exp <Z(SZZ_Z)A> : (3.15)

=1

where the operators (s;27!)" are defined in the following way (see, e. g., [51, Section 4.2]):

- . o 1
Z si27) = = ()i 5z + 3 2 (a2 t™ (3.16)
=1 d=0
1
d+lyv _~ d di, ds,
(= ué s

Note that formula (3.15) for the quantization of S differs from the analogous formula (3.5)
for R by a factor of (—1)! in the exponent, which agrees with the definition in Givental’s
papers [53, 52].

The matrices s, are defined through the following relation:

z) = Z Spz % = exp (Z slz_l> , (3.17)
k=0 1=0

where for S(z), taken at a point p of the Frobenius manifold, we have (see [52]), for any
points a and b of the Frobenius manifold,

(a,bSy) )+ Z a) exp (10(p)) T (b)), 27" (3.18)
k=0

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,b8) := (a,b) + > _ (mo(a)m(b)) = 7*. (3.19)
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 [53, 24| 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
CP! (see section 3.4.1 below), the only relevant term in equation (3.16) is
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since (s1)} vanishes and all other terms just change the unstable terms in the potential.

This means, that in these cases -1 just performs a linear change of formal variables
t4# in the following way:

t5 > (Spea)it™. (3.20)

m=d

3.1.3 Expressions in terms of graphs

In Chapter 2 the action of an operator series as in equation (3.5) is written as a sum
over graphs. By Remark 3.1.4, this allows us to construct the potential of any semi-
simple conformal cohomological field theory as a sum over graphs. Here we repeat the
construction of Chapter 2 in a slightly different way that will be more convenient for the
comparison with the topological recursion formalism. Furthermore, we also include the
action of A. It is easy to see that the construction is equivalent to that of Chapter 2.

Notation 3.1.6. 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(vy) 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 I be the set of all connected graphs v together with a choice of disjoint split-
ting L(y) = L*(v) [[ L*(7), a labelling of the vertices by pairs (g,i) € Z>o x {1,...,N}
and a labelling of the elements of H () by non-negative integers, such that the label of
a leaf in L* is always greater than one. The elements of L*(y) are called ordinary leaves,
the elements of L*® are called dilaton leaves. We denote by I' the subset of all graphs in r
that are stable; that is, any vertex labelled (0, ) for some i is of valence at least three.

For any graph « denote by g: V(v) — Z>o and i: V(y) — {1,..., N} the maps that
associate to any vertex its first and second label respectively, and by &: H(vy) — Zs
the map that associates to any half-edge its label. Denote by v: L(vy) — V(7) the map
that associates to each leaf the corresponding vertex, and by v,,v,: F(y) — V(v) and
by b1, b E(y) — H(7v) the maps that associate to an edge the first and second vertex,
and the corresponding half-edges respectively.

Remark 3.1.7. The labels introduced above are used to keep track of different data for the
trivial cohomological field theory; g is for the genus, ¢ for the primary field in canonical
coordinates and the labelling of the marked half-edges is for the power of v-class.

Remark 3.1.8. As in Chapter 2, edges of a graph in I' 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 3.1.2. To each part of a graph v € I' we assign some polynomial
in formal variables A 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.
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Leaves

To each ordinary leaf | € L* marked by k attached to a vertex marked by the pair (g, 1),
we assign

(L)1) =[] (Z ((R(—Z))j-vd’jzd)> : (3.21)

d>0

which corresponds to the second term in (3.4).

To a dilaton leaf A € L*(y) marked by k attached to a vertex marked by (g,i) we
assign

(L) = [T (=(R(=2))1) (3.22)

which corresponds to the first term in (3.4), which is called the dilaton shift.

Edges

To an edge e connecting a vertex v; marked by (gi,71) to a vertex vy marked by (gs,i2)
and with markings k; and ks at the corresponding half-edges, we assign

gﬁ:f?? (6) — [Zkzlwkz] (h 0"t — Zs(R(_Z))? (R<_w))zsg) . (323)

zZtw

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(d_ r2') 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 () = R (A 2o . YR, (3.24)
g,n

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 Chapter 2 (the only difference is that now we
have specialized to the action on the trivial cohomological field theory, leading to 1-class
integrals (3.24) as vertex contributions). Thus, we recover the partition function Z of the
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cohomological field theory we started with as a sum over I

BATIN = 3 Ty

~yel
H Ko) A >% 2g(v)— 2+val(v))< H Tk(h)>
veV(T) heH (v) .
8 * i l o l
H gf(fh (e) ?(hz(e ( ) H <£ )E((tl])( ))(l) H <£ )E(?)( ( ) (325)
e€E(y) leL*(v) AEL*(v)

3.2 Topological recursion

In this section, we define a local version of the topological recursion and write the corre-
sponding invariants as a sum over graphs, which allows us to compare it to the Givental
action in the next section.

3.2.1 Local topological recursion

We define a local version of the topological 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.

Definition 3.2.1. For N € N*, we call times a set of N families of complex numbers
{hi} pey for @ =1,..., N and jumps another set of N x N infinite families of complex

numbers {Bw o ford, j=1,...,N. We finally define a set of canonical coordinates
{az} LLecy subJect to a; # a; for ¢ 7é j.

For all 7,5 € {1,..., N}, we define the following set of analytic functions and differ-
ential forms in a neighborhood of 0 € C:

v(2) =224 a;, y(2) = Z hizF (3.26)
k=0
and
y d d -
B"(z,7') = 52 zodz Z B,ZJZZ Fldr @ d7. (3.27)
k,1=0

For 2g—2+4n > 0, we define the genus g, n-point correlation functions wil; " (z1, . .. 2,)
recursively by

ot Z f B (2, ) y
g.n+1 R zﬁO 2(y(2) — 9 (—=)) dai(z)
w;&ﬁﬁ—l-gn(zv TRy Ry Zn) + Z Z wil,l‘z"f‘l Z ZA g9— h7\B\+l(_z’ ZB) ’

AUB={1,....,n} h=0

(3.28)
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where for any set A, we denote by z4 (resp., i4) the set {zx}rea (resp., {ix}rea), and
where the base of the recursion is given by

wp 1(2) = 0; weh(z,2') = B (z, 7). (3.29)
For convenience, in the sequel we denote

f_zz Bi’j(z/’ )
2(y (2) — y/(—2))dai(2)

K4(z,2) = (3.30)

and

wen(2) =Y wh(2) (3.31)
where the length of Z and 7 is n.

3.2.2 Correlation functions and intersection numbers

The correlation functions built by this topological recursion can actually be written in
terms of intersection of i classes on the moduli space of Riemann surfaces. This result
is a slight generalization of [36, 37] to the local topological recursion.

3.2.3 Omne-branch point case

The link between the topological 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 @ dz’

z(z) =22 +a, z)=z and B(z,?)=-——.
©)=+a, ye) ) = 228

(3.32)

Remark 3.2.2. 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’

(=)

the usual Airy curve being o = = 1. In this case, the topological recursion reads

v(z)=2"+a, y(z)=az and B(z,7) =8 (3.33)

B dZo 1
Wyn+1(205 21,5 -+, 2n) = Res — X

=0 20022 dz (28 — 2?)

g
Wy—1mt2(Z, =2, 21, ..., Zn) + Z th,\AIH(Zv ZA)Wg—h,B|+1(—%,2B) (3.34)
AUB={1,....n} h=0

and one has
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Lemma 3.2.3. The correlation functions of the Airy curve can be expressed in terms of
intersection numbers:

Wy (2150, 2n) =

B 2g+n—2 . n (20% T 1)” dzl
<_£ 594» 1 Z <Ta1 . e T(ln>g’n H w (335)

at,...,an >0 i=1 ?

This lemma was proved many times by direct computation [41, 36, 44, 99], matching
the topological recursion with the recursive definition of the intersection numbers.
As a side note, the first few correlation functions are

8 1y dz
wo.3(21, 22, 23) = o0 H —2 (3.36)
B dy 3
w0,4(21, 29, 23, 24) = m E 2_12 ; Z_ZQ7 (3-37)
—B? dz

and

(3.39)

w1 2(21, 22)

54 ledZQ (5 5 3 )

A2 L) 2,2
4o 8,2122 21 7y 2%

Remark 3.2.4. Tt is important to remark that there exist different conventions in the literature
for defining the topological recursion, mainly differing by a change of sign of the recursion kernel.
The latter can be recovered by a change of sign a — —a.

Let us now consider a deformation of the Airy curve which we will refer to as the KdV
curve in the following. It has only one branch point, N = 1, and reads

y(z) = athzk : (3.40)
B(z,7) = 5BKdv(Z 2) = Bdz@dz'(z — 2')?

The corresponding correlation functions can also be expressed in terms intersection num-
bers as follows:

Lemma 3.2.5. The correlation functions of the KdV curve read:

_ 6 skn g+n—1 = (_1)m
Wy (2150, 2n) = <_2ah1 6} Z ol

m=0

Z ﬁ (20 + 1)"h22k+1 H (2d; —|2—d1+2” M dz; <HTd HTak+1> L (3.41)
AeEN*™ k=1 j=1

1 .
i=1 g,ntm
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Proof. Once again the proof can be found in the literature [41, 46, 36]. However, let us
study a graphical interpretation of this result when considering an arbitrary convention
for the topological recursion. For f(z) an analytic function around z — 0 and {7} },., a
set of parameters, one can compute

Res Res K(Zy,z {(Z TvZ > dZ, K(Za, —71) f(Zs) [dZs)?

- (Z Tk(_Zl)k> dZy K(Zy, Z1) f(Z2) [de]Q} (3.42)

where the recursion kernel is the one of the Airy curve, i.e. the one for which h; = 0 for
k> 2:

5 dZQ 1
K = . 3.43
(:20) 2ahy 2z dz (25 — 22) (343)
One can move the integration contours to get
Res Res = Res Res + Res Res + Res Res . (3.44)

Z1—0 Zo—0 Zo—0 Z1—0 Zo—0 Z1— 272> Zo—0Z1——2o

The first term of the right hand side vanishes since the integrand does not have any
pole at Z; — 0. Let us now compute one of the other two terms:

Res Reg, K2.2) (Z Tﬁd&) K(Zo,~20)f(Z:) [dZs]* =

k>1

8 dZ, dz 1 B 1 K
"R 73 R E T.Z7dZ) | =
NS 20chy 2Z2f< 2) 52 27y (2 = Z%) 2ahy (23 — Z22) k>1 e
B dZydz 1 Tk s
= — A E —Zy - 4
P 2ahy 27, A 2)( —7Z3) 2O‘h1 o

In the same way,

R Ry, (4.2 (Z T2 d%) K(Zs, ~20)(Z,) [dZs) =

k>1

B dZydz 1 B T -2
_ 7z Z,)F2 (34
RS 30 22, 1 2)( —72) 204]112 (=2:)". (346)

The sum of these two terms reads

ZQ —0 Z1 *)iZQ

Res Res K(Zy,2) <ZTkZ le> K(Zy, —20)f(Zs) [dZo)? =

k>1
B dZydz 1 Tzk )2k
= — Z A4
RS 50m 22, 1P 2 2ahlz (347)
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and finally:

Res Res K(Z, 2 {(Z TiZ ) dZy K(Zy, —21) f(Z5) [dZ)?

k>1

- <Z Tk(—Zl)’“> A2, K (Zs, 2,) f (Zs) [dZQ]‘Z} _

k>1

B dZydz 1 J2h-2
= Z E T ) 4
ZPngSo 20hy 27, f2) (22 - Z3) 2Cth o (3.48)

k>1

On the other hand, plugging in the times h; amounts to computing similar quantities:

dZQ 1 1 9
d pu—
B_e)g 2ahy 2z dz (25 — 22) > f(2) [dz]
L3
k=1
2
o dz 1 h2k+1 Qk h2k+1 2k
= Res d (1-— .. 3.49
250 2chy 2z dz (22 — 22) Z Z Z ) (3.49)

The first term of this sum is the Airy recursion kernel. The second one is of the shape of
the preceding one with Ty, o = QQ};L% for k > 1 so that:

— Res ﬁ dzo ! )f(z) [dz]2§:%z2k -

250 2022 dz (22 — 22 —~
= Res Res K(Z1,2) {9(Z1)dZ1 K(Z2,—21) f(Zs) [dZ)?
Z1~>0 ZQ‘)O

—g(—21)dZy K(Za, Z1) f(Z2) [dZo]"} (3.50)

where

2ah2k+1 L2k
— E . .5l
) 2. ﬁhl (3.51)

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(2) := g¢(z)dz in the
topological recursion.

It is often useful to represent the topological recursion in a graphical form by repre-
senting the interaction kernel K(z,zp) by an edge oriented from z, towards a trivalent
vertex labelled by z and the function wg2(z1, 22) by a non-oriented edge (see [48] for more
details about this set of graphs). In this form, wy,(21,...,2,) is a sum over trivalent
graphs of genus g with n leaves labelled by the arguments 21, ..., z,. The preceding com-
putation 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 leave decorated by a label k is

weighted by
(2d — 1)!! Res g(z )ﬁ = (2d —1)!! %

2z—0 »2d+1

(3.52)
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Plugging this expression into the formula for the Airy correlation functions proves the
result. [

General case

In this section we give a formula for the correlation function of the local topological
recursion.

Definition 3.2.6. Let I, ,, be the subset of I' (see Notation 3.1.6) consisting of graphs of
genus ¢’ such that ¢'+3 /) 8(v) = g and with n ordinary leaves. Let us also introduce

orderings on the ordinary leaves and denote by Iv“gm the set of all graphs from I'y,, with
all possible orderings on the ordinary leaves. For a given graph with a fixed ordering
¥ € Ty, 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 3.2.7. The correlation functions can be written as a sum over decorated graphs
whose vertices are weighted by intersection of ¥-classes on Mg,n, edges by the jumps,
ordinary leaves by primitives of B and dilaton leaves by the times.

For2 —2g—n <0, one has

. 1 (v 2—2g(v)—val(v)
=5 0 TT (-2 (1 >

" y€Tg.n vEV () heH(v)

Buprenateae) ji(o(0V)
H Bé(hl( )),t(h2(e)) H ngf m ) hg(}\) (353)

e€E(¥) leL*(¥) j=1 AEL* (%)
with
= 2(2k — )AL, 4, (3.54)
d€i(24,7) = 5—?5’ (Qd;d#/ B (2, z4), (3.55)
By 4 = Byl 54, (2di — DI (2dy — 1)1 (3.56)
and

<HT,%> = Pk gk (3.57)
i=1 gn Mg,n

Proof. The proof is very similar to the one presented in [37, 68]. However, we prefer
to present a completely graphical proof so that the link with the next sections becomes
clear.

We follow the proof of [37]. 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:

wya(9) = > w(@) (3.58)



with agm 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(@) = Res [ KOOON(Z, ), Zie)
UEV(G) eeEoriented(G)
H Bl(vl(e))’l(vz(e)) (ZU1(€)7 ng(e))

€€ Eunoriented (G)

(3.59)

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 FEyporiented (G) is the set of unoriented leaves of G (see [48] for further details).

The product of residues H Res 7,0 is oriented following the arrows, i.e. one first
veV(Q)
computes the residue 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 dzQ® dz'
and a regular part
Bli(z,7) = Z Bk’jlzkz’ldz ® dz’ (3.61)
k,1=0

when z — 2" N N

B (z,2') = By (2,2') + Blfgg(z 2. (3.62)
In the same way, one has

K'(z,2') = Ky (2, 2) + Kig (2, 7). (3.63)

One can translate this by representing By (2, 2') (vesp. Bi.(z,2')) by dashed (resp.

reg

dotted) unoriented edges and K[ (z,2') (resp. K%.(z, 2')) by dashed (resp. dotted)

reg
oriented edges form 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

B} (z,2") = Res Res Byl (2, 21) [/ / Byl (21, 2z } )| Bl (22, 2) (3.64)

21—z 29—z

and

Kﬁgg(z Z') = Res Res BKdv 2, 21) [/ / v (21, 22 } Kf;zw(zg,z’) (3.65)

21—2 29—tz

by a simple application of the Cauchy formula.
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Remember that such an edge comes with integration of its boundary variables, thus,
one typically has to compute

Res Res g(2) K% (2, 2') f(2)) (3.66)

z—0 2/—0 ree

which reads

z2—0 21—z 2/—=0 z9—+2/

Res Res Res Res g(2)Bgyy (2, 21) [/ / Bl (21, 2 } )| K3y (22, 2) f(2). (3.67)

One can move the integration contours around 0 thanks to:

Res Res = Res Res — Res Res (3.68)
z—0 z1—z z21—0 z—0 z—0 2z1—0
and
Res Res = Res Res — Res Res . (3.69)
2/ =0 z9—+2/ zo—0 2/—0 z/—0 2z2—0

Since, the integrand does not have any pole as z; — 0 nor z; — 0, this shows that 3.66
is equal to

21—0 z—0 2z2—0

Res Res Res g(2) By (2, 21) [ / / B zl,ZQ} Res KW (20,2)) F(2). (3.70)
2/ —
In the same way, one gets that

Res Res g(2)B% (z,2)f(2) (3.71)

z—0 2/—0 reg

is equal to

Res Res Res g(2) By (2 1) { / / By, 21722} Res Bidy(22,2) f(2).  (3.72)

One can finally proceed in a similar way for re-expressing the weights of the root and the
leaves by writing?

Res 90 )() = Res, | [ 89| Beg K1) 67
and .
Res 0(2) 5 (2, 2) = Res Res o) B 2) | [ 89| 7

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 h} and vanishing jumps B,’C’l = 0.

'Remark that, for the roots and leaves, in opposition to the inner edges, the functions are the full
ones, not just the regular part.
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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

wi . (7) = Z Q(v) (3.75)

Y€y n
where
KdV,i(v)
Qy) = H H ZRE}SO Wo(v),val(v <{Zh}h€H )
veV (y) he H(v)
Zhie) [ Zha(e)
11 / / Bl "N Zns ey, Zne))
e€E(7)
Zp,
11 / B (Zy, z,) (3.76)
heL* ()

where deV (21,...,2,) is the genus g, n-pointed correlation function obtained from the

topologlcal recursion in the case N = 1 and the initial data:

x(z) = 2% +q

= hj2h . (3.77)
=1
B(z,2') = Bkav(z,2) = %

As explained in the preceding section, it can be expressed in terms of intersection numbers:

KdV,i i\2—29—n - 1)m
Won (Z1, ...y 20) = 2h n;) i
tha +1 - (2d1+1)”d21
Z H 20 + D! h'Z H 2d;+2
aEN*™ k=1 I =1 “i
<H7d HT%+1> (3.78)
Jj=1

g,n+m

which can be made more symmetric under the exchange of the ordinary and dilation
leaves by writing

)

' 2gnem 1
w_(I](vSVﬂ(Zl?"'vzn) = Z(—th)z 29—n m%
m= !

0

Z ﬁmk—ughga HW
EN*™ k=1

i=1 <

<H T4, HTak> (3.79)

g,n+m

Ql
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Absorbing the factors of the form

(2d + 1)!dz
2d+2

(3.80)

into the corresponding half-edge contribution, the weight of an inner edge becomes

Res zljiso/ / Biy(z1,22) 2042 20242 (3.81)

which is equal to

BZ iy = B;d 2, (2d1 = 1)1 (2dy — 1)!! (3.82)
while the weight of the ordinary leaves becomes
; , (2d+ Ddz [* ..
d€i(zarj) = Res == [ BY(z,2), (3.83)

where one considers both the singular and non-singular part of B“(z,z,). Collecting
these contributions together proves the theorem. O]

3.2.4 Change of scales

An important property of the correlation functions built in this way is their homogeneity
property which reads

VA € C, wyn(Zylz, Ay, B) = N> "w, . (Zy|2, y, B) (3.84)

One can thus get an additional factor A" by replacing hj, — A\'h¢ resulting in a rescaling

of the weight of the vertices by ()\i(”))Q_Qg (v)—val(v)

3.2.5 Weights, Laplace transform and recursive definition

It is interesting to note that the weights of the edges are the coefficient of the Laplace
transform of B:
BY(u,v) = Y  Bpju v (3.85)
(k,1)EN?

is equal to

uv

Bi’j(u, U) = 6i’ju T

ua; +va; . ,
Y / / B (2, #)e (=) (3 86)
@ z(z)—a; €ERT Jx(z')—a;€RT

In [37], it was proved that, if dx 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 B , by induction in such a way that there exist a set of

functions { f; ;(u )}Z].Vj:1 such that

Bb(u,v) =

( Zfzk ) fr.j(v ) (3.87)
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Let us define the coefficients B; Jl recursively in terms of the initial data B by
imposing that

i : df z,J) o
Cia(=:0) = 20 G ZB 0 €0 (2,4), (3.88)

or, in terms of the Laplace transform

Fifu, ) = % / )6 (3.80)

d d %,J d—1
= 0;5(— E :B d’u

it reads
N

[ (u,5) == —2ufi(u, j) Z ;lo 0(2,7). (3.90)

With this definition, one has

b
() = <5i,j—2fé“(u,i)fé“(v,j))- @1

U+ v

3.3 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 i € {1,..., N} and k € Z>( define

Zd ((———) &(z, >) :

Theorem 3.3.1. Let R be some series of operators on an N-dimensional vector space V
as in Section 3.1. Let Z = RAT, where T is a product of N KdV T-functions, be the
partition function of the corresponding semi-simple cohomological field theory.

Define a local spectral curve by the following data

Bz] — [prq] 61] B Zs 1 Rl( )R<_w)g

p—— (3.92)

and
hi, = [ (= R(=2))}) (3.93)
R = — L (3.94)

2V A

Let wy,, be the genus g, n-pointed topological recursion invariant of this spectral curve

and denote by
dz g—1
v wealz1,-- -y 2 _ R
{ (Z 9, 1 ) W{;(Zm)zvd’l )
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their sum after a change of variables Wi(z,) <> v¥* for all m. Then the partition
function of the cohomological field theory and the topological recursion invariants agree

in the following sense: ' '
Z({v™}) = exp (A{v"})) (3.95)

Proof. In Sections 3.1 and 3.2 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 Wj(z,,) <+ v4* 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
(3.53)). We prove the theorem by showing that the contribution of each individual graph
to Z is equal to the contribution to 2.

Let v € I' be some graph. Note that on both sides we assign the same weight to
the vertices of «, namely to a vertex labelled (g,7) with n half-edges attached to it
labelled dy, ..., d, we associate

(_thi)?—?g—n <Td1 e Tdn>g,n : (396)

Furthermore, by equation (3.92), any edge in « contributes the same to Z and Q.

Let [ be an ordinary leaf of v 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 €.

The contribution of [ to Z is given by

£i() =[] (Z(R(—z»;ivdﬁzd) = S ()R )i, (3.97)

d=0

When k = 0, the contribution of [ to €2 is given by

> dei(z,5) = W (3.98)
J

Since (Rp)% = 0%, the contributions to Z and 2 agree when k = 0.
Now suppose that they agree for some k € Z>(. That is, suppose that

k

> dg(,5) = (DR W (3.99)

=0

Then, using Equation (3.88), the contribution of the leaf to Q2 for the index &+ 1 is given
by

o e
dehﬁz%j)de( gk ’j ZBkofo 7]>
:Zd(——]mgk( 4) =
’ k+1

k
:Z V' (R)IWE S+ (DM (R )iWE =D (DN R)IWE, -, (3.100)
= =0

NERD

—(—1)’“+1(Rk+1)i€6(zj,j)>

t=1
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where we used equation (3.92) to write
By = — (=" (Ry11)i- (3.101)

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 3.3.2. 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:

v = W (3.102)

On the spectral curve side it will correspond to changing the variables W} in the following
way: ' }
W=V, Vi (3.103)

Thus, the theorem holds in the same form for the potential of cohomological field
theory written in terms of formal variables ¢t%*, only one should identify t%* with V.

Remark 3.3.3. Above we established the correspondence between cohomological field the-
ories and symplectic invariants of spectral curves. However, as noted in Remark 3.1.5,
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 3.1.5, it performs only a linear change of formal variables ¢4
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 U and S~! can be a re-expansion of Wgn i & new coordinate
on the spectral curve. We explain this procedure in detail for the case of CP! below in
section 3.4.

Remark 3.3.4. The system of equations obtained via a Laplace transform from the equa-
tions of Givental for the R-matrix (that is, the so-called equations of deformed flat connec-
tion) is studied in detail in [24, 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,...,ax of x the
canonical coordinates.

3.4 The Norbury-Scott conjecture

In this section we recall and prove the Norbury-Scott conjecture on the stationary sector
of the Gromov-Witten theory of CP?.

3.4.1 Gromov-Witten theory of CP!

The Gromov-Witten theory of CP! is discussed from the geometric point of view in many
sources, see e. g. [82]. Givental proved in [52] that his formula for the formal Gromov-
Witten potential coincides with the geometric Gromov-Witten potential of CP!, so we
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discuss it here only from the Givental point of view, ignoring the geometric background.
The same computations one can find in [92, 91].

The underlying structure of Frobenius manifold is determined by the following solution
of the WDVV equation

1
S+ e’ (3.104)

(2 (1)) | (3.105)

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 (1, t2).

and the scalar product given by

We perform a direct computation following the recipe of Givental in [53], see also
Section 3.1.2. As a possible choice of the canonical coordinates, we use

ut = t' + 2exp(t?/2); (3.106)
u? =t — 2exp(t?/2). (3.107)
In particular, for t' = t? = 0 we have u' = —u? = 2. Then,
_ o 0 exp(—t?/2)
b= = ; 1
= <8u1’ (9u1> 2 ’ (3.108)
_ o 0 —exp(—t%/2)
A= = 1
2 <3u27 8u2> 2 7 (3.109)

so we can choose the square roots as

A2 eXP(_t2/4>,
1 = T,
—12  —l exp(—t*/4)

AP = YR (3.111)

and for this choice we have the following matrix of transition from the basis given by
(0/0t',0/0t?) to the normalized canonical basis:

(3.110)

exp(—t2/4) —iexp(—t2/4)
V= eXp\(gM) ieXI;(/tZQ/4) : (3.112)
V2 V2

It is the matrix ¥ = ¥¢  where « labels the rows and corresponds to the flat basis, while
1 labels the columns and corresponds to the normalized canonical basis.
The recipe of reconstruction of the matrix R from [53] gives at the origin the matrix

R(¢) = Ziozo Ri(C*, where

2k — N2k =3)11 (=1 (=1)k12ki
Ry = 94k | \2ki (1) (3.113)
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The S matrix is given by the derivatives of the deformed flat coordinates, computed
in [27, Example 3.7.9] At the origin we have:

S(¢CYH =I+¢*- ((1) 8) (3.114)
+g;((;)’; (1—2k(%+ ) (1)>
S (3 )

(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 .
- 5 1 —
e=(1,0)- | Y| = (—, —) . (3.115)
(%@ i) \W2ve
Therefore, the dilaton leaves (cf. Equation (3.22)) in the Givental formula for CP! at
the origin are

1 (=DM ((2k = DI
o\1 .
. i ((2k— 1))
(L% = N (3.117)
for £k > 0.
Proposition 3.4.1. The Gromouv- Witten potential of CP?!,
Zcpr (h7 {t&lu t€’2}?20)7 (3118)

is obtained from ]A%AZI%?V (understood as a sum over graphs in the sense of Section 3.1.8
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

Do (LA s =Y (00 ) ¢ (3.119)
m>k (=0

and a correction of the unstable terms (that is, (g, n)-correlators with 2g —2 +n <0).

Proof. In order to get the Gromov-Witten potential of CP! 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 3.1.3 that corresponds to RAZ%V. The W-action is just a linear
change of variable by definition. The general S-action is discussed in [51, 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
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3.4.2 The Norbury-Scott conjecture

Norbury and Scott [81] propose the following construction. They consider a spectral
curve given by

T = z+ 1
{ y = log ZZ (3.120)
and the standard two-point function
dz ® dz’'
B(z,7) = m (3.121)

Via topological recursion they obtain the n-forms wy,, that they consider in the global
variable z, and they conjecture the following theorem (they prove it for g = 0, 1):

Theorem 3.4.2. For 2g —2+n > 0, we have:

n 1 a1 n
1 (= Res et ssntencssm) = [Lma 122
J . =1

Pl oo (a;

where ([[j_; T2.4;)g is the corresponding correlator in Zcp:, that is, the coefficient of
R taa, /| Aut(ay, . . ., an)] in log Zepr.

In the rest of this section we prove this theorem, identifying all ingredients of the
topological recursion with the corresponding parts of the Givental formula.

3.4.3 Proof of the Norbury-Scott conjecture
Local coordinates near the branch points

We denote the local coordinates by z; = v/ — 2 and 29 = v/ 4+ 2. Then we have:

r=z224+2nearr =2, z=1, 2 =0; (3.123)
r=25—2near v =2, z=—1, zp=0. (3.124)
Therefore,
2 2
z:1+22—1iz1 1+%1; (3.125)

2 2
Zz—l—i—%iizﬂ/ —%2. (3.126)

In both cases we choose + for +.

Expansion of y

Recall that y = log z. The direct computation shows:

d
y = / ——L (3.127)
V1+3
—tdz (3.128)

Vi—-7%
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Note that

14 % — K123k
—i R —i) - (2k — 1
N O 2 (—9) ]{52% )
1—2 k=1 :
4
Therefore
k
2k+1 A\ (Qk )
y_Z”LZZ k'23k 2k+1)

(
_ ori1 (1) - (2k — D
_ zzﬁzz 2P (2 1 1)

Thus the coefficients ﬁfc 41, k>0, are given by the following formulas:

,. (DA (=D

_—
g () (k= 1))
e 123k '

Matrix fl}j (w)

We use the following definition of the matrix f;;(w) (cf. Equation (3.87)):

fij (’UJ) = 5,']' — IUB[U](O, ’LU_l),

where w = v~. We use Bgl = (B, )ou(20 — 1)!!, and the following expressions:

_dZ(z’) X dZ(zl) dz' Q le:|
Bll 0,2 _ 4 ) 1
reg( 1) _(Z(Zi) — Z(Zl))2 (Zi — 21)2 .
B (0, 2) = dz(z) @ dz(zz)}
2 =0

(2(21) = 2(22))?

2 (0., — [dz(2}) @ dz(z)

Breg(0,21) _(2(25)—2(21))2]2_0

2 gy [42(2) @ da(z)  dz ® dz
805 = | it~
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(3.129)

(3.130)

(3.131)

(3.132)

(3.133)

(3.134)

(3.135)

(3.136)
(3.137)
(3.138)

(3.139)



Therefore,

This coincides with the formula for the Y ;7  Ry2%(—

1 1
Brlelg(ovzl) - 2 —1
z z
1 1 + z1
B1“192g(07 ZQ) = d
41— Z)2
B2(0,21) = ——
41+ Zypre
1 1
BE(0,2) = = -1
%) 1 23
T 1

(k + 1)1230+1)

> — 1) L2k + 1!
Bll (0, 21> _ szk . ( ) ( )

k=0
o L i(2k+ 1)
21 Lok (EDRRE D!
Breg(o z) = %'22 : (k)123%+2

. (2k + 1)
Bieg (0, 22) Zz (k1 1)12304D)

fu(w) = 1+Zw k+l(2kk!232"(2k—3)!!
fra(w) = gwk . —2(2(/;—_11);;25_1— 3!

Fnl) = gwk gk gk - g
foolw) =1+ ki:w (k= Dok = )1

Comparison of the coefficient of (g, n, m)-vertex

w)k at the point (0,0).

(3.140)

(3.141)

(3.142)

(3.143)

(3.144)

(3.145)

(3.146)

(3.147)

(3.148)

(3.149)

(3.150)

(3.151)

In this section we consider a vertex of genus g with n attached half-edges or ordinary
leaves, and m dilaton leaves, with an associated intersection
number ([[7_; 74, [ [~ Ta;+1)gn+m- There are vertices of type 1 and type 2, depending
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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 3.4.1
in Formula (3.25), and in the case of local topological recursion, using the data from
Sections 3.4.3-3.4.3 in Formula (3.53).

The coefficients that we have in Formula (3.53) (at the vertex of the type 1 and 2
resp.):

(=2)*29n=m and  (2i)* (3.152)

Let us compute how these coefficients change if we take into account all the differences
between R-matrix and the dilaton leaves. First, observe that the extra factor of 2¥ in R,
and, in addition, an extra factor of /2 that we have to put by hand on each ordinary
leave give us together the extra factors of

92 i=1 dign/2 and 92 im1dign/2, (3.153)
Then the quotient of the contributions of the dilaton leaves gives us the extra factors of
QZgl(aiJrl)Qm/Q(_l)m and 22?;1(612'4’1)2771/2(_1)771. (3‘154)

Let us assign by hand an extra factor of (—1)*72%" to each (g,n, m)-vertex. This way
we get the following coefficients:

2971+n/2+m/2 and 2971+n/2+m/2i2g72+n+m_ (3.155)
These coefficients are precisely
AV and ((Ay)V2) (3.156)

Therefore, the coefficient of HZZI W;: in a graph of global genus § with n marked
leaves in the Formula (3.53) for the set up of Norbury-Scott, multiplied by

2&/2(_1>2g—2+ﬁ _ (_\/i)ﬁ’ (3157)
is equal to the coefficient of [I_, % in the same graph in Formula (3.25). This extra
factor will be taken into account via rescaling of the variables by —v/2.

The V-action

Let us apply the W-operator to the leaves. After comparing the R-action with graph
expansion given formulas (3.25) and (3.53), and taking into account the extra factor of
—+/2, we have the following identification of the marking on the leaves:

) S, = (WHLW2) U/ (—V2). (3.158)

a—b=c
Here
dz dz
wi = + (3.159)
0 (1 - Z) 2=2(21) (1 o 2)2 z=2(z2)
1dz 1dz
w2 = + , (3.160)
0 (]‘ + 2)2 2=2(21) (1 + Z)2 z2=z(z2)




and

Wi=d ((—2%)6/%) : (3.161)

so we can work in the global coordinate z rather than in the local coordinates 21, z».

Since
-1 =1
v-vB= (% 7). (3162
2 2
we have:
(1, t%%)S, = (U}, U7), (3.163)
a—b=c
where
1 dz dz
L~ _ .164
bo 2( (1—2)2+(1+z)2) (3.164)
—1 dz dz
2
_ -t 1
Us 2 <(1—z)2 + (1+z)2) (3.165)
and

) d\° )
U;:d((—zd—) /Ug), i=1,2c=012,.... (3.166)
ua

The S-action

The S-action is just a linear change of variables prescribed by Equation (3.163). This
means that we replace each U! with a linear combination of times t*/, a > ¢, where the
coefficient of ¢*? (this is the series of variables corresponding to the stationary sector) is
equal to

0, if a — ¢ is even,;
1 . (3.167)
m, 1fa—c=2k+1.
fori =1, and
1 : _ 9.
mp fa—c=2k (3.168)
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 U/, j = 1,2, given by

R, L g L g + DR U’ (3.169)
— S ———T = CS z — . .
v=o0 (a+1)! © (a+1)! ==0 z c

In order to complete the proof of Theorem 3.4.2, we have to check two things: (1)
that the Norbury-Scott formula for the contribution depends only on the difference a — c;
(2) that for ¢ = 0 Equation (3.169) gives exactly the same coefficients as we have in
Equations (3.167) and (3.168).
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The first thing follows directly from the formula. Indeed,

a+1
_}{f”_d
(a+1)!

(=) [u) =

faal/fu

In particular, we see that the coefficient is equal to 0 if a < c.

Then, a direct computation shows that

ol he +1““1_ dz
Tt = ") 2\ T e

1 R +1 92 dz
- =0 \" 2] (1- 2

0, if a is even;

(Hl’)l(k!)g if a =2k +1.

and

{(2k—32)! () (ke + 1)+ (52) k- (5 1) ifa=2k+ 1.

((—Q%)C/Ug) dx (3.170)
dx
Ug> .
(3.171)
" <1izz>2)
if a is even;
(3.172)

_ 1 5 +1““—1 dz
BRCES T = 2 \(1-2)2

zdz

B —1 R +1 a+2
~ (a+1)! =0\ (1—22)2

if a = 2k;
if a is odd.

_ {@k—iln((%f)'(/f+1>+(2’“1+2)'k+~

(1 jl—zz)Q)

(M) 1) if a = 2k;

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 CP' by the factor of (—1)".

But this factor is exactly the difference we

must have because Norbury and Scott using a different convention on the sign in the
topological recursion, cf. Remark 3.2.4. This completes the proof of Theorem 3.4.2.
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Chapter 4

Quantum spectral curve for the
Gromov-Witten theory of the
complex projective line

This chapter is based on paper [101], joint work with M. Mulase, P. Norbury, A. Popolitov
and S. Shadrin. In this chapter we prove the quantum spectral curve equation for the
Gromov-Witten theory of P!

The chapter is organized as follows. In Section 4.2 we start with a solution W, , to
the topological recursion equation with respect to the spectral curve ¥ of (4.13). It is
a symmetric differential form of degree n on X". We then propose a unique mechanism
to integrate W,, into a rational function. The goal of this section is to show that
this primitive function is identical to (4.5). Then in Section 4.3, we re-write ¥(x, /) in a
different manner, only involving stationary Gromov-Witten invariants of P!. This formula
allows us to express it in terms of a semi-infinite wedge product in Section 4.4. Using
this formalism, we reduce the quantum curve equation (4.9) to a combinatorial equation
(4.14) in Section 4.5. Equation (4.14) is then proved in Section 4.6 using representation
theory of Sy, which in turn establishes (4.9). For completeness, we give an expression of
(4.15) in terms of special values of the Laguerre polynomials in Section 4.7. Section 4.8
is devoted to the comparison of (4.9) and the Toda lattice equations of [84], in terms of
the functions Xy of (4.15).

4.1 Quantum curves

The purpose of this Chapter is to construct the quantum curve for the Gromov-Witten
invariants of the complex projective line P!. Quantum curves are conceived in the physics
literature, including [2, 21, 22, 42, 60, 63]. They quantize the spectral curves of the
theory, and are conjectured to capture the information of many topological invariants,
such as certain Gromov-Witten invariants, quantum knot invariants, and cohomology of
instanton moduli spaces for 4-dimensional gauge theory. In this chapter we show that
the conjecture is indeed true for the Gromov-Witten theory of P!
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4.1.1 Spectral curves and quantum curves

When spectral curves appear in mathematics, they take various different forms, and
even look as totally different objects. For example, they can be the mirror curve of a
toric Calabi-Yau 3-fold, the SLs-character variety of the fundamental group of a knot
complement, or a Seiberg-Witten curve. In the context of the Gromov-Witten theory of
P!, it is the Landau-Ginzburg model

1
— - 4.1
T Z+z’ (4.1)

which is the homological mirror dual of P! with respect to the standard Kahler structure.
Our main theorem (Theorem 4.1.1 below) states that the quantization of (4.1), which
we call a quantum curve, characterizes the exponential generating function of Gromov-
Witten invariants of P!,

In a purely algebro-geometric setting, a quantum curve can be understood in the
following way [30]. Let C' be a non-singular complex projective algebraic curve, and n
the tautological 1-form on the cotangent bundle T*C'. A spectral curve ¥ is a complex
1-dimensional subvariety

LY —— T°C

lﬁ (4.2)
C

in the cotangent bundle, which is automatically a Lagrangian subvariety with respect to
the standard symplectic form —dn. A quantum curve is an h-deformed D-module on the
1-parameter formal family C[[h]] of the curve C, whose semi-classical limit coincides with
the spectral curve . On an affine piece of the base curve C' with coordinate z, we can
choose a generator P of the D-module and consider a Schrodinger-like equation

P(z,h)¥(x,h) = 0. (4.3)

The construction of the quantum curve in this setting is established in [30] for SL(2,C)
Hitchin fibrations.

The geometric situation we consider here is slightly different. Instead of the cotangent
bundle T*C' in (4.2), we have a surface X equipped with a C*-invariant holomorphic
symplectic form and a spectral curve ¥ is mapped into it. The base curve C' is replaced
by the quotient X/C*. For example, if a curve C' admits a C*-action then the natural
holomorphic symplectic form on X = T*C' is C*-invariant. In local coordinates for T*C,
the C*-action is given by c¢ - (w,2) = (cw,c 'z) and the symplectic form is given by
dx A (dz/z) where x = wz is the quotient map (w, z) — wz by the C*-action. Reflecting
the C*-action, the quantum curve (4.3) becomes a differential equation of infinite order,
or a difference equation.

We present here the first rigorous example of a direct connection between Gromov-
Witten theory and quantum curves. Our construction requires the fermionic Fock space
representation of the Gromov-Witten invariants [84], and a subtle combinatorial analysis
based on representation theory of symmetric groups.
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4.1.2 Main theorem

Let Mg,n(]Pﬂ, d) denote the moduli space of stable maps of degree d from an n-pointed
genus ¢ curve to P!. This is an algebraic stack of dimension 2g — 2 +n + 2d. The dimen-
sion reflects the fact that a generic map from an algebraic curve to P! has only simple
ramifications, which we can see from the Riemann-Hurwitz formula. The descendant
Gromov-Witten invariants of P! are defined by

<Hm(%)> = / Hwﬁ”'evf(ai), (4.4)

g [Mg,n(PLd)]vim 5

where [M, ,(P*, d)]""" is the virtual fundamental class of the moduli space,
ev : My (P d) — P!

is a natural morphism defined by evaluating a stable map at the i-th marked point of
the source curve, o; € H*(P!,Q) is a cohomology class of the target P!, and ; is the
tautological cotangent class in H*(M, (P!, d),Q). We denote by 1 the generator of
H°(P',Q), and by w € H*(P', Q) the Poincaré dual to the point class. We assemble
the Gromov-Witten invariants into particular generating functions as follows. For every
(g,n) in the stable sector 2g — 2 + n > 0, we define the free energy of type (g,n) by

Fon(zy, ... ) = <H (_# _ Z bZZJ(f)) > ' (4.5)

1=1 b=0 g

Here the degree d is determined by the dimension condition of the cohomology classes to
be integrated over the virtual fundamental class. We note that (4.5) contains the class
70(1). For unstable geometries, we introduce two functions

- 2d — 2)17oy d
So(z) :=x —zlogz + Z <_( xngzld z(w)>
d=1

0,1
d

S (z) = —% log z + % 3 < (—TO;D -y b:z@) > . (4.7)
d=0 0,2

The appearance of the extra terms, in particular the logx terms, will be explained in
Section 4.3. We shall prove the following.

Theorem 4.1.1 (Main Theorem). The wave function

U(z, h) ;= exp (%So(x) + Si(x) + Z h 9;! - Fyn(z, ... ,:17)) (4.8)

2g—24+n>0

satisfies the quantum curve equation of an infinite order

[ (KA RRSYETA R P as

Moreover, the free energies Fy ,(x1,...,x,) as functions in n-variables, and hence all the
Gromov-Witten invariants (4.4), can be recovered from the equation (4.9) alone, using
the mechanism of the topological recursion of [18, 48].
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Remark 4.1.2. Put )
Sm(z) = Y —Fyn(@,..., ). (4.10)

2g—2+n=m—1

Then our wave function is of the form

W(z, h) = exp (Z hm_lSm(x)> , (4.11)

m=0

which provides the WKB approximation of the quantum curve equation (4.9). Thus the
significance of (4.5) is that the exponential generating function (4.8) of the descendant
Gromov-Witten invariants of P! gives the solution to the eract WKB analysis for the
difference equation (4.9).

Remark 4.1.3. For the case of Hitchin fibrations [30], the Schrodinger-like equation (4.3)
is a direct consequence of the generalized topological recursion. In our current context,
the topological recursion does not play any role in establishing (4.9).

Remark 4.1.4. Although the shape of the operator in (4.9) has a similarity with the Lax
operator of the Toda lattice equations that control the Gromov-Witten invariants of P*
[84], we are unable to find any direct relations between these two apparently different
equations. We present a detailed comparison of these equations in Section 4.8.

4.1.3 WKB approximation, topological recursion, and repre-
sentation theory

The WKB analysis provides a perturbative quantization method of a classical mechanical
problem. We can recover the classical problem corresponding to (4.9) by taking its semi-
classical limit, which is the singular perturbation limit

1 d d 1 %) —1
; —3#So0(z) il _h ) £50(®) D>y BT Sm ()
}1‘11_{% (e h [exp (hdx) + exp ( hdac) :1:1 en e )

= (esé’(m) + e 50@) _ x) 1@ =0, (4.12)

In terms of new variables y(z) = S)(z) and z(z) = e¥®, the semi-classical limit gives us
an equation for the spectral curve

2eN=C'CcCxC"&TC=C?> (2,y)

by

:ey

i1
{x_z+z . (4.13)
z

This is the reason we consider (4.9) as the quantization of the Landau-Ginzburg model
(4.1).

It was conjectured in [81] that the stationary Gromov-Witten theory of P! should
satisfy the topological recursion of [18, 48] with respect to the spectral curve (4.13). We
refer to [30, 31, 81] for a mathematical formulation of the topological recursion. The
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conjecture is solved in Chapter 3 as a corollary to its main theorem, which establishes
the correspondence between the topological recursion and the Givental formalism.

The quantum curve equation (4.9) determines only the function ¥, and by the h-
expansion, each coefficient S,,(x). But then how do we possibly recover F, for each
(g,m) as a function in n variables? Here comes the significance of the topological recursion
of [18, 48], which was established in Chapter 3 for the case of the Gromov-Witten theory
of P'. The scenario goes as follows. First we note that the semi-classical limit of (4.9)
identifies the spectral curve (4.13). We then launch the topological recursion formalism
of [18, 48] for this particular spectral curve, and obtain symmetric differential n-forms
Wyn(21,...,2,) on X" In this chapter we will present a canonical way to integrate
these n-forms, which yields the free energy Fj,(x1,...,z,) for every (g,n) subject to
29 — 2+ mn > 0. In this sense the single equation (4.9) knows the information of all
Gromov-Witten invariants (4.4). This shows the power of quantum curves.

The key discovery of the present chapter is that the quantum curve equation (4.9) is
equivalent to a recursion equation

1

(et _ Iy —
- <e a 1) Xa(x, h) + T %e i Xy 1(x,h) =0 (4.14)
for a rational function
dim M\ 2 & 1 (i = A
X h) = R A 4.1
(@, ) %( d! )11 z +ih (4.15)

Here A is a partition of d > 0 with parts \; and dim A denotes the dimension of the
irreducible representation of the symmetric group Sy characterized by A.

4.2 The functions [, in terms of Gromov-Witten
invariants

The significance of the idea of quantum curves is that the single equation (4.3) captures
all information of the topological invariants of the theory. The key process from this single
equation to the topological invariants is the integral form of the mechanism known as the
topological recursion of [18, 48]. We refer to [30, 31, 81] for mathematical formulation of
the topological recursion. This section is devoted to providing the unique mechanism to
integrate the topological recursion, for the context of the Gromov-Witten theory of P!

Let us begin with a solution W, ,,(21, ..., 2,) to the topological recursion of [18, 48]
associated with the spectral curve ¥ = C* defined by
— 1
) =z+s (4.16)
y(2) = log 2
This means that symmetric differential forms W, ,(z1,...,2,) of degree n on X" for

(g,m) in the stable range 2g —2+n > 0 are inductively defined by the following recursion

77



formula:

Weyn(z1,. .., 2n)
= L le/z W072( ’ 721)
21 Joep1 Woa(1/2) = Woi(2)

stable

+ Z WghllH-l(ZaZI)W92,|J|+1(1/27ZJ) ) (417)

91+g91=9g
IuJj={2,...,n}

ngl,nJrl(Za 1/Z7 Ry ey Zn)

where the residue integral is taken with respect to the variable z € Y on two small,
positively oriented, closed loops around z = 1 and z = —1, and for the index set I C
{2,...,n}, we denote by |I| its cardinality, and z; = (z;);c;. For (g,n) in the unstable
range, we define

Wo(2) = y(z)dz(2), (4.18)
dz1dzs dx(z)dz(z)
Woo(z1, 22) := — . 4.19
e A L e B )
The goal of this section is to derive the integral F,,(21,...,2,) of Wy, (#1,...,%,) in a

consistent and unique way that has the z-variable expansion (4.5).

Remark 4.2.1. The second term of the right-hand side of (4.19) does not play any role in
the topological recursion (4.17). It is included here for the consistency of the primitive
Fy2(z1, 22) to be discussed in Section 4.3.

Definition 4.2.2. For 2g—2+n > 0, we define the primitive F, (21, ..., z,) of the n-form

Wyn(21,...,2,) to be a rational function on X" that satisfies the following conditions:
dy - dpnFypn(z1,. o 20) = Wynl(21, -0, 20); (4.20)
Fon(z, oo zic, 1z zign, oo 2n) = —Fyp(2, .00, 20), 1=1,...,m; (4.21)
Fou(oryeza)|, . =0 (4.22)

If it exists, then it is unique.

From now on, we need to relate functions or differential forms defined on the spectral
curve ¥ = C* of (4.16) and on the base curve C. We recall [31] that the inverse function
of (4.1) for the branch near z = 0 and = = oo is given by the generating function of the

Catalan numbers
1 2m 1
— — E - - 4.23
2= () m0m+1<m)$2m+1 ( )

By abuse of notation, for a function or a differential form f(z) on X, we denote the
pull-back via (4.23) simply by f(z) := f(z(z)).

It is established in Chapter 3 that the solution W, ,, of the topological recursion has
the following x-variable expansion in terms of the stationary Gromov-Witten invariants

of P':
Wyn(Z1,. .. 20) = <H (Z(b+ 1) 7 (w) %» : (4.24)

=1 b=0
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There is no systematic mechanism to integrate this expression to obtain (4.5). Instead,
we establish the following theorem in this section.

Theorem 4.2.3. For every (g,n) in the stable sector 2g —2+n > 0, there exists a prim-

itive Fyn(21,...,2,) in the sense of Definition 4.2.2, such that its x-variable expansion
s given by
B - 70(1) > bl (w)
Fyn(@1,... 1) = <H (— 5 —bE; p : (4.25)
1= = g,n

Remark 4.2.4. We need a different treatment for the unstable primitives Fp;(z) and
Fya(21,22). They are calculated in Section 4.3.

The rest of this section is devoted to proving this theorem. We start with recalling
(in a bit reformulated way) some results of Chapter 3. The most important one is the
formula for W, ,,(z1,...,2,) in terms of the auxiliary functions W:(z) (defined below)
with the ancestor Gromov-Witten invariants as its coefficients. We will then prove the
existence of the anti-symmetric primitives of the functions W, and their z-expansions.
This will then lead us to the proof of the above theorem, where we will also utilize the
known relations between the ancestor and the descendant Gromov-Witten invariants.

4.2.1 Some results from Chapter 3

The ancestor Gromov-Witten invariants of P! we need are

<H fbi(@z’)> = / H%fiev;‘(ai), (4.26)

g [(Mg,n(PLd)]ver

where 1; denotes the pull back of the cotangent class on MW by the natural forgetful
morphism o o
My (P d) — M.

Since we adopt a quantum field theoretic point of view in calculating Gromov-Witten
invariants, we often call them correlators. The ancestor and descendant correlators do
not agree. We will give a formula to determine one from the other in (4.31).

Let us define

1) dz
9, . udz
| 0 (Z> T (1 + 2)27 (428)

Wi(z) :=d ((—Zd;éz)>k/W§(z)> : i=1,2; k>0. (4.29)

Then for g > 0 and n > 1 with 29 — 2+ n > 0, from Theorem 3.3.1 (as shown in the
proof of Theorem 3.4.2), we have

o o Wii(zl) W (2n)
Wan(ots-s20) = D a6 By gt - i

47

(4.30)

79



Here the sum over d and 7 are taken over all integer values 0 < dj and 7, = 1,2. Note
that the coefficients of this expansion are the ancestor Gromov-Witten invariants. The
cohomology basis for H'(P, Q) is normalized as follows. First we denote by e; = 1 and
es = w. Using the normalization matrix

4= 0 7)

&= (AN,

we define

In this section we use the Einstein convention and take summation over repeated indices.
With the help of the Givental formula, Proposition 3.4.1 relates the ancestor and the
descendant correlators for P! by

jzz(iul(éh)...73n(g%>>gvd1¢1___Udn¢n

- , . (4.31)
= Z <Td1 (6’“1) .. 'Tdn(eun)>gt LiL g nv/l/n’
d, i
where v%? and t%* are formal variables related by the following formula:
=AY (Sm-a)it™ (4.32)
m=d

Here (Sk)# are the matrix elements of the Givental S-matrix and defined by

N . (00
:kzzoskgkzugl-(l 0)

: (1—%@0 DY

|M8

Sy B )
1 ! k+1 0 '

In the proof of Theorem 3.4.2 it was shown that the z~'-expansion of W}(z) near z = 0
was given by the following formula:

i i = v dx
Wi(z) = 2V2 ALY “(Sp_a)ls 8% (m + 1)) prl (4.34)
m=d

where (52 is the Kronecker delta symbol. The above formula, together with formulas
(4.30)-(4.33), implies (4.24).

The first step of integrating W, ,, is to identify a suitable primitive of the differential
1-forms W(z).
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Proposition 4.2.5. For giveni = 1,2 and d > 0, there exists a uniquely defined rational
function 0(z) on X such that

doy(z) = Wi(z), (4.35)
0(1/2) = — 05(2). (4.36)

Moreover, the x~'-expansion of 0%(z) near z = 0 is given by

| & 1 1
Oi(=(2) = 2V2 AL S (Sma)l (—5;55” 5~ d5ml me) . (4.37)

m=d

4.2.2 Proof of Proposition 4.2.5

It is easy to see by direct computation that the rational functions

1 1
%13

— . (4.38)
R
07 142 2

are the unique solutions of (4.35) and (4.36) for d = 0.
Equation (4.29), together with condition (4.35), implies that if 6%(z) exists, then it
has to satisfy

04(z) = (—zﬁ(z)y 00(2). (4.39)

Since x is symmetric under the coordinate change z — 1/z, we see that the right-hand
side of equation (4.39) satisfies (4.36). This means that 6%(z) defined by (4.39) is, for
given i and d, indeed the unique solution of (4.35) and (4.36).

We denote by % the right-hand side of (4.37). We wish to prove that the z~'-
expansion of 6%(z) near z = 0 is given by éfi Let us introduce the following notation:

1 .
- AN g 4.40

Then we have

1 1 z
= — = 4.41
Mo (1_22 271_22)7 ( )

m, (%) = (— d;(lz) ) k o (4.42)

and condition (4.37) becomes equivalent to the condition that the z~'-expansion of 7}
near z = 0 is equal to 77}, where

o0

~ v sm 1 v 1
i = (Sm-a)l <—51 3 5 — o5 m! WH) : (4.43)

m=d
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Let us prove formula (4.43) for d = 0. Note that Sy = I, so for the constant term of 7
we have

1 1
{ } i = 05 (4.44)

0
It is easy to see from (4.41) that ) has the same constant term at z = 0.
For k£ > 1 we have

1]
{W Mo = —(2k — 2)! (Sap—2)3 = 0,

[# o = —(2k = 2)1 (San—2)3 = —%7
L] (2k — 151 (4.45)
[ﬁ iy = —(2k = 1)1 (Sa-1)z = pre

1]
{ﬁ o = —(2k = 1)! (Sak-1)5 = 0.
For the corresponding coefficients in the z~!-expansion of 7}y near z = 0 we have (k > 1):

es 2272(2)nd da(z) = — R_eos 2 (1 + 22)%72 dz =0,

z=0
_ 2k — 2)!

Rj}g 22 ()2 do(z) = — Rj}os 2 (14 22)% 2do = _ﬁa

. . ' (4.46)
_ 2k — 1)!

R o7 () () = — g =™ (14 #)™ e =y,

Res o** ! () do(2) = — Reg 7™ 1+ dz=0.

We see that the coeflicients in (4.45) precisely coincide with the ones in (4.46). This
implies that the z~!-expansion of 7} is indeed given by 7¢.

By virtue of (4.42), we see that the z~'-expansion of n} near z = 0 is given by the
following formula (for k > 1):

(_%)kng = i(sm)f; (—55 (m + k)! ﬂhk) = i(sm-k)ﬁ (—55 m! xriﬂ) -

m=0 m=d

This coincides with the formula for 7} for k& > 1. Thus, we have proved that the z~!-
expansion of 7, is given by 7, which, in turn, implies that Equation (4.37) holds. This
concludes the proof of the proposition.

4.2.3 Proof of Theorem 4.2.3
Recall Equation (4.30) for W, ,:

Won(z, - 2) = (T (61 - T, (E5,))



Since we know how to integrate every Wi(z), we simply define

O (1) O (2n)
9202 202

Fyn(z1, - 20) =3 (7, (B0)) - T, (E5,)) (4.47)

d,7

Then from Proposition 4.2.5, we see that (4.20) and (4.21) are automatically satisfied. We

also know from Proposition 4.2.5 that the z~'-expansion of Fj, near z; = -+ = z, = 0
is given by
Fyn(x, ... x,)
T HE Vi Sm 1 Vi | 1
- Z(le(e“ - Ta, (8,)) HA Z —a)e | —010 2 — 0" ml L)
d,i m=d k

Using (4.31) and (4.32), we find

Fyn(xy,...,2p)

- 1 1
i §d; i
= E (T (€p) -+ T, (€nn)), | | (—5{‘ 9 3 — oh d;! xdﬁ-l)
di =

=<£!(

b‘Tb ) >
Ejbﬂ -
b= L gmn

The final condition (4.22) follows from the fact that ((7(1))")
the stable range. This concludes the proof of the theorem.

(4.48)

gn = 0forall g and n in

4.3 The shift of variable simplification

Let us now turn our attention toward proving (4.9) of Theorem 4.1.1. In this section, as
the first step, we establish a formula for the wave function W(z, i) of (4.8) involving only
the stationary Gromov-Witten invariants.

Our starting point is

log U (z, ) %So(x) + 5 ()

N Z Z K29—2+n <<_7'0;1) _Zb!;'z&f)> > . (4.49)

d=0 n=1
T gm0 gm

Using the string equation and some earlier results in [31], we shall give an expression for
log ¥(x, h) purely in terms of the stationary sector. More precisely, we prove the following
lemma.
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Lemma 4.3.1. The function log ¥ (x, k) is a solution to the following difference equation:

4.3.1 Expansion of Sy and 5

The functions Sy(z) and Sy(z) of (4.6) and (4.7) are derived from the first steps of the
WKB method, that is, they are just imposed by the quantum spectral curve equation.
In this subsection, we represent them in terms of the unstable (0, 1)- and (0, 2)-Gromov-
Witten invariants.

First let us calculate these functions from the WKB approximation (4.11). After
taking the semi-classical limit (4.12), we can calculate S} (z) as follows:

e~ #50@)=S1@) iy 4 o~hir _ g)enS0(@)+51(@)

d

ir —z + O(h?)

= e (140 (385 + 510 ) )+ 59 (140 (G500 - 5100 )

—x+ O(h?)

_h (% (esa(x) N efs(')(x)) LS () <esa<w> _ esa(m)) L O0R).

_ eS(’)(:c)-‘rﬁ(%Sg(x)-i—Si(x))6)‘1% +e—SS(x)-&-ﬁ(%Sé’(m)—S{(w))efh

2

The coefficient of & must vanish, hence we can solve for S7(x). Since

d d 4 Nog 2 1 1
" _ -1 _ dz — z —
So(r) = g %lr) = o8 =Sy T 1o 3 T o1
we find X
1 1 z+: 12(22+1)
/ _ z - _ -\ 4.51
$1(@) 2z—1z—1 2 (22 —1)2 (451)
It is proved in [31, Equation (7.9) and Theorem 7.7] that
00 00 d 0o d
by (w) (2d — 2)'13q_2(w)
Z - Z RN - Z - p2d—1
d=0 b=0 01 d=1 0.1 (4.52)

:—22—1—(24—%)10{;(1—1—22)7

and

00 d
(‘ > b!Té’ﬁ”)) > = —log (1 — z122). (4.53)



One of the implications of the string equation is

<TO(1)Tb+1(W)>g,2 = <Tb(w)>g,1 :

Using this form of the string equation and Equation (4.52), we calculate that

() (222

; X ( 22+< é) log(1+22)) (4.54)

logz + ~1
:—0 —log 2.
g 0BT T 508~

Note that the only condition we have for Sy(x) is that S{(x) = logz. Therefore, if we

define
So2) = Foal2) = [ Waa(e) = [w(adiale)

by formally applying (4.10) for m = 0, and impose the skew-symmetry condition (4.21)
to the primitive F1(2), then from (4.52) we obtain

(4.55)

s +z<( S

0,1

The determination of S;(z) is trickier. Morally speaking, if we formally apply (4.10)

for m = 1, then we obtain

Si(z) = —%Fm(z, 2) (4.56)

for the primitive

Fo (%1, 22) / / Woa(z1, 22)
/ / < dzleQ _ d[L‘ldl'g >
2’1 - 2'2 ($1 - 1‘2)2

—log(1 — 2122) + f(21) + f(22) + . (4.57)

Here we are imposing the condition that Fj (21, 22) is a symmetric function. The fact
that Fpo is a primitive of Wy 5 does not determine the function f(z). Therefore, we are
free to choose f(z) so that the differential equation (4.51) holds. Obviously, we need to

1
choose f(z) = = logz. In this way, using (4.53) and (4.54) as well, we obtain
2

1 1
Si(x) = —élog (1-2%)+ §logz

o0 - < b (o)) d (4.58)
:—%logx+% <<— Oél) — b;zi)) > .




Remark 4.3.2. This adjustment of the choice of S;(x) also appears in the Hitchin fibration
case of [30]. Still we have one degree of freedom for choosing a constant ¢ of (4.57). It
does not matter to the linear quantum curve equation (4.9), because the constant term
c only affects on the overall constant factor of ¥ of (4.8).

4.3.2 A new formula for log ¥

We use Equations (4.55) and (4.58) to rewrite the formula (4.49) for log ¥ in the following
way':

SR Lt
o (e = 3 3 g (4.59)
g,d=0 n=1
where
h - 1)*Rk (k — 2)!
@871 =—x+xlogx + §logzz + Z <To(1)ka 2(w >0 o ( Qk)k' ( xkl) (4.60)
k=2

and

k (_1)khk H?:l b;!
: Z Z < Hn > S (4.61)
g,n+k

k=0 b1,....bn=0

It is obvious that for dimensional reasons, @8771 = 0 for any n > 2. Lemma 4.3.1 is then
a direct corollary to the following statement.

Lemma 4.3.3. The quantities defined in (4.60) and (4.61) are given by

h h h
0 _ o _ _ .
Oy = <x+ 2> + <x+ 2) log (x+ 2) ; (4.62)

=) <Hfb > , Q§=;£?lbi, (4.63)

T+ 3

where in the second equation the sum is taken over all by, ..., b, > 0 such thaty . b =
2g+2d — 2.

4.3.3 Proof of Lemma 4.3.3

Since the difference between the definitions (4.60)-(4.61) and the values (4.62)-(4.63) is
simply the elimination of 74(1), we prove Lemma 4.3.3 by using the string equation for
the Gromov-Witten invariants of P!:

n d n n d
<To(1)'“ H T, (W)> = <To(1)“7bj1(W) II= (W)> ) (4.64)

where we assume 2g —2+n > 1 and k& > 0.
First, let us directly compute @8,1. Equation (4.64) implies that

<T0(1)k7-k72(w)>87k+1 (10(1)" 73 w)>87k = <7'0(1)27'0(w)>0’3 =1. (4.65)
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Therefore,

0 (—=1)kR* (kK —2)!
Z<TO “7)— 2 >0,k+1 ok 1

xk

LSS (Y (et
N 2k k! k-1 v 2 8 x 2"

k=2

This proves Equation (4.62).
The proof of Equation (4.63) goes as follows. Recall that g +d > 0 and n > 0.

Equation (4.64) implies that any correlator (7o(1)* T, 7, (w)>;l .. Can be represented
as a linear combination of the correlators ([, 7, (w)>jn with D" b = 29 + 2d — 2.
Moreover, for any £ > 0 and ¢y,...,¢, > 0 such that >, ¢; = k, the coefficient of a

particular correlator ([[;_, 7, (w))j in (7o(1)FTT, Toites (w)>3n+k is equal to

k!

cl-ep!

Therefore, the total coefficient of ([}, 7, (w))jn in ©F , is equal to

i i (=1)*h* [T (bi + )] k!
=0 o1 on=0 2kl gntliti(bite) ¢l
Cl"‘!‘""C:,:k

_ H?:l(bi)! = (k" (b + ¢;)!
) Z 2 Z H b;lc;!
k=0 €1y >0 i=1
c1+-+en=Fk

(4.66)

On the other hand, expansion of the coefficient of (J]}_, 7, <W)>Zn in Equation (4.63) is

equal to
I ( -
(x Lh )n+21 1( H b +1
2 i=1

Since (4.66) and (4.67) are 1dent1cal, we have proved Equation (4.63). This completes
the proof of Lemma 4.3.1.

(4.67)

4.4 Reduction to the semi-infinite wedge formalism

In this Section we represent the formula for W(z, h) in terms of the semi-infinite wedge
formalism. We use the formula of Okounkov-Pandharipande [84] that relates the sta-
tionary sector of the Gromov-Witten invariants of P! to the expectation values of the
so-called £-operators. In order to include the extra combinatorial factors that we have in
the expansion of log W(x, k), we consider the £-operators with values in formal differential
operators.
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4.4.1 Semi-infinite wedge formalism

In this subsection we recall very briefly some basic facts about the semi-infinite wedge
formalism. For more details we refer to [84, 88].

Let us consider a vector space V := @2 _ V., where V, is spanned by the basis
vectors a; A ag Aag A --- such that a; € Z+1/2,i=1,2,..., a1 > ay > as..., and for
all but a finite number of terms we have a; = 1/2 — i + c. We denote by the operator
EN: V. — V., and by ¢} the operator 0/0k: V., — V._;. Both are odd operators, and
they satisfy the graded commutation relation [1);, 1] = 1, with all other possible pairwise
commutators equal to zero.

We denote by : ¢;9} : the normally ordered product, that is, : ¢;17 := ;9] for 7 >0

and : Y% = = for j < 0. We introduce the operators &,(z ) n €7 as

En(z) = Z exp (z (k — —>) Uy + C( ) (4.68)

k€Z+1/2

where ((z) = exp(z/2) — exp(—z/2). These operators satisfy the commutation relation
[E0n(2), Em(w)] = ((nw — m2)Eim(z + w).

For any operator A = &, (1) -+ &y, (2m) we denote by (|A]) the coefficient of the
vector vy = —1/2 AN =3/2 A —=5/2 A --- in the basis expansion of Avy. If we want
to compute a particular correlator (|, (21) -+ &n,, (2m)]), first we use the commutation
relation for the E-operators, and then appeal to the simple fact that &,(z)|) = 0 for
n >0, (|€.(z) =0 for n < 0, and (|E(z1)---E(zn)]) = 1/(C(21)---((zn)). In this

section we are mostly interested in correlators for the form
> . (4.69)

(lA}) = <

For the purpose of establishing the results in [84], Okounkov and Pandharipande
considered the disconnected version of Gromov-Witten invariants and Hurwitz numbers.
The disconnectedness here means we allow disconnected domain curves mapped to P*. For
example, they establish in [84, Proposition 3.1, Equation 3.4] a formula for disconnected
stationary Gromov-Witten invariants of P!, which reads

> , (4.70)

Z <H 7'b > Hl’?iJrl = (d O)ngo(l‘,)g_l(O)d

1
iz
b yennsbi > —2
where ( )* denotes the disconnected Gromov-Witten invariant. Counting the number
of disconnected domain curves and connected ones are related simply by talking the
logarithm. Thus we have

>y <Hn >d M = 3 <HTb >.di1jx§i+1

g=0 by,....bp>—2 g,n =1 b1y >—2

n

E1(0)* T &o(z0)E-1(0)*

i=1

This prompts us to introduce the connected correlator notation, corresponding to (4.70),

as follows:
i > <H7b > Hb+1 <5 d>o. (4.71)

g=0 b1,...,bn>—2 g,n =1

0)¢ H Eolz)E-

88



The connected correlator is also known as the cumulant in probability theory, which is
calculate via the inclusion-exclusion formula. In general, for an operator A of (4.69), we
denote by (|.A|)° the contribution coming from the single operator of the form & (>, z;)
in the end, after applying the commutation relation successively. Of course in terms of
generating functions, this simply means we take the logarithm of the expression.

4.4.2 A new formula for ¥

Noticing that exp (g%) is an automorphism, from (4.50) we find

log U (x, ) = exp (de ) T(z),

where

hZQ 2+n

d
- b;!
S S (M) (-5
g,d=0 n=1 b1,...,bn=0 g,n =1

3 (o))l (o~ zloga).

Here we have used the convention of [84] that (1 5(w))o, = 1 and 7_1(w) = 0. We are
now ready to re-write the right-hand side in terms of expectation values of £-operators.
Corollary 4.4.2 of the following lemma is the main result of this section.

Lemma 4.4.1. For anyd >0, n>1, (d,n) # (0,1), we have

27129‘2*" i_ <1f[7bi(w)>d ﬁ(-;#)

gn'L:l 7

- G < s Tl (-1

Ford=0 and n =1, we have
0
1 = (29 —2)!
7 (T2(w))p, (x — xlogz) + Y h*! <H T2g—2(w)> (—W
g=1 i=1

9,1
d

-( > (173)

Here we denote by ( )° the connected expectation value. This means that after the
successive application of the commutation relation, all differential operators appear in
one correlator. Of course for d = 0, n = 1, we have (&y)° = (&y). The following corollary
is a straightforward application of Lemma 4.4.1.

) (log ;) E_1(0)

> . (4.72)

Corollary 4.4.2. We have the following expression for log U:

log ¥(z, h)
:;W(ld!)g < gl(mdzl (exp (3h4) & 7(“—@—) (log ) 5_1(0)d> )
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4.4.3 Proof of Lemma 4.4.1

The starting point of the proof is (4.71). Note that only negative b; contribution comes
from <7'_2(LL))>871 = 1, which is the coefficient of z; " in {|& (x;)])°.
Let A(z) = >~ | a;x" be an arbitrary Laurent series. Observe that

d r—xlogx = (i—1)A
A (—h%) (logx) = a4 (—g) + aplogz — Z aig. (4.75)

h , T
=1

> (4.76)

We can apply this observation to the correlator

1

n

E(0) [T o (@) E-1(0) 1

=1

0
& (—hax) log ;.

If (n,d) # (1,0), then we have a formal Laurent series in 1, ..., x,, where the degree of
each variable in each term is less than or equal to —1. Together with the computation of
the degree of h, which is "1 (b; + 1) — 2d = 2g — 2 + n, we establish Equation (4.72).
If (n,d) = (1,0), then it is sufficient to observe that (|& (z)[)* = 2! + O(z). Thus
we have one additional term (z — xlogz)/h as in (4.75), which is exactly the first term
in Equation (4.73).
This completes the proof of Lemma 4.4.1, and hence, Corollary 4.4.2.

and change & (x;) to

4.5 Reduction to a combinatorial problem

The expression (4.74) of log ¥ in the form of the vacuum expectation value of the operator
product allows us to convert the quantum curve equation (4.9) into a combinatorial

formula.
Our starting point is the W-function represented in the form
*
> , (4.77)

E(0)") %A(x)”g_lm)d

\I/(.T,h):1+zm<

)= (1) 0 (1L e

= > exp ((—k + %) h%) (log ) : Wiy - (4.78)

d xr—uxlogx
B(-h— ) |———]).
o (o) ()

Here B(t) :=t/(e' — 1) in (4.78) is the generating series of the Bernoulli numbers, and
the notation (—)* in (4.77) means that in the computation of this expectation value using

where
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the commutation relations, we never allow any £ (0) and £_1(0) to commute directly. We
need this requirement since we exponentiate the series (4.74), which does not have terms
without &y-operators. The goal of this section is to prove Corollary 4.5.2.

Lemma 4.5.1. We have

exp (%) U(x, k) = exp (B <—h%) (%)) X, (4.79)

where X := Y7 Xa/h*, and X, is given by

X4 = (dli) <51( Ylexp | Y log (;c— (k—%) h) VR 5_1(0)d>

keZ+3

3 (dlm)\) 11 @ +x(+mA Jh

A-d

(4.80)

Corollary 4.5.2. The quantum spectral curve equation

oo (1) o (1L ]ty o

18 equivalent to the following equation for the function X:

1 d d
h— —h— ) —2z| X =0. 4.81
Lthexp( dx) +xexp< dx) x} 0 (4.81)

Proof of Lemma 4.5.1. Corollary 4.4.2 implies that

S (a0 e BBy
h2d(d!)? ‘
1
=log ¥ (z, h) + =l 1.
Indeed, we add terms with n = 0, and it is easy to see that
{|&(0)%_1(0))" =0,  d>2,
and (|€1(0)€_1(0)|)° = (|Id|)° = 1. Therefore,
1
exp | 75 U(x, h) = (4.83)
2 {|€:1(0) exp (exp (3h-L) & (—hL) (logz)) E-1(0)4])
g h2d(d!)? '
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From the definition of the operator &), we have

1. d d
exp <2hd >€0 ( hda:) (log x)

1. d .
— exp (zhd ) > log(x — kh) : i)y :
kezZ+1/2 (4.84)

e <1hd> —hid (x—xlogx)
X
P\2"z ) exp (“1hL) — exp (ShL) n

B 1 ‘ . . d r—xlogx
= Z log(x—(k:—§ h) .Q/sz/)k.+B( hda:) <—h )
kEZ+1/2

Now define

A=) log (m — (k: — %) h) RUR g (4.85)

k€Z+1/2

Ay =B (—h%) (%) . (4.86)

Since A; and A, commute, we have exp(A; + As) = exp(As) exp(A4;). Furthermore, since
A, is a scalar operator, we have

> |(€1 eXp Ag) eXp(Al)E_ ( ) ’> <}51 eXp )5_1(0)d|>

This is exactly the right-hand side of Equation (4.79). [

Proof of Corollary 4.5.2. We just have to show that

exp(—Asz) exp (h%) exp(Ay) = - i - eXP (h%) :
exp(—Ay) exp (—hi) exp(Ay) = zexp (—hi) ;
dx dr )’
exp(—Az)z exp(Az) =

The last equality is tautological, and the first two are obtained by a straightforward
computation. ]

For completeness, let us also explain Equation (4.80). It is based on several standard
facts about the semi-infinite wedge formalism. For any partition A = (A > Ay > A3 >
..) we associate a basis vector vy € V{ given by

A DY C PYC PO s
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Then, we have £_1(0)%y = >, ,dim X - vy, <{51(0)dv,\ = dim A, and the fact that for any
constants a,, n € Z+1/2, v, is an eigenvector of the operator ZneZ+1/2 ap, @ Y1) - With

the eigenvalue Zfil (aAZ._Hl /2 — it /2). Therefore, v, is an eigenvector of the operator

Ar=exp | Y log (:1: — <k — %) h) RNV (4.88)

k€Z+3%

with the eigenvalue

- . . = x4 (i — \)h
1 —A) —1 py| = it A 4.89
exp(ig; og (z + (i )h) og(x—irz)) E e in (4.89)
and the total weight of the vector vy in (|£(0)?4:E_1(0)4]) is (dim A)?. This implies
Equation (4.80).

4.6 Key combinatorial argument

We have shown that the quantum curve equation (4.9) is equivalent to a combinatorial
equation (4.81), which is indeed a first-order recursion equation for X, of (4.80) with
respect to the index d. In this section we prove (4.81).

Let A = d be a partition A = (A\; > Ay > ... > Ay > 0) of d > 1. We can always
append it with d — £()) zeros Ayxn)41 :=0,...,Ag := 0 at the end so that we would have
a partition of d of length d with non-negative parts. Throughout this section we use this
convention that a partition of d has length d.

Consider the following sum over all partitions A = (A; > Ay > ... > )\y) of d > 1:

d
Xp=Y — [[— 22 (4.90)
=1

Here H) := [[;; hij, where h;; is the hook length at the vertex (ij) of the corresponding
Young diagram, so that d!/ [ ] h;; is the dimension of the irreducible representation corre-
sponding to A. Or equivalently, it is the number of the standard Young tableaux of this
shape. We use the convention that X, := 1.

In this Section we prove the following key combinatorial lemma.

Lemma 4.6.1. The series X := > 7 Xq/h* satisfies the following equation:

1 d d
— —h— | —z| X =0. 4.91
[x+hexp (hdx) —l—:Eexp( hdx) x} 0 (4.91)

Proof. In fact, (4.91) is a direct consequence of the following more refined statement.

Lemma 4.6.2. For any d > 1 we have

1 d T d T
DY x4+ L) Il x,—o. 4.92
a:/h+1eXp<hdx) d1+{heXp( hdx) h} a=0 (4.92)
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Indeed, since [x exp (—h%) — x] Xo = 0, the sum of Equation (4.92) for all d > 1
with coefficients 1/h?¢! yields Lemma 4.6.1. O

To prove Lemma 4.6.2, we need to recall some standard facts on the hook length
formula as well as a recent result of Han [61].

4.6.1 Hook lengths and shifted parts of partition

We use the following result from [61]. For a partition A F d, d > 1, we define the so-called

g-function:
d

o(y) = H(y + A —4). (4.93)

i=1
For any A - d, d > 1, we denote by A\ 1 the set of all partitions of d — 1 that can be

obtained from A (or rather the corresponding Young diagram) by removing one corner of
A

Lemma 4.6.3 (Han [61]). For every partition \ we have

1 1
7 @0+ ) = > a7, 0w (4.94)
HEA\1
Here y is a formal variable.
We need the following corollary of this lemma.
Corollary 4.6.4. For an integer d > 1 we have
1 1
> 2 (@ +1) —aly) = > 7296 Y). (4.95)
ANd+1 A u-d TTH

Proof. We recall that for any p - d, d > 1, we have:

1 1
AFd+1 A p
NV ET
Therefore,
1 1 1
D) =D > o)
pkd TTH ped T ARd41
MN1sp
1 1
= Z TN Z Fg”(y)
Ard1 A g A
neA\1
1
= Z e (9 (y+1) —ax(y))-
Ad+1 A
H
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4.6.2 Reformulation of Lemma 4.6.2 in terms of g-functions

We make the following substitution: y := —z/h. Then we see that

A-d Hj Hz— (y — )

Moreover,

) (4.97)

i BT
Observe that

—1 ( d ) 1)

exp | —— | Xgo1 = — ; (4.98)
y= 1 dy A;l >‘ Hz 1( )

d L g(y+1)
—y exp (—> Xa=d-Y)) s

1 ()
yXg=y BTy —
; Hf i:l(y — 1)

Using Corollary 4.6.4 we can rewrite the right hand side of Equation (4.98) as

oo~ x, S L a9
y—leXp< dy)Xd—l ;Hi Hle(y—i) : (4.99)

Therefore, the right hand side of Equation (4.97) is equal to

_Yay) (4.100)
[Tici(y —9)
where
Vi) =3 [d=ypy+D+ - Do) +aly-1) (4.101)

H2
A-d A

Note that Yy(y) is a polynomial in y of degree < d+ 1, and Lemma 4.6.2 is equivalent to
the following statement:

Lemma 4.6.5. For any d > 1 we have Yy(y) = 0.

4.6.3 Proof of Lemma 4.6.5

In this subsection we prove Lemma 4.6.5 and, therefore, Lemmas 4.6.2 and 4.6.1.
First of all, it is easy to check that for any d > 1 the polynomial Y;(y) has at least
one root. Namely,

Ya(d) =Y - l)gk(zj pd 1) _, (4.102)
A-d A
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Indeed, g(d) is not equal to zero only for A = (1,1,...,1). In this case g\(d) = d!,
Hy, =d! and (d — 1)gx(d)/H} = (d — 1)/d!. Notice that g)(d — 1) does not vanish only
for A =(2,1,1,...,1,0). In this case gx(d — 1) = —d - (d — 2)!, Hy = d - (d — 2)!, and
gx(d —1)/H? = —(d — 1)/d!. Thus we see that always Y;(d) = 0, establishing (4.102).

Now we proceed by induction. It is easy to check that Y;(y) = 0. Assume that we
know that Y;(y) = 0. Corollary 4.6.4 then implies that

Yyly) = Z (d—y)ag(y+1)+(y—1Dag(y) + gr(y — 1)

A-d H
-y =ny+2)+2y—d=Daly+1)+ 2 -y)o) —anly—1)
AFd+1 H/%
=S (d+1) -+ +2)+(¥+1) - Doy +1) + 9.y
ARd+1 Hi
B (d+1) —yany+1)+ G —Dany) + oy —1)

=Yy +1) = Yau(y).

By assumption, we have Y;(y) = 0. Therefore, Y;,1(y+1) = Yay1(y) for any y. HenceYy,
is constant. Since we have shown that Yy, 1(d + 1) = 0, we conclude that Y;; = 0.

This completes the proof of Lemmas 4.6.5, 4.6.2, and 4.6.1. Thus we have established
the main theorem of this chapter.

4.7 Laguerre polynomials

In this section we prove a combinatorial expression for the functions

in terms of the Laguerre polynomials Lﬁf‘)(z).
The Laguerre polynomial is a solution of the differential equation

Z@L; J(2)+ (a+1— z)aLg )(2) + nL®(z) = 0,

and has a closed expression



Here is a list of some properties of the Laguerre polynomials:

z) 2 L(J ( )
(nza Z; d Tk (4.103)
nL%(z) = (n+a)L® ,(2) — zLa“( ); (4.104)
L2(2) = L2t (2) — Lo (2); (4.105)
(” ;; 0‘) = jL(“f.’)(z). (4.106)

Proposition 4.7.1. For any d > 0 we have:

1 S h
Xy== (15— m ),
¢ d!< mzzl(m—l)! - )x—i-mh)

Remark 4.7.2. This equation can be rewritten as

1
L0y

Indeed, we just apply the identity (4.103) for a = z/h and z = 1 and further observe
that (””/ " = LY™(0).

Proof of Proposition 4.7.1. It is obvious that both X, and

1 O h

— 11— S—— DRG] J——_— 4.107

d! < mz:;(m—l)! a-m! >$~|—mh) ( )
are rational functions with simple poles at z/h = —1,—2,...,—d. We have defined

Xp :=1, and it is easy to see that Zy = 1. Then we know (see Lemma 4.6.2) that all X,
are unambiguously determined by the equation

1 d d T
1 exp (hd ) Xyg+ |:ﬁ exp ( h%) - ﬁ} Xg1=0 (4.108)

for all d > 0. In order to prove the proposition we check that {Xd}dzo also satisfy this
equation.
Indeed, observe that

1 d\ ~
) exp (h%> d (4.109)
Ry zd: L™ (1) 1
A\l = m =D D)(GEFm )

1
d m d+1 ml
T 1_ZL¢(1 (1) i dt1— 271(1) o
+1d! m! d‘ )! —I—m)’

S8
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x d\ =
ﬁexp (-ha) XdJrl (4110)
d m z
(d+1)!\ A — (m—1)! 24+m—1
T d m d m
_ i I 7SI S o A
(d+1)!  (d+1) (m—=1!  (d+1)! &= (m—=1)! ¢ +m’
and
d+1 (m) T
L 5 1 x Ly m(1) %
—7Xapn =/ (-7 + s (4.111)
h (d+1)!( h mZ::l( m—1)! $+m
z d m d m
Sy 1 S0
T (d+1) d+1' - d+ D)= (m=1)! f4m

It is obvious that in the sum of the expressions (4.109), (4.110), and (4.111) the

coefficient of x/h and the constant term vanish. So, we have to prove that the coefficient
of each 1/(x/h+m), m=1,...,d + 1, vanishes.

The coefficient of 1/(x/h+ d + 1) is equal to

1) 1 @d+nritia
dald! (d+1)! d! ’
which is equal to zero since L L((]dH) =1.

The coefficient of 1/(z/h + m), 2 <m <d, is equal to

LD 1 LMYy 1w ()
' (m—1)! - d+D! (m—=1)! @+ (m-1 " (4.112)

First we use Equation (4.104) for z =1, a =m,and n=d+m — 1:

(d+1—m)L{ (1) = (d+ 1LY, (1) — LT ().

d—m

(4.113)
We see then that expression (4.112) is equal to

1 . - )
Ty (L) = L)+ L0, 0))

And this is equal to zero due to Equation (4.105) for n = d+1—m, a = m — 1, and
z =1

The coefficient of 1/(xz/h+ 1) is equal to

d_ 7 (m)
; (1 > Ld_mm) 1 1 (1) - ——L(1).

= ml d+1)!
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Using that L((f_)l(l) = —deil)(l) + (d+ 1)L£ll_)1(1) (which is Equation (4.104) for z = 1,
n =d, and a = 1) and —Lfil)(l) + Lfil_)l(l) = —Lgo)(l) (which is Equation (4.105) for
z=1,d=n, and a = 0), we see that this coefficient is equal to

1 Ly ()
d! (1 B Z m! > '

m=0

This is equal to zero due to Equation (4.106) for z =1, a = 0, and n = d.
Thus we see that the sum of expressions (4.109), (4.110), and (4.111) is equal to zero.
So, the functions X, satisfy Equation (4.108), and, therefore, X; = X, for all d > 0. O

4.8 Toda lattice equation

In this section we recall, for completeness, the Toda lattice equation for the partition
function of the Gromov-Witten invariants of P!. We show that the Toda lattice equation
implies a quadratic relation for the functions Xy, d > 0, considered in the previous
sections. It is an open question whether it is possible to relate the Toda lattice equation
to the quantum spectral curve equation.

It is convenient to include a degree variable g in the free energy of the Gromov-Witten
invariants of P'. Define

Fy = Z q° <exp {i Ti(w)t; + To(l)t}> (4.114)

(where we have switched off 74(1) for & > 0). Then F = } 2 F, satisfies the Toda
lattice equation:

1o

exP(F(t+1) + F(t = 1) = 2F (1) = 557 (0), (4.115)

which was conjectured by Eguchi-Yang [32] and proven by Dubrovin-Zhang [29] and
Okounkov-Pandharipande [84, Equation (4.11)].
We specialize

1 B i+1

and consider the function exp {®(z, k, ¢) — ®(z, h,0)}.

Lemma 4.8.1. We have:

exp (@(e, ng) — D, 7 0)) = 3 (4)" %, (4.117)

Iy
o

99



Proof. Indeed, tracing back the arguments of Sections 4.3 and 4.4 and taking ¢ into
account this time, it is easy to see that

O(x,h,q) = i (%)di <exp (—%7’0(1) - in(u})i! <§>Z+1>> : (4.118)

d=0 g=0

The proof of Lemma 4.5.1 implies that

O, h,0) =3 <exp (—370(1) ~ 3 nw)il (Z) ) > (4.119)

9=0 =0 g
d r—uxlogx
—_p_p) (= toeT
() (5)
These two observations and Equation (4.79) imply Equation (4.117). O

By abuse of notation, we denote the function exp {®(z, h, q) — ®(z,h,0)} also by X
(so-called degree-weighted X). The quantum spectral curve equation for this degree-
weighted X reads

q d d
— —h— ) —z| X =0. 4.12
L 7, <P <hdx) + zexp ( hdx) :c} 0 (4.120)

The Toda lattice equation combined with the string and the divisor equations implies
the following equation for X:

Proposition 4.8.2. We have:

Xx+hmX(x—h) x+h0 0
= — | g=log X : 4.121
Proof. We recall the divisor equation
oF 1, OF
— == —. 4.122

Consider Equations (4.115). The result of Section 4.3 implies that the shifts in 7(1)-
coefficient ¢ can be replaced by shifts of variable x with factor A. Using this and Equa-
tion (4.122) we obtain equation for ®(z, A, q):

exp (®(z + h, h, q) + ®(z — R, h, q) — 2®(z, R, q)) = a% <qa%<b(x, h, Q)) . (4123)
From the definition of degree-weighted X it follows that
0 0 0 0
— [ g=log X =—(q¢g=—o . 4.124
o (15 105X) = 1 (ag0,0)) (4.124)

Therefore, in order to prove Equation (4.121), it is enough to show that

exp (®(z + h, h,0)) exp (P(z — h, h,0)) T
exp (22(x, 1,0)) Tath (4.125)
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Indeed, using Equation (4.119) we can represent the left hand side of Equation (4.125)
in the following form:

exp ( (" + e =2) BW)]|,__,a (%)) (4.126)

_ 2 g2t x —xlogx
o[-, (55

= exp (log(z) — log(z + h)) .

]

The homogeneous in g part of the Toda lattice equation (4.121) for the series expansion
given by Equation (4.117) can be rewritten as

S KX = Y Xwx@ S (4.127)

a+b=d a+b=d+1

T
T 4+

for any d > 0. We can use Equation (4.92) in order to rewrite this equation as

Y (Xa(@)Xy(w = h) = Xo(x — ) X, (2 — 1)) (4.128)
a+b=d+1
-2y xexm
a+b=d+1

for any d > 0. It would be interesting to see whether Equation (4.127) or Equation (4.128)
can be related to Equation (4.92).
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Chapter 5

Polynomiality of Hurwitz numbers,
Bouchard-Marino conjecture, and a
new proof of the ELSV formula

This chapter is based on paper [100], joint work with M. Kazarian, N. Orantin, S. Shadrin
and L. Spitz. In this chapter we prove the polynomiality of simple Hurwitz numbers,
which allows us to give a new proof of the Bouchard-Marino conjecture, which, in turn,
allows us to give a new proof of the ELSV formula.

This chapter is organized in the following way. First, we prove in Section 5.1 the poly-
nomiality 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 Pand-
haripande in [83]. Then, using the polynomiality property of Hurwitz numbers we are
able to derive in Section 5.2 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 Sec-
tion 5.3 we review the correspondence between the topological recursion and the Givental
theory, with a special focus on the 1-dimensional case, and in Section 5.4 we provide a
(slightly refined) proof of the equivalence of the ELSV formula and the Bouchard-Marifio
conjecture.

5.1 Polynomiality of the Hurwitz numbers

In this section we prove the following theorem:

Theorem 5.1.1. The Hurwitz numbers hg., . for (g,n) ¢ {(0,1),(0,2)} can be ez-
pressed as follows:

o T
h9;M1 ..... hn (29+ |H| +n—2)| (H ) Pg,n(:ulv---v;un)v (51)
=1

M
i
where Py (1, ..., fy) is some polynomial in fuy, ..., by,

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 conjec-
tured in [56] and then proved in [57], with the help of the ELSV formula. Still, the
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question whether this property can be derived without using the ELSV formula remained
open [96]. This is precisely what we do here: we prove this statement without using the
ELSV formula.

5.1.1 Infinite wedge

In this subsection we recall some basic facts from the theory of the semi-infinite wedge
space following [83, 84, 64].

Let V' be an infinite dimensional vector space with a basis labeled by the half integers.
Denote the basis vector labeled by m/2 by m/2,s0 V =@, 1 1.
Definition 5.1.2. The semi-infinite wedge space V is the span of all wedge products of
the form

i Ny A (5.2)

for any decreasing sequence of half integers (ix) such that there is an integer ¢ (called
the charge) with i, + k — % = ¢ for k sufficiently large. We denote the inner product
associated with this basis by (-, -).

Here we are mostly concerned with the zero charge subspace Vy, C V of the semi-
infinite wedge space, which is the space of all wedge products of the form (5.2) such
that

1
i+ k= 3 (5.3)
for k sufficiently large.

Remark 5.1.3. An element of V), is of the form

1 3
M—=-Adg— A
L9729

for some integer partition A. This follows immediately from condition (5.3). Thus, we
canonically have a basis for 1} labeled by all integer partitions.

Notation 5.1.4. We denote by v, the vector labeled by a partition A\. The vector

labeled by the empty partition is called the vacuum vector and denoted by |0) = vy =
1 3

LA 3 AL

2 _2

Definition 5.1.5. If P is an operator on V), then we define the vacuum expectation value
of P by (P) := (0|P|0), where (0| is the dual of the vacuum vector with respect to the
inner product (-,-), and called the covacuum vector. We will also refer to these vacuum
expectation values as (disconnected) correlators.

We now define some operators on the infinite wedge space.

Definition 5.1.6. Let k£ be any half integer. Then the operator ¢;: V — V is defined
by ¥ (ia Nig A--+) = (EAig Aig A--+). It increases the charge by 1.

The operator ¢ is defined to be the adjoint of the operator ¢, with respect to the
inner product (-,-).
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Definition 5.1.7. The normally ordered products of 1-operators are defined in the fol-
lowing way

Vs, if 7 >0
=i ifj<0.
This operator does not change the charge and can be restricted to Vy. Its action on the
basis vectors vy can be described as follows: :);9}: checks if vy contains j as a wedge
factor and if so replaces it by 7. Otherwise it yields 0. In the case ¢ = j > 0, we have
:wﬂpj:(v,\) = vy if vy contains j and 0 if it does not; in the case i = j < 0, we have
Wibi:(va) = —vy if vy does not contain j and 0 if it does. These are the only two cases
where the normal ordering is important.

Eij = = { (5.4)

Notation 5.1.8. We denote by ((z) the function e*/? — e=*/2,

Definition 5.1.9. Let n € Z be any integer. We define an operator &,(z) depending on
a formal variable z by

n On
5n(2) = Z GZ(k_i)Ek—n,k + _70

keZ+3 ¢(z)
Note that
[€a(2), Ep(w)] = (det [ 5]) Eare(z +w) (5.5)
and
1
Eo(2)]0) = TZ)M (5.6)
and also that
&(2)|0) =0, k>0. (5.7)

Definition 5.1.10. In what follows we will use the following operator:
/{72
]:2 = Z EEk,k
keZ+1

Definition 5.1.11. We will also need the following operators:

ap = gk(O), k 7& 0.

5.1.2 Hurwitz numbers in the infinite wedge formalism

By hgyu = hgp,....n, we denote the Hurwitz numbers for possibly disconnected covering
surfaces. The character formula for the disconnected Hurwitz numbers h, , implies that

(see e.g. [83])
heo = { e polam Hn Qopi 5.8
gh € 2 : (5.8)

o M

Note the difference between our disconnected Hurwitz numbers h,,, and the ones in [83]
(which are denoted by C,() there). The difference is in a factor of |Aut(x)|, the number
of automorphisms of the partition.
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Definition 5.1.12. Define the genus-generating functions for the disconnected Hurwitz
numbers and for the connected ones as well:

i u2g—2
hu(“) = g s (5.9)
o0 u _
Z (5.10)
)! gu
p b(g, 1)

Remark 5.1.13. Note that these two generating functions are related to each other through
the inclusion-exclusion formula, namely, we have:

for n =1, hyy (1) = Ry (u);
for n = 2, by, M(u) = hf” (W) + 07 (w)hs, (u),
m 2 () = Py (W) — Py (W) hy (0);
for n = 3, Py s (W) = Ry (W) + by ()b (u) + B (w)he, ()
+ By i (W, (u) + by (w)hy, (u ) . (W),
hzl 2,13 (u) = Popus s s (u) — P (“)hu3( ) Py s (“) 2 (u)
= g g (W) Py () + 20, (W) sy (W) Py (),
and so on.
We have

}@(u):qL|M”<ea%ﬂf5fif£1ﬁ> (5.11)

n
— u*|l‘|*n <H (60116%7:2 — M 7u.7-'2 a1) >
i1 12

The second equality holds since e~/2 and e~ fix the vacuum vector.

5.1.3 A-operators

Now, following [83], we introduce certain operators that we use later on to rewrite the
formula for Hurwitz numbers.

Definition 5.1.14. Define
a k
A@&%z(g?> }:fﬁﬁ—gdw, (5.12)

eZ a+ 1) k
where a and b are parameters and we use the standard notation:

(a+@!:{m+lXa+%~-m+kL k>0,

(ala—1)--(a+k+1)", k<0 (5.13)

(a+ 1) = al
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If a #0,1,2,..., the sum in (5.12) is infinite in both directions. If a is a non-negative
integer, the summands with £ < —a — 1 in (5.12) vanish.
Note that Proposition 3 of [83] implies that the correlator

(A(z1,uz1) ... Alzn, uzy)) (5.14)
is well-defined for all (z1, ..., z,) €  C C" and sufficiently small u, where

k—1
Q= ((21,...,zn) \zk|>Z|zi|, k;zl,...,n). (5.15)
i=1

Definition 5.1.15. Define the connected correlator of A-operators
(A(z1,uz1) ... Az, uzp))°

through the disconnected ones via the inclusion-exclusion formula (cf. Remark (5.1.13)).

Proposition 5.1.16.

hg;m...un = b(g, p)! H (lﬁ;‘) [P 72 (A, upnn) - - - A, wptn))? (5.16)

i=1 v
where (U972 (A(py, upy) - . o A, upt,))° stands for the coefficient of u9=2+"
in (Alpr, upn) - Alpn, uptn))”.
Proof. The main part of the proof follows [83]. Note that

2o, e =& (um) (5.17)

which is easy to see since J» acts diagonally. From the commutation relations for & we
see that

e £ (s) e = Ty : UMY (5.18)

m' ez m—i—l)k

The previous two formulas imply the following, for m € {1,2,3,...} (Lemma 2 of [83]):

e et e gman = U n'z A(m,um). (5.19)
m!
Now we can rewrite formula (5.11) as
My () = 0" ] ] ( u' ) (Alpr, wp) - A, uptn)) - (5.20)

i=1
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 con-
nected and disconnected Hurwitz numbers is the same as the one between connected and
disconnected correlators, we have:

) = T () (Al ) Ay 621

Comparing the coefficients in front of the same powers of v on the right hand side and
on the left hand side we directly obtain the statement of the proposition. O

Now we see that in order to prove Theorem 5.1.1 we only have to show that expressions
(62247 (A, ugsr) . A, us))° axe polynomial in i, .. i
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5.1.4 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 5.1.17. Let A be the coefficients of the expansion of the operator A(z, uz)
in powers of z:

A(z,uz) = Z A 28 (5.22)

kEZ

We will use the following theorem, due to Okounkov and Pandharipande:

Theorem 5.1.18 (Okounkov-Pandharipande, [83]).

[ A, A = (—=1) -1 - (5.23)

Definition 5.1.19. Define .
A (z,uz) = Z A 27 (5.24)

k=1

Notation 5.1.20. For any operator P(u) define
(P(u)), := [u"] (P(u)) (the coefficient of u* in (P(u))).

If the operator P(u) is a product of A-operators, then the connected correlator (P(u))°
makes sense, and we define

(P(u))y := [u"] (P(u))° (the coefficient of u* in (P(u))°).

Our next goal is to give a formula that would express a coefficient of v in a disconnected
correlator of a product of A-operators (A(z1,uz1) ... A(2,, uz,)), in terms of connected
ones (the “inverse” inclusion-exclusion formula, cf. formulas in Remark 5.1.13). We get a
sum of the products of correlators, where the operators A(z;, uz;) are distributed in some
way among the factors, and the degree of u is also specified for each factor so that the sum
of all degrees in each product is equal to k. For further computations it is convenient to
encode the summands of this expression in terms of Young tableaux with extra structure.

Definition 5.1.21. We denote by )V, x the set of {1,...,n} Young tableaux (i. e. Young
diagrams of size n with each box labeled by a number from 1 to n such that no two boxes
are labeled by the same number) with certain conditions and additional row labels.

Namely, let y be such a tableau. Let ¢; ;(y) be the number in the i-th row and j-th
column. Let h(y) be the number of rows, and 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; < js
we have ¢; j, (y) < ¢ ;,(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 i1 < iy, then

Ci1,1(y) < Ciz,l(y)'
By \i(y) € {—1,0,1,...} we denote additional labels that are assigned to all rows,

and we require that "% \;(y) = k.
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There is a one-to-one correspondence between the elements of ), ; and the terms
in the expression for a disconnected correlator through the connected ones. 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) ... Az, uzy)), (5.25)
h(y) o
= Z H <A<Zci,1(y)> uzcz‘,1(y)) ‘e 'A<Zci,li(y)(y)7 uzci,li(y)(y))>)\ .
- i(y)
YEYVn k =1

The terms in this sum that contain either (A(z;,uz;))",
or (A(z;, uz;)A(z;,uz;)), are called unstable terms. We would like to exclude all unstable

terms. This way we get a summation over a subset j)vnk of Vi defined in the following
way:

j;n,k = {y S yn,k’ Ly) =1= N(y) # -1, Li(y) =2 = \i(y) # 0} . (5.26)
If we exclude all unstable terms, we obtain the following expression.

Proposition 5.1.22. We have:

(Ay(z1,uz1) ... Ap (20, uzp)), (5.27)
h(y) o
= Z H <A('Zcz‘,1(y)’ uzcz‘,l(y)) - 'A(Zci,li(y)(y)7 uzci,li(y)(y)>>)\.(y) :
YEYp i =1 '

In other words, (Ai(z1,uz1) ... Ap(2n,uzy)), is equal to (A(z1,uz1) ... A(zn, uzy,)), with
all the unstable terms dropped.

Proof. Let us first compute the unstable factors, i. e. the genus-zero one- and two-point
connected correlators.

Note that
1 z(z—1)
(A(z,uz)) = e + o1

This directly implies the following formula for the genus-zero one-point correlator:

u+ O(u?). (5.28)

o 1
(A(z,uz))” | = o (5.29)
The definition of the operator A implies that

(0JA(z,uz) = — (0| + (0] Ay (2, uz). (5.30)

1
uz
Using the definition of the two-point connected correlators together with formulas (5.28),
(5.30) and (5.23) we can derive the following formula for the genus-zero two-point con-
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nected correlator (we expand it in the region |z;| < |29]):

(A(z1,uz1) A2, uz2) )y = (A(z1, uz1)A(29, u22))y — (A(z1,uz1)) 4 (A(22,uz)), (5.31)
— (A(z1,u21)); (Al22, uz))
= (A4 (21, uz1) A(22, uz2))g — (Alz1,uz1)); (Alz2,uz2))

= (A(zg, uz9) Ay (21, uz1))y + 21 Z(_l)k (2)
_ <A(22, UZ2)>—1 <A(21,u21)>1

= (A (22, uz0) Ay (21,u21)) + 21 i<_1)k (é>k

_ zli(—l)k (z—;)k :

k=0

Since the same arguments are used many times in the computations below, let us go
through all the steps of this computation. The first equality,

(A(z1, uz1)A(z9, uza))g = (A(z1, uz1)A(z2, uzs)),
— (A(z1,uz1))_y (Alz2,uz2)), — (Alz1,u21))y (Al22,uz2))

is a special case of the definition of a connected correlator. In the next equality we
first replace (A(z1,uz1))_; (A(z2,uz2)), by (1/21) (A(22, uz2)), and then use the following
consequence of Equation (5.30):

(A(z1, uz1) A(22, u22)) g — & (A(z2,uz2)); = (A (21, u21) A(22, u22)), -

21

For the third equality we use the commutation relation (5.23). For the fourth equality
we first replace (A(za,uz2)) | (A(z1,uz1)), by (1/22) (Ay(21,uz1)), and then use the
following consequence of Equation (5.30):

(Alz2, uz2) As(21,uz1)) — L (As(z1,uz1)); = (A (22, uz) A (21, u21)) -

22

Finally, we observe that (A4 (22, uzs) A4 (21,u21)), = 0.

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.

Taking into account (5.30), (5.23), (5.29) and (5.31) and using the same arguments
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as above we see with that

(A(z1,uz1) ... Az, uzy)),, (5.32)
_ 1 (A(z2,u22) ... A2n, U2n)) iy

+ (A (21, uz1) A(22, u29) . .. A2, uzn)),,
= (A(z1,uz21)), (A(22,u22) . .. A(Zn, Uzn)) sy
+ 2 Z(—l)k (i—:) (A(zz,uzg) ... Azn, uzn))y
k=0
+ (A2, uza) A4 (21, uz1 ) A(zs, uzs) . .. A(zn, uzn))y
= (A(z1,uz1))" | (A(z2,uz2) ... A(zy, UZn)) i
+ (A(z1, uz1)A(22, uze))o (Al(zs, uzs) . . . A(zn, uzp))y
+ (A2, u22))” | (Ay(21,u21) A(23,u23) . .. A(2ns Uzn)) iy
+ (Ap (21, uz1) Ay (22, uze) A(2s, uzs) . .. A2, 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(z, uzl) o Az, uzn)) = (Ap(z1,uz1) o A (20, uzn)), (5.33)
n-1 [*3%]
+ Z (At (Zera () W2era(w) - A+<ch,p(y)7uzcl,p(y))>k+h(y)fq71
=3 ¢=0 yegra
g+1
X H (A(Zei1 () UZes 1 (1)) A(Zer 2(0)> UWer oy >0 H (A(Zei 1 (), UZes s ( ))>O .

i=q+2
[n 2

+ Z Z <A+ ch( )1 Uzcs(y)l )A+(ZC (0)2( )5 UZCS(y)’2(y))>

=0 yey21 o
1 h(y)
X H <~A Zei1(y)r URe; 1 ( ))A(ZC 2(y)) WRe; 2 (y >O H < Zci’l(y)7uzci’l(y))>_l
i=q+2
z#S( )
[n 1
+ Z Z <~A+ Zesy) 1 (¥) W2e(y) sy 1 (y ))>k
+h(y)—q—1
=0 yeyld
q

X H <A(zci’1(y), UZe, 1 () )A(Zei () UZes a(y >0 H <A Zey 1 () Woes 1 ( ))>

i=1 i=q+1
i#s(y)

Here Y k contains all elements y of ), ; such that there is precisely one row of length p
labeled by k+h(y) —q—1, g rows of length 2 labeled by 0, and all other rows are of length
1 and labeled by —1. s(y) stands for the position of the row with p elements labeled by
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k+h(y)—q—1. Ifp=2and k+h(y)—q—1=0orp=1land k+h(y)—qg—1= —1one
cannot determine s(y) in this way, but this is not a problem since, due to the fact that
(Ay(z,uz)) | = 0 and (Ay(z1,uz1)AL(22,u22)), = 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 (5.33) is equal to the correlator
(A (z1,uz1) - A (20, uzn))y, (5.34)

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(2,, uz,)), we get precisely all possible stable terms. This proves
the proposition. O

5.1.5 Polynomiality

In this subsection we establish polynomiality of some correlators, and this allows us to
complete the proof of Theorem 5.1.1.

Proposition 5.1.23. The series

(Ap(z1,uz1) . Ap (20, uzy))),

Zl.--zn

(5.35)

for (n,k) ¢ {(1,-1),(2,0)} is a symmetric polynomial in zy, ..., 2.

Proof. From the definition of A, it is easy to see that for every i the power of z; in the
series (A (z1,uz1) ... AL(2,,uz,)), is bounded from below by 1. From (5.23) it is clear
that this series is symmetric in zq, ..., 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 [83].

Note that

Er, (uz Er,, (uzy,
(& (uz1) . . E, (uzn)) = < k (k ) ’“"<k )> : (5.36)
uk ukn
holds since the correlator vanishes unless ) k; = 0.
Let us apply this transformation to the correlator of A operators:
(A(z1,uz1) ... A(zp, uzy)) = <¢1(21, uz) ... Az, uzn)> : (5.37)

Here A stands for the operator A where the substitution &, u*&, was made. Note
that each term in each A is then regular and non-vanishing at u = 0, except for the term
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coming from &y, which has a simple pole. Let us write the following:

((uz)

A(zn, uz,) [0 (5.38)

- (Ste=)”
_ (<<uzn>>
- ()

Zn (2 — b+ 1) € (uz,)]0)

uzn
k
Zn)F
uz F 1 k—1
- 1—— ). ([1- E_1(uz,)|0).
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 (5.37) this expression
is multiplied by operators A(z;, uz;), i € {1,...,n — 1}, which have at most simple poles
in u, the whole correlator (5.37) is bounded from above in powers of z,, for a fixed power

of u.
From the definition of A, it is clear that the fact that the power of z, in

)
Z% 'rL
2
(C(uzn> o i

(A(z1,uz1) ... A2y, uzn))y
is bounded from above for a fixed k£ immediately implies that the power of z, in

(Ap(z1,uz1) . Ap (20, uzy))),

is bounded from above for a fixed k£ as well.

The symmetricity of (A4 (z1,uz1) ... A4 (2n, uz,)), then implies that for fixed k& the
power of z; in this expression is bounded from above for any i, which implies that the
series

(Ap(z1,uz1) .. A (20, uzp)),, (5.39)
is polynomial in z1,..., z,, which, in turn, leads to the fact that the series
<A+(Zl7u21> - 'A+(Zn7uzn>>k (540)
Zl .. ZTL
is polynomial in z1,..., 2,. O

Proposition 5.1.24. For (n,k) ¢ {(1,—1),(2,0)} the series

(A(z1,uz1) ... Az, uzn));,

Zl.--zn

(5.41)

18 a symmetric polynomial in z1, ..., 2.

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.
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Formula (5.27) can be rewritten as

(Alz1,uz1) - Alzn, uza)),  (Ar(zuz) - Ay un))y (5.42)

Zl---Zn Zl..-zn

Z ]ﬁ <-A(Zcz',1(y)> uzcm(y)) - 'A<Zci,li(y)(y)7 uzci,li(y)(y)>>

yey, ,, =1

o

Ai(y)

Zein(y) Zci’li(y)(y)

Here, naturally, JNJ,/M is equal to JN)nk with the single-row Young tableau thrown away.
By Proposition 5.1.23, the first term on the right hand side of (5.42) is polynomial
in z1,...,2,. By induction hypothesis, all the terms in the sum on the right hand side
of (5.42) are polynomial as well, since they are finite products of connected correlators
of the lower number of operators (and, by definition of JZ’L,C, correlators with (n;, k;) €
{(1,—1),(2,0)} never appear). This implies the statement of the proposition. ]

Taking into account formula (5.16), we see that Proposition 5.1.24 directly implies
the statement of Theorem 5.1.1.

5.2 Proof of the Bouchard-Marino conjecture

In the present section we give a new proof of the Bouchard-Marino conjecture using the
polynomiality result from the previous section and not using the ELSV formula.

This conjecture was already proved in [11] and [43]. 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 [89] for a related 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 [43] 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.

5.2.1 The Lambert curve

The Lambert curve is a curve in C? defined by the equation
r=ye Y. (5.43)

We consider this affine curve as an open part of its compactification C = CP!. We
regard y as a rational coordinate on C' and the projection to the z-line as a holomorphic
function with an essential singularity at the point y = co. In addition to y we use other
convenient rational coordinates on C'. In particular, we keep the notations z and ¢t for
the rational coordinates related to y by

1 1
y=1l+z=1+-, t=-.
t z
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There are two points on C' of special interest for us: the origin O corresponding to the
coordinates y = 0, z = —1,t = —1, and the branching point P with the coordinates y = 1,
z =0, t = o00. 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 = log z. It is multi-valued, however, its differential is a
well-defined meromorphic differential on C|

z dt

de 1—y
— — dy = — dz = ———. 44
x y Y 1 t2(t+1) (5.44)

dw

Denote also by D the vector field dual to this 1-form,

D=t = g=-1 Lo, — 2t + )0 (5.45)

We regard (5.44) and (5.45) as a single meromorphic form and a single vector field
on C 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 (5.43) near the origin is given [19, 31] by the expansion

00 MM 1
y=
p=1 "

i

It follows from (5.45) that for any integer k the series

e qu—i—k:
pp =Y  ——at = DFly
4!
pn=1

is a rational function on C'. More explicitly, in the ¢-coordinate it is given for £ > 0 by
the recursion

poll) = L=t praalt) = P+ 1) 5 (1),

It is a polynomial in ¢:
pr(t) = kIR — o2k — D)1 PRTL

The degree of this polynomial is 2k 4+ 1. Equivalently, one can say that py considered as a
meromorphic function on C' 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.

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 . (5.46)
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Here are the first few terms of this expansion written in the coordinates z and t, respec-
tively:
B 2., 44 44 , 104 5 40 4
o(z) = z+32 5% + 352 " 105° + 1897 +...
1 2 4 8 8

:J(l/t):_t__ + - + ...

3 1352 ' 40563 567t
Lemma 5.2.1. For any k > 0 the principal part of the pole of pi(t) at the point P is
odd with respect to the involution o. In other words, the function pi(t) + pr(a(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 p; is represented in the form

pr(t) = mi(t) + Fi(t)

where n;,(t) = 1 (pr(t) — pr(3(2))) is odd and Fy(t) = 2 (pk(t) + pr(3(t))) is even and
holomorphic at P. Then, by definition,

pra(t) = D(pr(t)) = D(ne(t)) + D(Fi(t)).

The field D is invariant with respect to the involution, therefore, it preserves the parity.
It follows that D(nk(t)) is odd, and D(Fy(t)) is even and the order of its pole at P
is at most 1. It follows that D(Fy(t)) is, in fact, holomorphic at P, which proves the
lemma. O

5.2.2 Generating function for Hurwitz numbers

Let us introduce the generating function for the connected Hurwitz numbers A , in the
following way:

Hy, = Z Bl gl g (5.47)

Theorem 5.1.1 implies that, for (g,n) ¢ {(0,1),(0,2)},

n oo uuﬂrki
o _ 7 i
Hg,n = E Cky...kn, H ] ZL‘Z-l, (548)
ki,....kn€E i=1 p;=1 Fi:

where ¢, . 1, are the coefficients of the polynomials P, ,, from Theorem 5.1.1, and K, is
the highest power appearing in P, .

Define
e mm+k
pre(z) == Z p— ™. (5.49)
m=1 ’

Hyo= > ok [[ omle). (5.50)



Consider the following change of variables:
1y 11
T = (1 + —) eI (5.51)

We see that the generating function H,, is a polynomial in variables ¢; (in all but two
‘unstable’ cases when ¢ = 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 .
. a2 1 1
Hy, = Z 71’? = p2(z1) = 5 Z_t%’
=1
' L (5.52)
o a® b wial totl — ti+1
Hi» =)  wigiars — o8| “o—1 )
a,b r1 T2

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 W, ,(t1,...,t,) obtained by the above substitution from the series

he.
<H xkamk>H;7n = Z L"‘” [ T i o
W bl p)!
i. e, for (g,n) ¢ {(0,1),(0,2)},

Won(ty, ... ty) = Z Chy...kn H Pri41(ti)- (5.53)
i=1

kl,---,knE
{0,1,... Kg.n}

In the unstable cases we define the functions W, ,, by setting explicitly

Woa(ti) =0, (5.54)
t2(ty + Dt2(ty + 1)
Woa(ty, ta) = = 2 : 5.55
0,2( 1 2) (t2 _ t1>2 ( )
Define also auxiliary functions Wg,n(u, Vi ta, ..., ty) by

/_V\V/g:n(uu v, tL’) ::Wg_Ln_H(u, v, tL’)
T Z Z ng,IAHl(%tA)Wgz7|B|+1(U,tB),

g1+g2=g AUB=L'
We denote here by L' = {2,...,n} the index set, t;, = (ts,...,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 5.2.2 (Bouchard-Marino conjecture). The polynomials W, ,, can be determined
by the either of the following recursive formulas

~ 11
Won(tity) = — ggso(K(Z,tl) ng(;v ;3&/))

= reg(K(z, tl) fV\V/g,n(%, 0_(12> ; tL’))

N 1 1
= — res <K(Z7 t1) Wg,n(

z=0
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where

(1 +1t d
K(Z,tl) = 1( + 1) s
21 —zt1)(1—o0(2)t) 241
and the series o(z) = —z + %zz — %253 + ... s defined in the previous subsection.

The second equality is a reformulation of the Bouchard-Marino conjecture. Experi-
ments 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
originally 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 z; (to be precise, the
radius of convergence is e7!). An attempt to extend it beyond the radius of convergence
meets difficulties: the function becomes multi-valued with ramification at z; = e~ '
Therefore, it is more natural to consider H,, as a function on the product C' x --- x C

where C' is the curve given by the equation x = (1 + %) e~1=i. 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 W, ,) in a neighborhood of the ramification point z; = e~! which
is different from the origin.

5.2.3 The cut-and-join equation

Yet another way to collect Hurwitz numbers into a generating series is given by the
expansion

1 PG
Gyn(p1,p2,...) = — Z Wl—vyulpm-“pun-

The series G ,, involves an infinite collection of variables p1, po, ... and all its terms are
homogeneous of degree n. The relation between the two series G, and H, is obvious.
In particular, Gy, can be obtained from %H on Dy replacing every monomial ke
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 [55], it is written as

0ef & 9e¢ 1 D’ 0
2u—— + 1) pi =5 b)pa bPa
¢ ' 1 <Z T )p 8]01 2 Z <(a + )p b apaer Tt Par apadpb>

a,b

where

G = Z WGy .
g,
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The same equation written in terms of the individual components G ,, is

. 0G4
(2g—2+n)Gg,n+Zzpi 8; (5.56)
_ = (I+b . g,n—1
Z( P Po—F Oars
’Gy1n1 0G4, n, OG gy n
b u 9g— gi,n1 g2,n2
Fabpuy (T opadpy | gl-%; Ope Op )
n1+n2:n+1

Let us rewrite this equation in terms of the functions Hy,. The operator )i p;0,,
from the left hand side of the equation corresponds to the operator Y . , D; acting on
H;, where

D; = 2,0, = t;(t; + 1)0,,.

The action of the ‘cut’” operator > (a + b)pappdy, .,

in terms of the series H_, results in
the replacement of any monomial ¢, by the sum

-1 -1
(ot — 2t
pORCRT A L S
a+b=( Tk =L
z; 3(%) ze  Of)
— + ;
T — l’J 8xk xj—xp Oz,
= Y Dyt + —% D, (z%)
Ty — T P zj—xyp T

2
In a similar way, the action of the ‘join’ operator abp,.p

results in the replace-
PaAPp
ment of any monomial xsz by the monomial

b

xd T
b = (00 2558 (2, 8280 ) = D a5 Do)
The relation between the indices k, j, 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 z1, ..., x,.
The relation obtained from (5.56) in this way is presented below. In this relation L
denotes the collection of indices L = {1,2,...,n}, and t; = (t1,...,t,).

(2g—2+n)H,(tr) + > DiH; ,(t1) (5.57)
k=1
-5 Z2xk — D’ngn 1(tL\{J})
k#j

tn+1=tk

+ 5 Z <Dan+1H;—1,n+1(tL’ tnt1) ’
k=1

+ > D D ‘A‘H(tk,tA)Dngg‘B‘H(tk,tg)),
g1+92=g AUB=L\{k}
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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 t¢; are related by (5.51). 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 the last summation corresponding to the functions Hg, and Hg, and
combining these terms with the corresponding terms of the previous sums. Using (5.52),
we find the coefficients of the recombined terms

1
1 - DyH;, (1) =
tl
Dy HS o(t,t 1—.
$1—$2+ 02( 1 2) tl—tg

We obtain thus the final form of the cut-and-join equation in the t-coordinates, see
more details in [79]:

(o] - 1 [¢]
(2g—2+n)H2, (1) + Z(—E)Dkﬁgm(m (5.58)
t2
—Z k—t Dngn L(tovgy)

+ - Z(Dk n+1 1n+1(tL7tn+1

stable

+ Z Z DkH;L‘AH-l(tk”tA)DkH;Q,‘B‘-i-l(tk’tB))‘
91+92=9 AUB=IL\{k}

’ tn+1=tk

It is remarkable that the ‘non-polynomial’ summands are canceled out, and both sides
of the relation proved to be polynomial in ¢-variables. As it is pointed out in [58, 79],
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 (see e.g. [20, 67, 98, 6, 90]) and the relation of the A ,-formula [49, 50], respectively.

5.2.4 Reduction by symmetrization

The cut-and-join equation (5.58) can be used to determine H , 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 H; , obtained
by this recursion is polynomial in ¢-variables. The following two key observatlons of [43]
lead to a considerable simplification of (5.58):

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 t;. Let us stress that in [43] this polynomiality was derived from the
ELSV formula, while here we have it independently due to the results of Section
5.1, as noted above.
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2. The principal part of the pole of H,, is odd with respect to the involution o on
each t;-line (as it follows from Lemma 5.2.1).

Consider the even summand of the principal part of the pole at P of each term
in (5.58) 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

n) = o ()~

This function is holomorphic at P and odd with respect to the involution. Now, consider
an arbitrary meromorphic function f(t;).

V‘ (tl)J -

n(t1) 1

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

Notation 5.2.3. We denote by

f(0) + f5 (1) i
iy = 2 4

—00<i<N

at P, then we set, by definition,

f/ﬁ Zaztl

From this definition we see that | f/n]; is a polynomial in ¢; divisible by 3.

We apply the transformation f(¢1) — [2f/n]|; to both sides of (5.58). This trans-
formation annihilates any function in ¢; whose pole at P has odd principal part. In
particular, it annihilates H ,(t1) on the left hand side as well as all terms on both sides
of the equality corresponding to the summation index & different from 1.

Let us compute the action of this transformation on the term —%DlH o On the left
hand side. For any meromorphic function f(t;) which is odd with respect to the involution
we have

~f(t) _ fG(0) Ly
1) 1 _t_ _|_
n(t

T 5(t)
) = f(t1)

Therefore, { 1t J = [f(t1)]; - The function D, H; , differs from such a function by a

n(t1) t
holomorphic summand that gives trivial contribution to the transformation. This implies

2 . o O
L_WDIHQ’”JI - LDng,nJl =D1H,,.
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We obtain finally the equation

"L 2(1 4t . -
> ngHg,n—l@l’ togt)
ty —t,
7j=2
1
DiH?, = |= | + DiDusiHy (bt tun) |, |, (5.59)
’ n
stable
+ Y D DiHg p(tta)DiHg, gy (i ts)
g1+92=g9 AUB=L' 11

where L' = L\ {1} ={2,...,n}.

In order to represent this equation in a more readable form, let us apply [[,_, D to
both its sides and observe that the expression inside the square brackets becomes algebraic
with respect to the functions W, defined by (5.53). 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 (5.54) and (5.55). With this notation, the result of the
application of [];_, Dy to both sides of Equation (5.59) takes the form of the following
recursive relation on Wy ,.

Proposition 5.2.4. The function W,,, defined by (5.53)—(5.55) satisfies the recursive
equation

. _
nt,t/: — t,t;t/ s
Wonltst) = | Wit

where L' ={2,...,n}, tpy = (ta, ..., t,), and
/—W/%n(u, v; tL’) - Wg_l’n_i_l (U, v, tL’) (560)
T Z Z W917|A|+1(u7 tA)ng7|B|+1(U, tB)-

g1+g92=9 AUB=L'

Remark 5.2.5. If f(¢1) is a meromorphic function whose pole at P has odd principal part
then for any other function g we have

] g

since (g(t1) +g(a(t1)))/n(t1) is odd. Therefore, W, ,, can equivalently be obtained by the
either of the following relations

Hoaltioti) = { (11)%”('51’6 (tl);tL')Jl_

_ L%ng(c?(tl),&(tl);ty)J_.

1

5.2.5 Residual formalism

The coefficient fi of the meromorphic function f(t1) = >°__ <y fitt can be extracted
by taking the residue

fr = Res(f( ) k= 1dz>
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It follows that the whole residueless principal part of the pole of f is given by

= k 1 S k k—1 1tz
;:2 itk = Res (f(2) E: 41 dz) = Res (F(1) — z). (5.61)
Similarly, for the function f(t1) = f(6(t1)) = D _ooicn fil} we get
al 22
Pk _ | 1
322 fiti = Res (f (59 T— dz) (5.62)

W tio(z) z 1+o0(2)
= Res (f(Z) 1—tio(z)14+2z o(z) dz).

We used here the equality
zdz  o(z)do(z)
1+2 1+ 0(z)

that follows from Equation (5.46).
Combining (5.61) and (5.62) we obtain a residual formula for the odd residueless
principal part of the pole of a function:

LF(00)/n(t)]7 = = Res (K (2, t2) £(1/2))

where
1 2z t20(z) 2z 1+o0(2)
K(z,t)) = e d 5.63
(2 41) 2n(1/z2) (1 —t1z l1—tio(z)1+2z o(z) > - (5.63)
2(14t1) zdz

21— zt))(1—o(2)ty) 2+ 1

This, substituted into the recursive formulas of Proposition 5.2.4 and Remark 5.2.5,
directly gives Theorem 5.2.2.

5.3 Spectral curve topological recursion /
Givental correspondence revisited

In this section we review and reformulate the correspondence between spectral curve
topological recursion and Givental theory established in Chapter 3. We use it in the
next section to prove the equivalence between the Bouchard-Marifio conjecture and the
ELSV formula. This way we obtain a new proof of the ELSV formula, using the new
independent proof of the Bouchard-Marino conjecture from the previous section.

5.3.1 Givental formula

Let H be a Frobenius algebra, that is, a finite-dimensional commutative associative alge-
bra 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 non-degenerate. A typical
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example is the (even part of the) cohomology ring of a complex compact manifold. The
dimension of H will be denoted by N = dim H. Fix a basis e, ...,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+ Ry?*, Ry €End(H),
k=1

satisfying
R(z) R*(—z) = 1.

1
In terms of the Lie algebra element r(2) = log(R(2)), R(z) = expr(z), the last relation
can be equivalently rewritten as r(z) + r*(—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 tx,, k =0,1,2,..., v =1,2,..., N, and one extra variable h, defined
by the formula ) o o

en' = Ren™™ R=¢, (5.64)
where F'*°P is the potential of the topological field theory associated with the Frobenius
algebra H, and 7 is a second-order differential operator obtained from r(z) by a procedure
of ‘quantization of quadratic Hamiltonians’, see details in [52].

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 t;, — Zﬁ;l Wbty where ¥ 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 [51, 65] that the potential F' constructed this way is, in fact,
a descendant potential of a certain cohomological field theory. Moreover, it is proved
in [93] that the descendant potential of any semi-simple cohomological field theory can
be represented in such form.

5.3.2 Spectral curve topological recursion

Spectral curve topological recursion is a formal procedure leading to a family of certain
differentials wg,, 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 (see [16, 18, 17, 4, 3, 48, 85]).

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 x. The construction of
the differentials wy, requires the study of the curve in a neighborhood 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;, 2 = 1,..., N, or even the union of formal neighborhoods 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 o 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*a. With this notation
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the involution is given by o: (z,y) — (x,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 neighborhood 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, z3) (referred
to as Bergman kernel in some papers), that is, a meromorphic symmetric 2-differential
on C x C representable near a; x a; € C'x C in the form

dz q-9) o ,
B(Zl, 22) = (51'7]‘(”1—(2].)2 —+ Br(ejg) (Zg ), Zéj))
(217 —25")

where z(® is a local coordinate on C near a; and where Br(éé)(zy), zéj ) ) is holomorphic at
a; X a;.

The spectral curve n-point functions wg,, g > 0, n > 1, are meromorphic n-
differentials on C*™ defined inductively by the following formulas:

w(],l(Z) = 0, w[)72(21, 2'2) = B(Zl, 22),

and for 29 —2+4+n > 0,

N ~ - z
Wyn(2' 2 29,..., 2,
wg,n(zﬂz%""’z") - _2 : 1es ( - ( 2#(;) )/ B(Z")>7 (5~65)

where p is the 1-form p := y dx —y dx defined in a neighborhood of the union of points a;,
and where

@9771(2/7 2, 2Kk) = wg—l,n-i-l(zla 2, zx) + Z w917|1\+1(zl> zr) w927|J|+1('Z”7 zy).  (5.66)
g1+g2=9g
TUJ=K
We used here notation K = {2,...,n}, and u; = (uj,...,u,) for any subset | =
{il,...,im} C K.

Remark 5.3.1. We collect here several important remarks clarifying the meaning of all
these formulas.

1. Consider the following operator o — P« acting on the space of meromorphic 1-

forms,
N

Oz( Z/) z'
P = — B(z,) ] .
(P =3 gy ( | B >)
Denote by L the image of this operator. Then the operator P 1is 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 at each critical
point) meromorphic 1-forms.

2. It follows that the 1-form in z on the right hand side of (5.65) 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 just to its completion.
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3. The data contained in the collection of invariants w,, can be collected in a single
potential F' = Y h9F, such that the symmetric tensor wy,, is identified with the
nth homogeneous term of the Taylor expansion of F},

O"F,
= E -9 d e dE .
Poun Oy, ... Oy, lt=0 Son @ ® b,

QY yeeny Oy an 1=
Here {d&,}aca is some chosen basis in L, and t = {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. In other words, F
can be regarded as a formal function on the infinite dimensional space L*; with this
treatment of the potential, it 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
defined in a neighborhood of the union of points a;. The pairing is given by

(a,ﬂ):Zres(a/ﬁ), acel. peV

z=ay
v=1

If {d€,}aca is any basis in L and {d€®},ec is the dual basis in V' = L*, then there
is an asymptotic expansion

%(B(Z,m — B(z,w) = Y déa(2)de" (w).
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;.

5.3.3 Givental action as spectral curve topological recursion

Here we formulate in a refined way the result of Chapter 3 in the case N = 1.
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:ou—)d(%).

This operator commutes with the action of the involution o, D& = Da. Set
defF =D dy, k=0,1,2,....

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
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of these constants lead to forms that differ by a holomorphic and even (with respect to
the involution ¢) summand. It follows that the odd parts of these forms

%(dgk—dgk), k=012, ...

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 1 (B(z,w) —
B (2,@)), develop it over the obtained basis, and denote by d§, the coefficients of this
expansion:
—k
d¢*(w) — d€ (w)
5 :

(5.67)

%(B(Z,w) ~Blzw)) = Y dé&(2)

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 + 1 at z = 0.

Definition 5.3.2. The Bergman kernel is said to be compatible with the operator D if
the introduced meromorphic forms d¢, are given explicitly by d&, = (—1)*1DF1d¢0.

The following criterion simplifies the verification of the compatibility condition.
Lemma 5.3.3. Assume that the Bergman kernel satisfies the identity
(D. + Dy)B(z,w) = —D.d&%(2) Dypde® (w).
Then it is compatible with D.
Proof. Applying the expansion (5.67) we get

B(z,w) — B(z, ) de(w) — dE’ (w)

0= (D: + Dy) 5 +D.d’(2) Do 5
> ek (w) — d€" (w
= S (D) + dge () TS E L)
k=0
deO(w) — dg"
This equality is equivalent to the system of equations d&y = —DdE°, d&,11 = —DdE;, that
is, d&, = (—1)FFIDEFLEE0  as required. ]

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 dr = sds, that is,

s =+/2(x — z(ay)).

This coordinate is defined up to a sign, and the involution in this coordinate is given
simply by s = —s. Consider the expansion of the odd part of the form dy in this
coordinate,

L —d—)—ds+§:33%i (5.68)
W T L e = ‘

We can now formulate the main result of Chapter 3 for the case of N = 1.
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Theorem 5.3.4. 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 F(tg,t1,...) = > hIFy,

o"F,
D D e ol WL L LU

Moreover, this GW potential is given by the Givental formula (5.64) with the Witten-
Kontsevich potential for F*P and with the element R(z) = 1+ Ryz + Rez® + ... of the
upper triangular group whose components Ry are determined by the expansion (5.68).

5.4 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 [36], see also [89].

From this equivalence, using our new proof of the Bouchard-Marino conjecture (The-
orem 5.2.2), we obtain a new proof of the ELSV formula.

5.4.1 Hodge class

The total Hodge class Ay = 1 — X\ +--- 4+ (=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,ty,...) =Y — /Agzpfl...w,’intkl...tkn

is a formal GW potential. Indeed, Mumford’s formula [80] for the Chern characters of
the Hodge bundle rewritten in terms of intersection numbers has exactly the form (5.64)
with the Witten-Kontsevich potential for the series F*™P and the following element of the
upper triangular group

an 2n—1 1 1 2 ].39 3
= § e Lon =14+ — S . )
B(z) = exp <n “ 2n (2n — 1)2 ) 12° 2882 5184OZ ’ (5.69)

where B, is the nth Bernoulli number. The operator R = exp (fo:l 5 (gffq)z%_l)

corresponding to this element acts by

—— 0 - 0 1 . 0?
2n—1 — __ - —1)*

titon—
Oliton—1 it imam2

In the definition of this operator, we use a convention which differs by the sign from that
of the original paper [52].
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5.4.2 BM-ELSYV equivalence
Consider the Lambert curve (5.43)

. _ . ydy
T =7—log(l+7), dleyTyg,
which is given here in logarithmic coordinates
=—1—logux,
y=-—-1+uy.
For this curve, the standard Bergman kernel B(g;,72) = % is compatible with

the operator D. Indeed, we have

dy1dys (14 91) dgo (14 92) dijy
Dy, + Dyg,) -~ = dp —~+d~QT
( Y v )(yl 92) yl(yl Z/2)2 Y 92(y1 —?/2)2
dyldyQ
U175

- _Dzh dyl Dﬂz dQQ

Therefore, by Lemma 5.3.3 and Theorem 5.3.4, 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+ Y Rpz* of the Givental group whose coefficients are determined by the
expansion

d g(s) —y(—s) - s
2IC I 2
is 2 +;Rk(2k—1)!!’

where the function g(s) is given by the implicit equation

s =1/2(7 —log(1+79)).

It is proved in [13] that these coefficients are the same as those given by the expan-
sion (5.69).
This means that for our spectral curve we have

(d§k1)1 oo (d€g)n (5.70)

Wan =
9 Z 8tk1. dtk

-----

= 2 / Mg Hiﬂwkm o d,
= X ([, et ;

Kiyooikin P’
A n pit1 .
- Z < _ n 1 ! ) H ad | 'ul_ldl’i.
H ey fim Mg.n Hi:l( - Nz¢z) Py it

Here we used the fact that in our case

dgk — (—1)k+1Dk+ldg —d ((xd_) y>
xXr

g\ FH @ s Xk
“i((v) L) =S e

H p=1
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Note that the Bouchard-Marino conjecture may be written as
hO

9iH1,--- Hn -1 n—1
Wyn = E SR e Tt day .y,
bl p)!

while the ELSV formula states that

he =b(g,p)! < ﬁ -
- ! My [Ty (U= pitds) ) il

We immediately see that formula (5.70) directly implies the following

(5.71)

(5.72)

Theorem 5.4.1. The Bouchard-Marino 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 5.2. Note that the Bouchard-
Marifio conjecture as given in Theorem 5.2.2 is equivalent to formula (5.71), if one
takes into account the topological recursion formula for w,,, given by Equations (5.65)

and (5.66).
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Chapter 6

Combinatorics of loop equations for
branched covers of sphere

This chapter is based on paper [102], joint work with N. Orantin, A. Popolitov and
S. Shadrin. In this chapter we prove the spectral curve topological recursion for the
problem of enumeration of bi-colored maps.

The chapter is organized as follows.

In Section 6.1 we recall the definitions of hypermaps and discuss generating functions
corresponding to hypermap enumeration problems. In Section 6.2 we reformulate the
definition of hypermaps in terms of bi-colored maps and discuss the 2-matrix model which
gives rise to enumeration of bi-colored maps. In Section 6.3 we recall the form of the loop
equations for the 2-matrix model and then we show that using purely combinatorial
argument to prove the basic building blocks of loop equations, we can obtain a purely
combinatorial proof of the spectral curve for the enumeration of bi-colored maps In Section
6.4 we review the problem of finding the quantum curve for enumeration of hypermaps.
In Section 6.5 we outline the proof of the spectral curve topological recursion for the even
further generalization of our problem: the case of 4-colored maps, which corresponds to
4-matrix models.

6.1 Branched covers of P!

6.1.1 Definitions

We are interested in the enumeration of covers of P! branched over three points. These
covers are defined as follows.

Definition 6.1.1. Consider m positive integers aq, ..., a,, and n positive integers by, ..., b,.
We denote by My mn(ai,...,am|b, ..., b,) the weighted count of branched covers of P*
by a genus g surface with m + n marked points f: (S;q1,...,Gm;P1,---,Pn) — P! such
that

e [ is unramified over P'\{0, 1, co};
e the preimage divisor f~1(00) is a1q1 + - . . QG

e the preimage divisor f~1(1) is bipy + ... bupy;
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Of course, a cover f can exist only if a;+- - -+a,, = by+- - -+0b,. Inthiscased = by+- - -+,
is called the degree of a cover.

These covers are counted up to isomorphisms preserving the marked points py,...,p,
pointwise and covering the identity on P'. The weight of a cover is equal to the inverse
order of its automorphism group.

Ezxample 6.1.2. In [23] the authors consider the case of
Mgajan(a,... alby, ... by),

and relate this enumeration problem to the existence of a quantum curve.

Since such a branched cover can be recovered just from its monodromy around 0, 1
and oo, it is convenient to reformulate this enumeration problem in different terms.

Definition 6.1.3. Let us fix d > 1, g > 0, m > 1, and n > 1. A hypermap of type
(g,m,n) is a triple of permutations (og, 01, 0s) € S5 such that

® 00010, = Id;
e 0, is composed of n cycles;

® 0, is composed of m cycles.

A hypermap is called connected if the permutations oy, 01, 0 generate a transitive
subgroup of S;. A hypermap is called labelled if the disjoint cycles of o7 are labelled from
1 to n.

Two hypermaps (09, 01,0+) and (79,71, Teo) are equivalent if one can conjugate all
the o;’s to obtain the 7;’s. Two labelled hypermaps are equivalent if in addition the
conjugation preserves the labelling.

By Riemann existence theorem, one has

Lemma 6.1.4. The number Mg, n(ai, ..., anlb,...,by,) is equal to the weighted count
of labelled hypermaps of type (g,m,n) where the cycles of oo have lengths aq, ..., an
and the cycles of o1 have length by, ..., b,. Here the weight of a labelled hypermap is the
wnverse order of its automorphism group.

6.1.2 Generating functions

In order to compute these numbers, it is very useful to collect them in generating func-
tions. For this purpose, we define:

Definition 6.1.5. Let us fix integer ¢ > 0 and n > 1 such that 2g — 24+ n > 0. We also
fix one more integer a > 1 that will be used to restrict the possible length of cycle in 0.
The n-point correlation function is defined by

Qg‘fn(xl, ey Tp) =
oo m n
—bi—1
Yo Y Mgmnlar, s amlb, b)) [J e [T e (6.2)
m=0 1<ai,...,am<a i=1 j=1
0<b1,m-,bn
It is a function of the variables x1, ..., x, that depends on formal parameters t,.. ., t,.
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Remark 6.1.6. Note that the product
Mgmau(ar, .. amlby, .. b)) [0

counts the same covers as in Definition 6.1.1, but with an additional choice, for each 1,
of one of the possible b; preimages of a path from 1 to 0 starting at point p;.

For later convenience in the definition of the quantum curve, we define the symmetric
counterpart of the n-point correlation function by (for (g,n) # (0,1))

/ / ) (21, wn)day . . day, (6.2)

The special case (g,n) = (0, 1), as usual, includes a logarithmic term:

Foi) (@) = log(z) + / " )iy (6.3)

Then we define the wave function by

29 (2, k) —exp[ Z h2g+n 'F @)] . (6.4)

g=0 n=1

Remark 6.1.7. Note that in Do and Manescu’s paper [23] a different definition of F,,,
was used, differing by (—1)", which leads to a different definition of Z(®), and, in turn,
to a slightly different quantum spectral curve equation. See more on this in Section 6.4.

6.2 Maps and matrix models

In the present section we discuss the definition of bi-colored maps and a formal matrix
model argument on the existence of a topological recursion for them. However, it is
possible to prove the topological recursion in a purely combinatorial way without even
mentioning any formal matrix model integral representation of the problem! . This is
done in the subsequent section, Section 6.3.

6.2.1 Covers branched over 3 points and maps

There exists a natural graphical representation of hypermaps (which generalizes the no-
tion of dessin d’enfant [69] and the construction of [23]).
Let us now describe how to associate a colored map? to any labelled hypermap.

Tt is important to note that the combinatorial derivation is equivalent to the matrix model derivation
as it is only a translation of the latter in purely combinatorial arguments. However, it might be easier
to understand for some readers not used to the matrix model formalism.

2In the following, when referring to a map, we refer to a combinatorial object corresponding to a
polygonalisation of a surface. These objects appear naturally in the literature in the context of random
matrices and were introduced in physics as part of various attempts to quantize gravity in 2 dimensions
and to approach string theory from a discrete point of view.
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Each independent cycle p; in the decomposition of o1 = p1ps . .. p, is represented by a
black |p;|-gon whose corners are cyclically ordered and labelled by the numbers composing
pi- We glue these black polygons by their corners following oy. Namely, for each disjoint
cycle p = (g, ..., a) of 0o, one attachs the corners of black faces labelled by aq, ... a4
to a 2k-valent vertex such that:

e Turning around the vertex, one encounters alternatively white and black sectors (k
of each) separated by the edges adjacent to the vertex;

e when turning counterclockwise around the vertex starting from the corner labelled
by a;, the labels of the corner corresponding to the black sectors adjacent to the
vertex form the sequence aq, s, ..., ag.

Example 6.2.1. Let us give an example of a bi-colored map. Consider a hypermap corre-
sponding to d =7, g =0,

0o = (17577)(47 6)7
or=(1,2,3,4)(5,6,7),
0o = (1,6,3,2)(4,5)

Then the corresponding bi-colored map can be seen in Figure 6.1.

D

Figure 6.1: Bi-colored map

In this figure we see two black polygons corresponding to cycles (1,2,3,4) and (5,6, 7)
of o1; they are glued according to oy.

Let us fix a > 1. We denote by Gé%,n the set of bi-colored maps, where m is the
number of white polygons, n is the number of black polygons, and ¢ is the genus of
the surface we get by gluing the polygons and a is the maximum perimeter of a white
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polygon. We assume that the black polygons are labelled, and we consider the maps g) to
combinatorial isomorphisms preserving this labelling. For a particular map M € Gg,mn
we denote by Aut(M) its automorphism group.

One can restate the problem of enumerating covers of P! as counting bi-colored maps
as follows.

Lemma 6.2.2. The function Qéfb%(xl,...,xn) is the generating function of bi-colored
maps with an arbitrary number m > 1 of white faces whose perimeters are less or equal
to a and n marked black faces with perimeters by, ..., b,. That is,

ni(M) n

a 7 7 _bjM_1
RS DD DR iy ) (ATl
j=

m= 1M Gga'r)n n

Here by n;(M) we denote the number of white polygons of perimeter i in M,
and by (M), ... b, (M) are the perimeters of the black polygons in M.

6.2.2 Matrix model and topological recursion

The enumeration of bi-colored maps is a classical problem of random matrix theory which
is equivalent to the computation of formal matrix integrals. One can state this equivalence
in the following way.

Lemma 6.2.3. (see, e. g. [35]) Consider the partition function of a formal Hermitian
two-matriz model

Z (W, ¢?) = (6.6)

formal
/ dM, dMs e~ N[Tr(MyMz2)—Tr Vi (My)—"Tr Va(M2))
Hy

where the potentials Vi(z), 1 = 1,2, are polynomials of degree d;,

d;

&

(4)
td
g (6.7)

d=1
This partition function is a generating function of bi-colored maps, that 1s,

Z (W, 1?) = (6.8)

d1 ngl)(M) d2
o] i

2 S

g,mn=0 McS?

g,m,n

where

® S5 un 18 the set of bi-colored maps, possibly disconnected, of genus g composed of n
black polygons and m white polygons glued by their edges, such that black polygons
are glued only to white polygons and vice versa. Neither black nor white polygons

are marked.
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e By nl( )( M) (resp. n ( )) we denote the number of black (resp. white) polygons
of perimeter i in M,

It is also possible to enumerate connected maps with some specific marked faces by
computing certain correlation functions of this formal matrix model.

Definition 6.2.4. For any set of words (non-commutative monomials) {f;(z,y)};_; in
two variables, we define the correlator of the formal matrix model by

Jormal d,UN(Mh Mz) Hs Tr fi(Mla MQ)

:  JHN i=1
<Z1_[1Tr fi(Ml’M2)> - Z ({0, 1) 7

where the measure of integration p(M;, Ms) is the same as before,

dpn (My, My) := dM, dM, e~ N[Tr(Mi Mz)=Tr Vi (M1)—Tr Va(M2)]

We denote by <H Tr f; (M, M2)> its connected part.

=1

In matrix models, one classically works with generating series of such correlators
(named correlation functions) defined by

l
1 1
Wk,l($1,...,$k;yla-"’yl <HTI — M, IITry~—M2> '
X j=1 J

c

These correlation functions have to be understood as series expansions around x;, y; — 00:

n; ! m;
Wit oo Ths Y1y - Y1) Z Z <H Trn{\{l HTrni\j{fl > . (6.9)

neENk meNl \i=1 i j=1 93

These correlation functions admit a topological expansion, i. e. they can be written as

o0

Wk,l(xla s Ty Y1, - - 7yl) = ZN272971€71WI§][>($17 s Ty Y1, - - 71/1)

g=0

where each of W,gi) does not depend on N.
With this notation,

Wéz)(xh--.,wk;yh.--,yz) =
dy ngl)(M) do nEQ)(M)
o] e

= I1
2.2 2 &

k l
m.n=0genk Mes® o | Aut(M)| q@iﬂ H1 yfﬁl
i= J

i=1

Y

BeN!
where S; I is the set of connected bi-colored maps of genus g composed of n unmarked
black faces, m unmarked white faces, k marked black faces of perimeters ay, ..., ag, each
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having one marked edge, and | marked white faces of perimeter [y, ..., 3,, each having
one marked edge too; black faces are only glued to white faces and vice versa, as above.

Such a model admits a spectral curve. This means that there exists a polynomial
P(z,y) of degree d; — 1 in = and ds — 1 in y such that the generating function for discs

W1(,Oo) (x) satisfies an algebraic equation:
Eonen (2, W (x)) =0, 2 €C,
where
Eonin(z,y) = (Vi(@) —y)(V3(y) —2) — Pla,y) + 1.

In [47, 18], it was proved that the correlation functions Wk(fg can be computed by topo-
logical recursion on this spectral curve:

Theorem 6.2.5. [47, 18] The correlation functions of the 2-matriz models can be com-
puted by the topological recursion procedure of [48] with the genus 0 spectral curve

Eovin(z,y) = (Vi(z) —y)(Va(y) — z) — P(z,y) +1
and the genus 0, 2-point function defined by the bilinear differential

dz1dze
WO,Q(Zla 22) = m

for a global coordinate z on the spectral curve.
The proof of this theorem consists in three steps:

e First, find a set of equations satisfied by the correlation functions of the matrix
model.

e Second, show that these equations admit a unique solution admitting a topological
expansion.

e Third, exhibit a solution which immediately implies the topological recursion.

6.2.3 A matrix model for branched covers

Since the problem of enumerating branched covers can be rephrased in terms of bi-colored
maps, one can find a matrix model representation for it.

Using the definition of the preceding section together with the hypermap representa-
tion of section 6.2.1, one immediately finds that

Lemma 6.2.6. The correlation functions of the formal two matriz model with potentials

Vi(z) =0 and Va(z) = Z%x’ coincide with the generating series of covers of P' branched
=1

over 3 points defined in (6.5), for (g,k) # (0,1):

Wk(i))(xh'”axk) :ng]?;(xlw"axk)- (610)
For (g,k) = (0,1) we have
1 a
WD (1) = 1 ) (1). (6.11)
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Applying [48, 18], one can thus compute the generating series using topological recur-
sion. We have:

Corollary 6.2.7. The generating series Qﬁ(ml, ..., Zg) can be computed by topological
recursion with a genus 0 spectral curve

EO(r,y) =y (Z tiy™ - ) +1=0 (612
=1

and the genus 0 2-point function defined by the corresponding Bergmann kernel, i. e.

le X dZQ

o = 2)? (6.13)

WO,Z(Zla 22) =

for a global coordinate z on the genus 0 spectral curve.

Remark 6.2.8. This corollary proves in particular the conjecture made by Do and Manescu [23]
considering such covers with only type a ramifications above 1. The spectral curve is indeed,

E@(z,y)=y ()" —2)+1=0 (6.14)

coinciding with the classical limit of their quantum curve.

6.3 Loop equations and combinatorics

The proof of Corollary 6.2.7 relies on the representation of our combinatorial under the
form of a formal matrix integral. Actually, the only input from the formal matrix model is
the existence of loop equations satisfied by the correlation functions of the model. These
loop equations are of combinatorial nature and should reflect some cut-and-join procedure
satisfied by the hypermaps enumerated. However, a simple combinatorial interpretation
of these precise 2-matrix model loop equations could not be found in the literature, even
if some similar and probably equivalent equations have been derived combinatorially in
some particular cases [9, 95]. In this section, we derive such an interpretation, allowing to
bypass the necessity to use any integral (matrix model) representation and thus getting
a completely combinatorial proof of the results of the preceding section.

Remark 6.3.1. We have been informed that such a direct derivation of the loop equations for
the 2-matrix model is performed in chapter 8 [34] which is in preparation and whose preliminary
version can be found online.

6.3.1 Loop equations
In order to produce the hierarchy of loop equations whose solution gives rise to the

topological recursion, one combines two set of equations which can be written as follows:

e The first one corresponds to the change of variable

n

1 1
Tr—
x—M1H rxz‘—M1

=1

My — Ms + €
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in the formal matrix integral defining the partition function. To first order in €, the
compensation of the Jacobian (which is vanishing here) with the variation of the
action gives rise to the equation:

<Tr <x %\4) ﬁfﬁﬁ> (6.15)

i=1

1 . = 1

e The second one corresponds to the change of variable

1 Vi(y) — Vi(My) + 1
M, - M 2 2 Tr——— 1
] — 1+6x_M1 I, H 1r9€l_]w1 (6.16)
and reads
L V) - V0L N T L
T 2 2 M. Tr —— 6.17
<r<x—M1 y— My ? E riUi—Ml ( )

() )
|

N

1 < 1 1 Vi(y) — Vi (My) 1
- T 2 2 T ——
+N < r((xi_M1)2x_Ml y_MQ H r]fj—Ml

i=1

Note that in these equations the correlators are not the connected ones, but they are
generating functions of possibly disconnected maps of arbitrary genus.

6.3.2 Combinatorial interpretation

The loop equations (6.15), (6.17) make sense only in their x, z;, y — oo series expansions.
These expansions generate a set of equations for the correlators of the matrix models
which can be interpreted as relations between the number of bi-colored maps with different
boundary conditions. In this section, we give a combinatorial derivation of these relations.

Definition of boundary conditions

In order to derive the loop equations, we have to deal with bi-colored maps with bound-
aries (or marked faces) of general type. A map with n boundaries is a map with n marked
faces (polygons), each carrying a marked edge. The boundary conditions are defined as
the color of the marked face. However, in the following, we need to introduce mixed-type
boundary conditions obtained by considering marked faces with sides colored differently.
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The boundary conditions of a marked face (or a boundary) are then given by the sequence
of colors of the edges of this face starting from the marked edge and going clockwise from
it.

Considering a set of n sequences of non-negative integers

Si = bi,la a;1, bi,Qu a;o ... bi,lia Qi 1, 1= ]_, ..o (618)

Here b; ; is the number of consecutive black edges starting from the marked edge and
going clockwise (it is equal to zero if the marked edge is white), a; ; is the number of the
following consecutive white edges, and so on.

We define 7;(57)5" to be the number of connected bi-colored maps of genus g with n
boundaries with the boundary conditions Sy, ..., S,.

Remark 6.3.2. In terms of correlators of a two matrix model, one can write

n g9
- bs, i1 7 rbi, i, biji; g ril;
T o = N 2<HTr (M1 M MY M LM, M l)> (6.19)

-----
i=1 c

where the superscript ¢ means that we only consider the g’th term of the expansion in N~2 of
this correlator.

Cut-and-join equations

With these definitions, we are ready to derive the loop equations (6.15) and (6.17).

Namely, we can generalize to the two matrix model the procedure developed by Tutte
for the enumeration of maps [94] and then extensively developed in the study of formal
random matrices. Let us consider a connected genus g map with n + 1 boundaries with
boundary conditions

This means that all the edges of the marked faces are black. This surface contributes
to k(-i)l,ﬂ;kl,o;...;kn,O' Let us remove the marked edge from the boundary 0. Since one can
only glue together polygons of different colors, on the other side of the marked edge one
can find only a white (unmarked) I-gon with 1 <1 < dy. After removing the edge, let us
mark in the resulting joint polygon the edge which is located clockwise from the origin
of the removed edge (the origin of an edge is the vertex located on the counterclockwise
side of the edge). We end up with a map that contributes to 7?)(,lgzl,k,0;k1,0;...;kn,0' This
procedure is bijective between the sets considered. We take the sum over all possibilities,
taking into account the weight of the edge and I-gon removed, and we see that

d2
(9) _ (2)(9)
nil,o;kl,ﬂ;...;kn,o - Ztl 76,lg—l,k,0;k:1,0;...;1{:",0' (621)
=1
Multiplying by = *~tgz=%1 =1 x7%~1 and taking the sum over

k,ki, ..., k,, one recovers the loop equation (6.15).

This first equation produces mixed boundary condition out of homogeneous black
conditions. Let us now proceed one step further and apply Tutte’s method to the maps
produced in this way.
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77777

map with boundary condition:
SOZO,Z+1,I€,O; SZ':]{Z',O, 2:1,,n (622)

Note that it follows from our definition that the marked edge is of white boundary con-
dition type. When we remove it, we can produce different types of maps, namely, one of
the following cases:

e Either the other side of the edge is an unmarked black m~-gon. We remove the edge
and this gives a map that contributes to T Lktm—1,05k1 051K

e Or the other side of the edge belongs to the black boundary condition type of the
same marked face. Then two possible cases occur. The resulting surface can still
be connected, giving rise to a map contributing to T oo,l,k .0k1.0:..iky 0 1OT SOIE
1 < m < k, i. e. with one more boundary but a genus decreased by one. Or
removing the marked ed e can disconnect the Inap into two connected component

. o g—h)
giving contributions to 'Tm Oskay 03 ik 0 and 76 =m0k, Osikis, 0 respectively, where

0<h<gand{o,...,o;} U{b1,..., 00—} = {1,...,n}. This type of behavior
can be thought of as a ”cut” move.

e Finally, the other side of the edge can be another marked black face with boundary
condition (k;,0). Removing the edge, one gets a contribution to
76(7%%__1 0:ke1,05..shi 1,05k —17,0:s4 1,03 0" This type of behavior can be thought of as
a "join” move.
Once again, this procedure is bijective, if we take the sum over all cases. Taking into

account the weight of the elements removed, we end up with an equation relating the
number of bi-colored maps with different boundary conditions:

T(l+1 k,05k1,0;...5kn,0 (6.23)

= E :t lk—',—m 1,0:k1,0;...3kn,0
E : OO,Z,k m,0;k1,0;...;kn,0
(h (9
+ ZZ Z Tm707ka1707 7k 0T7lvk m0k617 3 7kﬂ 0
n—j’

n
+ Z%S?,L—G-ki—l,o;kl,0;...;1@1-_1,O;ki—m,o;kiﬂ,0...;kn,0
i=1
where & = {ay,...,q;} and B = {B1,...,Bn—j}. This equation is the genus g contribution
to the expansion of the loop equation (6.17) when all its variables are large.

This concludes the fully combinatorial proof of the two matrix model’s loop equations.
The latter can be seen as some particular cut-and-join equations. One can now apply
the procedure used in [18] for solving them (without having to introduce any matrix
model consideration!) and derive the topological recursion for the generating functions
of bi-colored maps with homogenous boundary conditions.
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6.4 Quantum curve

In this section we prove a generalization of the theorem of Do and Manescu from [23] on
the quantum spectral curve equation for enumeration of hypermaps.

Theorem 6.4.1. The wave function Z 9 (x), defined in (6.4), satisfies the ODE:

( hm—+1+2t< )) Z@(x) =0 (6.24)

Remark 6.4.2. The differential operator in the previous theorem is given by the naive

0
quantization of the classical spectral curve (6.12), y < hf)_ Note that in Do and
x

Manescu’s paper [23] a different definition of Z(®) was used, as noted above, and a different

convention y <> —h—

or’
6.4.1 Wave functions

In the proof we use the notations coming from the formal matrix model formalism for
simplicity, but as usual in the formal matrix model setup, they just represent well defined
combinatorial objects which satisfy the loop equations derived in the preceding sections.
In what follows we identify N with 1/A.
From the definition of the wave function Z@ given in formulas (6.2)-(6.4), from the
identification between Wk(’go) and Q(gall given by Equation (6.10) and from the definition of
Wi, (6.9), we have

> 0 (Te(My) .. Te(M))
(@ () — (Tr(M; ")),
R e Y e
-1 bi,.bn=1
The standard relation between connected and disconnected correlators imply
=0 (Te(My) .. (M)
(@ () = /N < 1
Z@(z) =g Zl n, ; b xbl — (6.26)
n= n=1
In order to simplify the notation, we introduce functions Z’(z1,...,z,) and Z"(y, x)

for integers n > 1, r > 0 (we call these functions non-principally-specialized wave func-
tions).

Definition 6.4.3. The n-point wave function Z; of level r is defined as
(@1, my) = (6.27)

no1 s (Tr(My) Te(My2) . Te(M7")
R
b2..bp=1 2. bp Ty T
N (TQIMY) T(M) L Tr(M))
(=0 Y e
1...0p 1 .

b1,b2...bp=1

, r>0

0 Lo~ (Te(MPY).. . Te(MP))

Z(x1, ... xy) = (—1) Z b b 1 gbn
1.0 T ... T

b,bo..bp=1
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and the almost-fully principally-specialized wave function of level r is
oo 1 .
T) = Z mZn(y, T,...T) (6.28)
n=0

Note that with these definitions

79 (x) = 2" 7%z, x) (6.29)

6.4.2 Loop equations in terms of 7

Considering the coefficient in front of particular powers of 1/x and 1/x;’s in loop equations
(6.15) and (6.17) we get the following equations relating particular formal matrix model
correlators

(Te(My)... Te(M)) = (6.30)

>t (Tr (MY M5T) Te(My?) . Te(M7"))
=1

(Tr (M5 M) Te(MP) .. Te(MP)) =

n> (T (M;—lMi““’j‘l) T T T ) )
=2
+ho > (Tr(Mg MP) Te(M{) Tr(M}?) . Tr(M}"))
p+q=b1—1

Here the hat above Tr(M fj ) means that it is excluded from the correlator.

Let us sum the above equations over all by, ..., b, from 1 to oo with the coefficient

(="

b1 bo :
by . by L abe

(note the absence of the 1/b; factor). We get:

Lemma 6.4.4. Loop equations, written in terms of Z, read

(—xla—ajl)Zg(xl, ey Ty) = (6.31)

1
i—1 0
E ti( $1 —)Z (21, X)) — —len_l(xg,...,xn),
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1 0
ﬁ(—mla—ggl)Zi(wl, e Ty) = -
_i (—i)ZO 1($$2:i‘\l'n)+LZO 2(1‘2;?3:”)

i—9 amj n— 7 9 7 hxj 0 ’ .

2 o .

g 2 ) = g2 ()

0? .

- Z “ .. n
xlaulau2 u1=u2=11 n+1(U1,u27x27 , L )

0 N 0 N
22 xl_xj |: aleg_l(xl,:Ujxn)—xja—%Zg_l(xj,xz,x]a:n)} y

and, for all v > 1,

1 9]
5(—x18—%)2;(x1, e T) = o5
R N R L6
— jzz( ax])Z 1(:Ej,w2,...xj...xn) + ﬁ(_a_;yl)zn 1($17”.7wn)
02 )
— X1 au1au2 I Z:;—&_-l (Ul, U9, Ty ... ,J}n)

n

1 0 . 9 ~
—Z< ) [ml Zi Wy, 2y Ty oxn) — wj=— 20 (g, Ty T T)

n—1
— 1 — Ty 61’1 3%

6.4.3 Symmetrization of loop equations

Last step to obtain quantum curve equation is to put all equations (6.31)—(6.33) into
principal specialization: put all z;’s equal to x.
The following obvious statement plays a crucial role in the induction:

Lemma 6.4.5. Let f(xi|xg,...,x,) be a symmetric function in the variables xq, . .., x,
(so, x1 is treated specially here). Then we have the following formula for the derivative
i the principal specialization.

0 0

0
p (x|z,...,x) = E" u:mf(u|x, oo x)+ (n— 1)% uzzf(x|u,m, Ce, ). (6.34)
In particular, if f(xq1,29,...,2,) = %g(ml, To,...,Ty), then
o 0
0? 0?

g(u|x,,x)+(n—1) g(u1|u2,x,...,x).

81,62 u=x

(9u18u2 U =T,U2 =2
Since Z9 is symmetric in all its arguments, the first equation of (6.31) is equivalent
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to

1 0
E(—x%)Zg(x,...,x) = (6.36)
1, 10 ,,
_tlaznfl(l.? al')—g% W, 1)
+ tz -5 ZZL_I s Ly )
Stit-go)|_ 2 wre0)

We multiply this by ﬁ and take the sum over n > 0. We have:

a 0 _
(—xg)Z (x,...,x) = (6.37)
o 1Y\
- 251 (% %) Z (Z‘, ,.T)
a 1) 1 9 -
+ - tznz% (n — 1)'(_6_'3/) y:mZn (ywra ,IL‘)

Then, the existence of a quantum curve equation relies on two observations:

Lemma 6.4.6. We have:

Z(y,x,. .., T) (6.38)

1 90\ 1 ) |
=\ —_— _ szl
() St o
- nZ:% (n— 1)'(_8_y) y:uth(y’x’ ,T)
_ #? 20 1/h1/E-1)]
_h{_@_%a_T}Z

1/1 3\
= ——(=+h=—) 2"
h <:c * 8x)
Proof. These equations are direct corollaries of Equations (6.31), we just have to put

them into principal specialization and apply Lemma 6.4.5. O

We combine Equation (6.37) and Lemma (6.4.6), and we obtain the following equation:

0 oAy
—hr—)Z2"=—-> ;- +h—) Z2° 6.39
( x(?x) ; (x + (?x) ( )
which, with help of commutation relation
1 0 0
UVl = 4 h— | =h—oa'/" 6.40
v <:c * h&x) oz (6.40)

leads directly to the statement of Theorem 6.4.1.
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6.5 4-colored maps and 4-matrix models

It turns out that the ideas above can be applied not only to bi-colored maps (which
correspond to the 2-matrix model case), but also to 4-colored maps. In the current
section we outline the proof of a spectral curve topological recursion for the enumeration
of 4-colored maps.

4-colored maps arise as a natural generalization of bi-colored maps. Instead of con-
sidering partitions of surfaces into black and white polygons, we consider partitions into
polygons of four colors ¢y, ¢s, c3, ¢4, such that polygons of color ¢; are glued only to poly-
gons of color ¢y, polygons of color ¢y are glued only to polygons of colors ¢; and cs,
polygons of color c¢3 are only glued to those of color ¢s and ¢4 and finally polygons of
color ¢4 are only glued to polygons of color ¢3. This can be represented in terms of the
following color incidency matrix:

(6.41)

= O = O
o= O O

o O R O
O~ O

Applying considerations similar to the ones in the above sections, it’s easy to see that
the problem of enumeration of such 4-colored maps is governed by a 4-matrix model with
the interaction part of the potential being equal to

—N TI'(MlMQ — M1M4 + ]\43.]\44)7 (642)
since the inverse of the above incidency matrix is equal to

0 -1

1
0 (6.43)
~1

o O O
_— o O O
o = O

We see that in the 4-colored maps case, after a renumeration of matrices and a certain
change of signs, this still gives us the matrix model for a chain of matrices (which is no
longer true for, e.g., 6-colored maps). Fortunately, the case of matrix model for a chain of
matrices was studied by Eynard in [39], and the master loop equation obtained there gives
rise to the spectral curve topological recursion for this problem. Again, it’s easy to see
in the analogous way to what was discussed in the previous sections that the individual
building blocks of loop equations can be proved to hold by purely combinatorial means.
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Chapter 7

Populaire samenvatting

Dit proefschrift gaat over problemen in de algebraische meetkunde en mathematische fys-
ica die verband hebben met Gromov-Witten-theorie, topologische recursie van spectrale
krommen en Hurwitzgetallen.

Een van de centrale objecten in de algebraische meetkunde is een algebraische kromme.
Ik het kader van dit proefschrift werken we met algebraische krommen gedefinieerd over
het lichaam van complexe getallen. In dit geval kunnen we deze krommen beschouwen
als twee-dimesionale oppervlakken.

De Gromouv-Witten-theorie bestudeert afbeeldingen van algebraische krommen naar
een gegeven complexe variéteit (in andere woorden, naar een zekere meer-dimensionale
ruimte). Deze theorie komt uit snaartheorie, een vakgebied in de theoretische natu-
urkunde. Gromov- Witten-invarianten zijn getallen die het aantal mogelijke inbeddingen
geven van krommen van een bepaald type in een gegeven complexe variéteit. Het belang
van de Gromov-Witten-invarianten is duidelijk door hun gebruik in snaartheorie en al-
gebraische meetkunde. Ze zijn echter ook verbonden met een heel ander vakgebied van
mathematische fysica, namelijk de theorie van integreerbare systemen.

Topologische recursie van de spectrale krommen is een algemene methode die toepassin-
gen heeft in veel verschillende takken van de wiskunde en natuurkunde. Deze methode
heeft als input een spectrale kromme die een algebraische kromme is met het aantal extra
structuren, en geeft als output zogenoemde n-punt functies op de spectrale kromme. Het
blijkt dat voor een enorm groot aantal problemen in algebraische meetkunde, mathema-
tische fysica, topologie, en combinatoriek deze n-punt functies de genererende functies
voor de oplossingen van deze problemen zijn (de input is dan bepaald door een probleem).
Hier bedoelen we met een genererende functie een functie waarvan de coéfficiénten van
de machtreeksonwikkeling de getallen zijn, die deze problemen oplossen.

De topologische recursie van de spectrale krommen is heel interessant, omdat het een
universele procedure is die op een universele manier de antwoorden geeft op een groot
aantal problemen, die onderling geen verband hebben.

Hurwitzgetallen berekenen de overdekkingen van een sfeer door twee-dimensionale
compacte oppervlakken. Een overdekking is een afbeelding van een oppervlak naar
de sfeer. Voor bijna alle punten van de sfeer (met uitzondering van een eindig aan-
tal zogenoemde vertakkingspunten) hebben we hetzelfde aantal punten op het oppervlak
die daarop afgebeeld worden. Dit getal noemt men de graad van de overdekking. Als
we het type vertakkingspunten vastleggen, dan hebben we een eindig aantal mogelijke
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overdekkingen met deze voorwaarden. Dit getal heet het Hurwitzgetal. Hurwitzgetallen
zijn belangrijk vanwege hun meerdere interpretaties in combinatoriek en topologie, en
hebben tevens een belangrijke rol in representatietheorie.

Dit proefschrift onderzocht een aantal verbindingen tussen de bovengenoemde ob-
jecten en theoriéen. Een van de hoofdstellingen van het proefschrift geeft een toepassing
van de lokale versie van de topologische recursie op een willekeurige Gromov-Witten-
theorie. Namelijk, we bewijzen dat we altijd de juiste input kunnen kiezen zo dat de
n-punt functies de genererende functies van de Gromov-Witten-invarianten worden.

Een andere stelling houdt verband met de vergelijking van de kwantum-spectrale
kromme. In een aantal gevallen kan men bewijzen dat een bepaalde genererende functie,
de zogenoemde golffunctie, voldoet aan een kwantum-versie van de vergelijking voor de
spectrale kromme. We bewijzen dit voor de golffunctie van de Gromow-Witten-theorie
van een sfeer.

Een ander resultaat van dit proefschrift is een nieuw, zuiver combinatorisch bewijs
van de beroemde ELSV formule. Deze formule verbindt Hurwitzgetallen en de integralen
van Hodge, die in vele aspecten lijken op Gromov-Witten-invarianten. Het oorspronkeli-
jke bewijs en alle andere bewijzen van de ELSV formule gebruiken lastige meetkundige
redeneringen. In plaats daarvan bewijzen we eerst op een zuiver combinatorische manier
dat deze Hurwitzgetallen polynomen in de vertakkingsindexen zijn. Dan gebruiken we
dit resultaat om een spectrale kromme voor de Hurwitzgetallen af te leiden en vervol-
gens gebruiken we ons resultaat over de correspondentie tussen topologische recursie en
Gromov-Witten-theorie om een verbinding met de Hodgeintegralen te zien.

Ten slotte geven we een zuiver combinatorisch bewijs van het feit dat het probleem
van de berekening van zogenoemde twee-kleuren kaarten op oppervlakken ook door de
topologische recursie opgelost kan worden. Met een twee-kleuren kaart bedoelen we een
verdeling van een twee-dimensionaal oppervlak in polygonen gekleurd in twee kleuren,
zwart en wit, zodat de witte polygonen alleen aan zwarte polygonen mogen grenzen,
en omgekeerd. We bewijzen dat het aantal van dit soort kaarten is gegeven door de
topologische recursie van een bepaalde spetrale kromme.
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