N

N

Geometry of integrable systems: from topological Lax
systems to conformal field theories
Raphagél Belliard

» To cite this version:

Raphaél Belliard. Geometry of integrable systems: from topological Lax systems to conformal field
theories. Mathematical Physics [math-ph]. Université Pierre et Marie Curie - Paris VI, 2017. English.
NNT: 2017PA066175 . tel-01878352

HAL Id: tel-01878352
https://theses.hal.science/tel-01878352

Submitted on 21 Sep 2018

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://theses.hal.science/tel-01878352
https://hal.archives-ouvertes.fr

IPhT

saclay

Université Pierre et Marie Curie
ED564 - Physique en Ile-de-France

GEOMETRY OF INTEGRABLE
SYSTEMS

FROM TOPOLOGICAL LAX SYSTEMS TO CONFORMAL
FIELD THEORIES

Raphaél Belliard'
PhD thesis under the supervision of Bertrand Eynardl’2

! Institut de physique théorique, Université Paris Saclay,
CEA, CNRS, F-91191 Gif-sur-Yvette, France
% Centre de recherches mathématiques, Université de Montréal, Canada

Reviewers
Lotte HOLLANDS Heriot-Watt University
Sergei SHADRIN University of Amsterdam
Jury
Vasily PESTUN Institut des Hautes Etudes Scientifiques
Claire VOISIN Collége de France

Paul WINDEY Université Pierre et Marie Curie






Figure 1: Real section of the complex surface of integrable quantizations, dispersionless
limits and perturbative reconstruction.






10 my father.






“If a man does not keep pace with his companions, perhaps it is
because he hears a different drummer. Let him step to the music which he hears
however distant or far away.”

Henry David Thoreau






Abstract
This PhD thesis is about a framework in complex geometry and methods
thereof for solving sets of compatible differential equations arising from
integrable systems, classical or quantum, in the context of the geometry of
moduli spaces of connections over complex curves, or Riemann surfaces.
It is based on the idea in mathematical Physics that integrable systems
possess symmetries that impose algebro-differential constraints, so-called
loop equations, on the objects of interest (e.g. partition or correlation
functions). In turn, we intend to solve these constraints recursively in
certain topological regimes using a particular procedure called the
topological recursion. Their solutions are in general generating functions
of enumerative-geometric quantities. Since they are for the most part
determined by the initial data of the recursive process, it realizes in the
making an algebro-geometric classification of the family of integrable
models under consideration.

Résumé
Cette thése de doctorat traite d’un cadre en géométrie complexe et de
méthodes pouvant y étre développées pour résoudre des ensembles
d’équations différentielles compatibles venant de systémes intégrables,
classiques ou quantiques, dans le contexte de la géométrie d’éspaces de
modules de connexions au-dessus de courbes complexes, ou surfaces de
Riemann. Elle vient de I'idée en physique mathématique que les symétries
des systémes intégrables imposent aux objets d’intérét (fonctions de
partitions ou de corrélations) des contraintes algebro-différentielles
nommeées équations de boucles. Le but est par la suite de résoudre ces
contraintes par récurrence dans des régimes dits topologiques en utilisant
une procédure nommeée récurrence topologique. Leurs solutions sont en
général les fonctions génératrices de quantités issues de problémes de
géométrie énumérative. Etant principalement déterminées par les
conditions initiales de la récurrence, on produit au passage une
classification algebro-géométrique de la famille de systémes intégrables
considérée.
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Introduction

1 Integrability : a marriage

Theoretical Physics tries to give objective mathematical descriptions of not
necessarily visible physical phenomena. To do so, it uses mathematical
modeling to logically derive equations that measurable quantities of in-
terest should satisfy. True objectivity not being possible to obtain, the
theoretical approach would not have any meaning without its experimental
counterpart. Statements or claims will then be called objectively true if
they can be checked up to satisfying precisions in experimental devices.
Its range of application is limitless and as such, it caused a lot of people
to think that a theory of everything could be constructed. Unfortunately,
simple reasoning gives a heuristic to the contrary. Indeed, a choice of the-
oretical framework carries its own limits although whichever phenomenon
we are trying to study will admit a description in terms of a mathematical
model. Knowing what a model under consideration does not describe is
of the utmost importance. A counterpart to this remark from logic theory
can be found in the mathematician and logician Godel’s completeness and
incompleteness theorems that we will loosely state as

o Any theory admits a model.

o Any model admits an assertion that can neither be proved nor disproved

That being written, we can at most hope for a theory describing objec-
tively every phenomenon we know exists right now.

The equations arising from this method appear to be of various really
different natures. In particular, they can be exactly solvable, or integrable,
namely one can give (an algorithm to compute) an expression of their

v



vi INTRODUCTION

solutions, or not. If not, we have other ways to extract information from
the model, from approximations and numerics to chaos theory. In this
thesis we will study exclusively those problems that are integrable in this
given sense.

One of the most important facts about exactly solvable equations aris-
ing from theoretical Physics is that they are not at all the generic situation.
Indeed as we shall see, they are those whose solutions satisfy many rela-
tions. Intuitively, these relations enlarge the vocabulary at our disposition
and this is what allows to formulate how to compute the corresponding
solutions.

In the early XIX'" century, Liouville defined classical integrable systems
as a subclass of models whose equations of motions are Hamiltonian flows
on finite dimensional symplectic manifolds. They are those that possess
enough independent quantities that are conserved by the dynamics, enough
being half the dimension of the underlying space of states accessible to
the system, namely the phase space. The reader can find all the needed
definitions to understand these statements in the next chapter. This defin-
ing theorem then shows that their equations of motions can be solved by
means of algebraic operations and integrals (periods). Moreover, by use of
so-called generating functions, these equations become those of uniform
translations on invariant tori. We will generalize this notion of integra-
bility throughout what follows. Moreover, in 1918, Ncether related smooth
symmetries of the corresponding action to conserved quantities. These
smooth symmetries are typically Lie group actions leaving the dynamics
unchanged.

At this point one should note that in the past, all major advances
in theoretical Physics were always achieved by using and developing
contemporary Mathematics. The study of integrable systems explores
this tight relationship in all its glory. Developing such theories requires
some of the latest advances in virtually all fields of the mathematical uni-
verse and gives rise to beautiful new structures among them. The reason
is simple, the quest for objectivity that turned out to be so successful in
Physics and the relative truth Mathematics provide are always compati-
ble as being part of the same temporality and thus encompassing similar
paradigm. An immediate consequence of this remark is that such paral-
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lels can be made outside of those fields, with other sciences and arts. As
mentioned, the core aim of the theoretical approach to Physics is to relate
our reasoning and logical understanding to our perceptions, experiences
and observations. The pre-Socratic Greek philosopher Protogoras defined
humanity as “the measure of all things”.

Topology, geometry and algebra are those parts of Mathematics that
deal respectively with the notions of shapes, distances and angles, and
mathematical symbols and the rules to manipulate them. In our way to use
mathematical modeling, the objects that are considered in any one of these
broad topics are interpreted in relation with the underlying Physics. In par-
ticular, all the quantities one wishes to consider in a theory, fixed constants
of nature or not, can be treated as variables parameterizing deformations
of the studied systems.

This brings us to the notion of deformation of theories, through the
variations of their so-called moduli, namely their parameters. A natural
question is then whether two given theories can be deformed one into the
other in this sense. The answer is of course no in general. We know already
however from elementary Physics textbooks some instances where this is
the case. Let us mention two of those.

o the series RLC circuit is equivalent to the dissipative dynamics of
a one dimensional spring, indeed they are both second order linear
filters,

* incompressible vorticity in the hydrodynamics of smoke rings is equiv-
alent to the magnetism of toroidal solenoids, indeed they both de-
scribe rotational propagation of waves.

In addition, these are examples of integrable models, and as we shall
see, the ability to switch from different viewpoints using deformations of
geometrical structures is a key feature of integrability.

In 1931, Bethe proposed an ansatz he used to solve exactly for accessi-
ble states and their levels of energy in the so-called one-dimensional anti-
ferromagnetic Heisenberg model [24]. This is a problem treated quantum
mechanically to study critical points and phase transitions of certain mag-
netic systems of spins. Thus was born the notion of quantum integrability.
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Since then there has been a tremendous amount of work done to under-
stand the geometry behind the algebraic structures whose presence allowed
for exact solvability in quantum problems.

ey )
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Figure 2: Elementary Physics correspondences.

In the last chapter of this thesis we will be interested in a particular type
of quantum integrable system, namely conformal field theory, possessing
huge symmetry algebras. Let us therefore review some fundamentals of
quantum Physics from an oriented geometric point of view, starting by a
bit of history.

2 Quantum Physics and theory

At the dawn of the XX century, long after the industrial revolution, a
short list of problems stood apart from the seemingly global understand-
ing of the world that had been offered by thermodynamics and electro-
magnetism. These unsolved problems had all been formulated during the
previous century

* 1838 : Faraday discovers cathode rays

* 1860 : Kirchhoff states the black-body radiation problem

o 1877 : Boltzmann suggests that the accessible energy levels of a system
might be discrete

» 1887 : Hertz discovers the photo-electric effect
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In 1900, Planck made the quantum hypothesis, stipulating that energy-
radiating systems can be decomposed as fundamental energy blocks with
energies proportional to the frequencies to which they respectively radiate.
If we denote the energy of a building block by € and its frequency by v,

this relation is written

€= hv, (2-1)

thus defining the universal constant h = 6.626.1073*m?kg/s, called
Planck’s constant and measured since with great accuracy.

In 1905, as part of what has been called later the Annus Mirabilis papers
of Einstein, he extended Planck’s hypothesis to light by introducing the
photon, quantum of light, and explained in this way the photo-electric
effect.

* 1913 : Bohr quantizes the angular momentum of electrons in atoms
» 1923 : de Broglie introduces matter-waves

* 1925 : Heisenberg, Born and Jordan develop matrix mechanics,
Schrodinger defines wave-mechanics and his famous equation as an
approximation to de Broglie’s theory, Dirac writes his equation for the
dynamics of electrons

* 1932 : von Neumann lays the rigorous mathematical basis for quantum
mechanics as the theory of linear operators on Hilbert spaces

The quantum paradigm that came with these discoveries is a change
of logic. Indeed, experiments such as Young’s experiment in 1801, that was
generalized as the double slit experiment of Davisson and Germer in 1927,
show that light and matter (with matter particles as big as the fullerene Cg
whose molecule contains 60 carbon atoms) behave sometimes as waves and
sometimes as particles, according to the observer. The quantum theory
therefore redefined the notions of observation and measure in the sense
that it identified them as fundamental interactions. On one hand subparts
of the system under consideration observe one another while on the second
hand, the experimentalists are themselves an interacting part of the system.



X INTRODUCTION

S e e e e

Figure 3: Both energy and angular momentum levels are quantized in an atom.

By a quantum system we will from now on mean any collection of ob-
jects, visible or not, that we may want to study from a quantum perspective.

Rather than the usual cat of Schrodinger’s thought experiment, let us
consider human beings, part of a society where they can sometimes express
their opinion through vote. At all time they may have several possibly
contradictory opinions but the closer we get to the measure of that opinion
the less multiple we appear, until the moment when a choice has to be
made, choice from which we will have to evolve once again.

Quantum systems behave as voters : at all time in a superposition
of states until one of these states is singled out by an observation or
measurement.

As my dear friend Remi Jaoui once told me, we knew human beings
were as such, we just had not realized matter as well. At least we had
not taken it into account in the way we had tried to describe the world
through Physics. Mystics from all around the globe and from as far back
in time as one can imagine had already expressed this idea in their own
words. The reason is probably that the European middle-age caused for a
strong materialistic back-reaction that lasted around three hundred years in
science and is still the predominant doctrine e.g. in economy or agriculture.

In 1941, Feynman introduced the notion of path integral, a way of relating
phenomena in quantum systems to their classical counterparts that tells us
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that the outcome of a quantum event is an average over all the possible
classical outcomes with respect to a (complexified) probability measure.

Let us briefly and schematically describe this procedure. Let us denote
by X the (possibly infinite dimensional symplectic) phase space, or space
of states accessible to a classical system. According to the principle of least
action, there exists a function

Ser: (X)) —R
I — Sylll (2-2)
where 7 (X) is the set of all possible trajectories in X, called the action
functional and such that the classical trajectories followed by the system

are those minimizing this action. They are in particular critical trajectories
satisfying

8Ser
=0 2-3
5T (2-3)

Feynman’s method of the path integral is then to introduce the wave-

function ¥ : £ — C defined on a Lagrangian subspace £ < X such that for
any initial and final states ¢;, ¢ € £, ¥ is given in terms of an integral over
all possible trajectories y < £, that is over one dimensional paths drawn on
the space £, starting at ¢; and ending at ¢y, as

ST
@i pp) = f @Te’™ 9-4
v i, Qr def Jren o (2-4)
= r-¢;
where we introduced Planck’s reduced constant A = % and the

ScyT]

el -

Boltzmann-type weight e’~7 on the space of trajectories. The wave-
function written as such is not, in general, a well-defined mathematical
object but we will very soon see an alternative way to construct the physical
quantities of interest. For the time being, let us consider these equalities
as notations, a formal way to encode the algebraic properties the wave-
function is assumed to have by definition.
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We may not be willing to chose an initial and a final state for the system
in which case we would define the so-called partition function by summing
over all possible coinciding initial and final conditions.

SeIT]
Z = f[@(p] [DT]e' 7 (2-5)
def Jg Ten)(£)
Pr=Pi=9
. SeIT]
= f [2T'e' "7 (2-6)
Tem (L)

Classically, physical quantities of interest, or observables, are functions
O : X — R. In the quantum theory, their measure becomes uncertain and
the previous construction allows to define their vacuum expected value at
a state @ € £ as

Sc

1 .Syl
O@W) = = [@ne T o 2-7)

def Z Jremn, o)
el

and similarly, for any integer n € N*, define the correlation of n ob-

servables 0),...,0, : X — R in the classical states ¢,,...,¢, € £ by the
formula

Sc

1 .S
(1) Ou(y)) = — [@T1e"" T 0y(p1) - Onlpy)  (2-8)

def Z Jren 2

Solving the theory then amounts to computing all such correlation func-
tions between observables of interest. Let us now investigate a possible way
for one to do so.

Assuming the Lagrangian £ < X to be such that

Sallll_— oo (2-9)

when the trajectory I' goes to the boundary 0m,(£), yields

f [@r]i(eis%[r]@ (@)~ Ou)) =0 (2-10)
Fer (@) 5T 1LP1 n\@Pn
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for generic values of all the other arguments and using Leibniz rule, this
can be rewritten as the so-called Schwinger-Dyson equations

<5r’@>1(<p1)---@n(<pn)>=zh2<@a<<pl)---( ST )---@n«pn)> (2-11)

j=1

The hope is then to be able to find a set of observables {0} jc; such that
all possible Schwinger-Dyson equations one can write in this way form a
complete set of compatible equations, by which we exactly means that they
can be solved together.

Notice that in the limit where 77 — 0, one can rewrite the leading order
of the Schwinger-Dyson equations as

680 (0)

for any number n of observables 0),...0, in any insertion states
@1,...,9, € £. This implies that in this limit any physical measure would

yield the classical equations of motion 668;1 =0.

We verify the fundamental fact that Planck’s reduced constant 7
measures quantization and that one recovers the classical Physics in
the limit 77 — 0. We call it taking the classical limit of a quantum
model.

The path integral formulation of a theory is not well-defined in general
and a way to circumvent this problem is to define directly a theory by
the Schwinger-Dyson equations the correlation functions of interest should
satisfy. In this thesis, we will study a certain type of Schwinger-Dyson
equations arising from some (classical and quantum) two-dimensional field
theories, namely Fuchsian differential systems and Casimir conformal field
theories at the classical level and abelian W-symmetric conformal field

theories at the quantum level.

3 Categorification and topological string theory

In the process of constructing a theory describing a physical phenomenon,
the first two basic questions to be answered are who are the actors at
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play and what information exchange defines their interaction. The answers

to these questions given in mathematical terms define the nature and the

scope of a theory. Let us give a few examples :

* Newtonian Physics : leaving electromagnetism and gravity aside since

they cannot be properly described in this framework, it deals with the
mechanical contact interactions of a finite given number of massive
objects. The information is exchanged in the form of mechanical
energy (kinetic or potential).

Thermodynamics : when the given number of objects considered in
newtonian physics becomes large, their individual dynamics becomes
irrelevent and even though the objects are of the same nature than
before, interacting by colliding one with another, statistical quantities
such as pressure, temperature, entropy and free energy emerge as the
right variables to consider.

Figure 4: Classical contact interaction vs. quantum long-range correlation.

Quantum electrodynamics : following Feynman, this theory can be in-
terpreted as describing charged electrons interacting by the exchange
of virtual photons. The information exchanged is in this case encoded
in the quantized electromagnetic field.

The right mathematical notion to describe this idea for systems at equi-

librium is that of cobordism. It is an equivalence relation on the class of

compact manifolds with a given dimension, say d € N. Two such manifolds
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are said to be cobordant if and only if their disjoint union is the boundary
of a d + 1-dimensional manifold. It is a fundamental equivalence relation.
Indeed, the word problem of the fundamental group of topological mani-
folds of dimensions higher that 4 cannot be solved, hence such manifolds
cannot be classified up to homeomorphism. They can however be clas-
sified up to cobordism. This is at the root of the functorial definition of
topological quantum field theory.

A

°

Figure 5: Cobordism in 0+ 1d and 1+ 1d. Time flows upward from incoming to outgoing.

Topological quantum field theories were first defined as those quantum
field theories whose partition functions do not depend on the choice of
metric on the physical space on which the fields are defined [73]. With an
action that typically takes the form

Scilg, o] = fMdd“x\/g.ff(p(x) (3-1)

where ¢ is now some section of a bundle over a Riemannian d + 1-
dimensional manifold (M, g), /g denotes the square root of the determi-
nant of the metric on M and £, called the Lagrangian density, is typically
a scalar-valued (differential) polynomial expression of ¢.

The metric-independence hypothesis means that one can scale the met-
ric g~ t- g for some non-zero complex number ¢ € C* without changing
the value of the partition function. Then taking the particular limit £ — oo
would localize the path integral on its saddle points.
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They were later on redefined as functors from cobordism categories to
the category of vector spaces satisfying a certain set of axioms we will not
be describing here but we refer the reader to [2] for more details.

Let us consider the particular example of 1+ 1d. In this case, the only
one-dimensional closed, compact, connected manifold is the circle $' to
which a topological quantum field theory functor associates a vector space
that we denote by V. The non-cited axioms imply that V has the structure
of a Frobenius algebra (see the next chapter’s definitions).

Let us upgrade the definition of a 1+1d topological quantum field theory
to that of a so-called topological conformal field theory where the topological
surfaces used as cobordism are now endowed with conformal structures
and are thus Riemann surfaces.

In the spirit of how we have defined physical theories so far, following
the mathematical treatment of [37], let us define topological string theory
on a compact almost Kahler manifold X, called the target space, as a
theory of branes interacting by cobordism. More precisely, the branes are
represented by cohomology classes in H* (X, ), that we suppose such that

HY(X,C) =0 (3-2)

for simplicity. The correlation functions of the theory are called
Gromov-Witten invariants and can be defined as intersection numbers of
certain cycles on the sequence of moduli stacks M g4 (X, ) of stable maps
of a given degree f € Hy(X, Z)/T (T is the torsion), defined for g,M € N
such that 2g -2+ M >0 by

Mg (X, B) = if: 21, 2) — X| f.[Z] = B} /equivalence  (3-3)

2 is an algebraic complex curve of genus g with M pairwise distinct
marked points z,...,2y. Two such maps are equivalent when they have
identical images and are identical on the marked points.

The M-point correlation functions are then defined for any choice of
cohomology classes ¢,...,¢) € H*(X,Q) and integers py,..., pym as
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(Tp, (1) - T”M((pM»gﬁdeffﬂ M(Xﬁ)]mtevf(fpl)w’fl...ev}’;/[((pM)w]lZn (3-4)
where ev; :%g,M(X, p) — X is the evaluation map at the i th marked
point, ¥; d=f c1(&;) is the first (and only) Chern class of the tautological

line bundle &; over %g,M(X, pB) whose fiber over f:(Z;zy,...,2y) — X is
the cotangent plane T X. Finally, since the compactification Mg (X, B)
is made of strata of various dimensions, one cannot define integration
properly in the usual way and we need to introduce the virtual fundamental
class, an element of the Chow ring

Mg (X, BN € A, (Mg (X, P) (3-5)
dim [/ g (X, B)1""" = (1-g)(dim X =3)+ M +(B,c,(TX))

that has the right expected dimension. The correlation functions are
defined to vanish whenever the integrated cohomology class do not have

matching degree.
If now (y; = 1,¥2,...,Yn) is a basis of H*(X,C), with y; € H*% (X, C)
e

(in particular gq; =0 and g, = d), let us define the generating function of
correlation functions, or free energy, in genus g to be the series

oo (. g
g (t,q) = Z Z % Z <TP1(YZ'1)"'TPM(YiM)>g,pqﬁ

def M=Z0 (i1, p1)rmling, pur) BeH, (X, 2)
(3-7)

where the sums over i;’s run from 1 to 7, the sums over p;’s run from 0

to oo, t= {t,’;} i,p are indeterminates and
B — gm... g" 3-8
Q" = (3-8)

is an element of the Novikov ring for f = m; B, +---+ m;[; in a basis
Br,...,B1 of Ho(X,2) [ T.
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The total Gromov-Witten potential is defined by summing over all gen-
era as

F(t,q,¢) = Y BT F,(t,q) (3-9)
e g=0
djf In€(t, q,¢) (3-10)

where we defined the 7-function ¥ by the last equality.

This theory is identified with the topological conformal field theory
obtained by choosing the vector space associated to the boundary circles
to be the Frobenius algebra H* (X, Q). Recall that we assumed the odd part
of this cohomology ring to vanish otherwise we would have had to take
into account its Frobenius super-algebra structure.

In [37] Dubrovin associates to this data a dispersive integrable hierar-
chy by first using the genus 0 free energy %(t, q), satisfying the WDVV
relations, as prepotential to define a Frobenius manifold. Then, as we
shall review in the next chapter, to any Frobenius manifold can be associ-
ated a principal hierarchy of compatible hamiltonian equations to which a
quasi-triviality transformation can be applied to obtain the corresponding
dispersive integrable hierarchy [38].

Its original definition from the A-twisted nonlinear sigma model is far
more involved but a localization phenomenon similar to the one described
before shows that its partition function can be reduced drastically and

eventually coincides with that of the topological conformal field theory just
defined.

4 Integrable dispersive field theories

In [64], Lax defined those integrable systems in which the information
needed to describe the dynamics with respect to a time evolution parameter
t €9 can be encoded in an object called the Lax pair and denoted (£, %).
The Lax operators £ (1) and Z(¢) depend locally holomorphically in the
time variable ¢ and they are typically elements of the space C[X]® «,
where C[X] is the coordinate ring of (or ring of functions on) the phase
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space X and &« is a (non-necessarily finite dimensional) Lie algebra or an
associative algebra endowed with the corresponding Lie algebra structure.

TN e —

Figure 6: Branes interacting by quantum intersection, or cobordism.

They define a Lax pair whenever the corresponding equations of mo-
tions take the form

d
afﬁ(t) =[Z(1), L(1)] (4-1)

Notice that in an infinite dimensional situation, X could be a space of
functions in which case C[X] would typically be the corresponding ring
of differential polynomials and similarly &/ could be a ring of pseudo-
differential operators endowed with the Lie algebra structure coming from
the fact that it is an associative algebra although in this case £ is assumed
to be differential (no negative powers of the formal derivation).

From our perspective, the procedure of the inverse-scattering method
then goes as follows : for a given complex number x € Spec £ < C, consider
the eigenvalue equation

Ly=xy (4-2)
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The Lax form ensures that the eigenvalues x € SpecZ of the Lax op-
erator do not depend on the parameter € 9. Such evolutions are thus
called isospectral.

If o/ is finite dimensional, ¥ will typically take its values in a chosen
vector representation of the associative algebra. If it is infinite dimensional
[13] ¥ will typically be a function acted upon by the pseudo-differential
operators.

In any case, one can define a fundamental matrix solution ¥ therefore
depending on both 1€ 9 and x € SpecZ. It is a function on X x I x &£
valued in G, a compact connected reductive complex Lie group. Notice
that if o/ is a ring of pseudo-differential operators, then ¥ will also depend
on the formal complex parameter on which they act.

We will for simplicity and from now on forget about the X part of the
objects that were used to define the setup, just remember that the objects at
stake may have this additional dependence. It brings no loss of generality
as the whole construction is done at fixed value of the C[X] part and as
such it can be thought of as evaluated at fixed given points in X.

The topology of Spec £ depends on the choice of Lax operator £ and
it carries a complex structure with respect to which W(., #) is holomorphic
at fixed €. . SpecZ together with this complex structure defines a Rie-

0]
mann surface that we will denote X. This will be our notation throughout
the text for the so-called base curve.
In turn, one can choose a t-dependent family of connections {V(#)} e

0 o
acting only in the x € X direction in a principal G-bundle over X and
such that V()W (x, ) = 0, where we now included the x dependence in the
notation for W. Locally these connections take the usual form

V(t) ~dy—¢(x, 1) (4-3)

By studying the connection V with respect to a (once and for all)
fixed reference connection Vi, one can associate [9] a sequence {W,} ens
of so-called correlators that were shown to satisfy constraints called loop
equations, generalizing the constructions of [15], [16]. As we will recall, they
take the form of symmetrizations of the W,’s, with respect to Casimir ele-
ments of the Lie algebra g, that end up having nice analytic properties in
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the variable x € § It was conjectured that when a set of hypothesis called
the Topological Tppe are satisfied (it includes the fact that the correlators

admit topological expansions W, = Y ,.,2872*"

Wg,, in terms of a formal
small parameter € # 0), then the topological recursion procedure [43], [15]
allows to reconstruct perturbatively these expansions. It is a recursive algo-

rithm to compute the wg ,’s from complex geometry of a covering space of

S called the spectral curve associated to the € — 0 limit of the setup. It was
put in practice and proved in [57], [58], [10] for special cases (in particular

5 had genus 0 and g was a matrix Lie algebra).

5 On the use of conformal field theory

A phase transition in a physical system is a transformation of its macro-
scopic properties due the variation of one of its parameters across a thresh-
old. Phase transitions can arise from classical statistical systems in the
thermodynamic limit as well as from quantum systems at zero tempera-
ture. Different phases of a system do not always have different symmetries
but the converse is somehow true, a change of symmetry properties is a
phase transition.

For the classical case of statistical systems admitting thermal fluctua-
tions, phase transitions can be obtained by crossing a certain critical value
with the temperature. They occur in the thermodynamic limit (collective
effects) when the free energy (first order) or its derivative (second order) has
a singularity. If a symmetry breaking occurs, the most symmetric phase is
often the stable one at high temperature.

At the singularity, the renormalization procedure averages over the small
scales to yield universal exponents. They are universal in the sense that they
do not depend on the microscopic structure over which the averaging was
done. Finite size effects can however change the macroscopic behavior even
at critical points. Let us assume their absence.

Second order phase transitions exhibit scale invariance at the critical
points where the transition occurs. Which can often be lifted to a full
conformal invariance. Let us mention the example of critical opalescence
of water at its boiling point where one can easily see that there would be



xxii INTRODUCTION

air bubbles of all sizes if the water recipient did not introduce an upper
length scale.

Quantum phases are quantum states of matter at zero temperature.
They might be described by some microscopic (short-range) Hamiltonian
and two such Hamiltonians will belong to the same class if they yield the
same macroscopic properties for the system, assumed to be described by
some effective quantum field theory.

The quantum fluctuations then might depend on some extra parameters
of the problem and therefore phase transitions can occur.

Take for example the quantum Hall effect. One can show that its large
scale properties are well described by Cern-Simons theory in three dimen-
sions which is known to be equivalent to a conformal field theory located
at the boundary of its physical space, namely a WZW model.

/'\

Figure 7: Classical opalescence of water and quantum Hall plateaux.

In this thesis we will not be dealing with what would happen away from
equilibrium. Indeed, one might expect conformal symmetry to be broken
in that situation, in the presence for example of disorder introducing its
own length scale.

Last but not least, let us mention that conformal field theory appears
naturally in two ways in string theory, the first one being through the con-
formal symmetry of the world-sheet of the string and the second one being
through holography and the fact that, similarly as was mentioned in the
case of Chern-Simons theory and a WZW model on its boundary, quan-
tum gravity theories are expected to be dual to (super-) conformal field
theories.
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6 Plan of the thesis

* In chapter 1, we will recall some mathematical notions that will be
need either for technical support or for inspiration in order to some-
times achieve their generalization. We will describe some features of
the complex geometry first of Riemann surfaces and then of Kahler
manifolds, recall some definitions and results of the theory of (Kac-
Moody) Lie algebras, introduce the notion of Frobenius manifolds and
their relation with integrable hierarchies [38], define the Hitchin inte-
grable system and its realization of the non-abelian Hodge correspon-
dence and we will then end the chapter by some notions of symplectic
geometry and the corresponding methods of quantization.

* In chapter 2, we will study the geometry of the Fuchsian (integrable)
system, defined as a fibration of the moduli space of Fuchsian differen-

tial systems over Riemann surfaces (P — §,V) € Mrycns- To do so, we
will first construct the non-perturbative spectral curve X associated
to a Fuchsian differential system, the correlators W,,’s satisfying the
loop equations and the corresponding homology of cycles 7. It will
be related to deformations 6 € T* .4, .ns and the underlying special
geometry gives a natural conjectural definition of a non-perturbative
7-function of the theory and we will mention how it should relate to
enumerative geometry. What is understood however is the perturba-
tive reconstruction of the correlators by the topological recursion in a
topological regime. This regime consists in promoting the considered
connections to &-connections V. for some small complex parame-
ter € € C* and study the WKB asymptotics of the construction when
¢ — 0. There, a cameral curve X ;40 emerges, associated to the
Higgs field obtained by the limit ®© = lgiil(}(evo —V,). The cameral

geometry allows to define the cameral curve topological recursion recon-
struction procedure. This gives a natural scheme to compute pertur-
batively the generating functions for derivatives of the 7-function of
any integrable hierarchy given in Lax form [8]. We apply this scheme
to propose a spectral curve for the KdV hierarchy. We end the chap-
ter by studying the Topological Type property ensuring that one can
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reconstruct from the usual topological recursion [43] and apply it to
the six Painlevé equations and the (p,q) minimal models of Liouville
gravity [10]

In chapter 3, we turn towards defining the quantum geometry of con-
formal field theories with extended algebras of symmetry given by
W-algebras. We start by recalling basic definitions and facts about
conformal field theories with W-algebra symmetry defined from a chi-
ral spin-one current J valued in a dual g* of a Lie algebra g of ADE
type, including their operator product expansions and Ward identi-
ties. We then define the corresponding quantum spectral curve & and
show that the usual topological recursion procedure allows to recon-
struct the correlation functions with a non-zero number of currents
inserted [5]. We then see that what changes is actually that the initial
data of the recursion has to be defined from the quantum spectral
curve. We then introduce a special geometry ansatz (Seiberg-Witten
relations) [35] to propose a scheme to reconstruct perturbatively chiral
correlation functions of the theory without insertions of currents, that
is M-point correlation functions of Toda lattice quantum field theory.

» We will then conclude and give a list of possible projects for the future.

To conclude this introduction, note that this text is based on the pub-

lished paper [10], the pre-prints [9] and [11] and the articles still in prepara-
tion [12], [8], [13], [5] and [6] that will hopefully be available soon. [9], [10]
and [11] are collected at the end of the text after the bibliography.



Chapter 1

Mathematical preliminaries

In this section we will present in an informal way some needed mathe-
matical material. It is not needed in the sense that we will use all of the
following definitions and results in the developments of this work but rather
because it allows one to get much more context around the objects at stake.
Almost no proof will be given since everything can be found quite easily
in textbooks or in the references that we give here. A few of them will be
given nevertheless when they contain useful insights for what will follow.

1 Complex geometry

11 Complex curves

Definition 1.1 Riemann surfaces
A Riemann surface X is a complex algebraic curve. It is defined as the zero locus
of a polynomial expression of two variables P € C[Ty, T»], that is

2 ={(x,y) €C*|P(x,y) = ) P;;x'y/ =0} (1-1)
def ij

immersed in C?.

Proposition 1.2 Space of holomorphic functions
The only holomorphic functions on a Riemann surface are the constants.

1
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S~
Figure 1.1: A compact Riemann surface.

As a real two-dimensional surface, the topology of the curve is classified
by its genus, an integer g € N such that its first homology group is given by

H,(Z,2)=7% (1-2)

Fundamental theorems

The Riemann-Hurwitz formula helps computing genera of covers.

Theorem 1.3 Riemann-Hurwitz
Let ¥ — X be a holomorphic map. It realizes a finite branched cover. Let

d € N* be the number of sheets of the cover and g, g €N be the genera of§ and
> respectively. They are related by

2¢g-2=d(2g-2)+B (1-3)

where B is the total index of the branch points, that is the sum of the
number of sheets coalescing at each branch point minus the number of branch
points itself:
Definition 1.4 Divisors on curves
A divisor on the curve X is a formal sum of points with multiplicities,

D=n1P1+---+anr (1-4)

ny,..n,€7Z, Py,..,P, € Z. Its degree is the number deg(D) = }_; n;.
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>
4

Figure 1.2: A branched covering.

For any function f on X, denote by (f) the divisor of its poles and ze-
roes counted with multiplicities (positive for zeroes and negative for poles).
For any divisor D on X, let .#°(D) (resp. .#'(D)) denote the space of
meromorphic functions f (resp. forms w) whose poles are at most the
ones specified by D and whose zeroes are at least the ones specified by D
(denoted D < (f) resp. D < (w)).

The Riemann-Roch formula helps computing dimensions of spaces of
meromorphic functions and forms with given zeroes and poles on a Rie-
mann surface in terms of its genus.

Theorem 1.5 Riemann-Roch
Let D be a divisor on a Riemann surface of genus g € N*.

dim .#°(-D) = dim .« (D) + deg(D) — g + 1 (1-5)

Example 1.6 Space of holomorphic differentials
When D = 0, since the only holomorphic functions on X are constants, we get
that the space of holomorphic differentials on X has dimension equal to g.
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Theorem 1.7 Riemann’s bilinear identity
Let (A} i1, 2 be an integer basis of Hi(Z,Z) with intersection product defined

as

EARED ior I (1-6)

for any i,j € {1,..,2g}. Then for any holomorphic one-forms w,w' €
HY(Z,0x), and any generic point z € ,

z=x z=
20 xep(w)

xep(w) 7
_ L (f w)(rl)-- f w'| (1-7)
B 27Ti i,jzl o b d]

where we introduced the notation p(w) (respectively p(w")) for the set of poles
of w (respectively o').

Y Res (w(z) w’) - ) Rg; (w’(z)[ w)
2g

Newton’s polygon

Definition 1.8 Newton’s polygon
Newton’s polygon N(P) associated to the Riemann surface defined by a polyno-
mial P € C[T, T] is the convex hull of the set {(i, j) € ZZIP,-,J- # 0}.

T

PPN

ooc\

Figure 1.3: The Newton polygon of Y3X2+(1+Y+Y? (1 + X+ X%+ X?’) + X4,

>

Proposition 1.9 Critical exponents
In a local coordinate z, generic asymptotic directions of the curve immersed in
C? are of the form (X ~o0 2", Y ~o0 29) with p,q €N such that —g € QU {oo} is
the slope of one of the edges of N(P).
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proof:
In a local coordinate in an asymptotic direction of the curve,

X~o02P
(o,0] 1_
{ y"'oqu ( 8)
for some integers p,q € N. In this vicinity, introducing the number
mp,q:r(rl;?))({ip+jq}, (1-9)
the leading term of the equation defining the curve reads
Pi,j =0 (1-10)

{(L, )EN(P)ip+jg=mp 4}

The sum can’t reduce to one single term otherwise it would contradict
the fact that the corresponding (i,j) pair belongs to N(P). Therefore,
the sum generically contains two terms thus yielding that the straight line
{(i,j) € Z°|my, = ip+ jq} is tangent to N(P), assertion that contains the
wanted result. B

The genus of a Riemann surface can in most case be computed from its
Newton’s polygon but in general, the number of interior points of Newton’s
polygon only gives an upper bound to the genus through the following

Proposition 1.10 g < #]gf (P)
with equality if and only if the singularities of the projectivization of the curve
in P? are non-degenerate and located at (007), (070), (100).

proof:
To prove this inequality we will exhibit a generating family of H'(Z, 0x)

consisting of #](7 (P) holomorphic one-forms.
By differentiating the defining equation along the curve we get the equality

P.dx+P,dy=0 (1-17)
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but generically we can’t have P and P;, vanishing at the same point

t dx _ _ddy
P, = TP
have a pole at any zero of P, (or P either by symmetry) and therefore

(which would correspond to a cusp singularity) so tha cannot

is a holomorphic form on Z. This is the starting point and now, for any
o ) i

(i,j) € Z%, define the one-form w;; on X by w; ;(x,y) = xlyfm. By

the previous argument, this differential form is regular everywhere except

maybe at infinity in an asymptotic direction. In such a direction (x ~
ZP, ¥ ~» 27), in a local coordinate z € C and with the notations of the

previous proposition,

o zP-ldz
. - Siptjq i
w0y A e (1-12)
(i+1)p+jq—1d
- - (1-13)

Z—00 Zmp'q_qkaHq:mp,q lpk,l

As seen before, there are generically two distinct terms (k, ) and (k',1)
in the sum of the denominator for which we know that Py ;+ Py =0. The
condition for [Py ;+ I'Py p to vanish as well is therefore [ = I’ which is
generically equivalent to k = k' and is thus contradicting the fact that there
are two distinct terms. Therefore [Py ;+I'Py y #0 and

(Ui,j(X, J/) _ Z(i+1)p+(j+1)q—mp,q—1 dz (1_14)
—
- (Z/)mp,q—(i+1)p—(j+1)q—1dz/ (1_15)
Z'—0

where we have changed the local coordinate to z' = 2. From this last

expression we can conclude that w;; is holomorphic on X if and only if

(+Dp+(G+1g<mpgy thatis (i+1,j+1) € ]%(P) which concludes the
proof.

Jacobi variety and theta-functions

Definition 111 Symplectic basis of cycles
A basis {t;, Bi}iz,..q of Hi(Z,Z) such that the intersection product is given for
any pair of indices i,j € {1,...,8} by
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&fiﬂ&{jzo, %iﬂ%jZO, and diﬂ%jzéi,j; (1-16)

is called a symplectic basis or a Torelli marking of . It admits a dual basis

.....

w~:6--,f W; = Tii 1-17
i{i j i,j 3, I gop 0 (1-17)

where we introduced the period matrix 1.

Figure 1.4: A symplectic basis of cycles on a torus.

Definition 1.12 Jacobian of curves
The Jacobian variety of X is defined as the g-dimensional torus defined by the
quotient

Jac(Z) b C8/(z8 +1-78) (1-18)

T

0 \

Figure 1.5: The Jacobian of a genus 1 Riemann surface.
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We can embed the Riemann surface Z into its Jacobian Jac(Z) by

Definition 1.13 7he Abel map
The Abel map at a point zy € X is the embedding defined by

Ay 2 — Jac(X)
z '—nszfz()(z):(f a)l,...,f wg) (1-19)

Changing the base point zy amounts to a translation in the Jacobian.

Proposition 1.14 Matrix of periods
T is symmetric and the real matrix ¥ m(t) is positive definite.

This allows for the definition of the following fundamental objects

Definition 1.15 Riemann theta-functions
It is the locally analytic function © defined for any ue C8 by

@(u;r) — Z ezm(m,u)+ni(rm,m> (1_20)

def mezZ8

where <.,.) denotes the canonical scalar product on C8.

It has simple automorphic properties with respect to the period lattice
of the Riemann surface.

Property 1.16 Automorphic of theta-functions
Forany ueC8 and l € 78,

O(u+1l;1) = O(u;1) (1-21)
Ou+t-1;7) = e Mrhh=2rillngy; 1) (1-22)

Definition 1.17 Theta divisors

The divisor of the theta-function is the zero locus of the theta-function in the
Jacobian of the Riemann surface Z. It is a well defined g—1 dimensional
subvariety in Jac(X) thanks to the automorphic properties.
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Definition 1.18 Theta characteristics
It is a point y € C8 such that2y =a+7v-beZ8+1-78. It is said to be odd if
and only if (a,b) is odd. It is otherwise said to be even.

Remark 1.19 A theta characteristic endows a spin structure on X, namely a
line bundle whose tensor square is the canonical bundle of the curve. Indeed,
X has vanishing class in Jac(Z) which is an abelian group isomorphic to the
Picard group of line bundles. This correspondence and the integrality of the
characteristic yield the spin structure.

Definition 1.20 Siegel theta-functions
Let y =5+7 -% be a odd theta characteristic on . The corresponding Siegel
theta-function is the analytic function ©, defined for any u € C8 by

@X(u;r) — Z eZni(m+%,u+§)+ni(m+%,f~(m+§)) (1_23)
ef mezZ8

Remark 1.21 Regularity of odd theta-characteristics
The theta-characteristics such that ©, does not vanish identically are called
regular theta-characteristics. We will assume from now on x to be regular.

Prime forms and twists

Let zp € X be a point on the Riemann surface and let ¢,, be the map that
sends any point z € X to the complex number ¢, (2) = O, (o, (2);T). Py
has exactly g zeroes (including g). Then the holomorphic one-form defined
by

00
h= )Y ( ") w; (1-24)
def ;1. g aui |u=0

has exactly g—1 double zeroes such that Vi is a well defined holo-
morphic spinor and has exactly g—1 simple zeroes. Moreover, let

X iof 3(n+7-m) € C8 be an odd theta-characteristic. Following [45],
e
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Definition 1.22 Fay’s prime form
The prime form &, is the skew-symmetric (—3,—3) spinor defined on the squared
universal cover X x X by

-~ (p)
&P, q) = Pqlp

T (1-25)
def \/h(p)h(q)

It vanishes linearly on the diagonal and nowhere else. For any choice of
coordinates,

Oy(y(p)it)  p-gq

VE(p)R(g) 7~ /dpdqg

It can be shown not to depend on the choice of odd spin characteristics

1+6(p-q)? (1-26)

gx(ﬁ; ﬁ) =

x and we will therefore drop the subscript y from now on.

Remark 1.23 it is not clear from this local definition that the prime form is
indeed defined on the universal cover but one can easily check that although &
has no monodromy around <f -cycles, it satisfies

EP+Bi,G) =EP,q) e 2 AaPithi) g=inTii (1-27)
Jfor any choice of index i € {1,...,g}.

In our following constructions we will need a prime form defined glob-
ally on our base curve and not its universal cover. This is the reason to
introduce a twist. It consists in compensating the 98-cycle monodromies of
& by use of a meromorphic one-form.

Definition 1.24 Twisted prime forms
Let f be a meromorphic one-form on X with vanishing < -cycle integrals

f;%if:O, and Lf%fzé,- (1-28)

27 def
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such that ( d:f €1,...,(g) € CE = (Z8 +7-7Z8). ( is called a polarization

and its required property implies that f has singularities. Define the f-twisted
prime form by

- 06,71 _
Er(p, q)d fé"(p, q) ¢ e Jif (1-29)

3 O, (g (p)iT)
with f;f defined as integrating along the unique homology chain not inter-
secting 4 nor B-cyles with boundary p—q.

Remark 1.25 The dependence in the odd theta-characteristic y was reintro-
duced in the twisted prime form but in all uses that we will make of prime
forms, that is cyclic products of the form &;(p1, p2)---Ef(pn, p1) for a given
number n € N* of generic points py,..., pn € Z, the dependence in y will disap-
pear and the dependence in [ will only be through the polarization {. Moreover,
the skew-symmetry is broken by the twist.

Proposition 1.26 Globality of the twisted prime form
The twisted prime form &y is well-defined (—3,—3) spinor on T with essential
singularities at the poles of the meromorphic differential one-form f of order

> 2.

Theorem 1.27 Fay’s identities
Let n € N* be a positive integer and consider 2n generic points
P1,q1,---»Pn Gn € Z. We have the equality

0y (y, (p1) +¢) _ [1i<;€r(pip)Er(qi q;)

et 1-30
0,() 15irf5”(gf(pi’qj)) IL:;;&r(pirq;) (150)

Remark 1.28 In the genus g = 0 situation, Fay’s identities reduce to Cauchy’s
identity

Det

1<i,j<n

(p 1 ):Hi<j(pi_pj)(qi_qj) 131)

i— 4 IL;,j(pi—q;)
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We also define the evaluation of this twisted prime form on a degree 0
divisor on the Riemann surface D d:fZi a;[pi] to be
e

&r(D) = [[&r(pi,p) "% (1-32)
def i%j

such that when the divisor is taken to be D=p—q, &:(p— q) coincides
with &¢(p, q) for any pair of distinct points (p, q) on the surface.

Klein form, Bergman kernel and third kind differentials

Definition 1.29 Klein form
The Klein form is defined from a twisted prime form &; by the formula

1
B(p,q) = - 133
PO & p )6 a.p) (59

Remark 1.30 The Klein form can be shown as mentioned before to depend only
on the polarization { hence the subscript.

Definition 1.31 Bergman kernel

The fundamental second kind differential, or Bergman kernel By, associated
to the symplectic basis of cycles m = {<f;, Bi}1<i<q, is the unique symmetric bi-
differential such that

f B(Zr'):()) f B(Z,'):(Ui, B(p;CI) ~ dpdq (1_34’)
o Bi

; p~q (p— q)*

for any index i € {1,..., g} and generic point z € X.

It is related to the Klein form by the identity

g
B(p,q) = Be(p,q)-27i Y. (8,1n 0, D) wipl()  (1-35)

ij=1

and as a consequence of this identity, it’s right hand side does not de-
pend on the choice of polarization (.
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Definition 1.32 Third-kind differentials
Given two generic points p,q € Z, define accordingly two corresponding third-
kind differentials to be

e Klein :

ef

p
w?_q(x) =f B¢ (x,-) (1-36)
def Jq
» Bergman :

wP™(x) = f "B(x,) (1-37)
def Jgq
where the integral is once again computed along the only homology chain
with vanishing intersection with the symplectic basis m and boundary equal to
p—q. They are both meromorphic one-forms with a simple pole at p (resp. q)
with residue +1 (resp. —1).

1.2 Kihler geometry

Definition 1.33 Hermitian manifolds
A hermitian manifold is a pair (M, g) where M is a complex manifold and
g is a hermitian metric, that is a riemannian metric on M as a differentiable

manifold which is invariant under the action of the complex structure I. It has
a canonical 2-form called the Kihler form of (M, g) and defined by

It is also invariant under the action of I.

We will write M instead of (M, g) for a hermitian manifold, without
specifying the metric g, whenever no confusion is possible.

Property 1.34 Let Q be the Kihler form of a hermitian manifold M with a
given dimension dimcM = d e N*, then Q" is a nowhere vanishing 2d-form.

Definition 1.35 Kdihler manifolds
A Kihler manifold is a hermitian manifold whose Kihler form is closed.
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Every Kéhler manifold is also a symplectic manifold but the converse
is not true and a general symplectic manifold does not have an integrable
complex structure compatible with the symplectic form.

Definition 1.36 Hyperkihler metrics

A hyperkihler metric on a 4d-dimensional manifold M is a riemannian metric
g which is kihlerian with respect to three complex structures I,] and K that
satisfy the algebraic identities of the quaternions,

F=J"=K* = -1, (1-39)
Ij=-JI = K, (1-40)
JK=-KJ = I, (1-41)
KI=-IK = ]. (1-42)

Corresponding to each complex structure is a Kihler form,

wl(érc) = 8(15»0, wZ(é‘rC) = g(]'f’(): (1)3(5»() = g(Kér(); (1‘4‘3)

and furthermore this set of symplectic (Kihler) forms determines the metric
uniquely. K

N\,

Figure 1.6: A hyperkihler manifold has a CP! of complex structures.

2 Algebras of symmetries

2.1 Definitions and examples

Definition 2.1 Lie algebras
A Lie algebra (g, [.,.]) is a vector space g together with a skew-symmetric bilinear
operation [.,.]: 9> — g called the Lie bracket and satisfying the Jacobi identity
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VA, B,Ceg, [AI[B,Cll+[B,I[C All+I[C,[A Bl =0 (2-1)

we will most of the time omit the bracket and simply write g when no
confusion is possible.

Example 2.2 ¢ Let of be an associative algebra, then [a,b] = ab—ba is a
Lie bracket in o/ and (,1.,.]) is a Lie algebra.

o Let X be a differential manifold and T'(T X) be the set of its vector fields.
For any two vector fields y,n € T(TX), define [x,n] to be the vector field

such that for any function f € C*(X), [x,n(f) = xIn(HI-nlx (. Then
(I'(TX),[.,.]) is a Lie algebra.

o Let V be a vector space and let ¢V — g be an injective linear map into
a Lie algebra g such that (p(V), p(V)] < p(V). Then (V,¢p*[.,.]) is a Lie

algebra. In particular, every subspace of g stable by the bracket with itself
has a Lie algebra structure.

Definition 2.3 Ideals of Lie algebras
An ideal .F of a Lie algebra g is a Lie sub-algebra such that [#,g] c .&.

Definition 2.4 Simple, semi-simple and reductive Lie algebras

o A simple Lie algebra is a non-abelian Lie algebra whose only ideals are 0

and itself.

o A Lie algebra is said to be semi-simple if it has no non-zero abelian ideal.

o A Lie algebra is said to be reductive if it is a direct sum of semi-simple Lie
algebras.

Proposition 2.5 A Lie algebra is reductive if and only if it admits a faithful,
completely reducible, finite-dimensional representation.
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2.2 Lie algebras and Lie groups

Definition 2.6 Lie groups

A Lie group is a differential manifold G with a compatible group structure,
that is a product G* — G and an inverse map G — G that are both smooth with
respect to the differential structure.

Definition 2.7 Interior automorphisms, Adjoint and adjoint actions

* G acts on itself by interior automorphism, that is for any g € G, define
ig € Aut(G) such that for any he G by ig(h) = ghg™".

* G acts on T,G by the Adjoint action, Ad : G — GL(T.G) defined for any
g€ G by Adg = T,ig € GL(T.G).

o T.G acts on itself by the adjoint action, ad: T,G — End(T,.G) defined by
ad = T,Ad.

Theorem 2.8 Cartan
A Lie algebra is semi-simple if and only if its Killing form defined by

K(E,F) d:fTr(adandp) (2-2)

is non-degenerate.

Proposition 2.9 Lefi-invariant vector fields
Let G be a Lie group, e be its identity element and Lo < T'(TG) be the set of its
left-invariant vector fields. Then Lg = T,G and (T,G,|.,.]), where

[A,B] = ad,(B) (2-3)
def

is a Lie algebra. We will denote it g = Lie(G).

To each Lie group G we can therefore canonically associate a Lie algebra
g but the converse is only partially true. Indeed, there exists an application,
called the exponential map and denoted by exp allowing us to associate to
any Lie algebra g a connected Lie group exp g isomorphic to the connected
part of G containing the identity element. It is defined as follows
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Definition 2.10 Exponential map

Let G be a Lie groupe and let g = Lie(G) be its corresponding Lie algebra.
For any element A€ g = T,G. Let us denote by ys: R — G the unique one-
parameter subgroup of G such that y',(0) = A. Then define the exponential map
exp:g— G by exp(A) =ya(1) for any Lie algebra element A € g. Iis image
lie by definition in the connected component of the identity in G and it actually
surjects onto it.

2.3 Root systems and semi-simple Lie algebras

Definition 2.11 Cartan subalgebras
A cartan subalgebra by of a given reductive Lie algebra g is a Lie subalgebra
b g that is equal to its normalizer

h=N(b) ier {E € gladg(h) < b} (2-4)

All Cartan subalgebras of g have the same dimension denoted r = tkg and

def

called the rank of the Lie algebra. Since we assumed the Lie algebra to be
reductive, they are maximal abelian Lie subalgebras.

Remark 2.12 Cartan subalgebras by c g generically correspond to centralizers,
or commutants, of elements of the Lie algebra. Any non-trivial element whose
centralizer is maximal in this sense is called regular.

Let us now assume the Lie algebra to be semi-simple. h acts on g by
restriction of the adjoint representation ad and for any linear form A € ¥,

define

01 = (E€glVH ebady(F) = A(H)E) (2-5)

Lemma 2.13 go="h and for any A, p€b”*, (g1, 9u] € 9r+p-

Definition 2.14 Roots and Weyl group
A root of by in g is a linear form A € b* such that gy #0. Let us denote by R
the set of all roots. It is independent of the choice of Cartan subalgebra.
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Let 1o iot (Sa)rem c Aut(h™) the so-called Weyl group generated by the maps
sy defined for any root A € R by

sp: b* —b°

A, W
po—p—2

LA

A (2-6)

where (.,.) is the so-called minimal bilinear form on h*. Choose a set of
simple roots Ry djf {t1,...,¢,} (an integer basis of the root lattice R). It is then

defined as the unique bilinear form such that (v;,t;) =26, ;.
sy is precisely the orthogonal reflexion with respect to the hyperplane of bh*
defined by A.

Lemma 2.15 The root system R spans b* and it is invariant under the action

of the Weyl group. Namely, ro -R = R.

Proposition 2.16 Dimension of root spaces
For any root A €R, dimgy =1 and {n€ Z|nA € R} = {+1}.

Corollary 2.17 For any L€ R, gy @ [ga,9-1l ®g-1 =s(C)

Theorem 2.18 Construction of semi-simple Lie algebras
i) Let g be a semi-simple Lie algebra, b c g a Cartan subalgebra and ‘R the
corresponding root system. Let Ry = {ty,...,t,} € R be a basis of simple roots
and define the dual basis {H,,..., H,} of by by the requirement v;(H) = Zf((g””g))
forany Heby.

Then g is generated by {E;, F;, Hi}1<i<, required for any i,j € {1,...,1} to
satisfy

* [H;,Hjl =0
* [E;, F;]=0;;H;
* [H;, Ejl =v;j(H)E; and [H;, Fj] = —v;(H;) F;

* (adg,) 1" (g.) = 0 and (adp) "1 (g ) =0
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ii) The previous presentation defines a semi-simple Lie algebra.
iii) This correspondence between semi-simple Lie algebras and reduced root
systems is bijective up to isomorphism.

Definition 2.19 Cartan matrix
The Cartan matrix associated to a set of simple roots Ry = {vy,...,t,} <R is

defined as

K = [k;; = t-(Hi)) 2-7
def( e 1<i,j<r 27)

Lemma 2.20 ‘R is determined by x up to isomorphism and if Ry is another
basis of simple roots of g, then its associated Cartan matrix k' is conjugated to
K.

Figure 1.7: Root system and Dynkin diagram of the exceptional Lie algebra of type Go.

Definition 2.21 Dynkin diagram
The Dynkin diagram associated to a Cartan matrix x of a basis of simple roots
Ro of the Lie algebra g is the graph satisfying the following :

o its set of vertices is Ry

o the number of edges relating v; tov; is n; ; d=f Ki K
e

o ifn;j>1 and |x; ;| =1, then the edges are oriented from v; to t;.
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Proposition 2.22 This construction of the Dynkin diagram is a bijective pro-
cess.

Definition 2.23 Simply laced Lie algebra
The Lie algebra is said to be simply laced if its Dynkin diagram only contains
simple links.

Remark 2.24 This implies that all non-zero roots have same length.

Proposition 2.25 Lie algebras of A, D and E type are simply laced while those
of type B, C, F and G are not.

|
:

Figure 1.8: Dynkin diagrams corresponding to simply laced Lie algebras (ADE).

2.4 Representation theory

Definition 2.26 Representations and group actions
Let G be a Lie group and let V' be a vector space (not necessarily of finite
dimension). A representation of G into V is equivalently defined as a map
p: G — Aut(V), where Aut(V) is the set of automorphisms of the vector space
V, or as the corresponding action GxV — V mapping a pair (g, v) to the vector
p(g)v. We call (V,p) a G-module.

Moreover p pushes forward to a Lie algebra homomorphism p.: g — gl(V)
and we call (V,p.) a representation of the Lie algebra g or equivalently a g-
module.
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Theorem 2.27 Weyl
A Lie algebra g is semi-simple if and only if all its finite dimensional represen-
tations are entirely reducible.

Definition 2.28 Weights of g in a representation
Similarly as we did in the case of the adjoint action of a Cartan subalgebra
b < g on the Lie algebra, consider for any A € g* the eigenspace

Vi djf {veVIVEeg,p(E)v=A(E)v} (2-8)

If V) #0 we say that A is a weight of g in the representation (V,p). Let us
denote by R(p) the set of weights of g in representation p.

Example 2.29 Roots are weights of by in the h-module (g,ad).

2.5 Universal enveloping algebras, casimirs and central extensions

The universal enveloping algebra of a given Lie algebra is in essence an
algebra containing it and such that every true relation will hold in any
representation. It is defined as follows:

Definition 2.30 Universal enveloping algebra

Let g be a Lie algebra. Its universal enveloping algebra % (g) is the smallest
unital associative algebra containing g and such that for any two elements
A,Beg,

[A,B] = AB— BA (2-9)
for the product in U (g).

Proposition 2.31 Explicit realization
For any Lie algebra g,

%) =Pg** [{Ae B-Bs A=[A,Bl) (2-10)
k=0
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Example 2.32 If g is an abelian Lie algebra, then its universal enveloping
algebra is identified with its symmetric algebra ¥ (g).

Remark 2.33 Let us notice that the universal enveloping algebra % (g) pos-
sesses more structure than just that of an associative algebra. Indeed the map

p:g — U@ % g)
E — E®1+1®E (2-11)

satisfies the co-associativity axiom (¢ ®1d) o @ = (Id®¢p) o ¢ showing that
% (g) is a bi-algebra. Without going into any details, it is in fact a Hopf alge-
bra with a unique one-dimensional deformation quantization family (%, (g))q
(with formal complex parameter q) conserving this property. %q(g) is called
the quantum group associated to the Lie algebra g. Although nothing related is
described in this work, the q-deformation of the presented constructions will be
investigated in the near future.

Let p: g — M;(C) be a matrix realization of a Lie algebra g. The trace

Tr and the determinant Det in this representation canonically define two
0

0
applications % (g) — C.

Definition 2.34 Casimirs of a representation

Let g be a reductive Lie algebra, d € N* be a non-negative integer and let
p:9— My(C) be a faithful matrix realization of g. The casimirs of p are
defined as the symmetric maps C,(cp) € Hom(g®*,C), for k€ {1,...,d}, such that
for any A€ g and formal variable y € C,

d
Det(y— A) = Y_ (-D*y**CP (a%F) (2-12)
p k=0
They depend on a choice of representation but we will drop the upper-script
p whenever no confusion is possible.

Proposition 2.35 Casimirs and center of universal enveloping algebras
The casimirs of any faithful matrix realization of a Lie algebra generate the
center of its universal enveloping algebra.
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Remark 2.36 There is an alternative definition of the casimirs {Ci} by use of
differential equations. Indeed, identifying g = g* with its dual a Casimir can
be defined as a function C € C*(g*) that Poisson commutes (for the Kirillov-
Kostant bracket associated to g*, see the later paragraph on symplectic geometry)
with all the others, namely {C,F} =0 for any F € C*(g*). It takes the form of
a differential operator in terms of coordinate variables in g*.

2.6 Affine Kac-Moody algebras

Let g be a reductive complex Lie algebras and (.) a non-degenerate sym-
metric bilinear bracket.

Definition 2.37 Affine Lie algebras

For any complex number c € C, The corresponding affine Lie algebra with central
charge c is defined as a central extension of the infinite dimensional Lie algebra
g®Clt, 1] with one dimensional center Cc

gc=Cceg®Cls,1] (2-13)

where C[t,t7'] is the space of Laurent polynomials in the variable t and the
Lie bracket is defined for any elements Ey,E; € g and fy, f> € C[t,t7'] by

[E1® f1, E> ® [o] = [Ey, B2l ® fifo+(ELEy) I}SOS (fidf) (2-14)

In such a central extension g, there exists a distinguished vector field (or
derivation) 6 = t% € End(g.) which in turn allows to define the associated

Definition 2.38 Affine Kac-Moody algebras

The affine Kac-Moody algebra associated to the affine Lie algebra g, is defined
as the semi-direct product §. = g. x Cd where the extra generator d is defined
by the differential action [d, M] =6(M) for any M € g..

We will come back to Kac-Moody algebras as they will be the start-
ing point to define the generators of the W-algebras of symmetry of the
conformal field theories we will study.
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2.7 Examples of infinite dimensional Lie algebras

Canonical quantization

Let us consider the canonical quantization of a classical particle of mass
m moving in a one dimensional space in some potential V(x) € R[|x|].

Classically, the phase space corresponding to this system is the sym-
plectic space T*R = R* with canonical symplectic structure and symplectic
form w =dp Adx. The energy of a given state (p,x) is E = % + V(x).

Canonical quantization in the Heisenberg picture consists in studying
one-parameter families of non trivial hermitian representations (p)er of @
Lie algebra g containing a non-trivial central element 7z, and two elements
X and P satisfying [P, X] = ihi (quantization of the Poisson structure of
Hamiltonian dynamics). It is called the Heisenberg algebra.

Introducing the notation A; = p;(A) for any A€ g and t € R, we ask that
it has the Ehrenfest time dependence

. dA
i ; = [H,, A/l (2-15)

where we introduced the Hamiltonian operator H = % + V(X) (notice
that in this formulation there can be no explicit time dependence in the
elements of g). In particular this immediately implies the conservations
% = % = 0 such that we will denote (abusively) these elements as 7 and
H respectively. The Ehrenfest equation then rewrites

dA;
h =[H,A 2-16
l dr [ ] ( )
Property 2.39 Isospectrality
Forany Aeg, teR and k e N,
d
—TrAF=0 (2-17)

dr

Corollary 2.40 For any A€ g, Det(A,) is a constant.
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We will from now on assume that Det(%) # 0. Furthermore, Ehrenfest
equation applied to X and P gives

dx, 1 P? P, dr, 1 ,
At ihizm =g, md gy V&P (X0 (2-18)

where we can formally recognize the equations we would have expected

from Hamiltonian mechanics at the classical level by making the replace-
ment %[., J—1{., .} to extract the Hamiltonian dynamicswe shall describe
in the next section.

Proposition 2.41 Infinite dimensionality of p
For any t € R, p; is infinite dimensional and i acts as a constant scalar.

proof:

The Heisenberg algebra admits a unique (up to isomorphism) faithful 3
dimensional minimally non-trivial nilpotent representation in the space of
upper triangular matrices given by

(aP+pX+iyh)— (2-19)

o o o
o o 9
o™=

This shows that any non-trivial hermitian representation of the Heisen-
berg algebra has to be infinite dimensional. The fact that 7 acts as a scalar
is then a consequence of the Stone-von Neumann theorem. B

The Virasoro algebra

The Virasoro algebra is the Lie algebra of the group of conformal (or
holomorphic) transformations of the plane. It is the fundamental algebra
of symmetries of conformal field theories. We will not elaborate too much
on these for now but simply state that they are quantum field theories in
which the symmetry algebra contains the following

Definition 2.42 Virasoro algebra
For any complex number c € C, the Virasoro algebra with central charge c is
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the infinite dimensional Lie algebra generated by the family (L)) ez of elements
satisfying the following commutation relations

(L Ln) = (1= 1) Ly + =10 =18 r1mg (2-20)

Let us notice at this point that the Virasoro algebra contains an s/,(C)
subalgebra generated by (L_;, Lo, L).

As is usual in physics, the information of the possible field content of
a quantum field theory endowed with certain symmetries is contained in
the representation theory of the corresponding algebra. We will come back
to conformal field theories in 2D later on when exploring an associated
quantum geometry.

3 Symplectic geometry

3.1 Symplectic structures

Definition 3.1 Symplectic manifolds

A symplectic manifold (X,w) is a holomorphic complex (resp. smooth real)
manifold X endowed with an exact skew-symmetric non-degenerate holomorphic
(resp. smooth) two-form w.

Being non-degenerate, a symplectic form induces a smooth bundle au-
tomorphism of TX. Allowing to introduce the following

Definition 3.2 Symplectic orthogonal

Let (X,w) be a symplectic manifold, then the symplectic orthogonal of a distri-
bution @ c TX, that is a holomorphic (resp. smooth) subbundle of TX with
constant dimension k over X, is defined as 91 =Ker w(2,.).

Theorem 3.3 Darboux

Let (X,w) be a symplectic manifold of dimension 2d € N*. There exists an atlas
of X (Darboux atlas) in which w is the pullback of the standard symplectic form
on C*? (resp. R*?). We write it in local coordinates (q;, p;) € X as

d
de, Adg; = (3-1)
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where we introduced the Liouville 1-form a = Y% p;d q;. Such coordinates
are called Darboux coordinates.

For any vector fields y,y on X, denote by i, the interior product by (or
insertion of) y, L, the Lie derivative in the y direction and [y, ] the Lie
bracket of ¥y and ¥ such that

L, = iyd+di, (3-2)
iy = Lyly—iyly. (3-4

Definition 3.4 Canonical transformations
Changes of Darboux coordinates are called canonical transformations.

Assuming that the variety X is compact and connected implies that

Property 3.5 de Rham cohomology classes
For any ke {1,...,d}, [w*] € HZ’;(X) is nonzero and the de Rham cohomology
class (0] generates the one-dimensional vector space H>%(X).

Definition 3.6 Hamiltonian vector field

Given a symplectic manifold (X,w) and for any function H € H°(X,C) (resp.
C*(X)), there exists a unique vector field yp on X such that for any other vector
field Y on X,

dH(Y) = o(rmY) (3-5)

It is called the Hamiltonian vector field associated to the function H. The
converse remains only locally true, for any vector field y on X, there locally
exists around each point a function H such that for any other local vector field
v, dH(y) = w(y,v). His called a Hamiltonian of y. Moreover, (X,w, H) for
any choice of smooth function H will be called a Hamiltonian manifold.

Definition 3.7 Poisson bracket

Let (X,w) be a symplectic manifold, then the Poisson a bracket is the bilinear
antisymmetric operation on functions on X defined for any f, g € H*(X,C) (resp.
C™(X)) by {f, 8 =w(xs xg) € H'(X,C) (resp. C=(X)).
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3.2 Symplectic actions of compact Lie groups

We will from now on only consider complex symplectic manifolds.

Definition 3.8 Moment map

Let g be a finite dimensional Lie algebra. Suppose that it the Lie algebra of a
connected compact Lie group G = exp g acting on a symplectic manifold (X, w)
by isometries that preserve w. If all the fundamental vector fields corresponding
to this action are Hamiltonian vector fields, then define a moment map to be
an equivariant application p: X — g* defined for any x € X and E€ g by
W(x)(E) = f(x), where [ is a Hamiltonian of the fundamental vector field of
E.

Notice that without the equivariance requirement, a moment map would
be far from unique. Indeed, there would be as many possibilities as there
are choices for the Hamiltonian representations of the fundamental vector
fields of the Lie algebra. In this situation, since two Hamiltonians of the
same vector field differ by a constant, this amounts to an affine line of
Hamiltonians for each independent direction in g, in turn the space of
moment maps is of dimension dim g.

Given a moment map p, the group G acts on both the definition space X
and the target space g* via the coadjoint representation. The equivariance
of p is the fact that this map intertwines between the two actions. It reads

p(g-x) = Ady pu(x) (3-6)

for any elements x € X and g € G and requiring this property fixes the
integration constant.

Moreover, it yields that the level set pol{oy) is preserved by the action
of G and if this action is free and proper, the quotient x~*({0}) /G will be a
smooth manifold. In general, it may only be an orbifold (the generalization
of a manifold where the data of local finite automorphism groups is added).
In turn we have the following

Theorem 3.9 Marsden-Weinstein’s symplectic reduction
If L1 ({0) /G is a manifold, then it is symplectic.
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The usual notation for the symplectic manifold thus obtained is

pt{on//G.

Example 3.10 When X = T*R" and G =R" acts by affine translations, the
moment map is the linear momentum and the symplectic reduction is the space
of constant momenta R".

CoAdjoint orbits

Definition 3.11 CoAdjoint action and orbits
G acts on the dual of its Lie algebra g* by the coAdjoint action Ad™ defined for
any g€ G, E€g” and E€ g by [Ad; EI(E) = E(Adg-1 E). We will denote by
Ad(, E the corresponding orbit of an element = € g*.

By differentiation, it descends to the coadjoint action of g on g* defined for
any E,E'€ g and € g* by [ad}; E](F) = —=((E, E')).

Denote by & (g*) the set of smooth functions (not necessarily linear) on
g*. For any F € #(g"), its differential dF € Hom(g*,C) can be identified
with an element of g, thus leading to this next

Definition 3.12 Kirilov-Kostant bracket
For any F,G € Z(g") define their Poisson bracket to be the function denoted
{F,G}xk € Z(g") and defined for any Z € g* by

{F, Gk (B) = E([dFEAG]) (3-7)
Property 3.13 The Kirilov-Kostant bracket is in general degenerate.

Example 3.14 If the structure constants of the Lie algebra g are totally anti-
symmetric, then the function = — Z* =Y ,Z2 Poisson commutes with every
element of F (g*).

Proposition 3.15 Center of the Kirilov-Kostant bracket
The center of {., }xx consists in all the Ad” -invariant functions.

Corollary 3.16 Coadjoint orbits are symplectic
The Kirilov-Kostant bracket is non-degenerate on any coadjoint orbit.
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3.3 Hamiltonian actions of loop groups

Definition 3.17 Loop groups and loop algebras

Let g be a reductive complex Lie algebra, G its associated connected Lie groupe
and let X be a Riemann surface. The corresponding loop group at a point zy€
is the group of invertible G valued power series expansions around z = zy. Let
us denote it by £, G. Its elements are regular series g({) = Y37, g(tin a
local coordinate { around z = zo. The product law is given by the pointwise
product (gh)() = g(QOh({) for any g, h € £,,G. Accordingly, its Lie algebra
L8 consists of Lie algebra valued power series of the form M () = X5, Mi(*.
The corresponding Lie bracket is given by the pointwise Lie bracket.

Property 3.18 Linear dual of the loop algebra

Given a faithful representation p of g, the linear dual £} g = (L,,9)" of the
loop algebra at the point zo € T can be identified with the set of polar Lie
algebra valued elements Z() = Y, Zx("F, where the sum contains a finite
but arbitrary large number of terms, by the pairing

(E,M) = Tr(Res E(C)M(C)) =) Tr(EeaXp) (3-8)
p =0 kez P

for any two elements Z € L 9, M € L, 9, where the residue is defined as
taking the coefficient of (™' and the last sum is actually finite.

The coAdjoint action of g € £, G on Z € £ g is defined as usual for any
M e Z, g by [Adz =(M) = :(g_lMg) which by invariance of the pairing
(.,.) (following from the cyclicity of the trace) yields

Ad;E=(gE2g™)- (3-9)

where (.)_ indicates that we keep only the polar part of the expression.

3.4 Liouville integrability

Definition 3.19 Liouville’s integrability
Let (X,w, H) be a Hamiltonian manifold of dimension 2d € N* and consider
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the one-parameter dynamical system y' = y*xu defined by the Hamiltonian
flow of H with unknown curvey:1cR— X. We will say that it is Liouville
integrable if and only if there exists a set {Fy,...,Fg} of d independant smooth
functions on X conserved by the dynamics and in involution. That is for any
pair of indices i,j €{1,...,d},

{H,F}=0 and {F;,F;}=0 (3-10)
where {.,.} is the Poisson bracket associated to the symplectic form .

Proposition 3.20 Hamilton’s equations
In any set of Darboux coordinates (p,q), denoting y(t) = (P(t),Q(1)) for any
t € I, the differential equation y' =y yy is equivalent to Hamilton’s equations

dp; OH
T = o BQ (3-11)
dQ;  0H
a - ap B9 (3-12)

forany je{l,...,d}.

Theorem 3.21 Geometric interpretation

Such a Liouville integrable system on (X,w) defines a Lagrangian foliation
X — C4 (resp. R?) whose fiber over any vector f = (fi,..., fa) € C? (resp. RY)
is the level manifold defined by

Xy = (xe XIVie(l,...,d}, Fi(x) = fi (3-13)

proof:

The only thing to prove is that X is indeed a Lagrangian submanifold
of (X,w) for any choice of f. Let y; be the Hamiltonian vector field associ-
ated to F; for any index i €{1,...,d}. From involutiveness of the conserved
quantities we get that these vector fields are tangent to the manifold. In-
deed, this is equivalent to y;(F;) = {F;, F;} = 0. Therefore, since the F;’s are
assumed to be independant functions, the tangent space to Xy is generated
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by {xi, i €{l,...,d}}. In turn, w(F; F;) = 0 implies a)IXf = 0 which is the
wanted result. l

In particular, denoting by a a Liouville 1-form such that da = w, its
restriction to Xy is closed and for any x;, x; € X, f;lz ale is a well defined
number.

Definition 3.22 Generating function of canonical transformations
For any f € C? (resp. R?) and points x1,x, € Xy, define the corresponding
generating function to be the number

X2 g. d
S(f,xz;xl)djff alx, = | Y pilf,9)dgi=S(f,q; qo) (3-14)

1 q =1

where the integration path lies in Xy and the last two equalities are loosely
written in Darboux coordinates such that q(x,) = q, and q(x;) = q, assuming
that we can invert the relations F;(p, q) = f; into functions p;(f, q). Moreover,
define y; = O%_S(f, X2; X1) for any je{l,...,d}.

Theorem 3.23 Equations of motion
Introducing the classical action

%3
Scl[y]d fa—ft Y H()dt (3-15)
Y 1

of

for any continuous path y: I = [t, 1] — X starting from y(t)) = x; € X
and ending at y(t,) = x, € X, it is extremal for paths satisfying Hamilton’s
equations.

We do not prove it here but just say that is follows from the Euler-
Lagrange equations associated to an integral functional. It sits at the
foundation of classical mechanics. We now get to the main result of this

paragraph
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Theorem 3.24 Liouville
Any Liouville integrable system is solvable by quadrature.

proof:

Starting from a set of Darboux coordinates (p, q), the change of coordi-
nates (p, q) — (f, ) is a canonical transformation in which the dynamical
equations of the position variables will be particularly simple. Indeed, by
definition of the generating function S we have dS = Z?zlw jdfj+p;jdgq;
and exactness of this 1-form implies

d d
d*S=0=-) dy;Adfi+) dp;Aadg; (3-16)

j=1 j=1

In turn, with loose notations, Hamilton’s equations now read for any

jefl,...,d},

dfj _ _

_dt ={H,F;} = {H,F;}=0 (3-17)
dw]' _ _ 0H _

— =y} = S 7 = Q;(F) (3-18)

where Q;(F) is a constant for all j. B

3.5 Noether’s theorem

Liouville’s theorem ensures that when studying Hamiltonian dynamical sys-
tems, finding conserved quantities can be decisive in the process of finding
the solution to the problem. The next natural question is then whether one
can find enough of these conserved quantities when given such equations of
motion. Unfortunately the result is no in general. Noether however brought
some positive answer.

When our problem posesses some coninuous symmetries, namely when
the symplectic action of a Lie group generated by independent vector fields
commutes with the Hamiltonian flow, then we have a conserved quantity
for each of these independent vector fields.
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Theorem 3.25 Nwther

Consider the symplectic action of a Lie group G on a symplectic manifold
(X, w) with Liouville one-form a = pd q (in a set of Darboux coordinates). For
any smooth pathy : I — X, let us introduce the associated Lagrangian function

d
£ =y p—y'q-y'H 3-19
Yaep L P 477 (3-19)

defined on 1 i (11, t2]. Suppose there exists a function K such that for any
e
g € G, and any smooth pathy:1— X,

dK
§ (1) = L0+ — (3-20)

then any choice F,...,F, of functions such that the corresponding Hamilto-
nian vector fields x, ..., xr coincide with the fundamental vector fields associ-
ated to a basis E,...,E, of g = Lie(G) yields r = vk g conserved quantities in
involution.

Corollary 3.26 Enough symmetries imply integrability
With the hypotheses of last theorem, if r =tk g = d then the system is Liouville
integrable.

Liouville’s and Neether’s theorem sit together at the foundation of mod-
ern theoretical Physics.

4 Frobenius manifolds and integrable hierarchies

A Trobenius manifold as introduced by Dubrovin and Zhang [38] axioma-
tizes the structure that physical parameters’ spaces should bear. An under-
lying notion is the one of a Frobenius algebra which is the mathematical
counterpart of the algebras of scalar fields as they appear in field theories.
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4.1 Physical Motivation

Here we show formally that whenever correlators are defined in a physical
theory, some particular structure emerges on the corresponding space of
parameters.

Consider a physical system in which observable {¢}ie; fluctuate. Solv-
ing the theory consists in determining all correlation functions of the type
(bk,---Pr,), ki,..., ky € I, that is computing the amplitude of probability
for the fields to simultaneously have given values at given points of the
manifold. We arrange them into a formal generating function of an infinite
set of formal variables {f;}c; called times (or coupling constants).

Definition 4.1 Partition function
Denoting t = (ti)kes, let Z € C[[t]] be the generating function, called the parti-
tion function of the theory, of all such correlation functions

Z(t) = <exp (Z tkc/)k)> (4-1)

kel
S fexp (Z tkqbk) (4-2)
kel
It is a generating function in the sense that
0"Z
=—F(t=0 4-3
(P, --- Pr,) atkl"'atkn( ) (4-3)

Now consider the parameter space M = {t = (fx)re;}. The data of a
partition function Z implies the following

* A flat metric is defined on M by the formula

N0, 01) = {Prp1), (4-4)

* An operator algebra structure is defined on any of the tangent spaces
to M by the totally symmetric tensor

¢(0y,,04,04,,) = (PrP1Pm) (4-2)



36 CHAPTER 1. MATHEMATICAL PRELIMINARIES

4.2 Frobenius structures

The first structure to introduce here is the one of a Frobenius algebra,
characterizing tangent spaces to Frobenius manifolds. Following [38]

Definition 4.2 Frobenius algebras

A Frobenius algebra A is a commutative, associative unital algebra (over C) of
finite dimension dimcA < oo together with a non-degenerate symmetric bilin-
ear form denoted 1: Ax A — C satisfying n(uv, w) = n(u,vw) for any three
elements u, v, w € A.

Property 4.3 A Frobenius algebras admits the following
* a projection onto C defined by A— Clu—n(u,1)
o a dualilty isomorphism A: A— A*u—n(u,.)

o a comultiplication p defined as the only map making the following dia-
gram commutative

A—E- A0 A (4-6)

| e

AL AT @ A
where m* is the dual map to the usual multiplication. In any basis

{e1,..,eqimca} of A, and for any a € A

dimcA ) )
p@ = Y nlaeer)nne e, (4-7)
a,b,i,j=1

where we introduced the inverse matrix notation M) 4, = (e, eb));lb.

Definition 4.4 Frobenius manifolds
A Frobenius manifold is a complex manifold whose tangent space at each point
is endowed with the structure of a Frobenius algebra such that

o 1) defines a flat metric on M,
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o the unity vector field e is covariantly constant w.r.t. the Levi-Civita con-
nection V of n,

o if c(u,v,w) =n(u-v,w), the 4-tensor (V,c)(u, v, w) is symmetric in the
Sour vector fields u, v, w, z,

o there exists a vector field E such that V(VE) =0 and the corresponding one-
parameter group of diffeomorphisms acts by conformal transformations of
n and rescalings on tangent spaces T;M for t € M.

The associated deformed (or Dubrovin) connection is then defined to be
the symmetric connection

?u(z)vdz Vuv+zuxv (4-8)

ef

depending on the complex parameter z.

Theorem 4.5 Prepotential [Dubrovin-Zhang]
Identical flatness in z € C is then equivalent to the existence of a function
Fo: M — C, the prepotential, such that

1(8q x 8p,0,) = 0400, Fy (4-9)

here 0, = aa% with (0%)1<q<a a basis of flat coordinates for V (i.e. such that

d0%’s are nowhere vanishing flat sections).

Proposition 4.6 WDVV equations
The associativity of the Frobenius structure is equivalent to the set of equations

F ., 0K R ., 0K
R DL D DT T DO D I T D TR
for the prepotential. They are called the WDVV equations on the Rieman-
nian manifold (M, n).

(4-10)

Corollary 4.7 Alternative definition
If Fy is a solution of the WDVV equations on (M,n), then it endows M with a
Frobenius manifold structure.
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4.3 Integrable hierarchies

The principal hierarchy associated to the Frobenius manifold M is a hier-
archy of partial differential systems linear in derivatives (so-called hydro-
dynamic type) for an M-valued function v(t) = (v%(t));<4<4 of an infinite

set of times t = (t“P)1<4<a,
p=0

Orar VP = (Ca )00, (4-11)

where (Ca,p)f are some matrix coefficients and x = ¢?, called the cosmo-
logical constant, plays a special role as it will be considered as the variable
on which the unknown function depends and the other times are viewed
as parameters. As a consequence, introducing the loop space Z(M) of
M-valued functions v(X) and the Poisson bracket

w0, v ()} =n*Ps' (X - V), (4-12)

this system has Hamiltonian form

0ar VP (X) = (P (X), Hy, b, (4-13)

where the Hamiltonians are of the form H, , = [ hap+1(v(X))d X with
Hamiltonian densities such that h,(v,z) = Z‘;O:O ha,p(v)zp coincide with
flat coordinates {g(z)a}lsasd of the deformed connection V(z). These
Hamiltonians commute pairwise. Then defining the density of flux of the
Hamiltonian H, ,_; along the flow t79, denoted fy s, by the equation
069 Na,p = Ox fa,p;p,q4 allows to define the

Definition 4.8 7-function of the principal hierarchy

1
FO=logrV) =7 Y f®appqt@P 7. (4-14)
a,p
B.q

F is the corresponding tree-level free energy.



b. HITCHIN SYSTEM AND MODULI SPACES OF FLAT CONNECTIONS 39

All known integrable hierarchies admit such a principal hierarchy
as semi-classical (or dispersionless) limit and conversely, so-called gquasi-
triviality transformations introduce a dispersion parameter back into a
principal hierarchy [38]. They are Miura-type deformations of the cor-
responding Poisson pencils.

We will argue in the following that some of the quasi-triviality trans-
formations turning dispersionless into dispersive integrable systems can be
realized by the topological recursion of [43]. They are the ones given in
a Lax form corresponding to very special solutions of the associated loop
equations, in the spirit of [16] and [39]. We will accordingly give a sim-
ple scheme of study using WKB techniques expected to work away from
semi-simple points.

5 Hitchin system and moduli spaces of flat connections

51 Geometric setting

In 1986, N. Hitchin was studying the condition under which a connec-
tion in a principal differential G-bundle over R, where G is a compact
connected Lie group, written as A = Z?=1 A;d x;, has a self dual curvature
tensor F =d A+3[A, Al =¥, F;jdx;Ad x;, that is satisfying the Yang-Mills
self-duality equations * F = F|ps where * is the Hodge star operator [55]. He
assumed furthermore that the connection potential A did not depend on
the coordinates (x3,x4). This translation invariance in half the directions
has no clear physical interpretation a priori (though intuition for two di-
mensional systems lie in condensed matter). Indeed, imposing translation
invariance in one direction yields instanton solutions related to magnetic
monopoles. Going one step further and considering solutions with trans-
lation invariance along two independent directions will in term lead to a
conformally invariant theory on a Riemann surface.

Introducing the complex parameter z = x; +ix, over the complex plane
and changing variables to
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A —iA A +iA
D d:f Aldx1+A2dx2=lled(x1+ix2)+1—lzd(x1—lx2)
(5-1)
= D"+ Dp% (5-2
Az — 1A,y .
= ————d(x;+1ix) 5-3
P oder Ty catie 5-3)

he obtained the following

Theorem 5.1 Hitchin’s equation
The Yang-Mills self-duality equations are in this case equivalent to the following
system:

Fp+(p,¢'l = 0 (5-4)
D¢ = 0 (5-5)

where Fp is the curvature associated to the 2-dimensional connection D, T is
complex conjugation and D* acts on ¢ by partial covariant derivation.

Proposition 5.2 Let S be a Riemann surface and denote by My iot {(D, ¢, W)}

o
the moduli space of solutions to the Hitchin equations on X taken together with
a hermitian metric on the surface, it is diffeomorphic to the Dolbeau moduli
space Mpoi ior {(B.)} of Higgs pairs, that is stable holomorphic principal G-

bundle over X together with a Higgs field ¢ € H*(Z,Ad(P) ® Ko), where K is the
canonical bundle functor. Mp,; then comes equipped with a complex structure

o
that we will denote I and coming from that of Z.

5.2 The Hitchin system

When g = gl,(C), it is usual to associate to a Higgs field its spectral cover,
the family of characteristic polynomials of the values it takes over the base
curve. For general finite dimensional reductive Lie algebras, taking the
determinant requires to choose a representation and the whole construc-
tion therefore depends upon this choice. In [36] was understood that a
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generalization of the spectral cover, namely the cameral cover, was more
fundamental and independent of a choice of representation.

Here we introduce the Hitchin fibration [55], it is the mathematical
framework that will describe the moduli space of possible classical (or
€ — 0) limit. To emphasize this fact we will from now on denote Higgs
fields by ®© instead of ¢. It will indeed appear as the limit of the difference
of two e-connections when € — 0.

Let g be the finite-dimensional reductive complex Lie algebra of a con-

Y
nected Lie group G, and choose a complex curve Z, with genus § and
M € N punctures such that the stability condition 2 §—2+M > (0 is satisfied.

Definition 5.3 Hitchin’s fibration
The Hitchin system [55] is the algebraically completely integrable system defined
by the so-called Hitchin fibration

0 Mpol —»@df@HO(z K2%) (5-6)

(DY) — (01(@9),...,0,(@7)) (5-7)

where d; is the degree of o; in a basis 01,...,0, € Clgl® of Ad-invariant
polynomials. This map, sometimes also called the abelianization of the Hitchin
moduli space, has fibers that are Lagrangian polarized abelian varieties (so-
called distinguished pryms), thus defining an algebraically completely integrable
system.

5.3 Cameral covers

Let h = g be a Cartan subalgebra of g and denote the associated Weyl
group by the symbol tv c Aut(h*). By Chevalley’s theorem, the restriction
of polynomials yields an isomorphism Clg]® = C[h]"™, thus identifiying G-
invariant polynomial functions on g with tv-invariant polynomial functions
on the subalgebra b.

In turn, twisting the quotient map h* — h* /w by the canonical bundle
yields a tv-Galois cover my, :h* ® K§ — [h*® Kg]/m, the image of which is
isomorphic to the Hitchin base [h* ® Kg]/m ~ .
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Definition 5.4 Cameral cover
The cameral cover associated to any regular point b € B,.q of the Hitchin map
is then defined as the fiber ), = ' (b) c h* ® Ko and projecting onto the base

o
induces a vo-Galois cover Z, — Z, where the Weyl group acts naturally on the
first factor by what we choose to be a right action.

If R, = b” is a set of simple roots, then for any a € R, and any point
b € 2 in the base, evaluation by the Chevalley basis element E, dual to the
simple root a defines a projection p,: 2, — Ko whose image is realized

(0]
as a Lagrangian immersion that we will denote p,(Zp) = F o < T*2.

7 [0
32 Py 2 THE
>

Definition 5.5 Spectral curve

For a generic cameral cover and a generic pair of simple roots o, € R, the
curves o and Fp 5 have the same desingularization that we denote S}, and
that we shall call the underlying spectral curve. The various projection maps
introduced here are equivariant in the sense that for any y € X}, and a, B € *R,,
Pa(¥) = Po,pa(0ap:y), where we denoted the element of the Weyl group acting
as the transposition exchanging the simple roots a and f by 0,5 € o < Aut(h*).

Definition 5.6 Branch points
The set of branch points br(Z;) of this covering map is the set of points a€ X
that are fixed by the action of a Weyl group element, that is

br(Z,) d:f {aeXy| doew, 0-a=a} (5-8)

Remark 5.7 The fiberwise group action of a Galois cover being transitive, all
the preimages of a given basepoint are alike in the sense that either all the points
of a fiber are ramification points or it contains no branch point at all.
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At one of these branch points a € br(Z;), generically simple, one has a
unique order 2 Weyl group element o, € tv that fixes it.

In the case g = gl,(C) in its fundamental representation, these evaluation
correspond to the coefficients of the characteristic polynomial, valued in
the ring of differential forms over the curve, seen as sections of the tensor
products of the canonical bundle over X~ with itself, they can be collected
in Det(y — ®©) € 2 where y is a formal variable.

5.4 Deformation of Higgs bundles
Let us denote by % .M the moduli space of stable holomorphic principal

0
G-bundles P over stable curves Z of genus §e N with M € N punctures,
that is such that 2 —2§— M <0, up to isomorphism. It is a bundle over
the corresponding moduli space of stable curves /%§ v+ We then have the

following

Proposition 5.8 The Hitchin moduli space via cohomology
The fiber of the deformation s[)ace the total space of the cotangent bundle,

T* OZZ oM over a point P — Z €U oM is zsomorphzc to HO(Z Ad(P) ®Ko)

proof:

Isomorphism classes of holomorphic principal G-bundles are uniquely
determined by isomorphism classes of transition functions on charts and
that are valued in G. These transition functions should satisfy inverse,
cocycle and restriction relations such that their isomorphism classes define

unique elements of H! (g, G). This correspondence is a biholomorphism
and by deformation (in this case going to the tangent bundle) yields that, for

any choice of principal bundle P — § €U .o Tp% Gom = Hl(g,Ad(P))
which allows to conclude by Serre duality and identifying Ad(P) = Ad(P)".
|

In this study, we will thoroughly rely on the fact that the Hitchin system
is very closely related to the moduli space of meromorphic connections in
principal G-bundles over curves. When describing the geometry of Fuch-
sian differential systems we will count the following dimension.
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Proposition 5.9 Generic dimension of a fiber of the Hitchin map
Considering Higgs fields with at most simple poles at the punctures (so-called
Fuchsian case), we have

0 1
dim H'(Z,Ad(P) ©Ky) = 5 (28 —2 + M) dim g — Mtkg] (5-9)
where vk g is the dimension of any Cartan subalgebra of g.

In the special cases where the Lie algebra of the structural group is g =

s, (C) with no punctures (in particular with g=>2and globally holomorphic
Higgs fields),

dim Mpo = 2(r*-1)(g—1) (5-10)
dim H°(§,Ad(P)®K§) = (rP-1(Eg-1 (5-11)
dim 2 = (*-1(Eg-1) (5-12)

5.5 Non-abelian Hodge correspondence

Mpo; = T U G.aM is the total space of a cotangent bundle and therefore
comes equipped with a natural symplectic structure such that in particular
it is a Poisson manifold. Moreover,

Property 5.10 .#p,; has a natural hermitian metric for which it is a Kihler
manifold.

Property 5.11 The natural metric on Mpo; is hyperkihler.

We now relate the moduli space #p, to Mg, the moduli space of
holomorphic connections in G-bundles over stable curves with genus g

o
and number of punctures M satisfying 2g -2+ M > 0.

Proposition 5.12 Connection counterparts to Hitchin pairs
Mpor is diffeomorphic to M yp.
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5.6 Relation to integrability

Recall that the Hitchin map .#p, — 28 sends a Higgs field to its spectral

invariants.

Definition 5.13 Vertical deformations
Families of element in Mpo; that have the same image by the Hitchin map will
be called vertical, or isospectral, deformation families of Hitchin pairs.

Theorem 5.14 Integrability of Hitchin systems

The Hitchin map induces an abelian Lagrangian fibration of Mo in which
the Hamiltonian flows with respect to the (Poisson commuting) spectral invari-
ants are integrable isospectral deformations of Hitchin pairs.

Remark 5.15 Although we are not proving the theorem here, we just note that
in this formalism, the Poisson commutation of the Hamiltonians is a rather easy
result to get. Indeed they are the spectral invariant functions of the Higgs field
and therefore do not depend on a (polarized) half of a Darboux set of coordinates
on Mpoi, namely the dependence on the moduli of the principal bundle. In turn,
their Poisson brackets vanish.
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Chapter 2

Geometry of the Fuchsian system

We have argued in the introduction that in order to study integrable sys-

tems given in convenient Lax pairs, we would consider a corresponding
o
G-equivariant local system on a base Riemann surface X. These are in

one to one correspondence with connections V in principal G-bundles P
over the same curve, where G is a connected complex reductive Lie group.
This space of connections is an affine space and we will pick a reference
holomorphic connection V.

For the time being, we abstract ourselves from the underlying Lax for-
mulation and consider the triplet (P V,,V) allowing to associate to any
choice of faithful representation p: g — gl;(C) [9] a sequence {W,} en>

o

of so-called correlators defined on a bundle £ — 2. They will be shown
to satisfy constraints called loop equations [16], [30], [15], [9]. These take
the form of symmetrizations of the W,,’s, with respect to Casimir elements
of the Lie algebra g in some representation and they end up having nice

o
analytic properties in the variable x € .

From these correlators we will associate a notion of cycles to > that

will allow to describe deformations of ® iot Vo —V and derive special ge-
e

ometry relations of Seiberg-Witten type [11], [I2]. This construction is to
be understood as introducing dispersion into the Riemannian geometry
of complex curves, generalizing it non-perturbatively. The space of cy-
cles carries a symplectic structure such that to any Lagrangian subspace
of cycles one can associate a 7-function. We conjecture that when the
triplet (P, Vy,V) comes from an integrable hierarchy, then it coincides with

47
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its non-perturbative 7-function as defined in [38]. To motivate solving the
loop equations let us mention that it was shown in many cases [21], [23]
that generating functions for derivatives of the 7-function with respect to
the various times of the hierarchy take the form of correlators {W,},ens.
When a set of hypothesis called the Zopological Type are satisfied (includ-
ing in particular the fact that the correlators have to admit a topological
expansions of the form W, =3 .., 82g—2+”wg,n in terms of a formal small
parameter € # 0), then a topological recursion procedure [43], [15], [8] allows
to reconstruct perturbatively the expansions. It is a recursive algorithm to

compute the wg ,’s from complex geometry of a cover of 5. Several situa-
tions can then occur.

First, independently of the choice of representation of g, one can intro-
duce [8] a new version of the topological recursion that we call the cameral
curve topological recursion. To do so we will have to extract from the
starting data an object called a Higgs bundle [55] to which is canonically
associated an algebraic covering called the cameral cover. We will then
associate a so-called cameral geometry that will be of use in the develop-
ments, recall the usual formulation of the topological recursion and then
its cameral version. After this is done we will reconstruct solutions to the
loop equations in the same way as in [9] to show in turn that the cameral
curve topological recursion allows to solve them perturbatively when the
topological type property is satisfied. We will then end investigating a pos-
sible application to integrable hierarchies, where the parameter space J is
infinite dimensional.

Second, we will use the choice of representation p to associate a projec-
tion of the cameral cover called the spectral curve associated to the € — 0
limit of the setup. We will then give necessary conditions for the Topologi-
cal Type property to be satisfied [10] for a special case (where in particular
o

2 has genus 0 and g is a matrix Lie algebra).



1. NON-PERTURBATIVE ASPECTS 49

1 Non-perturbative aspects
11 Correlation functions and loop equations

Let P— % be a holomorphic principal G-bundle with a holomorphic ref-
erence connection V, and a meromorphic connection V, and let 7, — 3
be the family of fundamental groups, it has fiber nl(g,x) over a generic
point x € §

Define the quotient space

Definition 1.1 Non-perturbative spectral curve as a 7, -invariant bundle

2= |, xgAd(P) |/, (1-1)

It is an orbifold of dimension dim g and is naturally immersed in the total
space of Ad(P) by the map

M: ) — Ad(P)
X=[y-E] — HolJE (1-2)

~ o
where X € X over a point x € X is represented by choosing a homology class of

o
closed paths y € m,(Z, x) and an element E € AA(P),. This definition is easily
seen to be independent of the choice of representative and fits into the short exact
sequence of bundles

1— 1, — 1, xgAd(P) = £y — 0 (1-3)

Let p be a faithful matrix realization of g in 91,;(C) for a certain integer
d € N*. The trace in this representation yields a bracket on the universal
enveloping algebra % (g)

(.)zlﬁ“)r:%(g)—»@ (1-4)
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A\ %‘L

By m@;{.ﬂ‘)‘ E

Figure 2.1: The map M realizes the holonomy pairing.

The difference of the two connections is an Ad(P)-valued meromorphic

branch point on 5. We will denote it by

® = Vo—VeH'(S AdP) &Ko) (1-5)
def 2

We restrict our study to the Fuchsian case, that is when ® has at most

o
regular singularities at the punctures (M € N non-compact directions on )
and denote the moduli space of all such equivariant connections as Apycp;s
(it has many strata such as the ones consisting of the cases when the base

curve < is assumed to be any Riemann surface with fixed genus and number
of punctures). This hypothesis is less restrictive than it seems. Indeed,
connections with higher order poles, so-called irregular singularities [25],
[26], can be realized as Fuchsian connections with collapsing tuples of
singularities which correspond to non-compact directions of Apycps.

The differential system associated to the principal G-bundle P by the
connection V € M r,.ns in this context takes the form of the linear differ-

0
ential equation for flat local sections VoW = ®-¥ over X (here - denotes
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(]
Lie derivation from the left). If 0 € Z denotes a reference point and g, its
adjoint fiber, then the local solutions to the connection problem can be

analytically continued starting at o to global sections of the principal G-
(Y

bundle P pulled back to the universal cover X of the curve. We will denote

the set of these V-flat local sections by HY
solution yields the isomorphism

(Z,P)O and choosing such a

loc

Lemma 1.2 Coordinate representation

~ 9 0 ~
Z:[ngo]/ﬂl(z,o) R (1-6)

where the quotient is relative to the monodromy action of V at the reference

point o € Z 1t is the natural action given for anyy € Jrl(Z 0) and (X,F) € ngo
by
Y- (&F) =%+, Holl, F) (1-7)

where X +y means concatenation of homology classes in reading order. Iden-
tifying Xy with the image of the map My, it fits into the short exact sequence

(o]

1 71(5,0) — S x go 24 Sy — 0 (1-8)
Corollary 1.3 The choice of 'V yields the isomorphism

allowing the identification of [y-E] € £ and [%-F] € y whenever the equal-
ities M(X) = Hol} E = Ady(» F = My ([%- F1) hold.
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,Ta‘ .~

Figure 2.2: The map My realizes parallel transport along continuous paths starting at o.

Remark 1.4 This map yields a nice geometrical interpretation of Sv. Indeed,
My satisfies almost by definition the differential system

Vo My ([X - F1) = [@(x), My ([%- F])] (1-10)

o
at any generic X € = and for any fixed F € g,. Conversely, any V-flat local
o
section of the adjoint bundle s € H? (Z,AdP), is easily shown to satisfy

loc

§(X) = My ([X- Ady(e)-15({0D]) (1-11)

such that Xy gives a V-flat parametrization of AAP in terms of values of
the corresponding flat local sections.

Definition 1.5 Monodromy matrices

For any choice of V-flat local section V, the corresponding monodromy matrices
o

are defined for any loop vy € m(Z, 0) by

Sy = ¥ (X)X +7y) (1-12)
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Remark 1.6 This allows to rewrite the definition of the n(Z, 0)-action as

Y& B) = (¥+7,Adg.1 E) (1-13)

To this data is now associated a sequence of so-called connected corre-
lators, or n-points function {W,},en+ by

Definition 1.7 Connected correlators
/Wl Zi\y — Kg
X  — My (X)D(x)) (1-14)
Vnz2, W,: Y — S¥(Ky)
My (X7) - My (X;n-1(7))

Xioo Xy — (DY (My (XD My (Krmiw)),

reee Er(X1, Xrqy) -+ Ef(Xpn-1(3), X1)
(1-15)

where the sum is over so-called connected permutations G, (containing a
single element in their cycle decomposition) and this formula for W, (X,, ..., X))
is extended linearly to

SHn = Span (X, ®---® X, Vi, je(l,...,n}, % # X} (1-16)

the n'" tensor power of Ty at different base points (remove a codimension 1
subspace, namely the diagonal divisor), S¥ is the symmetric tensor product over
distinct base points, ), means that all objects are parallel transported one to
the base point of the next by the reference connection V through the reference

point o, and &y is a twisted prime-form over 5. Recall that the twist consists
in the introduction of essential singularities in Fay’s (untwisted) prime-form
to annihilate its monodromies around non-contractible cycles of the curve [45].
These singularities appear as ei for a certain choice of a meromorphic 1-form
f. In turn they vanish in the expressions of the W,,’s yielding that the correlators

0
are meromorphic (globally defined) objects on .
These correlators naturally appear in various contexts such as random

matrix models, conformal field theories [35], Painlevé equations [17], [57],
[58] or even cohomological field theories [22].
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Remark 1.8 The W, ’s seem to depend heavily on a choice of ¥ however, switch-
ing to another solution of the flat section equation V-V =0 amounts to multi-

plying V from the right by a given element C € G, V' ior WC, in the fiber G,

o
of the principal bundle over the reference point o € . Such different solutions
have conjugate monodromy data in the sense that

P@HCO) N (PE+7y)C) = Ade (PP E+7)) (1-17)
= Ad¢1 S, (1-18)

which immediately implies

Myc ([35 +y-Adgg E]) = My ([%- E]) (1-19)

o
forany Ce G, and y € m\(Z, 0). As a consequence, the whole construction is

o
G x11(Z, 0) equivariant on the trivial G-bundle of flat sections ¥ over Mrychs
(actually over the pullback of M ycns to the universal curve where the reference
point o lives).

One of the fundamental and most important properties of the correla-
o

tors, apart from being globally defined meromorphic on the base curve Z,
is their symmetry.

Proposition 1.9 Symmetry of the correlators
For any n e N*, W,, is a symmetric function of its arguments.

proof:
The cyclic symmetry of the bracket (-), implies that W,, can be rewritten
as a sum over the whole set of permutations &,, as

(-t (My (X;1) -+ My (Xzn),

Wn(le---»Xn)z — — ~ — )
n €6, gf(xr(l)! Xr(2)) ‘gf(xr(n); X (1))

(1-20)

expression through which the symmetry is now explicit. W
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Definition 1.10 Non-connected correlators

3qm)

WoXpeon X = 2 [ Wi () (1-21)
pH{X1,.., Xp} i=1

for any integer n e N*.

For example

Wi(X) = WX, (1-22)

Wy(X), Xz) = Wi(X)Wi(Xa) + Wa(X), Xo), (1-23)
W3(X1, Xz, X3) = Wi 000) WA () WA (X5) + WA (X)) W (X, Xs)
+ WX Wa (X1, X3) + W1 (X3) Wa (X1, Xo)

+ W3(X;, X5, X3) (1—24)

and so on ...

An important remark at this point is that these definitions are singular
whenever two of the X;’s have coinciding base points. Their behaviour
near the diagonal divisor is described by the following lemma that will
be useful in particular when comparing the correlators to conformal field
theory amplitudes in the last chapter.

Lemma 1.11 Coinciding base-points singularities
Let n € N* and consider n+1 points (X, X,....X,) € SMn+l of the non-
perturbative spectral curve with distinct base points. Then W, (X, X,...,X,)

o
is a meromorphic 1-form of the variable defined by x ior n(X) € X and forn>1,
e
it has a simple pole at each point x; ior n(X;), forie{l,...,n}, with residue
e

Res Wn+1(X;X1;---»Xn) = Wn(---Xi—l’ [XyXi]yXi+l)°--) (1'25)

X=X;

where (X, X;) in W, is defined by replacing M(X;) by [;i_r)al_M(X),M(Xi)]

in the expression of W,(Xy,...,X,). Forn=1, Wo(X,X,) is a meromorphic
one-form of x with a double pole at x, with bi-residue 1 and residue given by
the same formula.
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proof:

For n =1 it can be read from the definition. For n > 1, it is a straightfor-
ward computation in local coordinates around x ~ x;, denoting x = x; and
considering &¢ ; as 1-cycle permutations of {0,1,..., n},

W (X, X1,..., X,) = 'Zreszﬂ(_l)r(.-.M(X)M(Xi)-..>o /dxdx;

...(x_xl.)...
! 7(0)=i

+ Y e, (-DTEEEE e dxdx; (1-26)

= L0)=i

<"'M(X1—1(0) [M(X)M(Xi)]M(XT(i))"'>

= Z =17 6 (X 1) %) (X=X)E (X, X (jy) -+ oV dxdx; (1_27)

C
LS CHINY

7(0)=i

where the last equality is obtained by associating term by term the
dummy permutation 7 to (0i)7~'(0), (0i) being the transposition exchang-
ing 0 and i. Notice that the last sum is realized as a sum over o' € G¢
where ¢’ is such that o’(7'(0)) =i and for any k € {1,...,n}, k # 771(0),
o'(k) = 1(k). Reading the residue yields the wanted result. W

In what follows, and in particular to write the loop equations, we will
need a prescription to evaluate the correlators at these singular points. The
prescription goes as follows :

Definition 1.12 Normal ordering /coinciding base-points prescription

For any given n € N*, starting from the explicit definition of the connected
correlator W,(Xy,..., X,) for a generic n-tuple (Xi,...,X,) € Sy, make the
replacement

&Gz ey O (1-25)

explicitly in the definition when the base points x; and xj, of X; and X;
respectively, are assumed identical. It practically amounts to removing the sin-
gular part and then taking the wanted limit, using the differential equation
satisfied by My. It extends the definition of the correlators (connected as well
as non-connected) to the diagonal divisor and is closely related to the normal
ordering of operators in conformal field theories.
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Recall that the center Z (% (g)) c % (g) of the universal enveloping al-
gebra of g is generated by d + 1 elements {6€)}o<k<q called the Casimirs of
g in representation p and defined by

d
Y (-D*y* 6 (v) = Det(y-v) (1-29)
k=0 def p

where y € Z (%(g)) is a formal variable and %) is the identity element
of 2 (g). As such, 6 € (g*)®F = g®* has a class in %(g) that we still denote
%€k (some of them may be trivial).

Definition 113 Insertion of Casimirs
This allows to define the insertion of Casimirs in the correlation functions for
o

any n,k € N, generic (X,,...,X,) € f\%" and X € T such that x # x; for any
given i €{1,...,n}, by

Wk,n(%r Xlr (RS Xl’l) djf Wk+n ([35 (gk])Xlr KRS Xn) (1_30)

with [X-6y] is defined by expanding €. in any tensor basis of g®* and where
we use thoroughly the prescription for evaluating correlators at coinciding base
points. We can sometime denote formally the object thus obtained by

Wk,n(-;é) Xl) ) Xn) = Cgk(f) : Wn (Xlr ceey Xn) (1'31)
to put emphasis on an action by the Casimir element.

The insertion of the k" Casimir element % into a correlator W, can
be viewed as a symmetrization of the k variables involved. Note eventu-
ally that the resulting object 6 - W, is still symmetric in the n unaffected
variables.

These insertions of Casimirs together with the behaviour of the correla-
tors near the diagonal divisor in T will be the starting point to investigate
the parallels between Fuchsian differential systems and conformal field the-
ories with Casimir algebra symmetry [11], [12] where they will correspond to
insertions of W-algebra generators. Their main property is that they satisfy
an infinite set of relations called loop equations [16], [30], [15], [9].
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Theorem 1.14 Loop equations [B.-Eynard-Marchal]

d
> ED Y T W (X X, X)) = Pulx, i Xy Xa) (1-32)
k=0 def
= [e1...€p1Dety (y — P(x) — Me (x5 X3, ..., Xn))
o

(1-33)
d
= Y D YT Pl Xa, ., Xa) (1-34)
def k=0
where y € Z (% (g)) ® Ky is a formal variable and for e = (€1,...,€,),
d My(X;) - My (X;
Me( X1, X)) =Y e i) Melhi) g

17" €y =~ = =~ =
def 2 &r(X, X;)) -+ Ep(Xip, X)

Isij<-<ip=n

Moreover one has to be careful here and the subscript o in Det, means that

p
all the factors appearing in the determinant in the right hand side have to be
parallel transported through the reference point o € > by connection Vy before
evaluation. Lastly, the symbol [€;, ---€; ] for any k-tuple of indices (iy,..., 1) is
defined for any polynomial expression p(e) of € = (€1,...€,) by

ple) =3 > epeplegelpl (1-36)

def k=01<i1<-<ip<n
where the sum has by definition only finitely many non-zero terms.
To prove this theorem we first need the following lemma which is ob-

tained by straightforward computation using the definition of the correla-
tors.

Lemma 115 Determinantal formulae
For any n € N* and generic Xy,..., X, € i,

Wn(Xl,...,Xn):< Det (E,-Kq,(ic'i,x'j))> (1-37)

1<i,j<n
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with determinant defined as a sum over permutations, X; = [X; - E;] is any
choice of representative for i € {1,...,n} and where we introduced the formal
kernel
V(%)Y (%)

Ky, %)) = —L—— 1-38
‘I’(xz x]) def gf(xi’xj) ( )

to be inserted into brackets (-),. In particular, the factors in the numerator
being evaluated over different basepoints, one has to use the normal ordering
prescription thoroughly.

Remark 1.16 Since the determinant is that of a matrix with coefficients in a
non-commutative space, an ordering prescription has to be chosen. We choose

— — T o e e -
E)XGI}(A) iot T;n( D A zqy Anrm (1-39)

We can now prove the theorem.
proof:
Let (ei,...,eqimg) be a basis of g, and consider its dual basis

(el,...,e% ™M) defined by requiring (e;, e’ = 5{ and let ¥ € HY (g,Ad(P))O.

loc
On one hand,

d d
Y CDF YT W (E X X)) = Y (DR Y T W, (R 6, X, X)
k=0 k=0
(1-40)

d
— Z(_].)kyd_k Z Ck;m1 ..... mk< Det k(ElK\P(%l) 56]))>
k=0

1 <i, i<
1=my,...mp<dimg 1<i,j<n+ o

(1-41)
where we used the determinantal formulae and for any [ € {1,...,n},

X; = [X;- E;] while we decomposed

[Yx- 6kl = Y Crsmy,.m | X-€™M] @ ® [X- ] (1-42)

1=my,...mp<=dimg
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in £®% and denoted for any [ €{1,...,k}, X4, =X and E,;; =e" in each
determinant term of the second sum.
On the other hand, in representation p and with the same notations,

Advy)1 [P0+ Me(x; X, ) Xn)] = Ky (X, 3) + Ze Ky (X, X)) E; Ky (X, X)
i=1

n
+> Y. ey e€, Ky(X X)) Eiy Ky (%, X3,) - By Ky (i, X)
k=21<i1#-#ir<n
(1-43)

such that the coefficient of €;...€, in the right hand side of the loop
equations gives exactly the sum over permutations of k + 7 elements

e1---calDet(y — (@) +Me(x X1, .., X))

= [61---en]th(y—Ad\ym—l[CD(x)+/%€(x;X1,...,Xn)])
(1-44)
d
= Y DYWL (F X X (1-45)
k=0
which is the wanted result. B

The set of loop equations satisfied by the correlation functions can be
interpreted as meromorphic conditions on the objects obtained by inserting
the Casimirs of the Lie algebra g in the representation p. Indeed, the right
hand side depends polynomially in the formal variable y € Z (%% (g)) ®K§

and depends meromorphlcally on xeZ. In particular, W, n(x Xi,..0, Xn)

depends in fact in X € Z only through its base projection x € 5
With previous notations we can rewrite them formally as

d
Gy Wa = (Z (-D* yd"%ﬂk(x)) Wy = Py(x, ) (1-46)
€l \k=0

where we have introduced the notation € (x,y) = Zzzo(—l)k yd_k%k(x)
and not written explicitly the dependence in the X;’s. We immediately get
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Corollary 117 Multi-insertions of Casimirs
Forany n,meN, m#0, and choice of indices ky, ..., kn €{1,...,d}, the symbol

Gk, (x1) -+ 6k, (X)) - W), (1-47)

o
defines a meromorphic differential form of the variables x,...,x,, € Z with
respective corresponding degrees ki, ..., ky,.

These equations are in general hard to solve but they happen to be
affine relations in terms of the non-connected correlators. Such affine rela-
tions admit an underlying linear structure generated by some very special
solutions to the loop equations. Dimension counting shows that these are
the solutions that can be computed perturbatively - under a precise set
of assumptions called the Topological Type property - by the spectral curve
topological recursion [43], [15]. We will recall what this property amounts
to when studying from a WKB perspective what this setup becomes in a
topological asymptotic regime.

1.2 Forms, cycles, intersections and integration

The correlators that we associated to the triplet (P, Vy, V) are defined as
maps from tensor products of copies of Zy to symmetrized spaces of dif-
(Y

ferentials over the base Riemann surface X. We will now define a notion of
differential forms on 2y to interpret the correlators in this way.

Definition 1.18 Non-perturbative differentials
Let n €N be an integer. A holomorphic n-differential on Ty is a holomorphic
map

w: TS — K" (1-48)
>

o

such that the for any E,E' € g, and generic X € 2,

w(% (E+E),..)=0(X-El,...) +o(Z-E,...) (1-49)
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In other words, we require differential forms on 2y to depend linearly on the
Lie algebra component of X = [X-E]. We denote the space of all holomorphic
n-differentials on Sy by Q. In particular, each n-differential on Ty is a
I-differential in each of its variables.

This definition immediately yields

Proposition 1.19 Correlators as non-perturbative differentials
For any ne N*, W,, and W,, are meromorphic n-differentials on . That is

W, W, € QF (1-50)

We know from the study of dispersionless completely algebraically in-
tegrable systems [48] that they exhibit so-called special geometry, or equiv-
alently the data of Seiberg-Witten type relations. We will now show that
taking into account the dispersion does not alter this feature. Indeed, there

exists a notion of homology associated to Sy, pulled-back from that of i
such that the corresponding period integrals of the 1-point function W, (of
the first, second and third kind) overdetermine the base of an integrable
system [l1], [12]. As stated, let us therefore define the relevant notion of
cycles, boundaries and pairing with differentials on Sy

Definition 1.20 Arcs and their boundaries
Let an arc in X be an equivalence class of the form T = [y'- E] under the action
of m,, wherey' is an element of the Poincaré groupoid of the universal cover

X. Recall that the Poincaré groupoid i’ (Y) of a topological manifold Y can be
defined as the total space of the bundle over Y whose fiber over a given point
y €Y is the space of all oriented Jordan arcs drawn on the manifold starting
from y and considered up to homotopy.

o

In the case where Y = T is the universal cover, it carries a natural free
7, -action that we twist by the monodromy representation of the connection V
to define the equivalence classes denoted T = [y - El. Accordingly, define the
boundary operator by the formula

Ow[(X,7)- El djfyM\y([?-E])—qu/([iE-E]) (1-51)
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Remark 1.21 We could have adopted the equivalent convention that consists
in defining the boundary operator without evaluating by the bundle map My,
it would then have taken the form 0y[(X,y)-E] = [y-El—[X-E] of a linear
combination of points of Zy. Instead we chose to represent the boundaries of the

o
arcs just defined as g-valued divisors on .

Definition 1.22 First kind cycles
Define a first kind cycle on X to be a formal linear combination of homotopy

classes of arcs with vanishing boundary. Namely, a cycle of the first kind is of
the form

I'= Z ¢i[(Xi, yi) - Eil (1-52)

0wl =Y ci (yiMy (3 - Eil) = x; My (1%; - EiD)) = 0 (1-53)

where the vanishing of the boundary has to be implemented at each of the
points x; or y; involved. We denote this homology space of T-cycles over T by
i ior Ker(Oy) and call it the space of cycles of the first kind.

We now wish to compute the dimension of I/-\I/1 and extend it to a larger
space (understand higher dimensional) of similar cycles satisfying a form-
cycle duality. To do so let us first denote by & d:f {z1,...,2)} the set of

e

(simple) poles of ® and define, for any point p € 5 and Lie algebra element
E € g,, the class

A(pB) = 16, F] (1-54)

where €, is equivalent to a small circle surrounding p. Notice then that
ﬁll contains an M-dimensional subspace consisting of elements of the form
A (zj- E) for some puncture index j € {1,...,M}. For I to be a cycle, the
Lie algebra element E € g, has to satisfy
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Oy[6., - E) = oMy l{o0} - (E - Hol, E)l)=0 (1-55)

[0}
where we used the 7,(Z, 0)-equivariance of My and therefore E has to
belong to the linear subspace

by = 1E€ ol Holg, E = E) (1-56)

which is generically a Cartan subalgebra b,; c g, and thus has dimen-
sion tkg.

Definition 1.23 First homology
Define the first homology H, of the bundle =y as the coset

~ ~/ M
f = A / jezal,ef(zj b)) (1-57)

or equivalently by the short exact sequence of vector spaces

M
0—@PAzj-h) —H —H —0 (1-58)
j=1

In the spirit of a form-cycle duality, a cycle is viewed as a linear form

0
on the vector space of 7,(Z, 0)-equivariant differential forms acting by an
integration procedure to be explicited.

Definition 1.24 Second kind cycles
For any puncture index j € {1,..., M}, define the associated second kind cycle by

%}’ d?f el)[zj.AdcjTl ;] (1-59)

where for any X € Ty of the form X = [z;- E), evx is defined as the eval-
uation linear form at [z;- Eol, Ey being the orthogonal projection of E on b;
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with respect to a root decomposition go =1 ® Dre, 9e corresponding to a root
system R j € Auth’. We define ®; = Res @ and lastly the constant element C;
Zj

def

is defined uniquely by the asymptotics

Y® = +0)E%IC; (1-60)

NZj

in a local coordinate & ier X — zj near the puncture z;. We denote the vector
e

space generated by these M independent elements as I?Illl and call it the space of
second kind cycles.

Remark 1.25 Second kind cycles are defined with the help of an orthogonal
projection. This ensures that correlators, whose dependence in vy is through
the bundle map My will have convergent integrals on second kind cycles as we
shall see.

Moreover, in the spirit of generalizing the geometry of Riemann surfaces
recalled in the introduction, we want to define the third kind cycles as arcs
on Xy whose boundary might be located at the punctures.

Definition 1.26 Third kind cycles
A cycle of the third kind is an arc B" whose boundary 0y B" satisfies

M
0y B" e Pzh; (1-61)
j=1

which is the condition for My (0wPB'"') to be well defined even though it
involves terms located at the punctures. We denote the space of third kind cycles
by BY. In particular, for any j €11,..., M} define cycles of the form
B = (P2 E1+1(P, p)-EN+1(p,p")-E" (1-62)
where p=p' =p", E€ Adg} b and E',E" € g, are Lie algebra elements
chosen such that 6\1;%;”]5 = z;Adc; E (this is not unique). Moreover we have

1

H, cH] (1-63)
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Definition 1.27 Generalized cycles
Define the finite dimensional vector space

76 = H|eH,, (1-64)
def

that we call the space of generalized T-cycles on Zy.

Theorem 1.28 Dimensions of the spaces of cycles [B.-Eynard-Ribault]
Let us define the number

dim g—-3tkg

gdzf 2g-2+M) +(3g -3+ M)tkh (1-65)
e
Then
dimH, =2g, dim 0| = 2§+ Mtkyg, (1-66)
dim H, = M, dim H' = 2§+ 2Mrkg (1-67)
and therefore
dim ., =2g+2Mvkh+ M (1-68)

The only non-trivial case is the first one, that is computing dim H,.
Once this dimension is computed, all the others will follow directly from
their definitions. We will exhibit a linear basis of this space and to do so
we will need the following definition and property.

Definition 1.29 Channels on Riemann surfaces

A channel on the Riemann surface S is a trivalent unicellular graph ¢ c »
considered up to homotopy, with boundary equal to the pole divisor of ©

M
09=Y z (1-69)
j=1
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o
and such that its complement on the complex curve X —<4 is simply connected

T1(E—4,0) =0 (1-70)

where we supposed that generically the reference point does not belong to the
channel.

Proposition 1.30 Combinatorics of channels
Any channel G on S has

b = 4§ -2+M vertices, (1-71)
def
e iot 6g—-3+M internal edges (1-72)
e
and M external edges ending at thez;'s (1-73)

proof:

This is a standard counting procedure from graph theory. The graph
% has 2¢ = 3v + M half-edges and its Euler characteristic is the topological
invariant 2 — 2§ =M+v—e+1. A 2x2 linear system that easily yields the
wanted result. W .

A choice of channel ¢4 c X~ defines a fundamental domain on the base
Riemann surface, allowing for example for any pair of points p,q ¢ ¢4 to
define a unique homology chain vy, , with boundary dy, , = p—¢q and such
that y, ,N% = @.

Remark 1.31 There are numerous possible choices of channels on a given Rie-
mann surface. We didn’t count how many but one easily sees that if we choose

a channel 4 c §, then they can all be obtained from 4 by so-called mw-moves
(related to the crossing symmetry of conformal field theories). Moreover, they are
dual to pants decompositions of the base curve (identifying the punctures with
length zero boundaries).
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/\
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oa/
o SN

0

Figure 2.3: A channel on a punctured torus, the corresponding fundamental domain and
the associated pant decomposition.

We can now use this notion to prove the theorem.
proof:

Let ¢ c 5 be a channel and consider the dual pant decomposition. We
will now associate to this choice a basis of H;. Recall that this vector
space was defined as a coset of the space of arcs with vanishing boundaries
H; = Ker(dy) / @ﬁldj(h i). Let us draw and describe the different generic

possibilities.

» Each boundary of a pair of pants that is not a boundary of the surface
crosses an internal edge e. First we associate to each of those tkg
independent cycles of the form

£z e Ele H, (1-74)
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with Ads, E = E (the space of such elements E is generically tkg-

(Y
dimensional) and where y, denotes the unique homology class on Z
intersecting ¢ exactly once through the edge e. In total we therefore

get (3527—3 + M)rkg elements. Indeed there are 3 edges not crossing
any boundary of a pair of pants for each hole of the surface.

o

=

4

Second, to each of the edges e that can be extended to loops Yy, going
once around the holes of the surface we associate cycles of the form

%e,E djf [Ye - E] (1-75)

with Lie algebra element E € g, again satisfying Adg-1 E = E thus pro-
7

viding with § x vk g new independent elements to the basis.

o Similarly to each pair of pants of the decomposition corresponds a
unique vertex v, denoting the corresponding adjacent edges by ey, e,
and es, such that we can associate a trefoil cycle (not crossing the

edges of channel) of the type

Iy =1Ye - E1l + [Ye, - B2l + [Ye, - E3] (1-76)

To count the dimension of such cycles with vanishing boundaries, no-
tice that we have three Lie algebra elements Ej, E, and E3 constrained
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by the two relations in g, namely, 0yI', =0 and y,, + Y., +Ye, =0 such
that only dim g independent directions remain. Removing the 3tkg
dimensions already counted, we have (25?r -2+ M)(dim g —3trkg) ad-
ditional elements. Indeed, there are 2 vertices for each hole of the
surface from which such a cycle cannot be drawn without intersecting

S,

Finally, to each internal edge crossing a boundary where two distinct
pairs of pants meet, we associate a cycle of the form

6
Ly =) lyi-Eil (1-77)
i=1

It involves six Lie algebra elements. However, the vanishing boundary
condition, taking into account that only four of the six arcs y;,...,7s
are independent and avoiding redunduncy of the previously intro-
duced cycles yields

6dim g—2dim g—-2dim g -2(dim g —3tkg) —5tkg=tkg (1-78)

remaining degrees of freedom.
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We will denote these cycles as 9B, = [, El +..., where ¥, surrounds
e and the dots are contributions from the other arcs involved in the
cycle (such as the light blue cycle in Fig. 2.4).

The number of such internal edges is 2§ -3+ M, it is equal to the di-
mension 3 §—3+M of the Teichmuller space of the topological surface

underlying § minus 1 for each pant surrounding a hole (since they are
glued to themselves).

Summing all these contributions gives the wanted dimension. Moreover,
one can check that no independent cycle can be added and that these cycles
therefore form a basis of ;. W

We will from now on assume that we have made a choice of channel
6 c Z As we have seen it allows to construct a basis of Jfl As in
dispersionless limit, there exists a notion of intersection of cycles

Definition 1.32 Intersection form
The space of arcs on Sy carries a natural (skew-symmetric) intersection form
given for any generic arcs, denoted U = [y-E] and " =[y'-E'l, by

rAr = Y. (0, Y)(E E) (1-79)

xeyny’
where (y,y") i +1 (resp. —1) if the tangents of the arcsy andy' intersecting
e

atxes define a positively (resp. negatively) oriented basis of the corresponding
tangent plane.

This intersection form is skew-symmetric, stable under homotopic de-
formations and extends bilinearly to whole space of cycles on Zy.

Theorem 1.33 Symplectic structure [B.-Eynard-Ribault]
The intersection form vanishes on 69?4:1 A (zj-h;) and is non-degenerate on H,,
therefore endowing it with a symplectic structure.
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proof:
The intersection form vanishes by definition on @?4:1 2 (z;-h;) and writ-

ing its matrix in the basis exhibited for computing the dimension of H,
shows that it is non-degenerate. W

Corollary 1.34 Symplectic basis
There exists a symplectic basis of cycles {<ly, Bp}1<n<g in H,

dhﬂﬂhr =0, %hﬂ%hco and dhﬂ@h’zéh,h’ (1-80)

These notions of cycles and differentials are dual in the sense that they
can be paired in a non-degenerate way by integration.

Definition 1.35 First and third kind integration pairing
For any generic cycle T = [¥;y;-E;l € H o H| and any differential w € O
having no singularity along T,

f 0=y f o((F- E) (1-81)
r defl- xen(y;)

which does not depend on a choice of representative of T and is bilinear in
T, w).

proof:

We have to check that . does not depend on a choice of representative
for I'. Indeed, if p is an end point of some homology cycle appearing in
I' = [3_;ly;- E;]l but is not a puncture,

d,,frw = ) o(lpi-E) (1-82)

n(pj)=n(p)

which vanishes since the boundary dyI" of the cycle I is located at the
Zj,S. n
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Remark 1.36 If we wish to integrate Wy on a third kind cycle we need a
regularization procedure since this differential has the same singularities than
D at the punctures. We use the prescription

f W, = f](Wl([f-E])—(Adch,CI)j)wzf_O(x)) (1-83)
(R0.2))-E]  def Jxg

o
for any point in the universal cover Xy € X over a point X, # 0, any puncture

index j€{1,..., M} and any Lie algebra element E € Ad 1 b;.
J
Definition 1.37 Second kind integration pairing

Similarly, let us extend the definition to the second kind cycles by

quwd?fw([zi -Adcjfl q)j]) (1-84)
J

where for any puncture index j € {1,..., M}, Z; is the unique homology chain
with boundary z;— o that does not intersect the channel 4.

1.3 Non-perturbative special geometry

Let us end this section on the non-perturbative aspects of the Fuchsian
system by introducing the form-cycle duality and by stating some (almost
proved) conjectures about the underlying geometry. Recall that we defined
Mruchs as the moduli space of equivariant connections (P V). Our point-
wise study involves the choice of a reference connection V, and this can be
done holomorphically only locally in the moduli space. A consequence of
this is that deformations of such equivariant connections in the V direction
are isomorphic to deformations of the moduli of ® =V, -V, keeping V|
constant, namely [§,V(] = 0. We also allow for deformations of the flat
local section V.

In local coordinates, one can easily study how the various elements of
the construction change under deformations.
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For any deformation 6 € T M pycns, one can define

— wl -
Fy = 8% (1-85)

such that (6 — Fs)-¥ = 0. This implies in particular the zero curvature
equation

[6 — F5,Vo—®] =0 (1-86)

which translates the fact that the two differential systems defined by
these operators admit a common solution. On the punctured Riemann

sphere S =CP' - {z1,...,2Mm}, choosing only isomonodromic deformations,
namely a deformation such that 6S,, = 0 for any edge e of the channel,
would yield the Schlessinger system of differential equations [68].

Recall that we have the asymptotic behaviour W (X) = (1+0(&))E% C fi

NZj
in local coordinates ¢ = x — z; around the j puncture and this implies
immediately

Lemma 1.38 Singularities of Fs
For any puncture index j€{1,..., M},

5 .
@ = - ZJZ ) +1n()60; + My([%-C;'5C,) +0(1)  (1-87)
XNZj —_ ]

where O (1) means terms that are analytic at x = z;.

Remark 1.39 We see from the last asymptotics that Fs is automatically singu-
lar at z; if the deformation affects the position of this puncture. Nevertheless,
although the term M\p([?c-Cj‘l(?Cj]) is generically divergent at a given puncture,
the condition

Vjefl,...,M}, Vre R, Re(v(P))) > -1 (1-88)

ensures that {F5(zj + &) is bounded near z; (=0).
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Lemma 1.40 Monodromies of Fs
For any deformation 6 € T Mpychs, Fs is analytic in the fundamental domain

o
2~ -G defined by the channel G with possible singularities at the punctures and
its discontinuity across an edge e at a point x € e, denoted A Fs, is

AveeFs = My ([?c-asygs;j]) (1-89)

proof:

o
One can easily compute the monodromy of F5 around a loop y € 7 (Z, x)

Fs(X+y) = 0YXE+y)-PE+y) " (1-90)
= (6Y(X)S,+¥(X)SS,) S, 'v@™ (1-91)

such that
Fs(&+7) — Fs(® = My ([%-65,5;"]) (1-92)

and this last equality implies the wanted result. W

Lemma 141 For any deformation 6 € T* Mrpychs and any meromorphic one-

X—0

o
form w on X such that 0" — w*~° is holomorphic,

Fs(x) — Fs(0) = . My (X" (x) (1-93)

where

mod by (1-94)

-1

M M
5 ==Y 62,B+Y B"
j=1 j=1

meaning equality up to boundary terms, or equality of the corresponding
classes in 76, [ ﬁll
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proof:

Applying Cauchy’s formula around a point x € 5~ in the fundamental
domain to the analytic function

F(x) = F5(X) F5(0)+Z6z]f My (X" (x)) (1-95)

and then moving the small contour around that point to the boundary
we get

1 -
F3(x) — F5(0) = Z oz | M\y (X)) — — f o F(x)w"(x')(1-96)
271 Jyeoz-9)

where since each edge appears twice at the boundary of the fundamental
domain, the last integral is equal to the integral of the discontinuity of F
along the channel. The second kind integrals are meromorphic in the
variable x (it appears as the location of the first order pole of w) and
therefore we are left with the integral of the discontinuity of Fs alone, that

is My([X-6S,, Yl]) for each edge e.
It reads
M
Fs5(x) - F5(0) = —Z(Szjf » My (XN (x)
. X/E "
_ Mo 17 "
m;f w (¥ - 0y, S;11) 0" (x)
(1-97)
= My (X))o (x)) (1-98)
X'ed*
where 0* djf_ 52],%"+I‘ with F = 2n1 Y.eSy,: N 1) Since the

interior vertices of the channel are not smgularltles of @, for any interior
vertex v we have the identity Sye1 S%2 S%3 =1d, where we labelled e;, e, and
es the adjacent edges in direct order (up to cyclic permutation), we get that
the only contributions to the boundary of I' come from the punctures
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( Z%;”(ésyz “Syz)) )_0 (1-99)

which concludes the proof. W

Corollary 1.42 For any holomorphic one-form w € Hl(g, 0),

My (X)w(x) =0 (1-100)
Xed*

proof:

The previous lemma being true for any third-kind differential that has
the wanted simple poles with residues +1, the space of differences of two
such one-forms is the space of holomorphic one-forms and this implies the
result. W

Similarly to the cycles introduced by Bertola in [19], [20], we therefore
introduce

Proposition 1.43 Deformation dual cycle
To each deformation can be associated a dual cycle by the injective mapping

* 1 T" Mrucns — <77/LO\1
o — 6* = — Zéz]%"+z e 5SYQSY (1-101)
Corollary 1.44 Symplectic structure

The intersection product on H, @ﬁ’l restricts to a symplectic structure on
T* Mrycns defined for any pair of deformations 51,62 € T* Mpycns by

Qruchs(01,02) bt 579, (1-102)

Theorem 1.45 Seiberg-Witten relations [B.-Eynard-Ribault]
The correlators satisfy Seiberg-Witten relations. That is for any positive integer
neN* and any deformation & € T* Mpychs,
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SW,=| W, (1-103)
6*

proof:

YE)Y(®)
e

only makes sense inside brackets (-),.

Let us start from Ky (X,X') = (remember that this expression

1F6(f)_F6(§l) ~

0Ky (X,X) = Y(X) EREED Y (x) (1-104)
= f v(x)! ~Af(X ),M ¥ (%) (1-105)
X"es* Er(X, X)Er(X, X')

= - f Ky(% ¥ E' Ky(®', %) (1-106)
[X"-E"eb*

Now recall the determinantal formula

Wn(Xl,...,Xn):< Det (E,-Kq,(z,-,fj))> (1-107)

1<i,j<n

and the Leibniz rule together with the integral formula for 6 Ky inserts
an additional factor of Ky in all possible ways

6( Y ~D? <HKW(E~,56,@)>
i=1

1e6,

—n
= f Y =D [ Ke (% X))
o (Xn+1-E"1€6" 1€G,,4; i=1

(11108)

which concludes the proof. W

1.4 7-functions and enumerative geometry

Theorem 1.46 7-function [B.-Eynard-Ribault]
For any Lagrangian submanifold £ < T* Mrychs, there exists a function T o
such that for any 6 € £,

§inTy=| W (1-109)
5*

It is a generalization of the isomonodromic T -function of [59].
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proof:
Using the Seiberg-Witten relation for deformations of W,

51 f Wi — 6, f Wi (1-110)
53 o1

[61,02] InT

_ f , f W + f w; (1-111)
5 J07 61(62)—62(61)

= 27is; (), (1-112)

=0 (1-113)

where the intersection of cycles appearing in the line before the last
comes from shrinking the contours to the diagonal where W, has its singu-
larities and vanishes by definition of the Lagrangian submanifold. W

Remark 1.47 Note that in the heuristics of the introduction and in the disper-
sionless classical case of Liouville’s theorem, a choice of Lagrangian was needed
in order to define the action, in both case to ensure single-valuedness of an
integral. We recover this feature for the non-perturbative T -function.

Conjecture 1.48 Flat period coordinates [B.-Eynard-Ribault]
There exists a symplectic basis of cycles {<ty, Bp}1<n<g in Hy such that for any
index he{l,..., g} and positive integer n € N*,

W, = 8h5n,1 (1-114-)
“p

The €p,’s are called the flat period coordinates of the Fuchsian system and
denoting by 6., the corresponding deformation, it satisfies

(6e,)" = B (1-115)
Their dual coordinates are defined similarly for any he {1,...,8} by

D _ -
A (1-116)

= 5., InTy (1-117)
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Remark 1.49 The last relation with the dual period coordinates shows that
T o would play the role of an effective superpotential similarly to that of [66].
There, starting from a six dimensional (0,2) super conformal field theory on

the product 5 x RZ xRZ in the so-called Qe ¢, -background [65], they define an
effective superpotential by

eff — 1 B}
W (e1) iot }21% (€2 (€1,€2)) (1-118)
However, the Non-perturbative Fuchsian geometry we are describing here

corresponds to €, = —€; = 1. We will now deform this to get €, = —€; d:f £
e

to study the e — 0 limit using WKB techniques. In general, and it will be the
case when we investigate the geometry of the Ward identities of W-symmetric
conformal field theories, there are two deformation parameters, the background
charge Q i €1 +€, #0 and the WKB expansion parameter € satisfying the

relation €* = —¢1€,. We keep Q =0 for now.

2 Perturbative aspects

2.1 Topological expansions and cameral geometry

Let us now introduce the "small" deformation parameter €. The previ-
ous construction can be carried without any additional trouble when the
connection V is replaced by an £-connection V.. Redefining

1 1
Vo—=-Ve = -0, 2-1
0 € £ def € £ ( )
o, = “o® 2-2
€ def ,;’)8 (2-2)

is now a formal power series in € valued in the vector space
o
H'(Z,Ad(P) 8 Ky).
o
As was noted before, the principal G-bundle P — X together with the

leading order term of the e-expansion of @, ®,|g0 = P© define the struc-
ture of a Higgs bundle (PL®®) e .«.
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Theorem 2.1 WKB asymptotics

Denoting by b, < g, a Cartan subalgebra of the adjoint fiber at the reference
point o and diagonalizing the Higgs field potential as

o =AdyY, (2-3)

Y is a local H,-valued meromorphic 1-form (its Weyl group valued mon-
odromies define a cameral curve as we shall later see). WKB analysis consid-
ers Ve, defined as a formal fundamental solution of the connection problem

o

V.Y =0 admitting for any X € X an asymptotic expansion of the form

Ye® = VP @ec Y C; (2-4)

where U, is a solution of the linear equation

Ady-1Vo) P =[Y,P]=Y-P-9.Y, (2-5)

- denoting respectively Lie derivation from the left and from the right, and
such that it satisfies V. (X) =1+ 0 (¢). Czx€ P, =G is an integration constant
o

that does not depend on € and depends on the point X € T through Stokes’
phenomenon only [69].

Indeed, if we introduce the so-called Stokes and anti-Stokes lines on ¥
respectively defined for any root a € R by

r, = {fe% | %e(ﬁa(Y)) :0} (2-6)

def 5

I, = {zeiwm(fam):o} (2-7)
def %

then from Stokes’s theorem, Cx is piecewise constant in any connected
Y

component of Y —Ugen g UT,, where we removed the Stokes’ network



82 CHAPTER 2. GEOMETRY OF THE FUCHSIAN SYSTEM

Ugenr T'q UT, from the universal cover. By definition, the reference point
o0 is a vertex of the network and we will furthermore consider paths not
ending on the network, that is such that X ¢ Ugenr ['a UT 4.

Theorem 2.2 Emergent cameral geometry [B.-Eynard-Hurtubise]
The cameral cover T zpq) is the semi-classical limit € — 0 of Zy,.

proof:

Let [X-E] € i\pe and let us write Ad¢.E = E, +}_4en Eq introducing to
the direct sum decomposition g, = b, ® @ ,e0: 9o, Wwhere R denotes the root
system. We then get the asymptotic expression

M\pg([fE]) gio AdV(f)[1+@(£)]Ade%ffyAngE (2-8)
1r
o Adv@isoe et Y | Eo+ Y Ea (2-9)
&= acR
1r
gio AdV(fO[l+@(£)] (EO + Z effxa(Y)Ea (2-10)
a€eR

from which we conclude that My, ([X-E]) will admit a € — 0 limit if
and only if for any a € R such that Re([;a(Y)) >0 we have E, =0 and for
any a € R such that Re([;a(Y)) =0 we also have Im ([, a(Y)) =0. Adc,E
thus has to belong to the Borel subalgebra b, ® @yc0, (7 9o, Where

R, (X) d:f{aeﬁ%li)%e(ﬁa(lf)) 50} (2-11)

X

or equivalently that E has to belong to ‘B3 dzf Adc-1[h @ Dgeni, 9ol In
e X
turn, introducing

o
- UT.uT,
aeR

]
5 =

Z (2-12)

and the Borel bundle
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o
B’ = | BT xg (2-13)
%ezg’

o
we get that for any X € > and E € Bx, My, ([X-E]) has a well defined
€ — 0 limit given by

Me(IX-E)) = lim My, (1% ED = Adveo Fo (2-14)

where the ¢l subscript stands for classical and as previously E, € b,
denotes the Cartan part of Adc_E. Note that there could a priori be a
non-Cartan part that would converge to

2. Ea

a€eR
a(Y (%)=0

Y
but since X € ¥/, it is not on the Stokes network and this sum is therefore
over the empty set. In turn, outside of Stokes’ network, only the Cartan
part of Adc.E contributes to the limit

My, (55) = Adve:ho (2-15)

thus allowing to define the quotient space

A

%"d?f B’/ M, (2-16)
by identifying the elements of the Borel subbundle whose images by
My, admit the same £ — 0 limit. Similarly, the map

My: U oAdp-1h, — Ad(P)
xeX! x

[35 . EO] _ Ad‘Pcl(ﬁEO (2-17)
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with ¥ ;(X) = V(X)Cs allows, by identifying preimages of a same ele-
ment, to take the corresponding quotient

T = | L Adc1b, | /Mo (2-18)
def | x
xez!
It is such that for any E € ‘B3, My, ([X-E]) — Mcl([f-HAdC_lh E]), where
we introduced the projector Mg, on Ad;-1h, with respxect to a root
decomposition corresponding to this Cartan subalgebra.

Define ®@,; € H? (§’K§ ®g) by

loc

(%) = VoP o (X) - V() = VoV(D) - V(E Y, (2-19)

0
a multivalued expression on the base curve X but with meromorphic
singularities, the last equality coming from the fact that the symbol Cx is
Y

constant in every connected component of X'.
o

~ o
Let us now consider a point X € Z' and a closed loop vy € m;(Z, x). We
define the following monodromy matrices,

W (X+7y) i Y.(0)S,, (2-20)

Yal+yd) = Va(D)S;, (2-21)

The previous arguments show that in the € — 0 limit, the relevant
monodromy matrices are in fact S% , that is the monodromy matrices of the
connection defined by V¢! = Vy—®,;. In turn, representing the monodromy
of V, S;i is an element of the Weyl group tv and as such allows to define a
representation

Yo — S (2-22)
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We thus obtained that in the appropriate € — 0 limit, that consists
in removing the singular part of the connection, the monodromy repre-
sentation of the connection V* reduces to a Weyl action on the Cartan
subalgebra b, of g,. Such a representation contains the information of an

Y

algebraic cover of X as the monodromy representation of a tv-cover of this

curve which is isomorphic to the cameral cover denoted x: Z g0y — §
Indeed, the Weyl action arising as a gauge freedom when diagonaliz-
ing the Higgs field ®© is precisely the right action of which the map
T : h” ®Kg — [H* ® K] /1w is the quotient projection. Which concludes
the proof. B

The cameral curve X jo, canonically associated to the Higgs pair
(¢

(Py,®® = Ady Y) has a local parametrization given for any ¥€ X and o € to
by

T=R, (Y (%)) (2-23)

where we introduced the dual representative R, € Aut(h,) of the Weyl
group element o € tv < Aut(h}).

We will now define non-perturbative correlators defined on copies the
cameral curve. First, let us define new 1-point and 2-points classical cor-
relators by

Wfl:tgzcl _— Kg
[X-E] — (Adc.E-Y(x)) (2-24)

WZCI . 2&2’2 N S|X|2 Kg
_ <Mcl([3é E])Mcl([-iﬂ : El]))o

[X-El®[X - E] R L (2-25)
Er(X,X)Er (X, X)
_ (Adc.E-Ady -1y (Adc, E')o
T &%, )& (¥, X)
(2-26)

from which the input of the cameral curve topological recursion, to be
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(]
defined in the next section, can be defined for any generic X,X' € ¥’ and

Weyl group elements 0,0’ € v as

0 = Y WHE Ry(HoDa (2-27)
aER

BET) = Y WE(E Ry(H)LI¥ - Ry(Hphaof  (2-28)
a,BER,

where we denoted by {H,}q4e:, the standard Chevalley basis associated
to the set of simple roots R,. These definitions are consistent with the
input data described previously thanks to the identities

s QE+Y) = 3 Wi ([E+y - Ro(Ho)D) S (@) (2-29)
— clr=. i
= aé%Wl ([x (Rs;zRa)Ha])a (2-30)
_ oSy
= Q(x) (2-31)

which is the definition of an §-valued tv-equivariant differential form
on the cameral curve X ;). Similarly, B is symmetric and satisfies

o’ Us)cfl o’

cl T =\ _ B = =
(5, ®1)-B(X+y,X)=B(X,X) (2-32)

together with the singular behavior

~ 07 1 Ko.a,0'-p
Bxx) ~ —-= > —— == a®p (2-33)
x~x' 2 a,feR, 8f(x,x )é"f(x , X)

where x denotes the Cartan matrix. Q and B are then both well-defined
hi-valued (resp. (h%)®* -valued) to-equivariant meromorphic forms on the

0
cameral cover X g0, — Z (by additionally identifying the tangent spaces
at a base point and one of its pre-images by this covering map).
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2.2 Cameral curve topological recursion and reconstruction

Topological recursion for spectral curves

We start by reminding the usual formulation of the spectral curve topolog-
ical recursion [43], [30].

Definition 2.3 Spectral curves
Define a spectral curve to be the data (¥,Q,B) consisting of a Lagrangian
immersion

i 0
—T"Z

%

together with a meromorphic one-form Q = i*n on X with Liouville one-form

n on T*% and a symmetric bi-differential B on XXX having a double pole on
the diagonal divisor

dzdz
B(z,7) ~ ———— 2-34
(Z Z)z~z’ (Z—Z’)Z ( )

with no residue and no other singularity. When a choice of Torelli marking,

o
a symplectic basis of cycles in H, (2, Z), is made, the associated Bergman kernel
is a natural candidate for B. Similarly, when a choice of polarization is made,
the Klein form is an other candidate.

The Eynard-Orantin topological recursion procedure was introduced to
solve perturbatively the Schwinger-Dyson, or loop equations, arising in ran-
dom matrix models. It associates to the data of a spectral curve (#,Q, B)
a sequence of so-called invariants denoted {wg ,}g nen With numerous al-
gebraic and modular properties. In particular, wg, is a symmetric n-

differential on ¥ called the n-points correlator in genus g.

Denoting by br(#) the set of critical points of the projection x and
generically by o, for any a € br(.%), its corresponding local Galois involu-
tion, the procedure goes as follows :
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Definition 2.4 Global spectral curve topological recursion
First define wg d:f Q and wy> d:f B, then for any stable (g,n) € N, that is
e e

such that 2 —-2g —n <0, and any generic n-tuple of points (z1,...,z,) € L",

Wgn(Z1,..,Z0) = ), Bes Ko(21,2)[0g-1,0+1(2,04(2), 22, Zn)
acbr(¥) N

!
+ X wn1+n(2, 2D 141510 4(2), 25)]

(2-35)

(f Z N ( )') . .
where K,(z1, z) = Jogtn @02(1 is called the kernel at branch point a
e

f @wol (2)—wo,1(04(2))

and Zl means that in the sum over (h,I) and (h',]) we ommit the terms
corresponding to (h,I) = (0,8) or (h,I) =(g,{2,...,n}).

Definition 2.5 Free energies
The free energies associated to this topological recursion procedure are defined in

the following way :
o forany g =2,
1

o 8 ier 2 2g R 9-36
8 dey S ey 2-2g ae§y) Res P wga(2) (2-36)

where ¢ iot [ woy is a choice of primitive of wo, = Q from which this
e

definition can be shown to be independent.

« forg=1,

1 1
F o= —= - —m| ] ¥ 9-
1 def 2[72 TR 24 In (dEbr(y)y (Cl)) ( 37)

where the symbol T is the so-called Bergmann t-function defined such

. dlntp _ B(z,z) .
that for any branch point a € br(&), 5= i Res 7.t - It is well defined
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up to a non-relevant multiplicative constant since the Rauch variational

formula implies that the right hand side of the last equality is a closed

form. Moreover, defining a good local coordinate { ,(2) ier x(z) — x(a)
e

dae,2)

near the simple branch point a, such that y'(a) = Tj_x|z=a-

o
o for g =0, introducing a Torelli marking {Ai’Bi}lsis§ cH,(Z,2),

118
Fo = - Zfijg wor+ ), L, wort+ ) l‘s,kfﬁ, Wo,1
def 2| ; B; B

i sep(wo,1) Bs, keN* s,k
seplwo,1)

(2-38)

where we introduced the periods €; djf ﬁfBi wo,1, the set p(wo1) of

poles of the ome-form wq,, ts i Res wy,, the homology chain B,
e N ’

uniquely defined by requiring that its boundary is GB;','O =s—o0 and

o
that its intersection with the marking vanishes, with o € Z a reference
point from which this definition can be shown to be independent, simi-
larly define the times t d:f Res [(x(z) — x(5))*wo,1(2)] and their duals
e Z=$

fBuk wWo 1 d:f %lzgss [(x(2) — x(5) *wo1(2)]. It is a quadratic expression in
of k2=

S,

the input data w,, = Q.

The general solution of the topological recursion procedure involves
intersection numbers on certain moduli spaces of coloured, stable, nodal,
Riemann surfaces [41]. Without going into too much detail, it takes the
form

Theorem 2.6 General solution [Eynard]

For any g,n €N such that 2g—2+n >0, the general solution of the spectral
curve topological recursion has the form
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wg,n(zly ceey Zn) =

n
2 g [ttt
dn

i=1

dy gn
Alyeery an
(2-39)
where the sum is over branch point indices a,...,a, € br(¥) and non-

——tai,...an}

negative integers dy,...,dp € N. M, denotes the compactified moduli
space of stable Riemann surfaces each stable component of which is labelled by

a branch point index in {a,,..., a,}. It is realized as
_{al""yan} —
ﬂg’n = {(C;Zl)“'yzn;(p)|(C;Z1)-°-)Zn)Eﬂg,n;

def

@ : C—{nodess — {ay,...,a,}continuous}
(2-40)

where M o ,, is the moduli space of nodal Riemann surfaces of genus g with
n marked points. Note that the function ¢ being continuous from a discrete set
means that it is constant on each stable component of the nodal curve. This is
what we call a colouring of the Riemann surface.

For any p € {1,...,n}, v, is the pth tautological class, namely the Chern

—{ar, n}
class v, i ci1(ZLy), where £, — M ;;,l “is the tautological line bun-

dle whose fiber over a coloured Riemann surface with n marked points
—Aa,...,an}
(C;zy,...,2,) € J%;; “ s the cotangent plane L, c;z,,....z0) djf TZ*pC. The

----- a}’l}

spectral curve & and last but not least,

déa b —(2d - 112" Res (B(z,2){a(z) ") (2-41)

Z'—a
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Cameral curves and the recursion

In the spirit of the previous framework, we now define a cameral curve

~ o~ (0]
to be the data (2£3,€2, B) consisting of a cameral cover x:X, — X over a
point b € %B,.¢ in the regular locus of the Hitchin fibration, an h*-valued
tv-equivariant one-form  on X, of the form

Q=3 Qua 2-42
def ag% “ (2-42)
for a given set of simple roots R,. Given the cameral cover X;, a natural
candidate could be

Q=) (p)*lin) Nla (2-43)

acR,

where we used the notations of the introduction

7 o
Sy Py 2 THE
>

0]
and where 7 is still the Liouville one-form on 7*X%, and a choice of
symmetric (h*)®2-valued tv-equivariant bi-differential Bon 3, required to

have a double pole on the pullback of the diagonal in the squared base

Y
curve (X)? with no residue and no other singularity, namely we choose it
such that

B(z,Z) ~ ,%Kaﬁlg(x(z),x(z’))a@)ﬁ (2-44)

Z~0+Z

where o € v is a Weyl group element sending the simple root 3, labelling
the sheet to which z’ belongs, to @ = o () where z is. Also introducing the
Cartan matrix k¥ = (Kgp)a,pe, Of the Lie algebra g viewed as an element

of (h*)®? and the Bergman kernel B associated to a given choice of Torelli
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marking on the base curve that we denote by m= {Ai’Bi}lsis§ C Hl(g,Z)
on the base curve.

This choice is the one of bi-residues %Kaﬁ when the base points z and
z' are, in the limit x(z) ~ x(2'), in the sheets labelled by some simple roots
a and p respectively. In particular, since the Cartan matrix has entry 2 at
any diagonal position, this bi-residue is 1 when z' ~ z (or x(2') ~ x(2) with
z and z' located in the same sheet of the cameral cover).

We will now associate to any cameral curve (Z5,€, B) a sequence of in-
variants {0g } g nen, Wg,, being a (h*)®"-valued tv-equivariant n-differential
on X;. For any integer n >0 and any generic points zi,...,2, € 2, we will

use the notation

(Dg,n(zly---rzn) j Z J)g,lr,zm,an(zl’“"z”) O§1®"'®C¥n

(2-45)

To do so, the remaining ingredient to introduce is the recursion kernel.
For a given generic branch point a € br(Z;) fixed by the order two element
04 €1, it is defined in a similar fashion than in the case of spectral curves
as

. 2oz D0,2(Z1,°) H,® H,
Rolen,2) = — — Jatea G0zl el (2-46)
def  ,1(2)(Hy) —wo,1(0,(2))(Hy) 4

where we used the pairing between equivariant differential forms and
generalized cycles and H, € b is dual to the simple root a € R, corre-
sponding to branch point a (that is such that o, is the orthogonal reflexion
with respect to the hyperplane orthogonal to root a).

Definition 2.7 Cameral curve topological recursion [B.-Eynard-Hurtubise]
Define the invariants g, for any stable geN and neN*, 2-2g-n<0, by
the following recursion with respect to —Y o, and which is the same as the one
for spectral curves.
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~ r ~ _
wg,n+1(zly---yzn+1) = ﬁ Z E—?g Ka(zly Z) [wg—l,n+2(zy0'a(z))ZZ)---)Zn)
acbr(Zp)

!/ ~ ~
+ ) Wn,1+1(2,21) ® Wy, 11141(0 ¢(2), 21)]
ur'=2,..n+1}
h+h/=g

(2-47)

where K, is contracted with the two first tensors of all the terms between

.....

that we denote {iy,...,i;} <1{2,...,n+1} and Y.' means that we omit in the sum
the terms with (h,I) = @ or (h,) = (g,{2,...,n+1}).

Notice at this point that the sum over the set of branch points has many
more terms in the present case of cameral covers compared to that of
spectral curves, hence the symmetry factor.

Reconstruction

The cameral curve topological recursion associated to the triplet
(Z @0y, 2, B) yields a sequence {Wg n}2g-2+n>0, Where @g, is an (bh;)®"-
valued tv-equivariant meromorphic n-differential on X ;,g0,. Defining

== 2;1 g;n

W, (x1,...,X,) djf

S W (1% Rey (Ho)l, ., ([En- Ry, (Ha)l) 1 ® -+ @ @y
(2-48)

The proof has not been completed yet but we wish to show the following
equality of formal power series in €

Conjecture 2.8

W,=Y "5, , (2-49)
g=0
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Notice that for these definitions we used the connected correlators W,
and not the non-connected ones W,,. Similarly, we can define the non-
connected cameral n-points function by

o Tn W~
Wa(F,nX) = ) QW) (2-50)
PRI Ak
and show that they also satisfy a set of loop equations. Indeed, if we
choose a Weyl group element 7 € tv, we can write a twisted k" Casimir

element ng , for each k€ {l,...,d} (restricted to the Cartan subalgebra )

€ = Y. 6 R (Hyy) ® - ® Ry (Hg,) (2-51)
def ay,...,x Ry
djf Z (g]:)a’l """" e Hal ®---® Hak (2'52)

and the set of twisted Casimirs {€[}1 <k <d still generate the cen-
ter Z (% (g)). We then write the loop equations with this set of twisted
Casimirs

d
YD G Wi (IR Hyy o [X Hay), X0 X)
k=0

al,...,akeiﬁo

=P,(x,y; X1,..., Xp) (2-53)

in which we can make the replacement X; = [X; Ry, (Hgp)l, i €11,...,n},
0]

for any generic (%,...,%,) € 2" and any n-tuples of Weyl group elements
01,...0, €t and simple roots f,..., 5, € R) to obtain

d
YDy Y @I Wiy (R Hayl, o [ e,
k=0

al ..... akemo

[%1 ' R01 (Hﬁl)]; ceey [fn ' Ran(Hﬁn)])

= Pn(x» Vs [fl 'R(Tl (Hﬁl)])) [%}’l Ro’n(Hﬁn)])
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-Z( DEYAE Y @I W (R Ry (Ha)l, ) (B Ry (Ha)],

[fl 'R01 (Hﬁl)])) [%I’L Ran(Hﬁn)])

which we can now multiply by §,®:--®,. Summing over f,,..., 5, € R}

1

and relabeling 70™" — 7 then yields the set of cameral loop equations

o1 On

Z( DFYIRGT (R WoF, ..., o)
k=0
= Y Pu(x,y;[% - Ry, (Hp), ..., [Xn- Ry, (Hp 1) 1 ® - ® By
B1,..,Br€Ro
(2-58)
~ g1 On on
o Pu(x,y; X1,..., xn)d Z( D)y Py (x; X xl, o Xp)
(2-59)

for any Weyl group elements 7,0 € v, where €7 - W, means contraction
of €, with the k first tensor elements of each term in the definition of
Wisn. Note that the right hand side of the last equalities/definitions are
independent of the choice of 7,0 € tv. Symbolically we may write

CLE W) = - (% | W, % 1)) (2-60)

where the bracket in the right hand side is the contraction of tensors
over 0.

The next steps are then to decompose the non-connected correlators
into connected ones and use their € expansions to derive the perturbative
loop equations. Notice at this point that we generically only need the
linear and quadratic loop equation to show that the correlators are indeed
reconstructed from topological recursion. Let us therefore consider the
coefficient of y"~2 in the cameral loop equations. It states that

on g1 On

g _— 01
ngr (%) : Wn(%b xn) - PZ n(x x17 %n) (2'61)
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is a meromorphic quadratic differential in the variable x defined on the

base curve £ with possible singularities at the x;’s and z;’s but nowhere
else.

Let us now assume the existence of topological expansions for the con-
nected correlators given in the form

— o0
Wn = Z 82g_2+nwg,n (2_62)
§=0
defined on products of the cameral cover. The quadratic loop equations
can then be expanded in powers of € and extracting the coefficient of
2g-2+n
€

yields

PE (x; 1)

Piao Pt = (Hp @@ Hp,
e

g O
d=f <<€§®Hﬁl®---®Hﬁn We_1,n+2(X, X, J)
e

g o
=~ =~ 7/
+ Y Onien(E D OO, (5 1)
ur=j
h+h'=g

... (2-63)

2 o1 On
for any generic X€ X, 0 €t and fy,..., 5, € R,, where ]d=f {x1,...,X,}
e
and the dots ... in the right hand side hide terms that already have the
wanted regularity (implied from quadratic loop equations at lower values
of 2g —2+ n). Accordingly to previous notations, we also introduced

5(g) 58 yeer
P (x;)) = Y, Pl pirirae---ean, (2-64)
ef ay,...,an€NR,
729
wg—l,n+2(x;x;])

= (@

def < 2
7 v

+ Z wh,1+#1(xJ)®wh',1+#1'(X,I)>

ur=jy
h+h'=g

. (2-65)
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For any given sequence of simple roots (f,)nen € 9%5', we obtained a set

ﬁz(gli ) identical to those appearing

of expressions (<H,31 ®---® Hg, N
g, ne

2g-2+n>0
in the perturbative expansion of quadratic loop equations of [43], [30].

2.3 A scheme for solving integrable hierarchies given in Lax form

From Lax presentations to cameral curves

Keeping the notations of the previous section, let us consider a family of
Fuchsian differential systems (Pg,dx—%q)g) € Mrpycns with "small” deforma-
tion parameter € and let us assume that this family also depends on on a
set of (complex) parameters {f;}e.s called times for some (possibly infinite)
set #. We will furthermore assume that they are part of an integrable
hierarchy

led,—®,,ed, —AP] = [ed, - AP ed,, —ALP] =0 (2-66)

for any indices k,! € I. In this section, all the considered objects have
time-dependences but we will never write these explicitly.

For generic values of ¢, the pair (Pg,dx—%(Dg) defines a Fuchsian differ-
ential system. Following the previous constructions, we can associate to any
choice of Lagrangian submanifold £ c /), a non-perturbative 7-function
€ ¢ such that for any k€ I,

d, InTy=| W (2-67)

1y
where the cycle I'x d:f (d,;k)* € A, is dual to the deformation d;, and is
e

given by the formula

M
1
Fe==) (dy2)B]+ ) e(dy Sy, Sy.) (2-68)
st 27w 5
In principle, assuming all the correlators to admit topological expan-
sions that can be computed from topological recursion would reconstruct
perturbatively the 7-function T .
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Assuming the they all admit a well-defined € — 0 limit, we then get in
particular that ®, and the A" are codiagonalizable at leading order in the
expansion parameter €. That is there exists a decomposition

Oclgep =AdvY, ALlge0 = Advay (2-69)

where Y and the aj’s are h,-valued meromorphic 1-forms.
These commutation relations also imply that there exists a common

globally flat local solution ¥, € HY, C(E,P)O to the integrable hierarchy of
equations

ed, ¥V, = @V, (2-70)
Vke s, ed, V. = APWY, (2-71)

o
In this case and for any X € X, V¥, admits an asymptotic € — 0 descrip-

tion of the form
Ye® = VP ®e Py (2-72)
£—
2
where S: X — b, ®K§ is an h-valued function on the universal cover
and is set to satisfy
0xS=Y, 0;,S=ay (2-73)

¥, is a solution of the linear equation

Ady-, d)P =[V,P]=Y - P-79.Y, (2-74)

- denoting respectively Lie derivation from the left and from the right,
and such that it satisfies ‘/I\’g(%) =1+0(¢). Once again, Cz = C € P, is
sectorwise constant where now Stokes sectors are defined as being the
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0 ]
connected components of X' =[X~ (J I', UT',], where the Stokes and anti-

aeR
Stokes lines are now defined as
Ty = [XeZ | Re SX) =0} (2-75)
T, = [XeZ|Im S(X) =0} (2-76)

This Stoke’s network can be used once again to show the emergence of
cameral geometry in the WKB limit. The corresponding cameral cover is
still that associated to the Higgs pair (P, @) but now also depends on
the times {#;}reg of the hierarchy.

In the last chapter, we will investigate how quantum W-algebras can
be comprised in this setup. They are indeed the natural quantum analog
of the Fuchsian system since their classical counterparts, namely classical
W-algebras, are the Poisson structures relevent for the study of Gelfand-
Dickey hierarchies [3] or more generally Drinfeld-Sokolov hierarchy [51].
The background charge Q will play the role of the quantization parameter
and the Q =0 case will be identified with a Fuchsian system.

3 A spectral curve for the KdV hierarchy

3.1 The Korteweig-de Vries equation and its applications

The Korteweig-de Vries equation, or KdV, originated in the study of shal-
low dispersive water waves. It allows for solitary wave solutions, or solitons,
that are localized but propagate through space and time. It is a non-linear
equation that possess two contributions that have clear physical interpreta-
tions. In its dimensionless form, it can be written as

2
o;u= uaxu+8—6§u (3-1)
12

The first term of the right hand side is the non-linear term and accounts
for the finite size effects (depth of water) while its second term is directly
related to dispersion. The typical hydrodynamic situation in which these
waves can be observed is the propagation of waves on the surface of a
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canal (¢f the canals of Amsterdam for which it was written down). In this
situation, the finite depth of the water slows the front of the wave down
and accelerates its tail while dispersion acts the other way around. This
heuristics gives a hint to understand how such solitary waves that keep the
same size over time can emerge.

Figure 2.4: Finite size effects (black) vs. dispersion (red).

Hydrodynamics being scale invariant (what allows for example for the
use of wind tunnels in engeneering), the KdV equation can be applied to

o tidal waves caused by the competition between the gravitational pulls
of celestial bodies (e.g. earth vs. moon)

e tsunamis triggered by large (often underwater) earthquakes, volcanic
eruptions, (possibly submarine) landslides, etc.

* both of the above but in the sky !

as long as the shallow hypothesis can be applied, namely that the height
of the wave is negligeable compared to its width. Furthermore, there are
other fields of Physics in which such competing features as non-linear fi-
nite size effects and dispersion appear and where one can therefore hope
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to use this equation as a descriptive tool. Let us mention that it goes
from acoustics (e.g. acoustic waves in crystal lattices or ionic plasmas) to
electromagnetism, where it was hypothesized that the KdV equation could
describe ball lightning although there exists no consensus whatsoever on
the subject. In any case, one would still have to compare numerically the
predictions from the KdV equation to the particular phenomena under
study and sometimes this can rule it out from bearing responsibility (e.g.
in [70] the author shows the innocence of the KdV dynamics regarding the
Chilean tsunami of 1960 by studying its magnitude ).

Now this equation is also interesting mathematically speaking as it pos-
sesses an infinite dimensional space of solutions. In other words, complex-
ifying the problem, the generic solution of this equation depends holomor-
phically on an infinite number of additional parameters and this infinite
set of flows commute in the space of solutions. This gives rise to the KdV
hierarchy. It is a special case, namely the 2-reduced, of a more general
construction of integrable hierarchies called the Kadomtsev-Petiashvili hi-
erarchy or KP. Moreover, it fits in the framework of [38] as the most simple
non-trivial integrable hierarchy one can think of.

In what follows we will start by introducing the notion of 7-function
of the KdV hierarchy. It is known that 7-functions of the KdV hierarchy
is a generating function for intersection numbers of ¥ and x-classes on
the Deligne-Mumford moduli spaces ./, of stable algebraic curves. Af-
ter following their introduction to the subject, we state results by Bertola,
Dubrovin and Yang [21] expressing in a closed way the generating functions
of such intersection numbers.

After noticing that they are correlators associated with an sl,(C) Fuch-
sian system of topological type, we will determine the spectral curve un-
derlying the topological recursion satisfied by their WKB genus expansions
(notice that vksl,(C) = 1 and therefore the cameral geometry coincides with
the usual geometry of spectral curves [42].
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3.2 KdV hierarchy and higher Weil-Petersson volumes

Hierarchy and 7-function

As we have seen, the KdV hierarchy is an infinite set of compatible in-
tegrable Lax equations, integrable in the sense that they possess an infi-
nite number of Poisson commuting conserved quantities. In the pseudo-
differential operators formalism it was constructed as

0, L=1(L",, L] (3-2)

where L d:f 0°—u and LY2 =0- %ua‘l - %(Ou)a_z +... is determined
e

recursively by requiring that no negative powers of d occur in (L'/%)?. With
these notations, the general solution u of the hierarchy depends on the
odd times (#3x+1)ken and of course on a family of parameters for the initial
conditions (si)ken+ With respect to which we will specify the dependence
soon enough (they are the coupling constants generating the x-classes).
Here we will change our conventions to a normalization better fit to study
the relationship with intersection theory on .4 ,. That is we consider the
Lax operator L= 0%+ 2u satisfying the hierarchy

0,L = [ApL] (3-3)
1 142k
def (2k+1)!!( )+ (3-4)

With these conventions, the KdV equation is 0,u = ud,u + %0§’cu where
we identified f) = x as the space variable and #; = ¢ as the first time. We

will denote t = (i) xery and 8 = (Si) ken®

Definition 3.1 7-function
A Sato t-function of the KAV hierarchy is a formal power series expansion
7 € C[[t,8]] satisfying the Hirota bilinear identities

gzes (w(zt9)y* (z;58)2Pdz) =0 (3-5)



3. A SPECTRAL CURVE FOR THE KDV HIERARCHY 103

for any t and t, where we respectively defined the wave and dual wave-

functions by

(2k=1U,

T(tk — 158
t; — z 9(z,1) 3-6
Vizs) def T(tk;8) ° S
T(t; + s s)
d *(z;t8) =yw(—z;t;8) = £ bz 3-7
an v (zt8) =y (-2 ts) iof (09 e (3-7)

Z2j+1

with a phase 9 given by 9(z,t) djf ‘]’-‘;0 LG

Proposition 3.2 7-function of KdV 1 € C[[t,8]] is a T-function of the KdV
hierarchy if and only if u=0%logt is a solution of the KdV hierarchy and

1 ... g
) d d 1 I
T(t;s) =exp| D — Y <7<11"'KllTkl"'Tkn>g,ntk1"'tknm
120 T k=0 1200 Ay
iy dlZO
(3-8)
where
d d _ k1 k. d d,
Ky K qu"'Tlcn)g,n—fz Yy WKy K (3-9)
g,n

Definition 3.3 n-point correlation functions and generating functions
For any t-function of the KdV hierarchy and any integer n € N*, define the
n-point correlation functions as

0"logt

— 3-10
atkl---atk,,( ) (3-10)

(Thy Th, ) (68) =
and their generating function to be

Ck+D!  2k,+D!
F(z1,...,2,8) = Z (Thy  Tr, 2 (E58) TR R an —— (3-11)
ki, kn€N Z] zy "
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Lax presentation of the problem and expression of the generating functions

The wave functions are formal eigenfunctions of the Lax operator Ly = z*y
and Ly* = z*y* and their dependence in the times is specified by the
compatible system 0, ¥ = Ay, 0, " = —Ary”™ for any integer k = 0. They
fit into the fundamental matrix solution

¥(z;t;8) Y™ (z;t8)

Y(zts) = (—axw(z;t;S) —0,y"(z;t;8)

(3-12)

Theorem 3.4 Closed form for the generating functions [Bertola, Dubrovin,

Yang]

Defining the matrix © by ©(z;t;8) = 2V (z; t;8) 03V (z; t; s) 1, where we used the
L _ 0

usual definition o3 i (O 1

the generating functions for multi-point correlation functions take the form

) is a Pauli matrix, then for any integer n = 2,

1
Fi(z;6s) = ETr(‘P(z;t;s)"laz‘l’(z;t;s)ag)—azﬁ(z,t) (3-13)
1 Tr (0 (z50); 6S) - O(Zg(m); ;) Z°+ Z2
F(2,. Znitis) = —— 3 ( e )_6n,2ﬁ
7S jzl(za(j)_za(jﬂ)) b
(3-14)

3.3 'WKB analysis

Introducing the "small" parameter €, we apply our scheme using standard
WKB analysis (up to first order only !) applied to the formal eigenfunc-
tion relations (they are second order ordinary differential equations of the
variable x). This yields the asymptotics

)\ 174
pzts) ~ (1o 2009} sl Fan Bt nesE (g5
h—0 z?

Straightforward computations of limits from the definitions of the gen-
erating functions of the 1-point and 2-points generating functions and the
topological expansions



3. A SPECTRAL CURVE FOR THE KDV HIERARCHY 105

Fi=) ¥ 'w,,, and F, = ) e*wyg,, (3-16)
g=0 g=0

then allow to find the expressions

2]

wo,1(2) = dZ[(l—tl)Zz—jgz(tj = s))(Z — !

] (3-17)

f \/1 2ug(to= )(tl,...;s

with the coefficients (h;)jen« being obtained from the parameters
($;) jen+ by solving the formal equation

1+Y hij®)z =exp(d_ s;z)) (3-18)

j=1 j=1

dz,dza[2% + 25 — duy(t;
Wo2(21,22) = A dzla 7~ At (3-19)

_ 2 2u0(t s) 2up(t;8)
(2] — z5) \/ 1- \/ - =%

0, Up(t; 021y (t;
w1,1(21) = Uo(t;S) + xtho(6:S) dz;

.1 \9/2 \3/2
824 (1-2949)™ 24220, u5(t;9) (1 - 24 )

1 1

(3-20)

KdV spectral curve

Definition 3.5 KdV spectral curve [B.-Yang]
Let & = ((A,m),Q, B) be the genus 0 spectral curve given by
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_ 1o
A(2) iot 5% (3-21)
2201
@) = (l_tl)z_j;(tj j-1(= S))(2 T
- dx (3-22)
0 \/z22—2uy(ty=yx,t,...;8)
Q(2) iot n(z)d A(z) (3-23)
B(z1.2) dz;dz[2? + 25 — 4uy(t;9)] 3-24)

def (Z%__zé)z\/l__zuggﬁ)\/ Zugtw
1 2

where z is a local parameter around 0 € C, th = x and uy(t;s ) is the genus
0 part of the general solution u(t;s;h) =Y o0€°8ug(t,s) to the KAV hierarchy,
it is the unique solution to the dispersionless KdV hierarchy

k

0V =1

—d,v, keN (3-25)

such that the initial data uy(ty = x,0,0,...;8) = f(x;8) satisfies

k
x=f(x;8)+ Y hei(— s)f(xs)

k=2

(3-26)

WKB analysis gives the only natural candidate for a spectral curve to
run the topological recursion to compute the correlators and therefore
yields the following reconstruction conjecture

Conjecture 3.6 Higher W-P volumes by topological recursion [B.-Yang]
Define the symplectic invariants (wg,n)2g-24n=0 of & by the topological recursion
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“Woo(z1, 8
Z Res fa 0,2( 1 )

el erevzvasy = ° 2wo,1(z;t;8)

Wgn(21,...,2p;1;8)

X (wg—l,n+l(zy_z) ZZ)---yZn;t;S)

!
+ Z wg1,1+|1|(Z,ZI;t;S)wg2,1+|]|(—Z,Z];t;S)),

81+82=8
Iuj={2,...,n}

(3-27)

where i, is the local involution around z = a sending a+¢ to a—<¢ and Z/
means omitting the terms with (g,,1) = (0,0) and (g,1) = (g,12,...,n}).

They are the generating functions of the higher Weil-Petersson volumes.
Namely, for any g,n €N such that2g-2+n>0,

d dz,
Wg n(Z1,...,2n;5;8) = Z 2k + D= Rk + N —— 2kt
k1, k=0 1 n
X Z ol Z __ wllcl % 1/]{11+1 Wn+m 1 Ljm €XP (Z Sle)
m=0 J1reejm=0 g.n+m i=1
(3-28)
3.4 A non semi-simple cohomological field theory
In the case where s; =5, =--- =0, the spectral curve becomes
1,
A = 2% (3-29)
fo dx Z2k-1
n = z—f -—hz—) tk————. (3-30)
0 (Z2 2 U(x tl! tZr )) ];2 (Zk 1)”

The input data for the topological recursions become
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o dx sz
wo1(z;0) = zz—f —hzt- L,—— | dz,
ol ) ( 0 (1_2v(x,t12,t2,...))% ! ,; k(2k D
(3-31)
Z2+z5—4v(t)
wo,2(21,22;60) = 1 - dz; dz,, (3-32)
2 _.2v2 (1 _2vw)2 200 )2
(22— 22) (1 Zf) (1 Zz)
td t)d
w11(z50) = Uy (8) d2 s ®Wde (3-33)

5/2
2422 (1-242) v, (1) 824 (1-241)

The conjecture takes the following simpler form
Conjecture 3.7 Vanishing initial conditions for the KdV hierarchy [B.-Yang]

For any integers g, n € N such that 2g —2+ n > 0, the following formula holds
true

Wen(Z1, ., 2 0= Y H(Zkﬂ'l)” iz > Ly Qg

ki, kp=0¢=1 [ ki,..., k=0 Jﬂg,n

(3-34)

where Qg ,,(t) is an analogue of a CohFT given by

Qg,n(t) = Z —' Z Z Kt s(F1yeeer ) ]1 tm. (3-35)

def m>0

.....

decomposztzons of the permutation T.

Example 3.8 If furthermore ty=t, =t, =--- =0 the KdV curve becomes

A= =2, (3-36)

2k—-1

N = z+) hia(-8)——

) =TI (3-37)
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This curve coincides with Eynard-Orantin-Zhou’s curve [43], [75]. We have
in this case

2k

.0- _ 2 _ <z -
wo,1(2;0;8) = |z°+ kzzz hi_1(—8) k=D dz, (3-38)
( 0;s) —Z%+Z§ dz,d (3-39)
Wo2(21,22;0;8) = z21 a2y, -
0,2(Z21, 22 (zf —z§)2 142
dz s dz
;0; = — 3-40
@112 0;8) 820 | 2422 (3-40)

It has been proved by Eynard-Orantin and by Zhou from different approaches
that

n dz

¢

Wen(z,....z0;08) = Y [[@ke+DU T,
Kk =0 =1 z,

ki kn X k=1S5kKk
X Z f_WI ey, e

ki,kpn=0Y M gn

(3-41)

Back to the conjecture, on can easily check that the sequence of coho-
mology classes (Qg,n(t))zg_2 >0 do not satisfy the most elementary axioms
of cohomological field theories [61] and this relates to works that have stud-
ied cases corresponding to semi-simple Frobenius algebras [39] or semi-
simple cohomological field theories [1] and remarks thereof that these were

not the general situation where the topological recursion could appear.

4 The Topological Type property

Following the work of [16] and [15] we define the following topological type
property:

The e-connection V, = eV, — @, is said to be of “topological type" if and
only if all the following conditions are met:
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1. Asymptotic expansion: There exists some simply connected open do-

main of £ and an Cartan subalgebra b of g (this allows for the local

identifications Z S and £ =3 g) in which the connected correla-

tors W (Xi,...,X,,)’s with each X; € Z x ), have a Poincaré asymptotic
€ expansion

W,(Xi,..., n)_ W(O)(X)+Zg W (X,..., X, (4-1)
k=0

such that each W ([x,.E1],..., [xn.E,)) is, at fixed E; € h, an algebraic
symmetric n—form of the variables xi,...,x,. In other words, there
must exist a (possibly nodal) Riemann surface . independent of k

(0]
and n, which is a ramified cover of X, such that the pullbacks, at fixed
E;eb, of W,gk)([xl.El],..., [X,,.Ep]) to & are meromorphic symmetric
n-forms.

. Pole only at branch points:  For any pair of integers (k,n) ¢

{(0,1),(0,2)} and any n-tuple (Ey,...,E,) € h", the k' order connected
correlation functions /W,flk)([xl.El],..., [x.E,]) pulled back to ., may

only have poles at the ramification points of ¥ — 5. In particular they
cannot have singularities at nodal points of ., or at the punctures,
i.e. the pullbacks of singularities of ®. Moreover W(O)([xl Eql, [x,.E>))
may only have a double pole along the pullback of the diagonal in

Sx 3 to & x.F of the form W but no other singularities.

. Parity: Under the involution £ — —¢:

Vn=1: Wnl—g:(_l)anls (4_2)

for n = 1. This is equivalent to say that for any generic Ej,...,E, € b,
the series expansion of W, ([x,.E1],...,[x,.E;]) is even (resp. odd)
when 7 is even (resp. odd).
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4. Leading order: For all n = 1, the leading order term of the series

expansion in € of the correlation function W, is at least of order £" 2.

In other words:

Vn=1,V0sk<sn-3: Wk =0 (4-3)

If the system satisfies the topological type property, we denote

&\)g,n — A}ng—2+n) (4_4)

and we have

W,=)Y 4 %"p,, (4-5)
g=0

All those conditions are non-trivial, and there exist plenty of examples
of ®, for which they are not met. Fortunately, there are also plenty of very
interesting examples for which they are. We now recall a set of simplifying
assumptions that is shown in [10] in Appendix to imply the Topological

Type property.

4.1 Sufficient assumptions

Here we shall restrict ourselves to the case where the Lie algebra is the set

of d x d matrices g d=f M ;(C) and the base curve is the punctured Riemann
e

sphere

S = CP'~(z1,..., 20} (4-6)
def

In particular we are allowed to choose the usual de Rham differential as

reference connection V, d:f dxo,
e
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Setting : compatible linear differential systems

* In the spirit of the WKB study of Lax systems we shall consider a
compatible system of linear equations of the form :

€0,V .(x, 1) = D.(x,)¥,.(x,1) (4-7)
e0;V.(x,t) = R.(x,)¥.(x,1) (4-8)

where the d x d matrix therefore belongs for any value of its argu-
ments to the group of invertible matrices WY.(x,1) € G d=f GL,4(C). The
e

d x d matrices L, and R, are assumed to be rational functions of x
for any values of ¢ and €. Even though they appear to play symmetric
roles, x is usually called the spectral parameter and t the time param-
eter. To shorten notations, we will often not write explictely the time
dependence when no confusion is possible.

We shall give a set of sufficient conditions on @, and R, for the system
to be of Zopological Type. We will then apply this to two examples,
namely the (p, q) minimal models et the six Painlevé equations.

» The compatibility relation of the two equations is called the Lax equa-
tion :
gat®£(x) t) - gaxRe(x; t) = [Re(x; t))q)f(x) t)] (4_9)

 Recall that the construction that was presented associated to a given
solution ¥, of the differential system is associated a Lie algebra-valued
solution M, of the adjoint system :

EaxMe (x’ t) = [q)e (xy t)y ME (x) t)] (4"10)
gatME (x’ t) = [Re(x; t)) Me(x) t)] (4'11)

whose solutions are of the form

M. (x,8) =W (x, )E¥ (x, )" = My, ([x- E]) (4-12)
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where E is a fixed Lie algebra element (it is constant in the sense
0E =0).

Recall that any another solution of the Lax compatible system of dif-

ferential equations is obtained from ¥ through the right multiplication

Y (x) — ¥Y(x)C by a constant matrix C € G, 0,C =0, which can be re-

absorbed in a global conjugation of the Lie algebra g. Moreover, ¥,
0

and M, are multivalued on X and globally defined only on its uni-
versal cover. The construction of the non-perturbative bundle S,
allowed in the general framework to have a uniquely valued map My,
taking into account different choices of Lie algebra element E.

We shall now describe our assumptions on the Lax pair (@, R;). These
assumptions are described in terms of algebraic geometry and the notion
of spectral curve. There are in total 6 assumptions that are presented in
the following paragraphs. Each assumption allows new definitions and/or
implies new properties that are presented in several lemmas and proposi-
tions. Although they may appear technical, these assumptions have been
proved to hold in many cases like Painlevé Lax pairs [17], [57] , [58]. We
prove them for all (p, g) minimal models in the next section.

Spectral curve(s)
Assumption 4.1 (¢ expansion) We make the assumption that ®, and R, ad-
mit a well defined limit when € — 0 :
lim & (x, £) = o0, 1) lim Re (x, £) = R9x, 1), (4-13)
E— E—

and that both limits are rational functions of x. Furthermore, we assume
that they admit a € expansion (formal or asymptotic) of the form :

o, =) efo® | R.=) R® (4-14)
k=0 k=0

where for any k =0, ®% and R® are rational functions of x.

The spectral curve is defined as the zero locus of the characteristic
polynomial of the matrix ®©, i.e. the eigenvalue locus, whence the name
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“spectral” curve. In the general Lie group context, this corresponds to
Hitchin’s map.

Definition 4.2 Spectral curve
The (family of) spectral curve of the differential system is the zero locus of the
characteristic polynomial in C x C :

RESIE C*|E,(x,) =, Detly- o (x, 1)) = 0} (4-15)

This defines an (a family of) algebraic plane curve immersed into Cx C. We
define the two meromorphic functions corresponding to the x and y projection
inCxC:

Xt . yt —C

(x,) —x (4-16)
Vet yf —C
(x,y) —y (4-17)

The plane curve can be desingularized. Its desingularization is a smooth
compact Riemann surface noted Z,, and the functions x, and y, can be identi-
fied with meromorphic functions X, — C. This allows to redefine the spectral
curve as the triplet :

yf = (Zt) Xt yt)) (4-18)

given by a (family of) compact Riemann surface X = X,, equipped with two
meromorphic functions x;: X, — C and y,: X, — C. On a compact curve, any
two meromorphic functions are related by an algebraic equation :

VzeXZ, , E/(x(2),y:(2) =0 whereE; is a polynomial (4-19)

thus giving an alternative definition of the spectral curve directly from (4-18).
All these objects come in time dependent families

x = (x0) s y djf (Vo E djf (Ep)¢ and S djf (&) (4-20)

ef
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We shall also be interested in the time dependent family of one-forms w'”,

defined at any time t on the corresponding Riemann surface X, defined by
w0V (t) = y,dx,, sometimes referred to as the Liouville form. It is indeed the
pullback of the tautological form of C x C to the spectral curves.

The characteristic polynomial has degree in the variable y equal to the size
of the matrices (the dimension of the fundamental representation of gl,(C)) :

deg, E:(x,y)=d (4-21)

and thus for a given generic x € C, the equation E.(x,y) =0 has d solutions,
namely the d eigenvalues Yy (x,1),..., Ya(x, 1) of @O (x, ). They are the images
by the function y;, of the d pre-images of x by x; :

') =lze X x(2) =x) = {z'(x,0),...,2%x, 1) (4-22)
def

gives

Yi(x, 1) = y,(2' (x)). (4-23)

Here we took an arbitrary ordering of the eigenvalues and this ordering
can always be chosen locally to be analytic within some open simply connected
domain of the punctured sphere C — {Singularities of x; and x;'}. This will
turn out to be irrelevant for our purpose.

Definition 4.3 Auxiliary spectral curve
Similarly we define the family of auxiliary spectral curves & i () by the
e

zero locus of the characteristic polynomial of R, That is at any time t by

S PACDE C*|E(x, ) =, Detls— RO(x, 1) =0} (4-24)

that we shall encode as the triple

Fr= 0% 1), (4-25)
given by a Riemann surface = ier (), equipped at each time t with two
e

meromorphic functions X, : >, —»C and s,;: 2, — C, related by the algebraic
equation
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VzeX, , Ei(%(2),s:(2)=0. (4-26)

Similarly, for a given x there exists a set of d solutions denoted
(S1(x,1),...,S4(x, 1) of the equation of the auxiliary curve E,(x,s) = 0. They
are the d eigenvalues of R (x, 1), and they satisfy Si(x,1) = s,(Z:(x)) with
X:(Z)(x)) = x.

Lemma 4.4 The matrices ®© (x, 1), R (x,t) commute thus they generically
have a common basis of eigenvectors and their eigenvalues are not algebraically
independent. In particular the spectral curves F;,.; have the same desingular-
ization : 2, =2, and the same X-projection to C: % =x,.

proof:
At order £°, the Lax compatibility condition (4-7) reads :

(@ (x, 1), R? (x, )] = 0. (4-27)

For generic x, all the eigenvalues of RO(x, ) are distinct. It implies
that the set of matrices commuting with R (x, 1) is the algebra of polyno-
mials of RO (x, ). Consequently there exists a polynomial Q(x,s) (the in-
terpolating Lagrange polynomial) such that ®© (x, ) = Q(x, R (x, 1)), and
Yi(x) = Q(x, S;(x)), i.e. y(2) = Q(X(2),s(2)) for all z€ X,. This implies that
y; is a meromorphic function on Z,. Exchanging the roles of R® and ®©
also shows that s; is a meromorphic function on X,. Therefore X, = >,, and
x; =%, 1B

Geometry of the spectral curve

Genus 0 assumption From now on, we shall assume that our system is such
that :

Assumption 4.5 (Genus zero Spectral Curve) The compact Riemann sur-
face Z, has genus equal to 0. This implies that it is isomorphic to the Riemann
sphere

_ cpl )
X, = CP (4-28)
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and that, for any given t in an open domain, the functions x;,y;,s;, are
rational functions of a variable z€ C :

x¢(2), y:(2), s;(z) € C(z) ={rational functions of z} (4-29)

Remark 4.6 The issue of determining if this genus zero hypothesis can be lifted
is mostly open. In fact in the example of matrix models, it is known that the
TT property is generically not satisfied when the genus is strictly positive. But
a generalization of the TT property can be found by allowing the coefficients
in the € expansion, to be “oscillatory”, i.e. bounded quasi-periodic functions of
1. In that case, the oscillatory terms are themselves found by the topological
recursion. See [40].

Besides, in knot theory, the TT property happens to hold with spectral curves
(A-polynomial) of strictly positive genus. This is due to a miracle that the + term
is exactly a period of the oscillatory term, and thus can be treated as a constant
coefficient, see [40], and then the TT property holds. The general situation is

still unclear.

Remark 4.7 The choice of the parameterizing variable z is arbitrary up to
Moabius transformations (automorphisms of the Riemann sphere) :

az+b

cz+d

In particular, we may chose the coefficients of the Mobius transformation
a,b,c,d to be time dependent : a(t),b(t),c(1),d(t).

—

(4-30)

The functions x, y and s depend on both z and . They are moreover ra-
tional in z. Let us mention that their dependence on ¢ is not required to be
rational. On the contrary, there are case for which they are transcendental
functions of ¢, like for example solutions of Painlevé equations.

We shall denote for any function f = f(z, 1),

of of

f (z,1) djf & ’ f(Z, 1) djf E (4-31)

Note that taking a time derivative at a fixed value x(z, ), the chain rule
yields a Poisson bracket {f,x} = fx’ —xf:
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df(z, 1) :f—xﬂzfx"xf’

dt  |yzo x' x'

1
=7 {f,xt, (4-32)

thus reflecting the symplectic structure of C x C of which the family
2 =(Z,); defines a Lagrangian foliation.

Behavior at poles

Lemma 4.8 Bound on the orders of the singularities of the eigenvalue functions
The poles of the eigenvalue functions y; (resp. s;) are poles of ® (x(z), t) (resp.
R©) of at least the same order.

proof:
Let a be a pole of y,(z) of order d, >0 so that y;(z) = O((z—a)_d"‘).
Let us assume that (z — a)%®© (x(z), ) = o(1). This would imply that

0 = Det (y,(2)Id - @9 (x(2), 1)) = y,(2)?(1 + 0(1)) (4-33)

which is a contradiction. This implies that ®©(x(z),t) has a pole of
order at least d,. Obviously, the same holds for ROx,1). W

Lemma 4.9 Poisson structure
The eigenvalues (Y;(x,t))1<<q of<l>(0) (x, 1) and (S;(x,1))1<<y4 ofR(O) (x,1) are
related by the following Schwartz relation :

aYl(x) t) . aSl(xr t)
or  Ox
Equivalently, the functions x,(z), y;(2), s;(z) satisfy :

(4-34)

0y:(2) 0x,(2) _ 0x:(2) 0y1(2) _ 0s:(2)
ot 0z ot 0z oz '

or written in the notations of (4-31) :

- / . / /
o xidt=yx,—xy, =5,



4. THE TOPOLOGICAL TYPE PROPERTY 119

proof:

Since ®©(x,r) and R (x,#) commute, they generically have a com-
mon basis of eigenvectors, let us denote V(x, f) the matrix whose i col-
umn is the eigenvector of ®O (x, t) with eigenvalue Y;(x, t) and of RO(x, 1)
with eigenvalue S;(x, ). Denoting Y (x, ) = diag(Y,(x, 1),..., Y4(x, 1)) and
S(x, t) = diag(S;(x, 1),...,S4(x, 1)), we have

OV, )=V 0Y(x,0Vxn™" ., R 0=VxnSkx NV, n™.
(4-35)
Now write the Lax equation to order €' and conjugate by V (x, 1) :

[SCx, 1), V(x, ) '@V (x, OV (x, O] + [V(x, D 'RV (x, )V (x, 1), Y (x, 1)]
=0,Y(x,1) —0,S(x, t(4-36)

The left hand side is a sum of commutators with diagonal matrices,
hence has vanishing entries on the diagonal. On the contrary, the right
hand side is a diagonal matrix and evaluating its diagonal entries gives the
wanted result. W

As an immediate corollary we get :

Corollary 4.10 Auxilary singularities and their orders

Finite (i.e at x # oo) singularities of S are also singularities of Y, of at least
the same degree. And if S has a singularity of order do, at x = oo, then Y has
a singularity at x = oo of order at least do, + 1.

Note that the converse is not true : some singularities of Y may be
time independent and may not be singularities of S. In some sense, we
can say that R is less singular than ®©. We here see how having a Lax
pair simplifies the discussion. Indeed, when having a set of compatbile
differential systems, consider the less singular.

branch points and double points

Definition 4.11 Branch points
We define the branch points (a;)\<;<, as the points of T around which the
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projection map z — x(z) is no longer locally invertible. There may be two
kinds of branch points :

o Finite branch points, at which x(a;) # oco. They are zeros of the differential
dx:

dx(a;) =0.

Moreover, they are among the simultaneous solutions of E(x,y) =0 and
Ey(x,y)=0,E(x,y) =

o branch points at poles of x of order = 2.

A branch point a; of the spectral curve & (resp. F) is called regular if it is
not a branch point of y (resp. s). Generic finite branch points of x have order 2,
i.e. are simple zeros of dx, and regularity means that they are not zeros of dy

(resp. d.s).

Note that the branch points may depend on time . However, the num-
ber of branch points r = 1 does not locally depend on #. We will also need
the following definition:

Definition 4.12 Self-intersections

We define the double points ((b;, D)) 1<iy (resp. ((D;, b Ni<i<i) oft/ze spectral
curve & = (Zt,xt,y[) (resp. ofyt = (Zt,xt,st)) as the pairs (b;,b;) = (z,2')

(resp. (b;, b,) = (z,2")) solutions of

x(z) = x(2) x(z) = x(2)
y() = y(2) , resp. s(z) = s(2) (4-37)
z # 7 z # 7

These double points (x,y) = (x(b;), y(b;)) = (x(by), y(b;)) € CxC of the spec-
tral curve (resp. (x,s) = (x(b;), s(b;)) = (x(D;), s(b;)) € CxC), are then solutions
of the system

E(x,y) = 0 E(x,s) = 0
Ey(x,y) = , resp. Ei(x,s) = 0 (4-38)
Ei(x,y) E.(x,s) = 0

Il
o O
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We shall make the following assumption regarding the double points of
the auxiliary spectral curve :

Assumption 4.13 (Regularity of .%; and no double points for .%) Let
us make the assumption that for any value of the time parameter t, the
auxiliary spectral curve F; is regular and has no double points. In other words,
F, is a smooth embedding into C x C (rather than an immersion) with no
self-intersection. Moreover we assume that %, is regular.

Note that the last assumption does not exclude the possibility that the
spectral curve .#; admits double points. Moreover, the auxiliary spectral
curves 9; = (X, %, ;) satisfying assumptions 4.5 and 4.13 are the same as
the ones described in [27]. We will sometimes lighten notations by dropping
the subscript £ when no confusion is possible.

We have the following lemma :

Lemma 4.14 The meromorphic one-form

dx(2)
Ey(x(2), y(2))
is holomorphic at all branch points (finite or infinite). It has poles only

at double points (generically simple poles at b; and b; with opposite residues)
and/or at simple poles of x.

(4-39)

proof:
This is a classical algebro-geometric result, we refer to [45]. Let us sketch
the proof as the method is quite instructive. Near a finite branch point a

of given order k=2, z d:f (x — x(a)V'*

can be used as a local coordinate.

Consider the case y(a) # oo. Since the branch point is regular, d y does not
vanish at that point, i.e.

Y@ =y+yz+0(EY, 1 #0. (4-40)
This gives :

E(x,y) = ((y = y)* = yf (x—x(a)) x (1 + (1)), (4-41)
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and

dx kzF1dz
Ey(x,y)  k(y—yo)*!

x (1+ o(1)) (4-42)

and thus Ey‘?;ﬁy) is analytic at z=0, i.e. at x = a. The other cases where
x(a) = oo or y(a) = oo can be treated similarly in a local variable. In other
words, at a finite regular branch point, both d x(z) and E, (x(2), y(z)) vanish
at the same order such that the ratio remains finite.

For double points, E,(x(z), y(z)) vanishes but not d x(z), so the ratio has

a pole. Factor the polynomial E as

d

E(x,y) = [ (y - y("(x)) (4-43)
k=1

We then have that when z — b; and 2/ — b; simultaneously, and

Ey(x(2),y(2) ~ (y(2)—y(2)E,,,(x(b),y(b;)) (4-44)
d
~ (z—Z’)@Ey,y(x(bi),y(bi)) (4-45)

Assuming that the double point is generic, i.e. E,,dy #0, we get :

Res dx(z) = —Res dx(z) (4-46)
=b; E,(x(2), y(2)) =5, B, (x(2), y(2)
dx(b;)
= 4-47
dy(b)) Ey,,(x(by), y(b;)) (4-47)
|
Eigenvectors

p
Let diveox = ) djay be the divisor of poles of the rational map z+— x(2),

k=1
di being the degree of a; (ax may depend on f). The total degree is then
defined as the size of the matrix
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kz dr = d. (4-48)
1

Up to a Mobius change of variable on z, we may assume that none of
the a’s is located at co. We can thus can write the rational function x(z)
uniquely as :

p dg Xt

x(2) = Xogo+ ) ) ————

im11o1 (2 — ap)l

where dj = 1. Moreover, if di = 2 then ay is a (non-finite) branch point.

(4-49)

Note that if one of the a; is at a,, = co we would rather write :

p dg Xk

x(z) = ZXOOIZ +y Y —

)
1121 (2 — ag)!

But to avoid useless notation complications, upon changing z by a

(4-50)

Moébius transformation, we shall assume that all poles of x(z) are finite.

The generalized Vandermonde matrix 7 (x)

Definition 4.15 Generalized Vandermonde matrix

For generic points z € X, in particular away from the branch points, let us
define the d-dimensional vector V (z) with entries labeled by all possible pairs
(k,]) withl<k<pandl<l<d:

o 1
V(z)= V121 , where¥; (z) = (4-51)
ef (z— ak)l X (Z)

In addition we define these matrix entries to be ordered as follows

7/(Z) = (7/1 1(Z), %,dl(z))---)yp,l(z))---)Vp,dp(z))- (4_52)

Let V (x) be the d x d square matrix whose columns are the vectors V (27 (x))

Viskspls<isdyl<j<d: V@)L = Vi 1(2) (%)) (4-53)
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It is analytic locally in some open simply connected domain, in which the z'
and the square root are defined.

Remark 4.16 The sign of the square root, chosen arbitrarily, is well defined
and analytic only locally in some open simply connected domain - the same
domain in which we defined the ordering of z'(x)’s. This will eventually be
irrelevant as the square root will always appear to even powers.

Remark 4.17 Note that if x has only one pole (p =1 and dy = d) then the
previous matrix is a Vandermonde matrix multiplied by ———, hence the
(z—a1)y/ x'(2)

denomination “generalized Vandermonde matrix”.
The matrix 7 (x) satisfies remarkable properties.

Lemma 4.18 Charge conjugation
There exists an invertible d x d matrix C = C(t) (independent of x), such that

V(0'cy(x) =14, (4-54)

where VT denotes the transpose of the matrix V. Its coefficients are given by

Criskr, i = =0k X 1411 (4-55)
proof:
From (4-49) we have
X(Z) —X(Z,) _ Ck,l;k’,l/ B
z—z (z—aplz —aw)! Ch ik, = =0 ke Xie,1+1-1
- kLK<~ Bk —

(4-56)

The matrix C is made of triangular blocks because Xy ; -1 =0 if I+1'>

di+1. C is invertible because the antidiagonals of each triangular block is
—Cr,a, # 0 by definition of di. We have :

.. . T N X=X 1
Vishjsd: V0 V0= o e w)
(4-57)
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Evaluating at x = x’ we get :

¥ (x)"CV (x) =1d. (4-58)

For example in the case k =3 and (d;,d;, d3) = (3,2,4), the matrix C
looks like :

* ok k%
E O
C= % % (4-59)
* .o
L
* ok
*
where the stars * are the only non-zero elements.
Lemma 4.18 implies that :
YxX) ' =7x)'C and V(x)¥(x)'=C™! (4-60)

In particular, the matrix C is always symmetric, and in each block it
satisfies the so-called Hankel property, namely it depends only on I+ 1'.

Corollary 4.19 Maurer-Cartan form
The matrix valued function V~'dV is antisymmetric, has vanishing diagonal
elements and its off-diagonal entries are given by :

—Vdzi(x)dz/(x) -1
Zi(x)—z/(x)  &(zi(x),2/ (x))

Vigj: (V7 dVw), ;= (4-61)

z—z'

where 8 (z,2) = Jo== i the prime form on the Riemann sphere.

proof:
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Taking the x-differential of (4-60) and using the fact that C is indepen-
dent of x directly shows that 7 (x)~'d ¥ (x) is antisymmetric. Starting from
(4-57) and differentiating with respect to x" we get :

) (x—x") dz/ (x') 1
V(x)NdV (X)), = — ;
( | _)”f (2'(x) = 27 (X))? \ /%' (21 (x)) X' (27 (X))
X () d2/ (x) 1
20 =2/ (x) \/x! (2 () ' (2 (x)
1 x"(z/(x")dz/(x) x-x 1

_Z , . . (4-62)
2 XEX)  Zx) -2 (X)) \/x(Zi(x)x (2] (x))

We now take the limit x — x’. Since x = x(z%(x)) = x(z/ (x)) we get
the equalities dx = x'(z'(x))dz'(x) = x'(z/(x))dz/(x). When i # j, the
denominator does not vanish and only the terms without x —x" in the
numerator survive thus giving the claimed result. When i = j, the first
two terms are computed by Taylor expansion up to the second order, i.e.
involve the second derivative of x, which is exactly canceled by the last
term. W

Corollary 4.20 With G = GL;(C) and the Cartan subalgebra by given by the
set of diagonal matrices, defining the canonical basis of Yy by the usual expression

e; = diag(0,...,0, i,O,...,O) implies the following identity :

TV V()Y (xNe; ¥V (x)! i J(x' , .
r el () TV x)e ) (x) dxdx'= d.z (X)dz. ) = B(z'(x), 2’ (x)),
(x—x)? (z'(x) — 2/ (x))?
(4-63)

where B(z,2) = éf%; is the fundamental second-kind bi-differential of the
Riemann sphere.

Moreover, we get the following property :

Proposition 4.21 The matrix x — V (x)e; ¥ (x)™! is a rational function of
z'(x). It is only singular when z'(x) is at the branch points (i.e. finite branch
points where x'(z) =0 and poles of x(z) of degree at least 2).
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proof:
Use 7 (x)"' =7 (x)TC and the definition of 7 (x) :

1
(21 (x) — ap)l(z'(x) — ap)! X' (21 (x))

(Ve ") ey =

This function has poles when x’ (z'(x)) vanishes, i.e. at branch points,
and also possibly at the punctures z'(x) = a.

If a; is a puncture (i.e. a pole of x(z)) but not a branch point we must
have d; =1 and thus [ =1. We get that :

(Ve (x)") 0 ((zi (x) — )10k ) : (4-64)

D), (k1) ~

In the worst case, k = k' = j implying / =1’ =1, and the exponent then
vanishes. This shows that 7 (x)e; ¥ (x)” is regular. W

We will now use the matrix 7(x) and its properties to formulate our
next assumption.

Decomposition of the matrix of eigenvectors at order ¢°

Assumption 4.22 (Eigenvector decomposition) We assume that there ex-
ists an invertible d x d matrix v(t), independent of x, such that

V(x, ) =v()V (x) (4-65)

is an invertible matrix whose columns are the eigenvectors of ®© (and thus of
R©). Consequently we have (not writing the t dependence to lighten notations)

OO (x) = vV ()Y () ¥V (x) Cv 7, (4-66)

ROx) = v7 (x)S(x)¥ (x)"Cv . (4-67)

In coordinates it is equivalent to :
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-1
Y@ () Vi1 Xe -1 (V) i

!
enk 7 m (2™ — @) (2™ (%) — ap) ' X' (2™(x))

@ (x));

(4-68)

—-S Zm X l}i. X/ rooqn_ l}_l ’on.
(R(O)(x))ij _ Z (" (X)) Uik 1 Xk 141 1(’ Yk 1 (4-69)
’ e m (2M(X) = ap)(z2m(x) — ap)? x' (2™ (x))

Notice that the last assumption implies that :

v() 'O, v C®™ and v 'RO(x, Hv(r)C(H)! (4-70)
are symmetric matrices at all times.

Remark 4.23 This is a very strong assumption on ®© (x, 1) and RO (x,1). It
implies that the x-dependent part of ©© (x, 1) (resp. R (x,1)) has in fact only
@ degrees of freedom, rather than d*. In other words it imposes @
constraints on ®© (x,t) (resp. RO(x,1)). However, most (if not all) well-
known integrable systems satisfy it and examples of Painlevé systems and (p, q)
minimal models are given at the end of the chapter.

Remark 4.24 The purpose of assumption 4.22 is to match the (defined below)
correlator W,\° with the fundamental 2™ kind bi-differential B(z, z,), defined
in Corollary 4.20, as it is necessary for the system to satisfy the topological type

property.
Classification of admissible systems

From (4-68) we must have :

(VW vCTY) ey = D V(2 (0) Vi (2! (0) (2! (1)) (4-71)

j=1
d J

_ L1yl gy
io1 (@ (x) —ak)’ (2 (x) —ap)" x'(2/(x))
d 1 1 y(2)

= R 4-
jzﬂzﬂef?x) (z—ap)! (z—ap)’ x(2) - x -79)

= - Y Res ! ! y(2)

—p (z—ap)! (z—a)! x(z2)—x
(4-74)

pefpolesof xand y}
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The pole at z= a; gives a polynomial of x of degree lower or equal to
lak.i"'l,ék’ i—2di+dega. y . . .
— . Thus if y has no pole at a;, this gives at most an x

independént term, and only for k=Kk'=i,I=1'=d;.

If p is a pole of y which is not a pole of x, we get a pole (x(p) —x)™
deg,y
1+or§,,x"

with m <

Decomposition on z”  Any rational function y(z) can be uniquely written as

d-1

y(2) =) z"fi(x(2). (4-75)

r=0

where f;(x) is a rational function of x. Since functions of x go through
(4-71), it is sufficient to study the cases y(z) = z".

So let us substitute y(z) — z" in (4-71), with 0 < r < d—1, and we assume
(up to a Mdobius transformation of z) that x is regular at z =00 (i.e. none
of the a;’s are located at co). The contribution to (4-71) of poles at a;’s
is a constant matrix A\i,r, which is a triangular block of size d;, which we
denote :

Ao=) A, (Ai ) ki, = Ok, iOki A sy (4-76)
i

that is non vanishing only if [+1'>d; + 1.

On the anti-diagonal we get :

A1 = —. (4-77)

Example :
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*
* ¥ % X |.

The contribution of the pole at z = oo takes the form :

Z 1 (x— x(oo))m
and we have that :

(]{r,m)k,l;k’,l’ =0 if [+]I'-2>r-m

For example if r =1 we have (A )k, =01101, :

1 .1 1
1 .]1 1
1/4\1,1—
1 .|1 1
Finally :
d-1 r fr(x)

v ot =) Yy ———

7=0 m=0 (X — x(c0))™

(4-78)

(4-79)

(4-80)

(4-81)

(4-82)

we end up with a matrix ®®(x) that, up to some left/right multiplica-

tions by x-independent matrices (v on the left and Cv~

very restrictive form.

on the right) of a
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Decomposition on (z—a;)”"

A better decomposition is the following : any function y(z) can be uniquely
written as

y(=) = ZZ Z, x(2) (4-83)

zrl(z a;)"

where each %; ,(x) is a rational function of x, given by

B y(@ (%) & PR PR )
lr( x) = Zx, Z]( ) er t,l(Z (x) (Xz) (4 84—)
This gives
v V() vC =) W (x) A (%) (4-85)

where the matrices A;,(x) are computed using y(z) = (z—a;)”" with
1 <r =<d;. Using (4-71), we find that each A;,(x) is a polynomial of x of
degree at most 1

Ai,r(.XI) = XA;J + A,‘yr, (4--86)

where the matrices A; , and A;, have the following block shape :

7’:1:142,1:

* % % .
* ¥ X X |.

* * * * * * * * *
=
S
I
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*x k| .

* k| .

x ok k|,

*x % ok k|
r=2:Axp=|* %% % x %|% x x| , A,,= *
ok |k ok ok k| x k% * %

* k| .

* k|,

*x k| .

and so on. For larger value of r, the non-vanishing off-diagonal blocks
have size r x d;, and the non-vanishing entries are some universal functions
of the X; ’s, in the sense that these functions themselves do not depend on
the choice of differential system as long as it satisfies the assumptions we
made so far. Eventually we have

v oW x)vC ! = > P () (XA, + Ary) (4-87)
1,r

Again we obtain a very restrictive class of matrices ®© (x).

Classification of R”(x) The previous results also hold for R® with y re-
placed by s. However, the requirement for the auxiliary curve not to have
any double points makes the combine to make the assumptions even more
restrictive.

We may uniquely write

s(@=) filx)z m=<d-1. (4-88)
Jj=0

If m =1, then it is obvious that there can be no double points, in that case

$(z) = fo(x(2)) + fi(x(2))z. (4-89)
In other words, R© (x, 1)

ROx,5) = folx,Hv(t)Ago(t)C(H V()"
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A1 (DC(1)
X — x(o0, 1)

Up to a Mobius transformation on z we could have chosen z = oo to be
a pole of x, and then we would have obtained

+filx, ) v(t) | Ao (1) C(2) + v (4-90)

RO, 1) = fiox, 1) 0(8) (Ao (D C(0) + x AL, (DC (D)) v(B) . (4-91)
Notice that if d., > 1, then Ago,l(t)C () is a nilpotent matrix :

1
(A%, (NC(2) kLKL T O k000,000 1,00 11,1 (4-92)

00,dxo
Assumptions regarding the higher orders in the £ expansions

In order to prove the topological type property and in addition to assump-
tions 4.5 and 4.22, we make the following sufficient assumptions regarding
the spectral curve and the possible singularities of the system. We shall
need the notion that L**Y has to be “less singular” than ®® - symboli-
cally denoted @) < ®©® — Our precise statement is the following :

Assumption 4.25 (Analytic behavior @) < ®©) We assume that :
o for every k =1, all poles of ®® (x, 1) are among the poles of ©© (x, 1).

e for any matrix C, and any generic distinct xo, x,, the following € -formal
series whose coefficients are bi-rational functions of x and y :

Det(y = @ () - oGy | ~ Det (y - 00 ()

(x—x0)(x—x1)

dx (4-93)
E,(x,y)

is, when restricted to the spectral curve, a one-form Q(z) that is analytic
(at each order in €) at all singularities of ©© (x).

Equivalently, its only singularities can either be poles over x = xy and
X =X, due to the ¢ term, or at double points of & : (b;, b;).

(x—x0) (x—x1)

C dx(2)
(x(2) — x0) (x(2) — x1) ) E}(x(2), y(2))

Q(z) =Det|y(z) - ®.(x(2)) —
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dz dz d 4 ¢ jrdz
= i — — | + —%, - -94
Zl-"ﬁ (Z_bi z—bi) ie{zojl}j;,;(z—zl(xi)) )

where the coefficients B;, c; i are formal power series of €, starting at
O(e).

In other words, the € corrections do not change the Newton’s polygon of
E(x,y). They may only change the interior coefficients, as well as possibly
adding poles over x = xy or x = x;.

Evaluating this one-form at z’(x), inserting and subtracting the diagonal
term Y (x) = V() '®@?(x)V(x) and then expanding the determinant, we
get after simplification that it is equal to

Det (V(x)—1 (cpg(x) — 0O () + #) V(x))

(x—x0) (x—x1)

Q' x)=dx Y

Ic{1,...d}, i€l [T (y(z'(x)-y(z/(x))
jel, j#i
(4-95)
In particular, to order € we must have Vi :
dx (V) 'oP V), =0 (4-96)

(which implies W% (x.e;) = 0, as we will see below). This is equivalent
to say that ®WV(x) must be derived from ®© (x), i.e. 3®Y (x) such that

oW (x) = [@V (x), ®© (x)]. (4-97)
At order £ we get that
(Ve 'eP v, (Ve () v(x)

ir

dx (V) 'o?x)Vx),,-) dx

i

g (y(z'(x)) — y(2/ (x)))
is analytic at all poles of y.

Remark 4.26 Assumption 4.25 may appear technical but it can be proved easily
in many cases. For example :

1. Assumption 4.25 is trivially verified if for all k = 1, ®%) is independent
of x. (This happens for the Airy Lax pair for example).
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2. Assumption 4.25 is verified if O, defines a Fuchsian system, i.e. has only
simple poles c;(t) independent of €, and residues C;(t,€) whose eigenvalues
are independent of €

(4-98)

Indeed, in that case the poles of L'® are the same as those of ®©. The
eigenvalues of . have only simple poles above x = c;(t), with residues the
eigenvalues of C;(t,€), and thus all the singular behavior of the eigenvalues
of D, is independent of €, showing that the characteristic polynomials of
®. and ©V (x, 1) can differ only by the interior of their Newton’s polygon.

Parity Assumption

In order to prove sufficient conditions for the topological type property, we
need (as proposed in [15]) another assumption :

Assumption 4.27 (Parity) We assume that there exists a matrix

I'(t,€) = Y W, (4-99)

€l k=0

independent of x, such that

®_.(x, 1) =T(t,e) ' ®T(¢,¢). (4-100)
with

r% =’ @) 'coy =107, (4-101)

This assumption can be shown to hold for many well-known integrable
systems. Moreover, its leading order in € is a consequence of assumption
4.22. It was made in [15] and yields one of the Topological Type require-

ments.

Notice that we have
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I'(t,—¢)=T(t,e)7, (4-102)
ie. forall k=0:

r®@ = =DFrPmT. (4-103)

In other words, the coefficients of the matrices appearing in the se-
ries expansion of I'(f,€) are either symmetric or antisymmetric matrices
depending on the parity of their index.

As is proved in Appendix [10], these assumptions imply that the Topo-
logical Type property and therefore that one can reconstruct the correlators
from topological recursion. We will now end this chapter by presenting as
examples various cases in which the assumptions are met and the method
applies. The first one deals with (p,q) minimal models that were studied
in [15]. The second one deals with the Painlevé Lax pairs and was devel-
oped in [57]. For clarity we will only focus on the Painlevé VI case though
all other Painlevé systems can be treated similarly (details can be found

in [58]).

4.2 (p,q) minimal models

These were studied with the topological recursion in [15]. However the
proof presented in this article was incomplete (the proof of the leading
order property used an insertion operator. A part of the definition of this
operator was missing. The gap was completed for g =2 in [40] but the
general case remained incomplete). This new proof doesn’t use insertion
operators, it uses our general loop equations method. We will here follow
the standard notations of [15] taking in particular g = d.

In (p, g) minimal models (p and g are coprime strictly positive integers,
see [15] for details), R.(x, f) is a g x g companion matrix :

0 1 0 0
0 :
Re(x, 1) = : 0 (4-104)
0 0 1
Ug_1(t,€) oo Ut e) ug(t,e)—x
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The matrix W(x, t), described in [?], is given by :

lljl(xy t) e Wq(x) t)

(86t)1//1(x, t) (gat)Wq(x) t)

W, (x, ) = (4-105)

(€)1 Y (x, 1) ... (€37 (x,0)

where (1/;)1<;<4 are linearly independent solutions of the system :

xy(x, t) =Quw(x, 1), ed,w(x,t)=—Py(x,t) and [BQ] =¢ (4-106)

where the operator (P, Q) are of the form :

p

p
Y vk(O(€d)*, vy,=1,vp1=0,v,0=—pu()  (4-107)
k=0

q
Q = Y w)(Ed), ug=1us1=0upr=-qu)  (4-108)
=0

In particular, the condition [P, Q] = € determines all functions (v;)i<;<p
and (u;)i<i<4 in terms of u(#) and its derivatives. The matrix denoted
O0x, 1) = (a6 D) g o
(@) k=0 on the basis ((sat)’)

is determined by decomposing the operators
i=0 *

q .
Qp(x, 1) =) Dy (x,1)(0,)’ (4-109)
j=0

where the operators (®)s>¢ are defined recursively as :

p
Do(x, 1) = =) vi(DF(x, 1), Ppr1(x, 1) = (€0) D (x, 1) + D g1 (x, ) (X — Q)

1=0
(4-110)

with Fy(x, 1) = ¥ F; j(x, 1)(¢0,)/ defined recursively by :
j=0

Fo(x,0) =1, Fpa(x, 1) = (€ Fy(x, 1) + Fy g1 (x, 1) (x - Q) (4-111)
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In particular, it is obvious from the definitions that L(x, f) is a polyno-
mial in x.

In the context of (p,q) minimal models, one is interested in formal
expansion in €. Since the functions (u;(f,€));s¢ and (v;(Z,€));59 admit a
formal expansion in €, we get that assumption 4.1 is verified. Moreover, the
spectral curve is of genus 0, so assumption 4.5 is verified. It is given by
(see Proposition 5.2 of [19]) :

q

x(z) = Y ud 7" (4-112)
k=0
14

i@ = Y w2z (4-113)
=0

The auxiliary spectral curve is given by the characteristic polynomial of
the companion matrix Rg(x, ) :

Ec—o(x,s,1) =Det(s— RV (x, 1) = x,(s) — x (4-114)
The set of solutions of Et(x, s;£,0) = 0 is thus the set of all (x;(2),2)

0
for points z € ¥ = CP' — {singularities}. Therefore the auxiliary spectral
curve is equivalent to the triplet :

% = (g:» Xt, St) (4-115)
with the function s, is the identity map s;: z—— z. The auxiliary spec-
tral curve obviously does not admit any double points and the spectral
curve (4-112) is regular so assumption 4.13 is verified. Note that in our set-
ting, the poles of the x; function correspond to k=1, d, = g and a,; = oco.
In other words, z— x;(z) has only one pole at infinity of order g (in the
general theory developed above, the point z = co was assumed not to be a
pole of x. This means that some of the above formulas require some basic
adaptations to accommodate this particular case). Since the R(x, f) matrix
is a companion matrix, its eigenvectors are given by a Vandermonde-like
matrix and we obtain :

Vix,) =7(x) = v(®) =1, (4-116)
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In particular, assumption 4.22 is trivially satisfied.

Notice that by definition, ®,(x, t) depends polynomially in the variable
x whose coefficients admit an e-expansion. Thus, assumption 4.25 is satis-

fied.

Assumption 4.27 was partly proved in [15]. Indeed, the authors proved
that the matrix I'(f) given by (note that there is a change of convention
from the cited article where the I' matrix is defined as the inverse of our
present matrix and with a global (—1)7"! constant) :

T =y@® " with y(0) = (D70, ¥ (x,1)" (4-117)

satisfy (4-100). A precise definition of ®(x, ) is given in [15] and in par-
ticular, Theorem 5.2 in this paper shows that the matrix y(#) does not
depend on x. Therefore the only remaining issue to prove assumption 4.27
is to match T'© with (v(t)T)_1 Cv(t)™! to satisfy (4-101). We observe that by
definition, the generalized Vandermonde matrix 7(x) leads to :

w (1) uy) (1) ... ug,(H) 0 1
u@ ... ... ... 10
: 0

C = (4-118)
1y, (1) e e
0 PO |
1 o 0 .. 00

In other words : we have both C; ; =0if i+j>g+1and C; ; = u(o)(t)iﬂ-_l
if i +j<gq+1. Its inverse is given by :

0O 0 ... O 0 1
0 ... ... ... 1 ay
cl= s (4-119)
0 ]. coe coe e aq_l
Il ao a3 ... a1 ay

In other words, (C_l)l.’j =0ifi+j<qg+1 and (C‘l)i’j =qirjqif i+j=
g+ 1. The coefficients (a;)i<;<, are determined by the following recursion
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obtained by looking at the term (C™'C);, =6;, with 1<i<gq):
y g , :

i-1
a=1,a,=0 and a;;;1 =— Z aju;(ﬂq_m(t) for2<i<qg-1 (4-120)
j=1
Since v(f) = I, condition (4-101) is equivalent to prove that C1=yO0(p).
The matrix y(#) (unfortunately denoted C with entries labeled from 0 to
q—1 in [?]) is described in equations 5.77, 5.78 and 5.79 of [?]. It satisfies
Yi,j:() lfl+]<6]+1 and

Y,j = Ojqforl<j=<g
€0rYij = VYij+1—Yin,jforl1<i,j<qg-1
q-2
€0/Yig-1 = —Yig— Y, W(Dyi forl<i<qg-1 (4-121)
=0

Let us denote for clarity B = y?. Projecting the last set of equations at

order €° gives B; ;=0if i+ j<g+1 and :

Bl,j = 5j,qfor1§j§q
Bi+1,j = Bi,j+1 fOI’lSi,qu—l

q-2
Big = — Y ul (OB for1<si<q-1 (4-122)
I=0

The second equation is equivalent to say that B is a Hankel matrix of the
same form as C~!. In other words, B;j=0ifi+j<qg+1and B;;=bij_q4
if i+j=gq+1. The coefficients (b;)1<;<; are determined by the first and
last equations of (4-122). We get :

q-2
bi=1,b,=0 and by =—) bul” (@) for2<i<q-1 (4-123)
I=1

Hence we recover the same recursion as (4-120). This finally proves that
C™! =y 50 that assumption 4.27 is verified.

In conclusion, we have proved all required assumptions for the (p,q)
minimal models that therefore satisfy the Topological Type property.
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4.3 Painlevé VI case

Painlevé equations were studied with the topological recursion in [57]
(Painlevé II) and [58] (all six Painlevé equations). A simpler method (only
valid in the case d = 2) was used to prove that the Painlevé Lax pairs
satisfy the topological type property. We propose here to show that our
generalization also applies directly to these cases. We will only carry out
the Painlevé VI case (which is the most difficult) in details but all results
presented here can be easily adapted to the other Painlevé cases using
computations presented in the cited articles.

In the Painlevé 6 system we have :

Ao(t, Aq (¢, AL,
oVl(x, 1) = 0(Z,€) N 1 ( 18) N i :) (4-124)
X X — X —
At e — 1O —€
RZI(x, f)=-— t(_ ) — 9 )(_ )03 (4-125)
xX—t 2t(r—1)
6o q 0, qg-1
Zot 5 1t 2ty T
AO = tzo(zg+00) _ (ZO + @) ) Al = _ (t=1)z1 (21 +67) _ (Z + i) (4'126)
q 2 qg-1 2
z,+% _ -t e g
2 ) -
At - t(t—1)z(z:+0;) _ (Zt + &) y Aoo = ( (2) _9;.0 = _(AO + Al + AZ')
q-t 2 2
(4-127)

Here, zy(1),z:(f) and z,(f) are auxiliary functions of ¢ that can be ex-
pressed in terms ¢(f) and a function p(f) defined by :
p=Z0+00+Z1+91+Zt+9t (4-128)
q q-1 q-—1

The explicit expression for zy, z; and z; in terms of g can be found

in [58] where g(7) is shown to satisfy a e-deformed version of the Painlevé
6 equation. Note that the matrix form ®Y'(x, t)d x has simple poles located
at x€{0,1,00, t} while RXI(x, t)d x only has simple poles at x € {oo, #}. Exis-
tence of an £-expansion is discussed in [58] where assumption 4.1 is proved.
At first order in € it is shown in [58] that the spectral and auxiliary curves
are of genus 0 :
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s 0% (x — ¢o)* P2 (x)
CAx?(x—1)2(x— 1)2

s (qo — 1)?62 P, (x)
O AR(t-12(x - 1)?

(4-129)

022 02%(t-1)2 02 2
wherePg(x):x2+(—1 0 . ) +2

03 £(t+1) 02 r(t-1) 02¢(t-1) 63 1>

0205 = 0%(qo-1% Hgo(qo—t)z) N
Here ¢, stands for g© () the leading order in € of g(¢). It satisfies an
algebraic equation of degree 6 that can be found explicitly in [58]. Inserting

be written equivalently P,(x) = X2 + (_

this result in the definition of R® (x, £), we get an expression of z\” and g
in terms of a,b and ¢ (and the monodromy parameters):

a+b a+b
20 = _ﬂ+l+eoo(CI0_t)(t_%):_&i -4
2 4 . 2t(t—1) 2 2y/(t—a)(t—-D)
~1
(G- = +— DO (4-130)

"0,V (t—a)(t-D)

so that we get :

0:(x-52) 0,
R(O)(x,t) - 4+ 2=V (t—a)(t—=b)  Oso(x—1)V(t—a)(t—b)
(b-2)%0,000 0| x-45"
C16-0VI—a(-b)  2(x-)V{i—a)(i—-b)
0Oy, = XTIIEZD poy (4-131)

x(x—1)(go—1)

The spectral curve (4-129) is of genus 0 with two finite branch points
located at the two simple zeros of the polynomial P, denoted a and b.
Thus assumption 4.5 is satisfied. Note that there is also a double point
at x = qp for the spectral curve but it is absent in the auxiliary curve.
Since the spectral curve is of genus 0, it can be parametrized globally on C
and we choose a parametrization suitable with the convention that z = oo
is not a pole of x(z) (so that it slightly differs from the usual Zhukovski
parametrization of [58]). We take:
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at+b b-a 1 1 ) b-—a
x(z) = + 1+ — =b+
2 2 z—1 z+1 (z+1(z—-1)
(2) = 000 (X(2) — qo) (b — @)z
y B 2z-DE+Dx(2)(x(z) -1 (x(z)—1)
(go—1)0(b—a)z
s(z) =
2(z—1D(z+ l)t(tb— 1)(x(9z) —1)
_ . (b- a)eb: (4-132)
2z-D(z+D(x(z) - DV(t—a)(t—b)
Note that x'(z) = —(fo)(f—(_zf)l)z. In the z variable, the two branch points

are located at z=0 and z = oo while the poles are located at z=+1. The
involution (corresponding to x(z) = x(2)) is given by z = —z. Inverting the
relation between x and z leads to :

1. [x—a 20 [x—a )
z (x)= x_bandz(x)— " (4-133)

so that
S0 = Oo(@o—DV(x—a)x=b) _ 0: [(x=a)(x—b)
B t(t—1)(x—1) T T x=-0\ (t—a)t-b)
S,(x) = _Hm(qo—t)\/(x—a)(x—b)_J_r 0, (x—a)(x—b)
S tt—1)(x—1) "=\ (t—-a)t-Db)
Y0 - oo (X — go)V/ (x — a)(x — D)
O x(x—1)(x—1)
Ooo(X — go)V (x—a)(x — D)
Y = - (4-134)

In particular, from the last identities it is straightforward to verify that
the auxiliary curve has no double points, i.e. that assumption 4.13 is satis-
fied. Moreover, application of the previous formulas leads to :

i(z+1) i(z—1)

V(z) = |- ,—
) V2(b—a)vz V2b-a)z

(4-135)

and thus :
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_i(zl(x)+1)( x-b) (& (x)+1)(x )%
7/()6) — V2(b—a) \x—a . V2(b—a) a .
_i(zltx)—l)(x b)Z _ (- 1)( b)z
v2(b—a) ‘\x—a V2(b—a) \x—a
i VEanEh 1 eb-Ja
_ | V209 gyt V20D (et
= i \/ﬂ—\/_x b 1 Vib+yi-a

V20-a) (s g)(x—b) 1

va(b—a) ((x—a)(x—b))i

l X X—a l X— l
~ 1 ((_b)14+(x_2) ) (m)“—(m)j (4.136)
1 1 Pt B
v2(b-a) '(( ) -(5)" ) (=) + (=)
It is then straightforward to verify that :
(Z%(x) -z} (x)) (x—b)% (22 (x)%-(z (x))z)( )%
Vv = o 2o (b-a) |
(222 = (2 ()P (x—b)z _ (ZPw)-z' ) (x b)z
) (b—a) x—a (b—a) x—a
= _? i) (4-137)
b—-a

Hence we get C =
also get :

5% diag(—1,1) as claimed from (4-56). Note that we

1o VENEe  [E-E
Vix,t Vix,nl = 2(b-a) 2(b—a)
( )(0 0) (o) Y= S =
2(b—a) o 2(b—a)
00 VibtVie? _ViE-VEl
7/ x,t 7/ X, t T = 2(b—-a) 2(b— a) 4‘138
( )(0 1) ( ) %Z— =2 \/_b+ = Z+2 ( )
T 2w 2(b-a)

Computing 7 (x)S(x)¥ (x)TC leads to :

Oso(go—1) Hw(QO—t)(t—%b)
2t(t-1) 20D

4t(t—1)(x—1)

V(xS (x)TC =

_ 900(670—t) _

_ Boolqo=1)(b-a)
41(t—=1)(x—1)
Hoo(qo—t)(t—%b)
2(x—1)

2t(t-1)
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0, (£-252)e-10, _ 0-a)
_ V(t—a)(t-=b) = 2V/(t—a)(t-b)(x—1) 4y/(t—a)(t—b)(x—1) _
=+ @b\ 15106 (4-139)
0¢(b-a) _ 0, _ 2 !
4/ (t—a)(t—=b)(x-1) Vi-a)(t-b) 2V(i—a)(t-b)(x—1)

where we used (4-130) to replace gy. Eventually a direct computation
from (4-136) and (4-131) shows that :

4
V(ix,t) = v()¥(x) with v(t):((l) 900(8‘“)) (4-140)
®Vx,0) = vV (Y)Y () Cvr)” (4-141)
RPx, ) = vV XSV Cv()! (4-142)

so that assumption 4.22 is verified.

Eventually since

(DXI(X, t) — AO(tyg) +Al(t)£) +At(t)8) (4_143)
X x—1 X—t

Ry = A8 _[0-00w-e) (4-144)
xX—t 2t(t—1)

we see that there is no mixing between the x-dependence and the &-
expansion. In particular, ®W® has poles only at x € {0,1, #} and assumption
4.25 is trivially verified. Finally, the symmetry condition is answered in [58]
where it is proved that

?29(20+00) | (1=1)%2) (2 +61)
- + 0
Tvi(f) = q q-1
(o= 0 )
satisfies assumption 4.27. Note that at order € computations from [58]
gives :
o 0%, (b-a)? 0
[y (2) = 016 1) (4-145)

Since I' is only determined up to a global multiplication by a constant,
we can easily match it with the direct computation of :
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b—a (_%0b-a’
W lcy =22 ( 16 0) (4-146)
2 0 1

and thus assumption 4.27 is satisfied.



Chapter 3

W-symmetric conformal field theories

1 Lightning review of conformal field theory

Conformal field theories in two dimensions have appeared in the physics
litterature as powerful tools to study numerous systems, from critical (pos-
sibly quantum) statistical models in two dimensions (in some thermody-
namic limit) to the worldsheet conformal symmetry of string theories [7].
They have the particularity to exhibit infinite dimensional conformal al-
gebras of symmetries, namely extensions of the Virasoro algebra (that are
not necessarily Lie algebras as we shall see). It was in turn argued in some
cases [4] that there exists an underlying structure of quantum integrable
system with commuting transfer matrices and such.

Mathematically speaking, all these constructions assume the existence
of a certain set of functions called M-point correlation functions, for some
integer M € N*, defined on M copies of a given connected Riemann surface
2, and denoted formally as

M
< [1®90;3,(2),%)) > (1-1)
i=j

for distinct generic points zj,...,z) € Z, called the punctures, to which
are associated labels a,a;,...,ap, @y, called the charges, in the linear
dual h* of a Cartan subalgebra b of the considered considered reductive
complex Lie algebra g. They are moreover assumed to be smooth on the
generic locus of ¥ and to satisfy a set of axioms, written here for our
purpose.

147
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o Axiom 1 : Holomorphic factorization. For any M € N*, much like a
Hodge decomposition, or a separation of variables, there exists a se-
quence of objects called conformal blocks {%,},¢p, such that

M
< [1®0;7,(2,2)) > = )2 (" FH@7@ (1-2)
i=j Y,Y'€By
where we introduced the notation z = (z;,...,2y). By is the set of la-

bels parametrizing this basis of conformal blocks and it contains the
data of ¥, a channel, namely a certain choice of unicellular trivalent
graph on the considered Riemann surface satisfying 09 = {z,,..., zp}
and 7,(Z —%,0) = 0 with respect to a chosen reference point o € X.
In particular, the labelling y (resp. ¥') of I contains the data of
(ay,...,ap) (resp. (ay,...,ap)). This allows to reduce the problem
to its holomorphic (often called chiral) and anti-holomorphic (anti-
chiral) parts.

In Physics, one wishes the correlation functions that are reconstructed
in this way to be modular invariant and this constrains admissible root
geometries for the Lie algebras. It is known that in the case of g =s[,(C)
this requires the corresponding Dynkin diagram to be simply laced (ADE)
but such a statement does not exist for higher rank Lie algebras.

In this chapter we will be interested solely in studying chiral, or holo-
morphic, conformal blocks denoted &, (z) = <]_[£V=I i Vaj(zj)>, where we in-
troduced the vertex operators V,, merely as a notation (although the vertex
operator formalism [28] is the right way to give a precise meaning to the
bracket (-) and operator product expansions to come). To do so (and as is
customary in quantum mechanics, to mimic the interaction of an observer
with the system) we introduce a probe, a so-called chiral spin-one current
J(X) valued in the dual g* of the Lie algebra and defined for points ¥ € ¥
in the universal cover ~ — X. It can be seen as multivalued on X and
generically having essential singularities at the z;’s.

In this quantum theory, the vertex operators are interpreted as the mat-
ter content with which the current interacts. This interaction is such that to



1. LIGHTNING REVIEW OF CONFORMAL FIELD THEORY 149

configurations of points on the Riemann surface, where the operators and
currents are inserted, are associated correlations, describing the entangle-
ment of the particles.

The following axioms are analytic and algebraic requirements these cor-
relations should satisfy as functions of these configurations of points.

Let us choose once and for all a set of simple roots Ry dzf {ry,...,t,}
e

in b*, where r d:f tkg is the rank of g. Then, introducing the minimal
e

invariant bilinear form (-,-) on g* x g* (giving length 2 to maximal roots),
let us consider the algebra generated by a central element K together with
the harmonics (J™),cz, or modes, obtained by decomposing the chiral
current around any generic point X €  (with local coordinate ¢ = x—x;) as

_ 1O (%)
J® = Z(xTO)“nH (1-3)

def ez

Remark 1.1 We will drop the explicit writing of the dependence of the modes in
the generic point xo when no confusion is possible. Modes can only be compared
when taken at the same point.

These generators satisfy the commutation relations

0, 3] = L1 + 37,568 im0 K (1-4)

where the J symbols in [J,J] are generically evaluated at different Lie
algebra elements and therefore have non-trivial Lie bracket. The so-called
affine Kac-Moody algebra at level x € C denoted g, is then defined as the
Lie algebra g, djfﬁ /(x — K), where §, called the generic affine Kac-Moody

algebra associated to g, is defined as the central extension of vector spaces

0— CK — Gy — ZL(g) ®Co — 0 (1-5)

where Z(g) is the loop algebra of g denoted Z(g) dzf g((1)) (endowed
e
with the natural Lie algebra structure coming from g) and the extra gener-

ator 0 is defined to satisfy
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[0, M] = %M, (and thus [, K] = 0) (1-6)

for any M € Z(g) = g((#)). K is a central element assumed to act trivially
as multiplication by x (using the fact that the short exact sequence splits,
this is equivalent to focusing on diagonalizable g-module with finite weight
spaces [54] and restricting ourselves to the highest weight representations
they define). The levels k are in general not constrained but they are for
example in the case where the conformal field theory can be extended
to a certain three dimension topological field theory named Cern-Simons
theory on a given 3-manifold M whose boundary 0M =X is the Riemann
surface. Then the levels are often required to make two copies of Cern-
Simons on M equivalent if they yield the same conformal field theory on
OM. They are then parametrized by maps MsM — G considered up
to homotopy, where MsM denotes gluing of the copies of M along their
identical boundary X with matching of orientations. In the case where
G = SU(2), X is the Riemann sphere and M c R3 is the unit ball, since
gluing in this case yields a 3-sphere, the levels of the Kac-Moody algebras
of interest are then parametrized by the third homotopy group given by
m3(SU(2)) = Z. Constraints can also arise from the representation theory
of the Kac-Moody algebra, indeed, when the levels under consideration are
positive integers, § admits unitary highest weight representations whose
highest weights are dominant integral.

Figure 3.1: Gluing two copies of Chern-Simons theory on M along their identical boundary
Y is parametrized by maps ¥ : MsM — G.

Definition 1.2 Insertions of currents
By insertions of currents into chiral correlation functions we mean that we
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consider an infinite countable set of additionnal (g*)®"-valued functions of
interest denoted

M
W) JE) = <I(%1) I (@) [ ] Ve (2)) > . (1-7)
i=j

This will allow us to define our algebra of symmetries #'(g) by requiring
some closure condition under Lie bracket. It takes the form of some pre-
scriptions for the singular behaviour the obtained functions are assumed
to exhibit near the divisor where two of the points to which currents are
inserted have base point projections that come together, or when one of
them goes to one of the punctures z,...,z) (Where the vertex operators are
located).

o Axiom 2 : Operator product expansion.

Keeping the notation (-,-) for the form on g x g dual to minimal in-
variant bilinear form on g* x g*,

E,F V-1E,F
GEENG P = k) SO
X~y (x—y) x—y

+:JX-BE)J(y-F) x;y+@’(x—y) (1-8)

~ a;(E)
J(XE) Vy(2) = b—

Vaj(zj)+:l(35-E)Vaj(zj) . +0(x—z))
~zj  X—2Zj X

:Zj

(1-9)

for %, 7 € Z, with some Lie algebra elements E,F € g and some punc-
ture index j € {1,...,M}. We also introduced the parameter b € C*

and the notation J(X- E) d:fl(%) (E) to relate with our notations in the
e

study of Fuchsian differential systems for the evaluation. We denote
the normal ordering operation as : A(X)B(y) : defined as the next
x=y

to singular term when the basepoints of X,y € X come together (but
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are not necessarily such that X = ). The last asymptotic equality de-
fines V,; as a primary field, that is an eigenvector of the zero mode
J©@ that is anihilated by all positive modes J”, n >0, and moreover,
the presence of a simple pole means that we consider only regular
singularities. Irregular singularities in the g = s[,(C) case of Liouville
theory were studied in [52].

Definition 1.3 Background charge
Define the background charge as the number Q ior b+b™!
e

These asymptotic relations are to be understood as holding when in-
serted into correlation functions, that is to say that they are meromorphic
conditions on the functions we denoted ({J----- J)). They are strong re-
quirements as J contains for example both data of the Lie bracket and the
minimal invariant bilinear form of g.

Recall that the Virasoro algebra Vir is the infinite dimensional Lie
algebra that generates the conformal transformations of the complex plane.
It is defined as the central extension of vector spaces

0— Cc— Vir — Der¢ — 0 (1-10)

where we introduced the Lie algebra Derc of holomorphic derivations
of the field of Laurent series on the complex plane as well as the central
element ¢ (c stands for Casimir) called the central charge. Vir is generated
by c¢ together with the elements (L,),cz satisfying the famous commutation
relations

(L, Lye = (17— 1) Ly e + 1—"'2n(n2 meme, (mm)yez?  (1-1])

where for any n € Z, L, generates the one-parameter family of local
conformal transformations (z— tz"*!)c e.g. Lo is the dilation operator.
It goes to the Witt algebra in the zero central charge limit ¢ — 0. The
generators of the Virasoro algebra can be gathered into a meromorphic
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stress-energy tensor (anticipating on the next axiom by denoting the vari-
able by x and not one of its preimages X by the universal covering map)
around a base point xj € X by

Ly, (xo)
T(x) = Zm, (1-12)

=X ez

such that the Virasoro canonical commutation relations are translated
in the following operator product expansion

L cl2 2T(x)  0T(x)
TOTW) = =+ s * 5oy 70D (1-13)

and similarly

| (62 [6)
+
(x—-y)? x-y

TP =, +0(1) (1-14)

to be again understood as identities holding when inserted into corre-
lation functions. The coefficient 1 in front of the second order pole in the
last expression tells us that the current J has spin 1.

Remark 1.4 One might be afraid that such a decomposition for the stress-energy
tensor would create singularities of infinite order in some operator product ex-
pansion appearing in the theory but a requirement of the vertex operator algebra
formalism is that any admissible field V, should be anihilated by all high
enough modes of T, see [28] for details. In particular, define an admissible
ground state as a vector |0) € o/ in the considered representation satisfying the
so-called Virasoro constraints

Va=-1,  L,0)=0 (1-15)

In particular, if we were to assume that LY = L_,,, then the Virasoro con-
straints would yield that the expected value of the stress-energy tensor vanishes

O|T(x)[0) =0 (1-16)



154 CHAPTER 3. W-SYMMETRIC CONFORMAL FIELD THEORIES

namely that we have conformal symmetry in this ground state at the quan-
tum level.

The next axiom is at the heart of the method we adopt to study confor-
mal field theories. As was mentioned in the introduction, a path integral
formulation of the problem with a Lagrangian allows for the derivation of
Schwinger-Dyson equations. Their counterparts in this non-perturbative
definition of conformal field theories are the following conformal Ward
identities.

o Axiom 3 : Conformal Ward identities.

For any generic Xj,--,X, € 2, any holomorphic one-form 1 on X and
small circle €, surrounding a point € X —{z,,..., zp},

M
b 100 (TEIE)TE) = fg n(x)<T(x)1(%1)---1(3c'n)Hvaj(zj)>
t t =1

J
(1-17)

=0 (1-18)

This is (again !) an axiom prescribing some analytic conditions for the
functions of interest. It can be rewritten by decomposing the integration
homology class on a basis of cycles in X —{z;, -+, z);}. We will be applying
similar ideas for the generating series of generators of #'(g) for which the
conformal Ward identities together with the operator products expansions
yield the so-called loop equations.

The two last axioms deal with how one can reconstruct the full theory
from its chiral and anti-chiral parts. We will not be needing them in the
context of this work but we still state them for completeness.

o Axiom 4 : Single-valuedness.

The M-point correlation functions have no monodromy around cycles
in the moduli space of configurations of M distinct points on the
Riemann surface X.
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o Axiom 5 : Fusion and crossing symmetries.

The decomposition of the real correlation functions in terms of the
conformal blocks requires in particular a choice of channel, a unicel-
lular trivalent graph, on the base Riemann surface X and different
choices of such channels should lead to the same correlation function
after reconstruction. This is often referred to as the associativity of the
operator product expansions.

There is no general proof that all these axioms are actually compatible.
We will therefore work at the formal level, assuming these axioms to be
compatible and satisfied, to define the algebra #(g) and the so-called in-
sertions of W-generators in these chiral correlation functions with currents.
In turn, this will yield # (g)-symmetric conformal Ward identities. In the
second part we will define the associated quantum geometry through the
quantum spectral curve. This will turn out to be the initial data needed to
run the topological recursion of [43] in this context and we will show that it
solves the #'(g)-symmetric conformal Ward identities perturbatively in the
topological regime.

2 W-algebras and associated conformal field theories

21 From Virasoro to W-algebras

A conformal field theory is a quantum field theory defined on a Riemann
surface £ and endowed with an action of the product & x &/ of two ex-
tensions Vir c A, Vir c &/’ of the Virasoro algebra (they need not be the
same).

Let us stress at this point that these two extensions & and &' act re-
spectively upon the holomorphic and the anti-holomorphic dependence of
the observables defined on the Riemann surface. We will here only be
interested in the chiral theory, that is in the action of &/ and in the mero-
morphic properties of the soon to be defined chiral correlation functions.

We will be interested particularly in the extension Vir c o iof W (g) de-

fined from a finite dimensional Lie algebra g, using a higher rank general-
ization of the Sugawara construction [71], namely the quantum Miura trans-
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form, and defining generating functions whose modes generate #'(g). Let
us just mention that another way to define the algebra #.(g) is by canon-
ical quantization of the Poisson algebra underlying the Drinfeld-Sokolov
hierarchy associated to g [46].

The idea behind W-algebras is that they allow for a better encoding
of some representations of Vir. Indeed, there are spaces representing
both the W-algebra and the Virasoro algebra that decompose as an infinite
direct sums of irreducible representations of Vir but as a finite direct sums
of irreducible representations of #'(g). In particular, the operator product
expansions they satisfy should be expressible in terms of these generators
only. We will see two different situations in which this is possible but we
will not get any further in studying the representation theory of W-algebras
and refer the reader the [31], [32].

We will start by defining the Casimir algebra #;(g) with integer central

charge ¢ iot tkg and consider #{(g)-symmetric conformal field theory in

the presence of currents in the affine Lie algebra at level 1 denoted g;. We
will show how to compute the correlation functions with insertions of such
currents in terms of an associated Fuchsian differential system will then
argue that it can be reconstructed by the topological recursion in some
situations. This corresponds to the non-generic situation of a more general
construction of the algebra #'(g), where a parameter called the background
charge and denoted Q, is sent to 0.

We will then consider the generic situation Q # 0. In this case, the
definition of the W-algebra generators involves non-commutative geometry
and the algebra does not close if we do not restrict the current J to a Cartan
subalgebra ) c g. The choice of level then becomes irrelevant, as it can be
reabsorbed in the definition of J, and #(g) will then appear as a subalgebra
W (g) <% (b) of a completion of the universal envelopping algebra of the
affine commutative Kac-Moody Lie algebra § which is defined from with
the same root system as g.

The background charge plays the role of a quantization parameter
and noticing that the W-algebra for generic values of Q reduces to the
Casimir algebra in the limit Q — 0 will allow for the interpretation of
# (g)-symmetric conformal field theory as the quantization of the Fuchsian
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system.

Before defining these algebras, let us review a few generalities on W-
algebras.

2.2 Operator product expansions

Let us now make, once and for all, the choice of a faithful d-dimensional
representation p : g — gl;(C) of the considered Lie algebra. Similarly
to the case of the Virasoro algebra, introducing the rank r = tkg, the

soon to be defined generators of #'(g), denoted {W;dp )}”EZ fit for a given

l=p=r’
p€{l,...,r}, into a generating function defined around a base point xp € X
by
W
W Fd =Y ——— forpefl,...,r} (2-1)

ey (x— xo)

where the d,’s are integer indices defined as follows : since h is a com-
mutative Lie algebra, we have an isomorphism % (h*) = C[] and moreover,
by a theorem of Chevalley, the subspace of this last ring invariant under the
action of the Weyl group is actually a polynomial ring C[h]® = C[oy,...,0,]
where for any p € {1,...,r}, d, € N* is then defined as the degree of the
invariant polynomial o ,.

We will assume the algebra #'(g) to be an extension of the Virasoro
algebra and will define its generators, denoted WO for any ke {l,...,d}
although some of them might actually vanish. Let us mention the classical
rank r = d -1 example of g =5[;(C) in its fundamental representation for
which W = 0. For s(,(C) we then have r =1 and d; = 2.

Following the introduction of [32], the corresponding operator product
expansions can be presented schematically as
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p.q

W (HW () i~y (x—é;/)dpmq

s Xr: fp,qw(df) ) + gl oW (3) + ...
o] (1),s (xy)dp+dq—ds

P :w(ds)@)w<dr>(37):+...+

.
+ Y. fy

2) yt - -
s T T ydprddid,

(2-2)

Moreover we assume these generating functions to be primary fields
with respect to the Virasoro algebra, in turn they are required to satisfy the
operator product expansions

W(d ) W(d )
T(X)W(dp)(ji) f d p (j’j + 0 p (37)

Ty ey oW (2-3)

In particular this implies the commutation relations

(L, W] = [(dy — D) — mIW?) (2-4)

Let us mention that the g = sl3(C) case was investigated in [74] and the
algebra implied by the corresponding operator product expansions is

L, WP = 2n-mW?) (2-5)
where we identified the modes of W with some Virasoro generators
and
3) 3) 1 1
W, W’ = (n- m)[ﬁ(n+ m+2)(n+m+3)— g(n+2)(m+2)]Ln+m

C
+——nn* -1 (n* —4)8 4 mo +

— M)A (2-6
3-5! 22+c(" M A (2-0)

where we introduced the symbols
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1
A, = cLiL,—:+=v,L, 2-7
def k;z k k 5 (2-7)
with Vo djf A+DHa-1 (2-8)
and Vol+1 d:f (2+l)(1—l) (2-9)

2.3 Casimir algebras

The Casimir algebra we shall define in this paragraph could in principle
be defined as the Q — 0 limit of the general construction we will present
afterwards but it has another definition which is purely algebraic and we
shall present it in this way first. Assume b =i such that Q =0.

Definition 2.1 Casimir algebra
The Casimir algebra, denoted Wy(g), is the extension of the Virasoro algebra

generated by the modes of fields {W(()d” )}15,95, defined through the formula

wi Zio0: forampedl,.r, (2-10)

with the algebraic basis (04,...,0,) of the Ad-invariant polynomials
C[g]Ad =~ C[b]™ with respective degrees deg o, = d,, that was introduced before,
and again the normal ordering prescription has been thoroughly used to evaluate
products of components of the chiral spin-one field at coinciding points. Notice
that this definition is purely algebraic.

The W-algebra #;(g) embeds in a completion of % (g,) and the Vira-
1

. . . . S _ 2)
soro algebra in particular since after a rescaling, T iop T W, called

the Segal-Sugawara vector, satisfies the same operator product expansions

as the ones of the stress-energy tensor of the Virasoro algebra-symmetric
conformal field theory but with the central charge

kdim g
K+ hV

c(g,x) = (2-11)
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where recall that the level x € C is the complex number by which the
central extension of the Lie algebra g is chosen to act trivially and h" is
the dual coxeter number. k¥ = —h" is called the critical level [14]. In the
language of vertex operator algebras, #/(g) is said to be endowed with the
conformal structure coming from the conformal vector W®.

We are now ready to state a theorem that follows straight from the
axiomatics of the Casimir algebra-symmetric conformal field theory.

Theorem 2.2 Casimir CFT from Fuchsian systems [B.-Eynard-Ribault]

Consider a Fuchsian differential system (P — X,V) where V is a meromorphic
connection in a principal G-bundle P over the base curve Z. Choose a solution
WV to the flat section equation V-V = 0. Let Vi be a reference holomorphic

connection and assume that ® = Vo—V has a simple pole at each z;, j €
def

{1,..., M}, with corresponding residue ®; = Res® such that

def zj

ia;(E) = (®;,7; (Adc, E)) (2-12)

where we introduced the projector wj: g — b; on the comutant of ®;. Then
the sequence of correlators {W,} nen+ defines a chiral Casimir algebra-symmetric
conformal field theory at level x =1 in the sense that we can make the identi-
fication

(30 -+ TG T, Ve (27))
< ?11 Vaj(zj)>

for all n € N* and generic arguments X,,..., X, € Zy.

Wo(Xi,..., Xn) =

(2-13)

proof:

The proof consist in checking that the correlators W, satisfy all the
desired axioms from conformal field theory and indeed this is true, the
operator product expansions can be checked from the definitions of the
correlators and the Ward identities are identical to the loop equations. In
particular, the singularity profile of W, imposes that the level should be
k=1 A
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As a consequence, both the non-perturbative and perturbative studies
of Fuchsian differential systems of the previous chapter can be applied here
and to Casimir algebra-symmetric conformal field theories. In particular,

Conjecture 2.3 7-function and conformal blocks
For any choice of Lagrangian submanifold £ c 61, ¥ & is a linear combination

of conformal blocks of Wy (g) conformal field theory.

The Casimir algebra is the special case #'(g) with ¢ =tkg of the con-
struction we shall now describe.

2.4 Generic background charge Q

Let us now return to the generic situation where Q = b + b1 #£0. As
mentioned earlier, for generic values of Q, the W-algebra with non-abelian
currents does not close. It does however when we restric ourselves to
abelian currents defined by the following.

Definition 2.4 W-algebra generators

Let Hy,...,Hy €Y be a set of Cartan elements dual to a set of highest weights of
the representation p. The generating functions of generators of the algebra W (g)
are expressed through the quantum Miura transform

d
E=Y CDWEFE = (7o) (7-0): (2-14)
k=0 ef

where yd:f QO and the subscripts 1,...,d of J1,...,Jq denote the evaluation
e

of highest weights by the current asJ; d:f](Hi)' The non-commutative prescrip-
e

tion for evaluating these products at coinciding points has been used. These
generating functions could in principle be multivalued on X.

This definition is to be understood as the identification of the coefficients
of the polynomial expression in y obtained by commuting all the derivative
symbols to the right.
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Example 2.5

wl @) =

1

J(%- H) (2-15)

d
=1

d
WH@E = ) JE-H)IE-H):-Q) (i-1AJE-H)  (2-16)
l<i<j=d i=2

Lemma 2.6 For any ke {1,...d}, the k' generator W of W (g) is equal to

b (7, —1 —
(_l)k_ka—p Z Z 1—[ (ll lé]—l 1) . 6q1 (]il .. ,aqp]ip) .
l

M=

p=1 Isi)<-<ip=d vie[1,p] I=1
k<ip O=sqi<ij—ij_1-1
D+Zf:10/1:k
(2-17)
proof:

The proof consists in using non-commutative algebra in the ring of
differential operators &5 overs the base curve to commute all Qd symbols
to the right before identifying the coefficients of the differential operators.
To do so we first identifiy holomorphic functions f € Os with the degree
0 differential operators f- € 95 of multiplication by f on the left. For any
function f € Oy we then have the commutation relation [Q0, f] = Q(0f)
and it recursively yields the non-commutative version of Leibniz formula

Q)P f=Q” f (’; )(0" for=a (2-18)

q=0

where the equality takes place in @s. It is then a straightforward com-
putation to derive the wanted result. W

Example 2.7 Straightforward computation for example yields, for d = 2,3,

o Bur = (QO° -1 +1:1(Qd)+:J1J2: - Q(A)>) (2-19)
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o &4-3 = (Q0)° 111 +J2+J31(Q0)°
[J1J2 4+ 0203 + 0103 : — Q0J, — 2Q0J5](Q0)
Q*(0°T3) + Q: [J1 +J21 (0Y3) : +Q: (0)2) I3 : (2-20)

and for any d e N*, for k=1,2,3,

+
+

d
. WV = Yy, (2-21)
i=1
d
e W® = Y :JJ;:-Q) (-1aJ; (2-22)
l<i<j=d i=2
« WY = Y Tk
l<i<j<k=d
—Q > I(-i-D:J0Y;:+ G -1o(:JJ;:)]
l=<i<j=d
3<j
2 d [i-1 2
+Q Z 0°J; (2-23)
i3\ 2
For 1 €{1,...,r}, W therefore involves at most terms of degree d; as

differential polynomials in d copies of a chosen so-called “chiral h*-valued
spin-one field” J(X) as described before. We require as stated in Axiom?2
that it satisfies

SO 0 ) U ) _
J(x-E)J(y-F) oy (x—y)2+ J(x-E)J(y-F) x;y+@’(x Y) (2-24)

for Cartan elements E, F € ), where (-,-) still denotes the corresponding

minimal invariant bilinear form and we redefined the current by a factor
of k712,

2.5 Ward identities

We now generalize Axiom3 to the algebra #'(g) (not necessarily a Lie
algebra) defined by the operator coefficients of the expansions of the gen-
erators W% ke {1,...d}, around a base point xp € . We then get that the
chiral spin-one current J should be chosen such that it satisfies
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Definition 2.8 The Ward identities of this W (g)-symmetric conformal field
tﬁeory is the set of relations defined for any k € {1,...,d}, any generic
X1, Xn € 2, any holomorphic one-form 1 on = and small czrcle € surround-
ing a point t € X —{zy,..., 2y} by

n(x) (WE@I(E) - T (&)

Gt

M
fg n(x) <w”“)(5al(%l)---1(%n) [1 Va,.(z,-)>
t j=1

(2-25)
=0 (2-26)

This definition yields that for an admissible chiral current J, the inser-
tion (W®(@J () ---J(X,))) of any of the fields W® ke {1,d}, should be
uniquely valued as a holomorphic function of x € X —{z,,...,z)}. We can
therefore drop the upperscript in X and simply write W* (x) when evaluat-
ing the insertion of such a generator. Notice that they are trivially satisfied
when k#d, for all 1€ {1,...,r} since we then have W = 0.

Replacing the previously computed expression for W& in terms of the
current J in (WP (x)J(X,)---J(X,))) yields that

Proposition 2.9 Ward identities as loop equations

(WE I - T(ED)))

o g )

p=1 I=i)<-<ip=d vie[1,p] I=1
k<ip 0<q<ij—ij_1-1
P+Zf:1 q;=k
x (G0N (J;,...0%];,) () (XD -+ T (X))

(2-27)

is a holomorphic function of x € Z —{z1,..., zp}.

For a generic value of Q and specializing to the cases k = 1,2, the
expressions for W) and W®@ yield that



2. W-ALGEBRAS AND ASSOCIATED CONFORMAL FIELD THEORIES 165
Corollary 2.10

d
YAT@IE) IRy and (2-28)
i=1

d
DS 1) FEI I [CINRER [EMIEN DI VNI 1169 [ESDEE [EM))

l<i<j=d i=2

(2-29)

are holomorphic functions of x € X —{z1,..., zp}.

2.6 Classical limit and quantization

The definition of the generators of #'(g) involved identifying the coeth-
cients of two differential operators. We get the following classical limit

Theorem 2.11 Quantization of Fuchsian differential systems [B.-Eynard]

d d
Z (_1)kwék)yr—k — Symb (Z (_l)kw(k)j'/\r—k) (2_30)
k=0 k=0

where the symbol of a differential operator P(x,y) € C(x)[ V] is defined as

Symb (P(x, 7)) = lim (9P (x,7)-e'Q) (2-31)

and therefore the W (g) -symmetric conformal field theory quantizes the Fuch-
sian differential system corresponding to this classical limit #,(g).

More explicitely, putting Q = 0 in the Ward identities, the only remaining
term of the expression of last proposition is for p = k and is equal to

(WPIE) - TE)N = Y I Ti) @ TG - J(E)))(2-32)
1sii<-<ips<r
that is the sum over all possible ways to insert k of the d copies of the
chiral current J. This is exactly what one would obtain by writing the Ward
identities for a Casimir algebra-symmetric conformal field theory and we
can read the loop equations on the right hand side.
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3 Quantum geometry

We shall now define the quantum geometry associated to the #/(g)-
symmetric conformal field theory we are considering [5]. It first consists in
a definition of the quantum spectral curve and quantum complex structure,
encoded in the 2-points function, when we assume the existence of a topo-
logical regime. We will then introduce the relevent topological recursion
and show one of the main results of the chapter, namely that it solves the
Ward identities.

We will for simplicity restrict ourselves to the case where the Riemann
surface is the Riemann sphere X = CP!, although most of the reasoning is
local and could be generalized to an arbitrary Riemann surface.

3.1 Topological regime and quantum spectral curve

This is the main assumption of this study. Let us suppose that all the func-
tions appearing in our construction are now formal series in an expansion
parameter € — 0.

This could for instance be the limit b — i0 (0 along the imaginary axis)
keeping Q = b+b™! fixed to a generic value and taking b and the expansion
parameter € to be proportionnal one to the other € ~ b.

Let us now assume that the chiral correlation functions with current
insertions admit £ — 0 asymptotic expansions of the form

~ ~ — -2+n i in (Hl ’Hi )
<<](x1 . Hil) - J(X, - Hi”)>> d?f g;)EZg 2 Wg,n(xlly cey Xp) — 5n,25g,0m
(3-1)

for all n € N* for which W, ,, with g €N, is a multi-valued meromorphic
function on 7 copies of the Riemann sphere.

As a consequence, the differential operators obtained by inserting & (x)
into a chiral correlation function with current insertions ({J(X;)---J(X,)))
also admit asymptotic expansions of a similar form
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{E)(F - Hyy) V(X Hi,) ) = Y g (L) (3-2)
e/ g=o0
d oo
— Z Z(_Dd—ngg—l+n
def Z0g=0

X P;%;_k(x))?l)w)?;’l)yk
(3-3)

Definition 3.1 The differential operator & o &\ is called the quantum spec-
e

tral curve.

The Ward identities extended to these formal e-expansions imply that

the operator é",(@g)(x; chll,...,ylc';,) is, for all g,n €N, n # 0, a meromorphic
function of the variable x € C with possible singularities at x = oo, x = x;
for some i €{1,...,d} or x = z; for some j € {l,..., M} and nowhere else.

This definition can be interpreted as exhibiting the quantization of a
classical spectral curve, perturbatively this time. Indeed , define a function
E of the variables x, y € C by the generic assignment

E(x,y) = Symb (&7 (x)) (3-4)
def

The Riemann surface defined by the equation E(x, y) =0, the character
variety of the quantum spectral curve, embeds in C* and defines a d : 1
cover of the complex plane by a meromorphic projection x: ¥ — C called
the classical spectral curve of the # (g)-symmetric conformal field theory.

Recall that to any classical integrable systems presented in Lax form can
be associated its corresponding spectral curve, a meromorphic covering of
complex curves, and that this is the starting point to run the topological
recursion of [43], [30] in order for example to compute recursively the ex-
pansion coefficients of generating functions of derivatives of the 7-function.
We wish to upgrade these techniques to the non-commutative, or quantum,
case using this operator formalism arising from conformal field theory.
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3.2 Fermionic description and notion of sheets

A dual point of view to describe the quantum spectral curve is through
the solutions of the linear differential equation it defines. Let us therefore
consider a set of d independent functions v, for j€{l,...,d}, satisfying

v, -6=0 (3-5)
where the differential operator acts from the right.

Theorem 3.2 The quantum spectral curve decomposes as

E=[J-Y1(x) (- Ys(x) (3-6)
where for any ke {1,...,d},

v, = Qa(lnDk—l) _ Q0D QODy (3-7)
def Dy D, Dy
with
Di d?f Osil,)jgi—l ((_Qa)inH) (3-8)
and the convention that D, d:f 1.
proof:
This is a straightforward corollary of the following
Lemma 3.3 Forany ke{l,...,d},
1 W1(x) Vi (x)
y (=Qoy,(x) ... (—QI)yi(x) )
7 — oo 7 — = 772 - a 2 cee - a 2
J-Y1(x)- (- Yi(x) Ik)+elt y (—Q0)*y1(x) (-Q ):wk(x) Do
7 Q) yi(x) ... (—QO)yi(x)

(3-9)
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and in particular for any j€{1,...,d},

Wi (7= Yo(x) - (F— Yj(x) =0 (3-10)

Indeed, since then the differential operator of the right hand side and
the quantum spectral curve have same degree and space of solutions they
are thus equal. W

Definition 3.4 Master loop equation
Define the auxilary operator

U = (- Yo (x) -+ (J— Ya(x)) (3-11)

such that the following identity holds

F-nnu=6 (3-12)
and is called the master loop equation.

Remark 3.5 This terminology comes from the similarities existing between the
quantum geometry of the W (g) -symmetric conformal field theory we are studying
and that of the B(g)-deformed two-matrix model, a generalization of that of [34]
and [18]. These similarities hide a full correspondence between the theories that
is being described and should appear soon [6].

Remark 3.6 The geometrical interpretation of this factorization is that there
exists a function Y that is actually multivalued on the punctured sphere in such

a way that Y (x) = Yi(x) is its value at a generic point x € X taken in sheet
ie€{l,...,d}. The sheet labelled by i =1 is often called the physical sheet. The
quantum sheets therefore label solutions of the quantum spectral curve and in
this sense, the function Y is defined on the quantum spectral curve.

This allows to define the meromorphic multivalued potential V' of the
theory defined by the deformed multi-Penner type formula
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d+1 k+1

V) = Y 4

M
i e +> (aj, H)ln(x-z)) (3-13)

j=1

for generic values of the arguments. The parameters #, k€ {0,...,d+1},
are chosen such that the following identity holds

i i i & M(aj, Hy)
Woi(X)+Y (X)) =0V(x) =) trx“+ ) (3-14)
k=0 j=1 X—Zj

From a quantum field theory perspective, this potential is interpreted
as the one to which are submitted Toda fields ¢, related locally to our
currents by Q0¢, ~ J, that is the sum of a polynomial interaction with the
vacuum and a Coulomb type potential with the fields inserted at the z;’s.
Note that the currents cannot globally be such derivatives since they have
non-trivial monodromy in general.

Although the multi-penner potential is what we expect to be needed
to reconstruct perturbatively correlation functions of Toda quantum field
theory with the right deformation properties, we do not need this precise
form for the present construction.

3.3 2-points function

Recall that the 2-points function has the asymptotic expansion

N - X ogoin i (H;y, Hjy)
(D(E - Hy)V (X2 Hy))y = ) €872 Wy o (31, %) = 820 g0——s
g=0 (X1 — Xx2)

(3-15)

In the classical formalism of [43], [30], the initial data needed to run
the topological recursion included a symmetric bi-differential g, on two
copies of this curve having a double pole with no residue and bi-residue 1
on the diagonal divisor and no other singularities. In the special instance
where the spectral curve is a complex curve embedded in C?, a natural
candidate then was the Bergman kernel, or second-kind fundamental form,
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associated to a choice of Torelli marking, that is to a symplectic basis of
real codimension 1 homology cycles. The wanted singularities plus the
requirement of vanishing periods on a gvien half of the symplectic basis
fixes the Bergman kernel uniquely.

Our quantum situation is a direct generalization of that of [33] where
the construction can be interpreted as solving the Ward identities of a
W (sl,(C))-symmetric conformal field theory. The existence of an hyper-
elliptic involution then simplified the discussion and a structure of quan-
tum Riemann surface with cuts, cycles, holomorphic differential forms and
their mutual pairing was defined. In particular, the periods of the quantum
Bergman kernel were vanishing on a corresponding half of a symplectic
basis of quantum cycles.

This geometric construction is expected to extend to our setup and will
be further investigated in subsequent work. By anticipation

Definition 3.7 Quantum Bergman kernel
We interpret the leading order of the 2-points function of the theory as the
quantum Bergman kernel, or second-kind fundamental form, and denote it by

B djf WO,Z (3-16)
Accordingly, we define the third-kind differential form G (up to a constant
additive factor) by the formula

3,G(x, %) = 2B (%, 1) (3-17)

proof:

The only thing to check is that since Wy, is symmetric, any function of
the variable x that one can add to the last equlity without changing the
property is actually constant. l
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4 Topological recursion

4.1 Ward identities in the £ — 0 expansion

To solve the Ward identities recursively, we must rewrite them order by
order in the topological regime. An exceptionnal feature of the structure
of these equations is that only the two lowest order Ward identities, that
we will call linear and quadratic loop equation, are needed to reconstruct
the chiral correlation functions with current insertions perturbatively. This
illustrates the over-determination of integrable systems.

Recall that using the multi-sheet notation, we denoted the insertion
of the k" % (g)-algebra generator W* at a generic point x € ¥ into a
chiral correlation function with 7 € N* current insertions at generic points
X1,...,Xp € Z by

(WO@IE - Hi,oo )@ Hi ) = 3 (=) e L1p® (51, 1)
e gZO
(4-1)

Replacing this expression in the two first conformal Ward identities
yields

Theorem 4.1 Linear and quadratic loop equations

The axioms of the W (g)-symmetric conformal field theory require the linear
and quadratic loop equations in the topological limit. Namely for any choice
of integers n,g €N, n #0, and any generic choice of points and sheet indices

11 in
]: {xl)---yxn}y

P (x,)) = Z W (x, ) (4-2)

i=1

and
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@) g-1 1 J n i ny J
PEx, D= (W5 xxD+ W, DW ) (x, 1)
I<i<j=d ur=j
h+h'=g

d .
—QY (i-10,W® (%, ) (4-3)
i=2
are holomorphic functions of x € X —{z1,..., zp}.

proof:

The proof is a done by induction on 2g—2+n and it is a straightforward
computation. W

4.2 Bethe roots and kernel

Generically, a zero of D; for a given i €{1,...,d} is both a pole of ¥; and
Y;.1, with residue +1 and is not a zero of any other D; and therefore not a
pole of any other Y;. This statement is the quantum analog to that saying
that generically, there are only two sheets meeting at a branch point of an
algebraic curve.

Definition 4.2 Bethe roots
Let us denote by S i {se€C|3j, D;(s) =0} the set of all roots of the D;’s and
e

call them the Bethe roots. We will moreover generically denote by s, € S the root
such that there exists exactly two functions Y, and Y,_, of which s, is a pole
with la, —a_|=1.

Definition 4.3 Recursion kernel

Let us define the "recursion kernel” Ko (Xo, %) as the solution of the following
differential equation which is analytic at x = s,:

io a—

(Yo, () = Yo () + (@1 — @) Q0y) Koy, X) = Gy, %) — G, %) (4-4)

Notice that K, is symmetric under the exchange o, — a_.
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Ifa,—a_=1, we get

ip a—

+ an) Ka()?()) x) G(XO,CBC) - G(XO) x)

—ZQD/ QDa +1+QD,,—1
Da_ Da +1 Da_—l

(4-5)
4.3 Recursion
Theorem 4.4 Reconstruction by topological recursion [B.-Eynard]
We have the topological recursion
WEE D = X Res Ko(xo, 0 (W&, (5%,
a
£y WG DWED) o
Iur=j
h+h’—g

where the recursion kernel is the solution of

(Ya+(x) _Y, )+ (@, —a) an) Ko(Xh, %) = G, ¥) = G0, %) (4-7)
which is analytic at the roots S = {s € C|3j, D;(s) = 0} with the third-kind
differential G defined by

3, G, %) = 2B(3p, ) (4-8)

proof:
Let us compute the expression

Y. Res K (o, ) (WS (5,5, + T wh (%, Dwim, G, 1) (4-9)

n+2
el ul'=J
h+h'=g

where Z'h,h,,u, means that we exclude both the cases (h =0, = @) and
(h'=0,I'= @) from the sum. Let us define the same quantity as the one
between parentheses but without the prime symbol ' :
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9 = W,iﬁz”(xx N+ ¥ w® x,nw, +#I,(x,1) (4-10)
d ef ur=j
h+h'=g

for root indices i, j € S. We thus have to compute:

3 Res Ka(i, %) (Laar = WO (RHWE (5 D - WO Gow, &, (%', ) -1

Let us rewrite

ZQa,aH = Qaﬂ,a + Qa,a+1
= Z Qi,j - Z (Qa,j + Qaﬂ,j) - Z (Qi,a + Qi,aﬂ)
i#j jEa,a+1 iZa,a+1

- > 2

i#j,i£a,a+], jAa,a+1

= 2) 2~ 2 2

i<j i), (i, )£(@a+1),(i,))#a+1,a)
(8 )
= 2Pf(x, J)+2QZ;6 W (x,]) - > 2;
l;é] (i, ]);é(a a+l1),(, )#(a+1,a)

=  +2Qad, W(g)l(x D+2Q(a+1)0, W (" X ,J) + analyticat s,
(4-12)

where we used the i — j symmetry of the symbol 2; ; and the linear

loop equation after we have introduced P,(fi. Multiplying by the recursion
kernel and summing over residues at the Bethe roots imply that

ZResK(xo,x)( wart =WOCRHWE & D - WO W&, (%, )

Y~ Res Kq (i, x) (- W (W&, (& 0 - w0 ow &, (F,
+Qa o, W (%, N +Qa+1)a, W (%, ])) (4-13)

Since W(g)1 (x,]) + W(g)l( x ,J) is analytic at s,, we may rewrite:
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] 1 1
Y Res K, (X, X) (Qmﬂ—Wf‘))(“})wﬁ)l(%, N-wOow? (x ]))
a X—Sq

= ¥ Res K, G, 0 (W20 - W% + Qo) W, (&, ) (4-14)
= X—Sa
Integrating by parts then yields

a+l

Y Res Ko (6, %) (QWH WO CxHw® (x, ) - W(O)(x)w(g)l(“ﬁél,]))

= ~XRes W50 )) (W2CF) - W (%) + Q0.) Ka(w,0) (4-15)
a
and using the defining differential equations of each K, we get

a+l

3" Res Ky (i, 1) (2aars - WO CTHWSE, & 0 - WO WS, (%, 1)

a+l o «a

= - Y Res W (%, (G, %) - G, D)

1
= —=> Res (W(g)
2 7 X Sa

Ip a+l inv «
n+l

(%)) - W& (%, n) (60, %) - G, (4-16)

Using again the linear loop equation we have

a+l a+l

Y Res Ka(¥, X) (2aant - WP (O WE &) - W2 @ W2, (K, 1)
a a

1 ip a+
= 5L Res (W56 G, 0 + W, (L N Gab, %)

1
- 3% (Baio WE, o, ) + B iy WS, G, )

= W& (%, /) (4-17)

where we used the fact that G has simple poles along the diagonal (third
kind differential). W

Remark 4.5 Notice that the proof of the topological recursion in this quantum
setup is almost the same as the proof that was done in the previous chapter in
the context of cameral curves.
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4.4 Special geometry and free energies

This topological recursion procedure applied to a quantum spectral curve
is expected to allow the perturbative reconstruction of the correlation func-
tion

<1M[ Va].(zj)> (4-18)
j=1

viewed as a function on the moduli space of all such W-symmetric con-
formal field theories on the Riemann sphere

M g dof {({(zj,@p) €CP' x b hi<jcnn )} (4-19)

where the potential V, with 0V = W;; +7Y, is defined as a function of
the times t through the multi-Penner formula of section 3.2.

We would then like to define the 7-function T, ,¢ associated to the
W-symmetric conformal field theory as the function on the moduli space

My g) by

INTpae = Y €57°F, (4-20)
de g=0

where the genus g free energy &%, is such that for any deformation
6 € T* Mw ), we have the special geometry relations

6Fg=| Wy, (4-21)
6*

with a cycle 6* dual to the deformation and defined such that

Wy = fﬁ W (4-22)

for any g,n €N, n#0. Such a definition needs a systematic definition
and study of deformations and associated cycles that should generalize the
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one introduced in [33] and [35]. In particular, the additional choices that
have to be made to define form-cycle type dualities should correspond to
parameters of bases of conformal blocks and the natural conjecture

Conjecture 4.6 7-function as conformal block

M
INTyoa= <]‘[ Vaj(zj)> (4-23)

j=1

would then go one step further in performing the conformal bootstrap
of W-symmetric conformal field theories. Indeed, the remaining problem
would then be to recollect these conformal blocks into single-valued smooth
correlation functions.

Similarly, the wave function reconstructed from topological recursion
applied to the quantum spectral curve of the #'(g)-symmetric conformal

field theory is defined as

00 00 82g—2+n
¥ (D) exp(z Y ff Wg,ndxl---dxn) (4-24)
def p Jp

e n=0g=0 N

and is expected to be related to correlation functions of the theory with
insertions of degenerate fields, in the sense that it should satisfy some BPZ
equation.



Conclusions

In this thesis we have worked out a unifying geometric framework for some
classical as well as some quantum integrable systems. In this setting, in-
tegrability is encoded in the form of symmetry and analytic constraints
called loop equations.

The classical context we started from was the one of Fuchsian differ-
ential systems. They are classes of local systems on Riemann surfaces up
to gauge transformations. From there were defined correlators satisfying
some loop equations that one can hope to solve by topological recursion
when in presence of nice topological expansions. Nevertheless we showed
that the special geometry they exhibit allows for the definition of a non-
perturbative 7-function. Investigation of the KdV hierarchy suggests once
more [40] that the topological recursion procedure should indeed repro-
duce the 7-functions of integrable hierarchies with initial data given by the
WKB asymptotics of the differential system. The next steps in this direction
are to finish the proofs of the conjectures regarding the cameral curve topo-
logical recursion and the KdV hierarchy and then apply the method in the
enhanced setup of the Drinfeld-Sokolov hierarchy as presented in [23]. Un-
fortunately for the dream of solving Gromov-Witten theory by this method,
a Lax formulation of the corresponding integrable hierarchy [37] is still
missing. Finding such a Lax formulation would therefore mean tremen-
dous progress towards reaching the dream.

The corresponding quantum context is that of W-symmetric conformal
field theories, where the W-algebra is defined from a reductive Lie algebra
g. It realizes a quantization of the Poisson structure [31] [32] [72] associ-
ated to equivariant integrable hierarchies of Drinfeld-Sokolov type and in
our setup this quantization is identified with the presence of a deforma-
tion parameter Q called the background charge. From this point of view,
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one recovers Casimir algebras by appropriately extracting the Q — 0 limit
from the non-commutative algebra. We then showed that the quantum
spectral curve allows for a perturbative reconstruction of the correlation
functions with current insertions in the topological regime. An important
feature of this part was that the recursion commutes with the variation
of the background charge in the sense that the initial data is quantized
while the recursion stays the same as the one used in the classical theory.
The next steps in this direction would be to give explicit computations of
the corresponding free energies in higher ranks examples. Moreover, even
though it was virtually absent of this work, the g-deformation, or second
quantization of these constructions seems to be a promising direction to-
ward using topological recursion e.g. for quantum integrable systems in the
context of quantum groups.
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