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Preface

This book is based on several lectures that I gave at various places over the
time, including IPHT CEA Saclay, CRM Montréal, Les Houches summer school,
Barcelona (2007 school organized by the European Network on Random Geome-
try), Geneva University, and Chebyshev Laboratory in St Petersbourg, Russia.

The largest part of the research presented in this book was pursued at the Institut
de Physique Théorique CEA Saclay that hired me in 1995. A large part was also
conducted at the Centre de Recherche Mathématiques de Montréal, QC, Canada, of
which I became full member in 2013. In fact the idea of topological recursion first
occurred as I was CRM visitor in 2002.

The CRM and Aisenstadt Chair

The final stage of writing of this book corresponds to the CRM Aisenstadt chair that
I occupied in the fall of 2015, during the thematic semester “AdS-CFT, Holography,
Integrability,” and corresponds to a series of lectures given there in October 2015.
This is why this book is part of the CRM series of lectures and part of the Aisenstadt
chair lectures.
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viii Preface

The Centre de Recherches Mathématiques (CRM) was created in 1968 to
promote research in pure and applied mathematics and related disciplines. Among
its activities are special theme years, summer schools, workshops, postdoctora
programs, and publishing. The CRM receives funding from the Natural Sciences and
Engineering Research Council (Canada), the FRONT (Quebec), the NSF (USA),
and its partner universities (Université de Montréal, McGill, UQAM, Concordia,
Université Laval, Université de Sherbrooke, and University of Ottawa).

Two or three Aisenstadt chairs are awarded by CRM each year to prominent
mmathematicians chosen because of their relevance and impact, within the thematid
program. The recipients of the chair give a series of conferences, the first of which,
in compliance to the donor André Aisenstadt’s wish, must be accessible to a large
public. They are also invited to write a monograph.

Extract from the CRM’s presentation
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Preface ix
Topic of the Book

A map is a discrete surface, built by gluing polygons—Ilike countries on a world.

This book aims at presenting to mathematicians, the so-called “random matrix”
approach to 2D quantum gravity developed by physicists mostly in the 1980s and
1990s of the twentieth century.

The “random matrix method” started with Nobel Prize awardee Gerard t'Hooft’s
discovery in 1974, from the study of strong nuclear interactions, that matrix integrals
are naturally related to graphs drawn on surfaces, weighted by their topology.
t’Hooft’s first example was then turned into a general paradigm for enumerating
maps, by physicists E. Brezin, C. Itzykson, G. Parisi, and J.B. Zuber in 1978:
“enumerating maps with random matrices.” By their method, they recovered some
results due to the Canadian mathematician William Tutte in the early 1960s, about
counting the numbers of triangulations or quadrangulations of the sphere. And
beyond that, their work triggered a major new trend in quantum gravity, in string
theory, in random matrices and in enumerative geometry and had an enormous
influence on modern physics and mathematics.

For instance, this approach of quantum gravity is what motivated Edward Witten
to formulate his famous “Witten’s conjectures,” about the geometry of moduli
spaces of Riemann surfaces, later proved by Maxim Kontsevich, and which gave
rise to an incredible amount of beautiful geometry, still going on nowadays.

Also, over the years, it was understood how to go from planar surfaces and planar
graphs to higher topologies. The “topological recursion” method was discovered in
2004 and was promoted to a mathematical theory of geometric invariants in 2007.
It gives a formula for counting maps of a certain topology, only in terms of planar
maps enumeration; somehow it consists in gluing planar pieces to make surfaces of
higher topology.

Here in this book, we explain the relationship between matrix models and
enumeration of maps, and we formulate in a precise mathematical language what
is a “formal matrix integral.” After Brezin, Itzykson, Parisi, and Zuber, a precise
definition of a formal matrix integral was never written explicitly in the physics
literature, but it was always implicitly assumed; indeed, all integrals in physics after
Feynman’s works were always treated as formal integrals, and it was so deeply
impregnated in physicists’ culture that most physics article didn’t care of mentioning
it. This was of course confusing and sometimes led to misunderstandings and wrong
statements.

At first, in the 1980s and 1990s, it was believed that using matrix integrals to
count maps was a huge progress:

— Replacing the rather difficult problem of counting graphs on surfaces, by a
problem of finding the large N expansion of a N x N matrix integral. It replaced
combinatorics by analysis and algebra. This may look simpler. However, it
was then realized that computing the large N behavior of an integral with N2
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variables, is in fact a very difficult problem. Making heuristic guesses about the
asymptotic expansions was often easy, but proving them was often very difficult.

— During many years, in the 1980s and 1990s, there was a confusion between
genuine convergent matrix integrals and formal matrix integrals. Formal matrix
integrals are a mere rewriting of the combinatorial sum over graphs they are just
a nice mnemotechnic way of writing generating series for graphs. These have a
large N expansion by their very definition. On the other side, convergent matrix
integrals belong to the realm of analysis and probabilities. The issue of their large
N expansion is considered a very difficult and challenging problem in asymptotic
analysis.

— In the late 1990s, some people started to realize that convergent matrix integrals
and formal matrix integrals are in fact not the same thing. For instance,
Brézin and Deo in 1996 [19] raised a puzzling paradox: they computed the
(apparently) same expectation value by two different methods: one combinatorial
(loop equations) and one based on asymptotic analysis (orthogonal polynomials
method, the method of Bleher, Its, Deift, and coworkers [16, 25]), and they didn’t
find the same result! This puzzled the community for a few years before it was
clearly understood that the two kinds of matrix integrals were different.

— From the 2000s, the point of view changed. The new point of view is that
formal matrix integrals are just a nice way to write the combinatorics of maps;
they are identical to generating functions of maps. Manipulating them is just
combinatorics. Tutte’s equations (recursively deleting or contracting edges) are
identical to loop equations (integration by parts). However, writing a formal
matrix integral remains very useful because: it is much easier and faster to
integrate by parts than finding bijections among sets of maps.

The large N expansion of convergent matrix integrals is a very difficult problem,
much more difficult than the combinatorics of maps. So we have reversed the BIPZ
point of view: nowadays, it is considered that:

counting maps is the easy side, it helps computing large N asymptotics of N x N
matrix integrals (the difficult side).

William Tutte was a combinatorist, whose goal was to enumerate discrete
objects: maps. For physicists, maps were supposed to be only an intermediate step; it
was supposed to be a discretization of the set of surfaces, more precisely of Riemann
surfaces. The ultimate goal was to be able to do quantum gravity, i.e., counting the
“numbers” of Riemann surfaces, i.e., measure the volumes of the set of Riemann
surfaces weighted by various kinds of weights. This is “string theory.”

An important issue was thus to understand the continuum limit: maps, i.e.,
discrete surfaces made of polygons, are an approximation of continuous smooth
Riemann surfaces. Going to the limit means sending the number of polygons to
infinity while sending the size of polygons (the mesh size) to zero. Physicists called
it the “double scaling limit” in the 1990s.

Most of the physicist’s derivations in the 1990s about the double scaling limit
were based on a heuristic link between formal matrix integrals and genuine
convergent matrix integrals and were not mathematically proved. However, this
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led to a lot of understanding about the geometry of the moduli space of Riemann
surfaces. For example, it led Witten in 1991 to formulate his conjecture:

the generating function enumerating asymptotically large maps, is equal to the Korteweg de
Vries (KdV) Tau function

This was later proved by Kontsevich. Kontsevich also used a set of graphs on
surfaces, but rather different from those of BIPZ. Instead of approximating the space
of Riemann surfaces by a discrete subset, he cut the full space of Riemann surfaces
into cells, each cell labeled by a graph. In this way, no information is lost, and there
is no need to take any limit.

Kontsevich graphs are also studied in this book, with a proof of Witten’s
conjecture based on topological recursion.

Another approach to 2D quantum gravity had also been introduced by Polyakov
in 1981 [76]; it is called “Liouville” quantum gravity or Liouville CFT (conformal
field theory). Instead of summing over surfaces, Polyakov was summing over
metrics on a surface. Modulo changing of coordinates, any metric tensor in 2
dimensions can be brought to a “conformal” metric, characterized by a scalar, called
the “Liouville field” on the surface. The Jacobian of the change of variable from an
arbitrary metric to a conformal one, i.e., from metric tensor to Liouville field, is the
Liouville action. It is called the Liouville action, because its extremum is reached
at the constant curvature metric, called the Liouville metric. The Liouville action
has the property of being conformally invariant, i.e., invariant under all conformal
transformations.

Conformal invariance implies huge constraints and relationships among expec-
tation values. It implies that all expectation values are algebraic combinations
of building blocks labeled by representations of the conformal group. Those
representations have been deeply studied in conformal field theory. In particular
finite representations have been classified in Kac’s table [41]. Also, the exponents
appearing in asymptotic formulae are dictated by the theory of representations of
the conformal group they are classified.

In particular, the famous KPZ (Knizhnik, Polyakov, Zamolodchikov) formula
gives, for instance, the Hausdorf dimensions and various other exponents on
surfaces with random metrics [55].

Using heuristic asymptotics of matrix integrals, it was found in the 1990s,
that continuum limits of large maps should indeed coincide with the results of
Polyakov’s approach, in particular with the so-called minimal models, the finite
representations of the conformal group, and indeed satisfy KPZ relations.

The physicist’s derivations of the 1990s were based on heuristic asymptotics,
which have been mathematically proved in the 2000s. A complete derivation is
presented in this book.
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What Is Not Done in This Book

The goal of this book is just to perform the enumeration of maps, not to analyze
geometric properties of most probable maps; for instance, we don’t consider the
statistical properties of geodesic distance on maps.

We focus only on the link between formal matrix integrals and enumeration
of maps. We don’t look at other approaches, like the relationships between maps
and trees, the so-called Schaeffer’s bijections, or Bouttier, DiFrancesco, Guitter
bijections, and all the subsequent continuum limit notions of Brownian maps. We
also don’t look at the approach from SLE (Schramm-Loewner evolution) and the
Gaussian free field approaches. Books and review articles exist about these notions
and we refer the reader to them.

Gif-sur-Yvette, France B. Eynard
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Chapter 1
Maps and Discrete Surfaces

In this chapter we introduce definitions of maps, which are discrete surfaces
obtained by gluing polygons along their sides, and we define generating functions to
count them. We also derive Tutte’s equations, which are recursive equations satisfied
by the generating functions.

We will also rederive Tutte’s equations in the matrix model language in Chap. 2,
and we will give their solution for any topology in Chap. 3.

Several classical books exist about maps, for instance: Berge [9], Tutte [84, 85],
Gross and Tucker [43], as well as [46, 50, 61, 66].

o
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2 1 Maps and Discrete Surfaces
1.1 Gluing Polygons

The idea of a map, is a collection of countries and seas on a world. However, in
our case, the world is not a sphere or a plane, but a surface with an almost arbitrary
topology, and the countries are polygons. Maps are also called “discrete surfaces”.

From now on, we shall consider only orientable surfaces, the case of maps on
non-orientable surfaces can be treated in a similar approach, and satisfies the same
topological recursion, but this subject is under development at the time this book is
being written.

1.1.1 Intuitive Definition

Here, we give an intuitive and informal definition of a map. A formal definition
is given in the next subsection, or can be found in many books [9, 43, 46, 61, 66,
85], and examples can be found in [50]. The idea is a collection of polygons glued
together side by side. We consider two kinds of polygons: some unmarked ones, and
some marked ones.

Definition 1.1.1 (Intuitive Definition) A map, with n3; unmarked triangles, n4
unmarked quadrangles, ns unmarked pentagons, . . ., n; unmarked d-gons, and with
k labeled “boundaries” of lengths /j, ...,/ (a boundary of length / is a marked
polygon with / sides, and with one marked clockwise oriented side, boundaries are
labeled from 1 to k), is an oriented connected gluing of those polygonal pieces along
their edges:

EVANANIVAN
OO
OO0

l‘@ IZO L@ oo lkO

W

=N




1.1  Gluing Polygons 3

or more precisely, it is the equivalence class of such gluings under graph isomor-
phisms (i.e. composition of permutations and rotations of the unmarked i-gons,
which preserve the oriented marked edges).

The polygons are called faces, and the number of edges of a face, is sometimes
called its degree, its size, its length, its perimeter.

Moreover, we require that unmarked polygons have at least three sides, and
marked polygons have length at least /; > 1.

Remark 1.1.1 As mentioned above, this is only an intuitive definition. The actual
definition is given in Definition 1.1.2 below, or in many books or works [9, 43, 46,
50, 61, 66, 85].

Remark 1.1.2 Notice that nothing in the definition prevents from gluing a side of
a polygon to another side of the same polygon, in particular to an adjacent side.
This means that the corresponding surfaces can be rather singular. In the following
example we glue a 10-gon to a quadrangle (a 4-gon), the 10-gon has two of its sides
glued together.

There exists standard combinatorial methods to relate the counting of singular
maps to non-singular ones.

Remark 1.1.3 We recall that we consider oriented polygons, which means that
each polygon has a recto and a verso, that can be imagined with two different colors,
and polygons must be glued by their sides together, matching the colors, as in the
following figure:

The boundaries have a marked edge on their side, and by convention, we represent
the marked edge with an arrow, in such a way that the boundary’s face sits on the
right side of the marked edge.
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Remark 1.1.4 A “gluing” of polygons means a set of incidence relations, i.e. which
edge is glued to which edge. For example, twists will be irrelevant in this book.

Remark 1.1.5 Let us emphasize again that we assume that each unmarked polygo-
nal face (which is not a boundary) has a degree > 3, and < d:

3 < degree of unmarked faces < d
whereas for the boundaries we only require that the length of the ith boundary is:
i>1

The union of all faces of the map, is a surface, and the map can be seen as an
embedding of a graph into a surface. We may consider a marked point at the center
of each boundary face, and thus a map with k boundaries is naturally embedded into
a surface with k-marked points.

The intuitive way of thinking about a boundary would be to exclude the
boundaries from the surface, and thus a map with k boundaries would be naturally
embedded into a surface with k “holes”, however one should be careful with that too
simple picture. Indeed, one should notice that those surfaces can be rather singular,
because nothing in our definition prevents from gluing a polygon, and in particular
a boundary, to itself or to another boundary. This means that, although the interior
of the boundary is an open disk, the boundary with its border might not be a disk, it
might be not simply connected. Therefore, if we remove the interior of boundaries,
the remaining surface may be singular, and if we remove the boundaries together
with their borders, the removed parts are not necessarily disks removed from the
surface.

Examples Maps with no boundary (k = 0) are called “closed maps”, and maps with
boundaries are called “open maps” or “bordered maps”.

Maps with k = 1 boundary, i.e. with only one marked oriented edge, are also
called rooted maps. The knowledge of the marked edge is sufficient to recover the
marked face, it is the face sitting to the right of the marked edge. We shall see below
that they play an important role.
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A map made of only triangles is called a triangulation, a map made with
quadrangles is a quadrangulation.

Even Maps A map with only even polygons is called even. Planar even maps are
also called “bipartite” (indeed a planar map whose faces have even side, can have
its vertices bicolored so that adjacent vertices have different colors). This is not true
for non-planar maps, even non-planar maps are in general not bipartite.

Example of a triangulation with n3 = 4 triangles (the exterior face is a triangle),
drawn on the plane, i.e. on the Riemann sphere:

>

Example of a triangulation with n3 = 3 triangles (one is the exterior one), and one
boundary k = 1 of length /; = 3, drawn on the plane, i.e. on the Riemann sphere:

»

Example of a map with n3 = 2 triangles, and with k¥ = 1 boundary of length
l; = 8. Notice that the octogon is glued with itself along the marked edge.

<

Example of a planar map with n3 = 22 triangles, and one boundary (the exterior)

of length /; = 10:
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1.1.2 Formal Definition

There exists several equivalent definitions of maps. Let us give the following ones,
and refer the reader to the literature [9, 50, 61, 66, 84, 85] for other ones (for instance
in terms of fatgraphs, or trees,...).

1.1.2.1 Definition with Permutations

A polygon can be seen as a set of edges, together with a cyclic permutation which
encodes which edge is next to which along the oriented polygon’s side. In a dual
manner, an edge of the polygon can be seen as an half edge from the center of the
polygon to the edge. We call this half-edge a “dart”.

2 &

Then, gluing edges together means gluing darts by pairs. The gluing can be
encoded into an involutive application from the set of darts to itself, and with no
fixed point (a dart can’t be glued to itself).

Definition 1.1.2 A labeled map G = (B, 01, 03) is the data of a finite ensemble
B (whose elements are called “darts” or “half-edges”) of even cardinal, and two
permutations o, and 0, such that o, is an involution without fixed points. The cycles
of g are called faces (or polygons), the cycles of 0, are called edges, and the cycles
of 01 o 0, are called vertices.

2

Two labeled maps (B, 01, 02) and (B', 0, 05) are isomorphic iff there exists a
bijection ¢ : B — B/, such thato] = ¢poojop ' ando), =pooyop™!.

A map is an equivalence class of labeled maps modulo isomorphisms.

The map is said connected if 07 and o7 act transitively, i.e. if any two elements
of B can be related by a sequence of applications of o and o>.
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The Euler characteristics of a map is y = #faces — #edges + #vertices.

The Automorphism group of a labeled map, is the set of bijections ¢ : B — B,
such that o = ¢ ooy o¢~ ! and oy = ¢ 00y 0 ¢!, If two labeled maps are
isomorphic, their automorphism groups are isomorphic, and in particular the number
of automorphisms of a map is well defined (it depends only on the map, not on a
labeled map).

Example: the following two permutations encode a labeled map with one
hexagon and two triangles

o1 =1(2,3,4,5,6,1,8,9,7,12,11,10) = (2,3,4,5,6,1)(8,9,7) (10,12, 11)

o, = (10,9,4,3,8,12,11,5,2,1,7,6) = (10,1) (9,2) (4,3) (8,5) (12,6) (11,7)

orooy =(12,7,5,4,9,11,10,6,3,2,8,1) = (1,12) (2,7,10) (3,5,9) (4) (6,11, 8)

This definition can be modified in order to have boundaries, i.e. marked faces.

Definition 1.1.3 A labeled map G = (B*,B,01,0) is the data of two finite
ensembles B and B* (whose elements are called “darts” or “half-edges”), such that
B U B* has even cardinal, and two permutations o7 and o, of elements of B U B,
such that o is an involution without fixed points, and every cycle of o} contains at
most one element of B*. The cycles of o; are called faces, the cycles of o, are called
edges, and the cycles of o1 o 0, are called vertices. The cycles of o7 which contain
one element of B* are called marked faces, and the elements of B* are marked edges.
Each marked face has exactly one marked edge.

Two labeled maps (B, B*,01,02) and (B, B”*, 07, 05) are isomorphic iff there
exists a bijection ¢ : BUB* — B'UB’™, such that ¢ (B*) = B'* and o] = ¢oojo¢p™!
andoy = ¢ooy0¢ L.

A map is an equivalence class of labeled maps modulo isomorphisms.

The map is said connected if 07 and o7 act transitively, i.e. if any two elements
of B U B* can be related by a sequence of applications of ;1 and o;.

The Euler characteristics of a map is y = #faces —#edges + #vertices — #B* (we
don’t count marked faces).
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The Automorphism group of a labeled map, is the set of bijections ¢ : BUB* —
B U B*, such that the restriction of ¢ to B* is the identity, and 61 = ¢ oo 0¢ ™! and
0y = ¢ 0 03 0 ¢~ !. The number of automorphisms depends only on the map.

Here is another equivalent definition of maps, closer to our intuitive definition:
maps are graphs embedded on a surface:

1.1.2.2 Definition with Embedded Graphs on Surfaces

Definition 1.1.4 A cellular embedded graph (S, G, f), is the data of a topological
connected oriented closed surface S, a graph G, and an injective continuous map
f: G — 8, such that f(G) is a union of Jordan arcs, and such that S\ f(G) is a finite
union of simply connected open subsets of S.

Two cellular embedded graphs (S, G, f) and (S, G',f”) are said isomorphic, iff
there exists a graph homeomorphism ¥ : G — G’ and a surface homeomorphism
¢ : S — &, preserving the orientation, and such that f’ o ¢ = ¢ o f.

Maps are equivalence classes of cellular embedded graphs modulo isomor-
phisms.

This definition can be modified in order to accommodate boundaries, i.e. marked
faces (a marked face is a face with a marked point in its interior and a marked
oriented edge on its boundary), and we require that isomorphisms map marked faces
to themselves and marked edges to themselves.

Also, we require that each boundary face has only one marked edge on its
boundary such that the boundary is on the right of the marked edge. This means
that there can be several marked edges on the border of a polygon, but at most one
of them must be oriented such that the polygon is on the right.

And in addition, we require that unmarked faces are at least triangles and at most
d-gons. The boundaries are of length at least /; > 1.

Remark 1.1.6 One can check that those two definitions of maps are equivalent.
Indeed, start from the Definition 1.1.2. For each face (each c cycle of o) consider a
polygon in the Euclidian plane, whose edges are labeled by the elements of B in the
cycle ¢, ordered along the face according to the cycle c. It is easy to define a surface
by gluing those polygons together along their edges, and at their vertices, by defining
an atlas of charts, whose transition maps are obtained from the two permutations.
That leads to an embedded graph on the surface in the sense of Definition 1.1.4.
Conversely, start from an embedded graph on a surface. Each face has the
topology of a disk, and can be continuously mapped to a polygon in the Euclidian
plane, whose vertices are the vertices incident to the face, and the edges are the
edges incident to the face. For each such Euclidian polygon, choose a point in the
interior, call it the “center” of the face. Then, for each edge of the Euclidian polygon,
define a “dart” as an oriented arc going from the center of the face to a point on the
edge. label all darts by distinct elements of a finite set B. Incidence relations define
three permutations, corresponding to gluing darts along edges (0, ), and sequence of
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darts around a face (o), and sequence of darts around a vertex (03). Smoothness of
the surface implies that 03 = o] o 0. This defines a labeled map in the sense of
Definition 1.1.2.

1.1.3 Topology

The topology of a map, is the topology of the surface with the interior of marked
faces removed, i.e. with k disks removed, it is entirely characterized by its Euler
characteristics:

X = #vertices — #edges + #unmarked faces.

It is a classical result, due to Euler, that the Euler characteristics is a topological
invariant, related to the genus of the surface. We admit it here:

Theorem 1.1.1 (Euler) For a connected surface of genus g, the Euler characteris-
tic is worth:

x=2-2¢9—k

where g is the genus, i.e. the “number of handles”, and for non closed surfaces, k is
the number of boundaries.

If g = 0, i.e. if the surface has the topology of a sphere (with k disks removed),
we say that it is a planar map.

Example of a map with no boundary (k = 0) and only one hexagon (ng = 1),
whose opposite sides are glued together. There is one face, three edges, and two
vertices (one black and one white in the picture below), i.e. y = 0, i.e. g = 1. This
map cannot be drawn on the plane, it can be drawn on a torus:

Other example: the following map has genus g = 2, and kK = 1 boundary, i.e.
x=-3.
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1.1.4 Symmetry Factor

An automorphism of a map defined as in Definition 1.1.2 by a set of darts B U B*
and two permutations o1, 0, is a bijective map ¢ : B U B* — B U B*, such that
@|p+ = Id and

oy =¢ooj0¢”" , 0y =¢o00¢ .

Since B U B* is a finite set, there can be only a finite number of automorphisms
for each map. There is always an obvious automorphism which is the identity,
and automorphisms always have a group structure, subgroup of the group of
permutations of B U B*.

Definition 1.1.5 The symmetry factor # Aut of a map is the number of its automor-
phisms:

# Aut

For generic maps, there is only one automorphism (identity), and #Aut = 1.

Proposition 1.1.1 For open graphs with k > 1 boundaries, the group of automor-
phisms is always trivial

k>1 = #Aut = 1.

Proof Since B* is not empty, and since ¢|g+ = Id, there is at least one element for
which ¢(x) = x. This implies that o;(x) and o, (x) are also fixed by ¢, and by an
easy recursion, since the map is connected, i.e. since o; and o, act transitively,
every element of B can be linked to x by o; and o, and thus is a fixed point
of ¢. This implies that ¢ = 1d, and thus the only possible automorphism is the
identity. O

There is another way of computing the symmetry factor.

Definition 1.1.6 For a given map m = (B, B*,0,02), let G, be the group of
relabelings of unmarked darts leaving faces invariants, i.e. the group of bijections
¢ :BUB* — BUB* such that ¢|p« = Idand o) = ¢ 007 0 ¢!

Gn=1{p|or=¢ooiop '}
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The group G,, acts on the set of permutation of darts by conjugation, and in
particular, Aut(m) is the stabilizer of o, under the G, action, i.e. the subgroup of
G,, which fixes o0,:

Aut(m) ={¢ € G| 0a = oo 097"},
We define the set of “gluings” as the orbit of 0, under the G,, action, i.e.
Gluings(m) = {poocop™ ' | ¢ € G,

The following is a classical result of group theory

Lemma 1.1.1 (Orbit-Stabilizer Theorem) Let G be a group of permutations,
acting on set X, and let x € X.

The orbit of x is G.x = {g.x | g € G}. The stabilizer of xisG, ={ge G | gx =
x}. The quotient G/G, is the set of equivalence classes of G modulo Gy, i.e. an
element of G/ Gy can be written g.G, = {g.h | h € Gy}.

The orbit-stabilizer theorem says that

Gx~ G/Gy
and thus
|G| = |G.x|.|Gy].

Proof The bijection G.x — G/G, is g.x > g.G,. This map is well defined, because
if there exists g and g’ such that g.x = g’.x, this means that g~!' o g’ belongs to
G, and thus g.G, = g'.G,. The inverse map is also well defined for the same
reason. a

The “orbit-stabilizer theorem” implies

Proposition 1.1.2 (Symmetry Factor and Gluing Number) Let m be a map with
ns triangles, ny quadrangles,...ny d-gons,. .. We have:

d
#Aut x #gluings = [ [77 ;! (1.1.1)

j=3

where #gluings is the number of ways of obtaining the map m by gluing together the
n3 triangles, ny quadrangles,...ng d-gons, and k marked faces of length Iy, ..., I
with marked edges.

Proof Gluings(m) is the orbit of o, under G,,, while Aut(m) is the stabilizer of o7,
therefore the orbit-stabilizer theorem implies that

#Aut x #gluings = #G,,.
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G,, is the conjugacy class of oy, it depends only on its cycles, i.e. the faces of the
map. There are n; faces of size j. Each cycle of length j can be conjugated by j
possible cyclic permutations, and cycles of same length can be permuted together,
therefore

d
#Gy = [ [ !
j=3

|

Example of a closed planar map with no marked edge (k = 0,g = 0, y = 2)
with two triangles and three quadrangles (including the exterior one), drawn on the
sphere. It has six vertices, nine edges, and five faces. Its symmetry factor is 6.

Indeed, Aut = Z, x Zs, where Z, is generated by the automorphism which
exchanges the two triangles (central symmetry on the figure), and Z3 is generated
by the simultaneous rotation of the triangles (which permutes cyclically the three
quadrangles).

How many gluings of two triangles and three quadrangles correspond to that
map ? Chose one of the triangles, and label its three sides 1, 2, 3. There is 6 = 3!
ways of gluing the three quadrangles to its three sides, and each quadrangle can be
glued to the triangle along any of its four edges. Then, there is only three possibilities
to glue the last triangle. Therefore:

#eluings = 3! x 43 x 3 =27 x 3%,
And thus we verify Eq. (1.1.1) on that example:

6= 322! x 433
2T x 32

1.2 Generating Functions for Counting Maps

Our goal is to count the number of maps having a fixed topology, and fixed numbers
of polygons of given sizes, fixed number of boundaries,. .. Those numbers of maps
can be collectively encoded in some generating functions. Let us define them.
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1.2.1 Maps with Fixed Number of Vertices

Definition 1.2.1 Let M,((g) (v), be the set of connected maps of genus g, (with
unmarked faces of degree > 3 and < d), and k boundaries (marked faces of degree
> 1 with one marked edge), and such that the total number of vertices is v. In
addition we define M(IO) (1) = {.} i.e. we have defined a virtual planar rooted map

with 1-vertex to be a point, it has no faces, and its unique boundary has length
L =0.

Theorem 1.2.1 M,(f) (v) is a finite set.

Proof Indeed, for any map m € M,((g) (v), write its Euler characteristics:

#of faces
e N
d

2-2¢g=k+ Zn,(m) —e(m) + v
i=3

where n;(m) is the number of unmarked faces of degree i, and where e(m) is the
number of edges of m, that is, half the number of half-edges:

k d
2e(m) =Y Li(m)+ Y _ ini(m)
=1 i=3
thus we have:
1< 1
V42 —2+k= E;l"(mH Eg(i—Z)ni(m) (1.2.1)

and since i > 3 in the last sum we have i—2 > 1 and therefore we find the inequality:

k d
1 1
v+2¢—-2+k= 3 ;=1 li(m) + 3 ;:3 ni(m)

in particular, this inequality implies that n; and /; are bounded, and therefore there is
a finite number of such maps. O

Examples

* planar maps with no marked faces and three vertices:

#Aut =6 #Aut =2

©) #Aut =2
M, ® =
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» genus | maps with no marked faces and one vertex

#Aut=6 #Aut=4

(&)
M, O =

* planar maps with one marked face (the marked face is on the right of the marked
edge, i.e. on the exterior):

(©0)

M, O = { . }

©0)

M, @ %o—e- @

RN
5606

Definition 1.2.2 We define the generating function of maps of genus g with &
boundaries as the formal power series in #:

W,Eg)(xl, R 758 ST 1) |
o0 n3(m) na(m) 1 (m)
:Ztv Z SR A 1
1+0(m) _1+L(m) I+lm) #Aut(m)
v= @,y X1 X2 e X
meM™ (v)

W,ﬁg) is a formal series of t whose coefficients are rational polynomials of the ;s
and 1/x;’s:

W® e QU /xy. ... 1/x. t3.ta. ... ] [[A]-

Notational remark: In the rest of this book, we shall write only the dependence in
the x;’s explicitly, whereas the dependencein ¢, t3, . . . , 5, will be implicitly assumed,
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by convention we write:
W,gg)(xl, X, g l) = W,gg)(xl, CoXE).
By convention we also denote:
Fo=W¥.
Examples (See the Pictures Just Before Definition 1.2.2)

0 t 1 & 2 45 £ 2y 25 2ty
Wl()(x)z;+t2(;+;)+13(;+x—4+x_33+x—3+?+x_2 + 0(t*)

1 1 1
Fo=w" =7 (5 s+ (5 + 5) t%) + 0"

1 1
Fl = W(()l) =1 (g l% + 114) + O(IZ).

Remark 1.2.1 As usual in combinatorics, W,ﬁg) is a generating function, that is a
formal power series in 7, or also called an “asymptotic series”. It is meaningful
even when it is not convergent. It is nothing but a convenient short hand notation for
the collection of all coefficients. However, it turns out (proved in Chap. 3) that each
W,ig) happens to be an algebraic function of ¢, and therefore it has a finite radius
of convergency. The behaviour in the vicinity of non-analytical points (i.e. at the
boundary of the convergency disk) can be used to find the asymptotic numbers of
large maps (see Chap. 5).

Remark 1.2.2 Notice that for each v, the sum over m € M,(f)(v) is finite, and
therefore the coefficient of ¢ in W,ﬁg) (x1,...,x) is a polynomial in the 1/x;’s.

1.2.2 Fixed Boundary Lengths

If we wish to compute generating functions for maps with fixed boundary lengths
l;, we simply pick the coefficient of 1 /xl.H'l" by taking a residue. We define:

Definition 1.2.3 The following is the generating function counting maps of genus
g, and with k boundaries of respective lengths /1, ..., li:

7?(}") L= (—=1)* Res ... Res )cll1 xﬁf W,Eg)(xl, coox)dx .. dxg
Lotk X—00  x—>00

tfm (m) o (m) £ (m)

o0
= Z r Z : ;Aut(.;;z.) 4 11151i,1i(m). (1.2.2)
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They belong to

7;1(!{)1;( € Qlta, tg, ..., t4][[1]].

Remark 1.2.3 (Residues) The residue at x = « of a function f, picks the coefficient
of the simple pole at x = «, that is the coefficient of (x — «)™! in the Laurent
expansion of f in the vicinity of «. For instance the residue at x = 0 of a Laurent
series f(x) is

f) = Xk:f“j = Resf=/f.

The Residue can also be computed by Cauchy’s theorem: a contour integral along
a small circle C, encircling the pole o counterclockwise (small circle means small
enough so that it doesn’t encircle any other singularity of the integrand):

1
Res f = > ﬁ f(x)dx.

xX—=>a

This shows that a Residue is an integral. The proper notation for residues should
include the integration measure dx:

Res f(x) dx.

The notion of Residue applies to differential forms, not functions. In the literature,
one often writes Res f(x), omitting the dx. This abuse of notation can be done only
when there is no ambiguity on the integration variable, and the dx is implicitly
assumed. It is particularly important to write the dx, when one wants to use changes
of variables x — z, and thus dx = fl—’z‘ dz. Since changes of variables will play an
important role in this book, we shall always write residues of differential forms.

Remark 1.2.4 (Residue at o) When changing variable x — 1/x, we have d(1/x) =
— dx/xz, and thus residues at oo come with a — sign:

1
Res —dx = —1.

x—>00 X
This is why we have the coefficients (—1)* in Eq. (1.2.2).

Remark 1.2.5 (Differential Forms) One sees, for example from Eq.(1.2.2), that
W,gg) (x1,...,x¢) will always be used to compute residues, i.e. integrals, and in fact,
it will always appear together with dx; . .. dx; as in W,ﬁg) (x1,...,x¢)dx; ...dxg. The

true nature of W,gg) (x1,...,xt), is to be a differential form, and—anticipating on
Chap. 7—we define the fundamental intrinsic object :

a)lig) = W,Eg)(xl, e ,xk) dX1 . dxk.
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In this notation, dx; . . . dx; is the tensor product of 1-forms dx; ® -- - ® dxy, it must
not be confused with an exterior product dx; A - - - A dx. It is symmetric in all dx;’s,
not antisymmetric. In other words, a),ig) is a linear combination of 1-form of xi,
whose coefficients are linear combinations of 1-form of x,, whose coefficient is a

1-form of x3, ... .
Examples

» If wechooseallt; = 0 exceptty # 0, we countonly quadrangulations, and 71(‘?)
is the number of rooted quadrangulations of genus g, where all faces (including
the one on the right of the marked edge) are quadrangles. The total number of
faces is n = n4 + 1, and [thanks to Eq. (1.2.1)] the number of vertices is v =
n+2—2g. Inthe 60’s, Tutte (this is the famous Tutte’s formula [84, 85]) computed
that (and we shall prove it in Chap. 3):

2 2n)!3"

e 26 4+ 9r'ty + 5458 + ...

)
71(0) = Z(tl‘4)n_l
n=1

In this formula, the coefficient of #97* is 2. The two maps of genus 0 with one
marked quadrangle, three vertices and no unmarked quadrangles contributing to

the term 2£°, are

The nine maps of genus O with one marked quadrangle, four vertices and one
unmarked quadrangle, contributing to the term 9¢*#4, are (where one face is the
exterior face, and the marked face is the one on the right of the oriented marked
edge):

000
0909

+ Similarly, if we choose all #; = 0 except #3 # 0, we count only triangulations,

and 7;(g) is the number of rooted triangulations of genus g, where all faces
(including the one on the right of the marked edge) are triangles. According
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to Eq.(1.2.1) with k = 1 and /; = 3, the total number of faces is n3 + 1 =
2(v 4 2g — 2) which is always even, and which we denote

1
n:n3;_ =v+2g—-2.

In Chap. 3 for genus g = 0, we shall find:

r&+1
(n+2)IT (% +1)

o0
7;(0) — /2 Z(t3 Vi) it

n=1

=48t + 3268 + ...,

which was also computed by Tutte [84, 85]. The four maps of genus O with one
marked triangle, three vertices and one unmarked triangle, contributing to the
term 47313, are (where one face is the exterior face, and the marked face is the one
on the right of the oriented marked edge):

LHh-O9- 9D

1.2.3 Redundancy of the Parameters

One can remark that the number of vertices is redundant, because at fixed genus
and boundary lengths, the number of vertices can be deduced from the numbers of
polygonal faces. In other words the parameter # is redundant with the #’s and x;’s.

Indeed, using Eq. 1.2.1: v—(2—2g—k) = % ZLI I + % Zf=3(i —2)n;, we may
rewrite:

etk W,Eg) (X1, ..., xp)dxy ... dxg
i k
5y Dherye 1
= 3 . o
=1 em® (v) [Tiz) Ga/ /oylm) - #Aut(m) i=1 M

This means that we can redefine:

ti— ;127! , xi — xi//t , t—1

and work with ¢ = 1.

In other words, W,ig) was defined as a formal power series in a single variable ¢
(coupled to the number of vertices v), but we may also view it as a formal multiple
power series in each #; and x;, coupled to the number of polygons n; and degrees of
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boundaries /;. We could chose to define:

W e QI /x1. ... 1 /xe 13,14, .-

However, although ¢ is a redundant parameter, we find more convenient to work with
formal series in only one formal variable ¢ than with multiple formal variables, and
we shall keep ¢ as the sole formal variable throughout this book.

1.2.4 All Genus

It is convenient to define the generating function of maps regardless of their genus.
Thanks to Eq. (1.2.1), the number of vertices of a map is always such that v 4 2g —
2 4+ k > 0, and this allows to define the following formal power series of ¢:

A\ 22—k
Wi=)_ (7) W (1.2.3)

We emphasize that the meaning of this definition, is an equality between formal
power series of ¢, i.e. an equality between the coefficients of terms with equal powers
of ¢. To any order in ¢, the sum over g is finite. Therefore the sum over g is NOT a
large N expansion, it is a small ¢ expansion.

Moreover, since any M,((g) (v) is a finite set, there is a maximal genus g < gmax(v)
for each v, and the coefficients of W, in powers of ¢ are polynomials in 1/N:

Wi € Q[1/x1,...,1/xk, 3,14, ..., 1/N][[f]].

Similarly, for closed maps k = 0, we note W(gg) = F,, and we can define the all
genus generating function of closed maps:

e} N 2—-2g
F=Y%" (7) F,. (1.2.4)
g=0

Remark 1.2.6 We will see later in this book, that each series W,Eg) has a finite radius
of convergency, and is in fact an algebraic function of ¢. But the all genus generating
function Wy is not algebraic, and may have a vanishing radius of convergency.
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1.2.5 Non Connected Maps

When we have a formal generating series counting disconnected objects multiplica-
tively, it is well known that the log is the generating function which counts only the
connected objects, see [46]. If we denote Zy (13, . . ., 4; t) the generating function for
closed maps not necessarily connected

n3(m) n4(m) nq(m)

o0
t f R 5
In(ts tas ..o stast) = 1+ Z 1’ Z (N/pyrem 32— 4
ot #Aut(m)

m=map with v vertices

where y(m) = #vertices — #edges + #faces, we have:

In (ZN(tg,, tgy ..., tg; t)) = F(l‘3, R 70 N) (1.2.5)
where again this equality is to be taken as an equality between formal series
in Q[ts,....t5,N,1/N][[f]], i.e. equality between the coefficients in the small ¢
expansion.

For open maps with k > 1 boundaries, there are several ways of obtaining dis-
connected surfaces, because each disconnected piece may carry either no boundary,
or subsets of the set of boundaries. The generating functions of connected objects
are cumulants of the non-connected ones.

Let W (x1, ..., x) be the generating function of not-necessarily connected maps
of all genus. We have:

Wi (x1) = Zy Wi(x1)

WS (x1,x2) = Zy (Wa(x1,x2) + Wi(x1) Wi(x2))
W3 (x1,x2,x3) = Zy (W3(x1,x2) + Wi (x1) Wa (2, x3) + Wi(x2) Wa(xy, x3)
+Wi(xe3) Walxr, x2) + Wi(xr) Wix2) Wixs))
and so on, if we note K = {x1,...,x;}:
Wi (K) = Zy Z l—[ Wy, (Ji)
wEK, u=1,J2,....0n) =1

where we sum over all possible partitions u of K.
The converse is called cuamulants, or sometimes connected parts:

1
Wix) = 7 Wi (x1)
‘N

Wi x)  Wiea) W)
Zy Zy Zy

Wa(x1,x2) =



1.3 Tutte’s Equations 21

Wi, x0,x3) W) Wi, xs) W) Wi(xi,xs)

Wi (x1,x2,x3) =

ZN ZN ZN ZN ZN
~ W) Wi, x) 42 Wi () W) Wi(xs)
Zy Zy Zy Zy Zy

and so on...

1.2.6 Rooted Maps: One Boundary

The case k = 1, i.e. one boundary plays a special role.

A map with one boundary, is also, by definition, a map with one oriented marked
edge, it is also called a rooted map. The marked face is the face on the right of the
oriented marked edge.

A reason of the special role of maps with one boundary, is that there is only one
automorphism (the identity) which can conserve the map and the oriented marked
edge. Therefore if kK = 1 we have

k=1 = #Aut = 1

A planar map with one boundary is called a “disk”.

1.3 Tutte’s Equations

1.3.1 Planar Case: The Disk

The Canadian mathematician Tutte discovered a combinatoric recursive equation in
1963 [84], for counting planar maps with one boundary, i.e. rooted planar maps, or
equivalently disks.

The idea is the following. A planar map with one boundary of length [ + 1,
is in fact a planar map with one marked face of degree / 4+ 1, with one marked
oriented edge on it. Let us draw the map on the plane, such that oo is in the marked
face, i.e. the marked face is the exterior. The marked edge, separates two faces (not
necessarily distinct).

If one removes the marked edge, two situations may occur:

* cither the face on the other side of the marked edge was the same, thus if we
remove the edge, we get two planar maps, each having one boundary (we mark
the edges adjacent to the removed edge), one has a boundary of length j, the other
l—1—j, forsomejsuchthat) <j <[—1.

¢ either the face on the other side is not the same, and thus it is an unmarked face of
some degree j such that 3 < j < d. When we remove the marked edge, the map
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remains connected, and we get a new map, with a boundary of length [ 4 j — 1
(the new marked edge is the one adjacent to the removed edge). Removing the
edge was thus equivalent to removing a j-gone, which has weight #;.

It is easy to see that this procedure of removing the marked edge is a bijection

0) -1 (0) (0) d 0)
My = UisoMy; x My + UM,

and thus Tutte’s equation follows:

-1
T(O) Z T(O) 7;(0) + Z tj (0)

1—=j
Jj=0

(1.3.1)

Tutte’s proof is illustrated as follows:

ZB—- o8
FH -0

1.3.2 Higher Genus Tutte Equations

A similar recursive equation can be found for higher genus or higher number of
boundaries.

Consider a map of genus g, with k boundaries of respective lengths /; +
1,0,...,I, and let us denote collectively

K=1{b....Ii}

Then we erase the marked edge of the first boundary. Several mutually exclusive
possibilities can occur:

 the marked edge separates the marked face with some unmarked face (let us say
a j-gone with 3 < j < d), and removing that edge is equivalent to removing a
J-gone (with weight #;), and we thus get a map of genus g with the same number
of boundaries, and the length of the first boundary is now /; +j — 1.

» the marked edge separates two distinct marked faces (face 1 and face m with
2 < m < k, ), thus the marked edge of the first boundary is one of the /,, edges of
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the mth boundary. We thus get a map of genus g with k — 1 boundaries. the other

k — 2 boundaries remain unchanged, and there is now one boundary of length

-1

* the same marked face lies on both sides of the marked edge,

ll +lm

therefore by

we disconnect the boundary. Two cases can occur: either the map

il

removing it

one having 1 + #J

)

itself gets disconnected into two maps of genus h and g — h
boundaries of lengths (j, J), where J is a subset of K,

k — #J boundaries of lengths ([; — 1 —j, K \

and the other map having

J), or the map remains connected

because there was a handle connecting the two sides, and thus by removing the

marked edge

(jsll _]_ 17

, with k 4+ 1 boundaries of lengths

we get a map of genus g — 1

K).

)

this procedure is (up to the symmetry factors) bijective, and all those

Again,
possibilities correspond to the following recursive equation:

1

I

k
) ©
1_,-,1<] + 2T
m=2

(1.3.2)

—LE\{Um}

(g—
I—

+7;

—1—j.K\J

(W) -z~
h
1.K

Z[}iZﬁ,

0JCK
d
(8)
Z tj,];l +i—

(8)
7;1+1,K -

0

J

)

” or “higher genus Tutte’s equation”.

which we call “Loop equation

This equation is illustrated as follows:
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Here, we have presented only an intuitive derivation, and we present a more
rigorous derivation in Chap. 2, with a very different technique, called loop equations
for formal matrix integrals.

1.4 Exercises

Exercise 1 Count all connected quadrangulations with ny = 1 and n4y = 2 quad-
rangles, count them with their symmetry factors and according to their topology.

Answer: There is one planar quadrangulation with ny, = 1 quadrangle, and it
has symmetry factor 2, and one quadrangulation of genus ¢ = 1 with ny = 1
quadrangle, and it has symmetry factor 4.

There are two planar quadrangulations with n4 = 2 quadrangles, one has
symmetry factor 8, one has symmetry factor 1. And there are four quadrangulations
of genus ¢ = 1 with ny = 2 quadrangles, one has symmetry factor 8, one has
symmetry factor 4, one has symmetry factor 2, one has symmetry factor 1.

This can be summarized as:

N1 1y 1 1 1
F=tty (= +- | +22 (N (145 )+<-+-+-+1)+00).
4(2+4)+ 4( t3) gttty tl)Ho@

Exercise 2 Find all planar maps with one marked face of arbitrary length /, and

whose unmarked faces are only pentagons, and with up to five vertices.
Check that

t A 2 2 5 9 12 1715 3£
WO =t ([ S+ 2 )+t S+ 2 )+ (5 + — + 2 ) +0a0)
X X x° X x7 X X X X



Chapter 2
Formal Matrix Integrals

In this chapter we introduce the notion of a formal matrix integral, which is very
useful for combinatorics, as it turns out to be identical to the generating function of
maps of Chap. 1.

A formal integral is a formal series (an asymptotic series) whose coefficients are
Gaussian integrals, it is not necessarily a convergent series (in fact in our case it is
always not convergent, it has a vanishing radius of convergency).

Wick’s theorem [86] gives a method to compute Gaussian matrix integrals in
a combinatorial way, it relates formal matrix integrals to generating functions for
maps.

The relationship between formal matrix integrals and maps, was first noticed in
1974 by ’t Hooft (1999 physics Nobel prize) in the context of the study of strong
nuclear interactions [48], and then really introduced as a tool for studying maps by
physicists Brezin-Itzykson-Parisi-Zuber in 1978 [74].

2.1 Definition of a Formal Matrix Integral

2.1.1 Introductory Example: 1-Matrix Model and Quartic
Potential

Consider the following polynomial moment of a gaussian integral over the set Hy
of hermitian N x N matrices:

k

Ar(N) = AT

/ dM (Tr M*)* e NTE
Hy

© Springer International Publishing Switzerland 2016 25
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where M is a N X N hermitian matrix, and dM the U(N) invariant Lebesgue measure
on Hy

1

N
= SN [ [dmii | | dRe;; dimm;

i=1 i<j

M

normalized so that [ dM NI _ 1,ie Ag(N) = 1.

We shall see below that Ai(N) is a polynomial in N and 1/N, so it can be
analytically continued to any N € C*.

With the sequence Ax(N), k = 0,1,2,..., 00, we define a formal power series
in powers of a variable which we choose to call #; because it is associated to Tr M*
(later we shall associate #; to Tr M)

Definition 2.1.1 We define the “formal matrix integral”

k

Zy() =Y AN = Y1 o

2
/ dM (Tr MY+ e VT s
k=0 k=0 Hy

We shall denote it:
Zn(ty) = / AM ¢ N T ),
formal

(as if we could exchange the order of sum and integral).

Zn(t4) is well defined as a formal power series in 7,
Zy(14) € Q[N, 1/N][[t4]],

in other words, Zy(t4) is nothing but a notation which summarizes all the
coefficients A;(N) in only one symbol Zy(#4). This means that every time we are
going to write properties or equations for Zy(t4), we actually mean properties of the
coefficients Ay of the 4 expansion. Writing equations for Zy(#4) is merely a shorter
way of writing equations for Ay (N) Vk.

We are never going to consider Zy(#;) as a usual function of #4, and in fact, for
t4 > 0 the series Zy(4) is never convergent (in the Borel sense for instance).
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2.1.2 Comparison with Convergent Integrals

The definition of a formal matrix integral Zy(#4) is not to be confused with the
hermitean convergent matrix integral:

2 4
ZConv(t4,N) = / dM e_NTr(MT_MMT)
Hy

—dMe—NTr £ (Tr M*)*.
4
/HMZO 0

One should notice that Z oy (24, N) is well defined for 74 < 0, and not for ¢4 > 0.

The existence and nature of large N asymptotics of hermitean convergent matrix
integrals is a difficult problem which has been solved in a few cases, and which
remains an open question in many cases at the time this book is being written (the
case of the 2-matrix model with complex potentials for instance is unsolved).

The only difference in the definition of Zy(t4) and Zyny (24, N), is that the order
of the sum over k and the integral over Hy has been exchanged. In general, the sum
and the integral don’t commute, and in general:

ZN(I4) 75 Zconv(t4vN)

in other words:

k

o0
—NTr 4= 4\k —NTr 4 4Nk
Z/HN & WdMe (TrM) # & WdMe % (Tr M%)

the left hand side is a divergent asymptotic series, and it has a meaning either as
a formal series (what we shall consider from now on in this book), or for instance
it can be Borel resummed for #, < 0. However, those two definitions of a matrix
integral differ even after Borel resummation and analytical continuation from ¢4 > 0
(which is the interesting regime for combinatorics) to t; < 0 (Where Z.oqy (24) is well
defined) they do not necessarily coincide.

Convergent matrix integrals are not the topic of this book, and readers interested
in asymptotic properties of large Matrix integrals, can refer to the many books
devoted to it for instance [16, 25, 26, 39, 44, 63, 81].

2.1.3 Formal Integrals, General Case

So far, we have studied the example of a formal matrix integral with quartic
potential, now let us give the general definition of a formal integral of the form:

[ e ay
formal
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The idea is to expand (Taylor series) the exponential of the non-quadratic part of
V(M), and write the integral as an infinite sum of polynomial moments of a gaussian
integral, and then invert the integral and the summation.

Let

Ly
V(M) = 5 Z <M
=

be called the potential, then we define the following polynomial moment of a
Gaussian integral:

k

1 N¥ 2 4t .
Ak=——/ aM =TT N e
k't e

Lemma 2.1.1 Ay is a polynomial of t such that:

[(d=2)k/2]

Av= Y Aewt"

m=k/2

Proof A monomial moment of a Gaussian integral vanishes if the degree of the
monomial is odd, and is proportional to ¢ to the power half the degree, if the degree
d g

is even. The polynomial (3 =37 Tr M/)* can be decomposed into a finite sum of

monomials in M of the form:

d d
[Jctesdys 0 Y =k
j=3

j=3

i.e. of degree Zj Jjnj. Therefore such a term contributes to Ay with a power of "
equal to:

1 & 1< 1 & k
m:_k+§Zjnj:§Z(j_2)anEZ”]ZE'
j=3 =3

Jj=3

The upper bound m < (d — 2)k/2 is easily obtained because j < d andn; < k Vj.
O

This Lemma allows to define:
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Definition 2.1.2 The formal integral is the formal power series in #:
o0
Z)E Y 1A,
m=0

It is denoted

o [ ot gy
formal

Remark 2.1.1 Z(t) can also be viewed as a formal power series in each ¢ with 3 <
Jj < d. We may choose t = 1 and expand in powers of #3 or #4..., as we did for the
quartic potential. It is clear that 7 can be absorbed by a redefinition M — /tM and

f; — 177'1;, exactly like in Sect. 1.2.3 of Chap. 1.

Remark 2.1.2 The formal integral and the convergent matrix integral differ by the
order of integration and sum. In general the two operations do not commute, and the
formal integral and the convergent integral are different (see Sect.2.1.2 above):

/ e—%TrV(M) dM # e—%TrV(M) aM.
formal Hy

Remark 2.1.3 In combinatorics, the times #’s are Boltzman weights for the j-gons,
and thus we shall mostly be interested in the #; > 0. Convergent integrals converge
for instance when d is even and 7; < 0. This shows again that formal and convergent
matrix integrals are defined in very different domains, and don’t have to coincide.

Remark 2.1.4 We shall see below in Sect.2.2.2, that each Aj, is a Laurent
polynomial of N:

8max (k,m)
b= S g
g=—8min(k,m)

so that each Am is also a Laurent polynomial of N, and thus, to a given order ",
the formal integral is a Laurent polynomial of N, and thus a formal matrix integral
always has a 1 /N expansion.

In other words, the question of a 1/N expansion is trivial for formal integrals,
whereas it is a very difficult question for convergent integrals (mostly unsolved for
multi-matrix integrals with complex potentials).

Remark 2.1.5 Most of physicist’s works in so-called ‘“2d-quantum-gravity” are
actually using that “formal” definition of a matrix integral (in fact almost all works
in quantum field theory after Feynman’s works, used formal integrals). Most of the
works initiated by Brezin-Itzykson-Parisi-Zuber [74] in 1978 assume the formal
definition of matrix integrals, and are correct and rigorous only with that definition,
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they are often wrong if one uses convergent hermitian matrix integrals instead. See
[31, 40, 42, 54]

2.2 Wick’s Theorem and Combinatorics

2.2.1 Generalities About Wick’s Theorem

Wick’s theorem is a very useful theorem for combinatorics. It gives a combinatoric
way of computing Gaussian expectation values, or conversely, it gives an algebraic
and analytical way of enumerating graphs.

Let A be a positive definite n X n symmetric matrix, and let xj,...,x, be n
Gaussian random variables, with a probability measure:

(27[)"/2 _lz..A.. .
du(xy, ..., xy) = ———=¢e 2 &% %N dyi dxy ... dx,
pxy ) o 1dx>
and let
B=A"! (2.2.1)

which we call the propagator.
Let us denote expectation values with brackets (this is the usual notation in
physics):

<flxr,...,x,) >d§f/ fOer, e, xn) du(xr, ..o, xn).

Wick’s theorem states that:

Theorem 2.2.1 (Wick’s Theorem [86]) The expectation value of a product of two
Gaussian random variables, is the inverse of the quadratic form A, and is called the
propagator:

<xpxj >=B;j; = (A_l)iJ- = propagator.

The expectation value of any product of an odd number of variables is zero, and
the expectation value of an even product of Gaussian random variables, is the sum
over all pairings of product of expectation values of pairs:

< XiXiy - Xip,, >= E | | Bik,il-

pairings pairs(k,/)
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Example
< -xil-xiz-xi3xi4 >= Bil,izBi3,i4 + Bil,i3Bi2,i4 + Bil,i4Bi2,i3'

Wick’s theorem becomes even more interesting when the indices iy, . . ., i, are
not distinct. For instance:

< )C2 L >= BilsilBiz,iz + ZBil,izBil,iZ‘

n-n

2.2.1.1 Graphs

The best way to write Wick’s theorem is diagrammatically. To each index i
associate a vertex, and to each pair (i, ;) associate an edge with weight B; ;. If
an index i is repeated, i.e. if it appears as xfk" , then we associate to it a vertex
with p; half edges. Wick’s theorem says that the expectation value is the sum
over all possible ways of linking vertices by edges, of the product of propagators
corresponding to edges. In other words, draw all possible graphs with the given
vertices, and weight each graph by the product of its edge propagators.

Example
cos= GV B> =LY Y.+ 104 otherpairings
(2.2.2)
the represented graph here has weight
B . B

it,ip Pizine

In other words, Wick’s theorem allows to count the number of ways of gluing
vertices (of given valence) by their edges. Such graphs are called Feynman graphs.
A Feynman graph is a graph, with given vertices, to which we associate a value,
which is the product of the propagators B;;’s of edges:

I1 Bii.

e€edges

2.2.1.2 Symmetry Factors

The total number of possible graphs with m edges, is the number of pairings of 2m
half edges, it is:

Cm—DI' = 2m—1)2m—3)2m—5)...1.
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However, many of the graphs obtained, are topologically identical, they have the
same weight, and it may be more convenient to write only non equivalent graphs,
and associate to them an integer factor (the symmetry factor).

For example, the graph displayed in Eq.(2.2.2), is obtained 60 times, and the
only other topological graph is obtained 45 times, which make a total of 60 4 45 =
105=7%5%x3 =71

,A~<’
<o

<z = Y D - Y/ e

(2.2.3)
=60 B?l i Biriy T 45 Bi i, Biy iy Bzzz ir*
Notice on that example, that both 60 and 45 divide 3! x 5!
L. ) \;_\\\ /N ) e
(%) = &, Y s A
e RUEAE (2.2.4)

This is something general: the number of relabelings which leave a graph invariant
(i.e. the number of times we obtain the same graph), is equal to the order of the
group of relabelings, divided by the number of automorphisms of the graph. This is
an application of the orbit-stabilizer theorem, see Proposition 1.1.2.

What we call the symmetry factor, is the number of automorphisms of a graph, it
appears in the denominator.

To summarize, one may say that Gaussian expectation values are generating
functions for counting (weighted by the inverse of their integer symmetry
factor) the number of graphs with given vertices.

2.2.2 Matrix Gaussian Integrals

Let us now apply Wick’s theorem, to the computation of Gaussian matrix integrals.
In that case, the Feynman graphs are going to be fatgraphs also called ribbon-graphs,
or maps, or discrete surfaces.

2.2.2.1 Application of Wick’s Theorem to Matrix Integrals

Consider a random hermitean matrix M of size N, with Gaussian probability
measure:

dpo(M) = —Oe B TeM HdM,, [ [ aReM;; dim;;

i=1 i<j
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in other words, the variables M;;, ReM; ;, ImM;; are independent Gaussian random
variables. Z is the normalization constant such that [ djo(M) = 1:

Zo =2 (x t/N)% . (22.5)

Since TrM? = Y, [ MijM;;, the Wick’s propagator [defined in Eq.(2.2.1)] is
easily computed:

t
< M;iMy; >o= N 8i.18jk

where 8;; = 0if j # [ and 1 if j = [ is the Kronecker §-function, and <>, means
the expectation value with the measure d .

As a first example, let us compute < Tr M* >y= ZiJ,k,l < M; M M ;M,;; >,
which we represent as a vertex with four double-line half edges:

1]

1k

We write the half edges as double lines, and associate to each single line its index.
Because of the trace, the indices are constant along single lines.

Since the propagator is < M;;M;; >o= % 8i16; k., it is going to be used to glue
together half edges carrying the same oriented pair of indices, we can represent it as
a double line edge (a ribbon):

1 |
] k
So, let us compute < Tr M* >
N 4
< —TrM" >
4t

N
4t

Z < MM MMy >0 3 possible pairings
ijik,l i
N
4t

E < MM >o< MMy >0
ikl

+ < M;iM;; >0< Mj My >0 + < MMy >o0< M M;; >q
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N t t t ¢ t t
=1 —68ix0;i; —0kibr1 + —8:i6;1 —08;16kk + —8i18ix —8;i6
42N KOJj g OO+ 1700011 7070k + 17 0110jk 70710kl
M v )
AV N2 N2
t
=3 (V¥ )
N N®
T2 4

Notice that there are two steps in that computation:

— the first one consists in applying Wick’s theorem, i.e. representing each term as
one way of gluing together half edges of the 4-valent vertex with propagators.
This gives three pairings, illustrated by three graphs.

— the second step consists in performing the summation over the indices. The
special form of the propagator, with Kronecker §-functions of indices, ensures
that there is exactly one independent index per single line. The sum over all
indices is thus equal to N to the power the number of single lines, i.e. number of
faces of the graph.

Since we also have a factor 1/N per propagator i.e. per edge, and a factor N in
front of the trace, i.e. a factor N per vertex, in the end the total N dependance for a
given graph is:

N#verlices—#edges+#faces = N

where y is a topological invariant of the graph, called its Euler characteristics, see
Sect. 1.1.3.

It should now be clear to the reader that this is something general. The fact that
the power of N is a topological invariant, first discovered in 1974 by the physics
Nobel prize Gerard ’t Hooft [48], is the origin of the name “topological expansion”.

Wick’s theorem ensures that each term in the expectation value corresponds to
one way of gluing vertices by their edges, and the sum over indices coming from
the traces ensures that the total power of N for each graph is precisely its Euler
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characteristics, which we summarize as:

m
< l_[ (N Tr MP¥) >¢= Z NX(G) fedges
k=1 labeled Fat Graphs G

where the sum is over the set of (labeled) oriented fat graphs having vertices of
valence py, ..., p, obtained by gluing together half edges.
One should make some remarks:

* the graphs in that sum maybe disconnected.
» several graphs may be topologically equivalent in the sum, i.e. if we remove the
labelling of indices. The order of the group of relabellings is (see Sect. 1.1.4):

[ 1pe [[eHpil pi =P
k=1 y?

indeed, at each vertex of valence p; one can make py rotations of the indices, and
if several vertices have the same valence they can be permuted.
Therefore, it is better to rewrite:

“ 1 N 1

<] =T Moy 0= —— NO) pedges 2.2.6

[ ot g TEMO™ >0 2 #Aut(G) (2.2.6)
k=1 Fat Graphs G

where now the sum is over non-topologically equivalent fat graphs made with 7

k-valent vertices, and (using again the orbit-stabilizer Theorem 1.1.2) #Aut(G) is
the number of automorphisms of the graph G.

2.2.2.2 From Graphs to Maps

Instead of summing over fatgraphs, let us sum over their duals, using the obvious
bijection between a graph and its dual. The dual of a k-valent vertex is a k-gon:

T
1
TN [ B
1 11
11 11

Gluing together vertices by their half-edges is equivalent to gluing (oriented)
polygons together by their sides, and thus we obtain a map. Equation (2.2.6) can
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thus be rewritten:

“ 1 N

< || =& TrMhys >o= —_—
nnk!(kt PO 0= ) #AUL(Y)
k=1 Maps ¥

#edges—#faces
! 1(5)

where now the sum is over maps X made with ny k-gons, and #Aut(X) is the number
of automorphisms of the map X. In the duality graph G <> map X, we have:

¢ vertices of G <> faces of X
* edges of G <> edgesof &
e faces of G <> vertices of X

Notice that the Euler characteristics of a graph and its dual is the same. The
Euler-Characteristics is

x = #vertices — #edges + #faces

so that the power of ¢ is:

t#verlices— X

All this can be rephrased as the following theorem due to Brezin-Itzykson-Parisi-
Zuber in 1978 [74]:

Theorem 2.2.2 (BIPZ 1978) A Gaussian expectation value of a polynomial
moment of a Gaussian random matrix M with measure djo is a finite weighted
sum of maps:

m 1 N t#verlices(E) N x(2)
<[ —ETrMbyn >o= — (= 227
/!:[1 ot g TEME) >0 MaXP;E #AUL(S) (r) 2.2.7)

where the sum is over all maps (not necessarily connected) having exactly m faces,
with given degrees ny, k = 1,...,m. The fact that the power of N is the Euler
characteristics x(X) is ’t Hooft’s discovery in 1974 [48].

As we have seen above, this theorem is a mere consequence of Wick’s theorem,
applied to matrix Gaussian random variables.
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2.3 Generating Functions of Maps and Matrix Integrals

2.3.1 Generating Functions for Closed Maps

Theorem 2.2.2 implies that the generating function Zy of Eq. (1.2.5), which counts
non connected maps, is nothing but the formal integral:

Proposition 2.3.1 (BIPZ [74])

CNTe M2 N (Baplapdy dpd
ZN(t;t3,t4,...,td)=/ dM e NT i T (BMP 3t )
formal

5 .
_ Z E x(2) t"S =) t"4(2) tnd(z) t#vemces(Z)
t 3o T wA(Y)

n.c. closed maps X

where again, formal integral means that we Taylor expand the exponentials of all
non quadratic terms, and exchange the Taylor series and the integration. In other
words, we perform a formal small ¢ (or equivalently small #3, 14, . . . , f;) asymptotic
expansion, and order by order we get the number of corresponding maps. The
coefficient of # is the finite sum over (n.c. = non-connected) closed maps such that
% > (i —2)n; = j = #vertices — .

2.3.1.1 Connected Maps

When we have a formal generating series counting disconnected objects multiplica-
tively, it is well known (see [46]) that the logarithm is the generating function which
counts only the connected objects, i.e. it is the generating function of Eq. (1.2.5):

ln (ZN(ts t3s t47 R nd))
= F(l;l3,l4,... ,I’ld;N)

t#verlices

N\ 23

— v n3(%) na (%) nq (%)

= > o T Y
t #Aut(X)

closed connected maps X

Again, the coefficient of # is the finite sum of connected closed maps such that
% > (i —2)n; = j = #vertices — x. And the Euler characteristics of a connected
map is y = 2 — 2g where g is the genus.
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2.3.1.2 Topological Expansion: Maps of Given Genus

We thus see, that order by order in the small ¢ expansion, the coefficients of ¢
in N72F are polynomials of N~2, and thus we can define generating series of
coefficients of a given power of N~2¢, we define:

[oe] N2—2g
F:gg(?) Fo . FoeQln,.... ]

where again we emphasize that this is an equality of formal series in powers of ¢,
and order by order, the sum over g is finite, and the coefficients are polynomials in
N72. F, is obtained by collecting the coefficients of N~2¢, and its computation does
not involve any large N expansion.

We recognize the generating function of connected closed maps of genus g, of
Definition 1.2.4:

1
Fo(t;t3,ta, ..., 1) = I (pEpE
(113,14 a) Z Z 3L ¢ FAn(D)
v seM® (v)

2.4 Maps with Boundaries or Marked Faces

2.4.1 One Boundary

So far, we have seen how formal matrix integrals, thanks to Wick’s theorem, are
counting closed maps where all polygons play similar roles. Now let us count maps
with some marked faces.

Consider the following formal matrix integral:

M2 N (BBt dpd
fformal dM TrM! e NT % T (3M+ M+ M)

) Ter i M2 N n 14 14
Jroma AM €N 5T X T (S + i+ )

(2.4.1)

The bracket < . > now denotes expectation value with respect to the formal measure

INTE M2 N (Bapaapfa tdad . . .
2e VT e Tr (FM+3M 4 GMY) g0, whereas in the previous section < . >

. . . _NTr M2
meant the expectation value with respect to the gaussian measure ZLO e N o dMm.
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The numerator in Eq. (2.4.1) is

I N2 Ny (BaP+%mt . 4 md
dM Tr M Zr e
formal

Z N™ £33 N™ t”“ Nt 1
B 31 3!l 474 py! " gnd ng! on

(Tr M) (TrM?)= (TeM*Y™ ... (Tr M) dug(M)
Hy

i.e. each term is a Gaussian expectation value of a polynomial in M, it can be
computed using Wick’s theorem, and it gives a sum over all maps (in fact ribbon
graphs dual to maps) with n3 triangles, n4 squares, ..., ny d-gons, and one marked
I-gon. The sum may include non connected maps, and the role of the denominator
in Eq. (2.4.1) is precisely to kill all non-connected maps (see Sect. 1.2.5 in Chap. 1).

There should be a symmetry factor 1/#Aut(X) counting automorphisms which
preserve the marked face, and since there is no factor % in front of Tr M’, we get
[ times the number of maps with no marked edge on the marked face, i.e. we get
the number of maps with one marked edge on the marked face. Since there is no N
accompanying the Tr M, the power of N is y — 1 = 2 — 2g — 1 which is the Euler
characteristic of a surface with one boundary. Therefore we recognize the generating
function 7; of Eq.(1.2.2) in Chap. 1:

<TrM'> =7,

1-2 ices
(N) 8 tm o) tﬂ4 o) tnd():) t#vemces
3 4 ..

N T gA
ut(X
maps X with 1 boundary of length / ( )

= — Res x' W, (x) dx.
X—>00

2.4.2 Several Boundaries

The previous paragraph can be immediately generalized to:

< TrM" Tr M2 ... TrM* >

2
l / dM Tr Mll Terz . Tr Mlk e_NTrMT eNTr(’%M3+%M4+...%Md)
z formal

=T (2.42)
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boundaries of lengths /1, .. ., [; of all genus.
One obtains connected maps by computing cumulants (see Sect.1.2.5 of
Chap. 1), for instance:

< TrM' Tt M2 >, =< TrM" Tr M2 > — < TTM" > < Tr M2 > .

And thus the cumulants compute connected maps with k boundaries of lengths
11 ey lki

=< TrM" Tr M2 ... Tr M* >,

2—2g—k #verti
(N ) @ e
3 L.

t T BAu(E)

X with k boundaries of length /1 ,....[x

2.4.3 Topological Expansion for Bounded Maps of Given
Genus

The Euler characteristics of a connected surface of genus g with k boundaries is:

x=2-2g—k
Therefore we have:
0 N\ 22k
< TeM' Tem® L TeMt > =3 T (7) (2.4.3)
g=0

connected maps of genus g, with k£ boundaries of lengths /;, . .., k.

Once more we emphasize that this equality holds term by term in the powers of
t, and for each power, the sum over g is finite, i.e. both left hand side and right hand
side are Laurent polynomials in N.

In other words, Eq. (2.4.3) is not a large N expansion, it is a small ¢ expansion.
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2.4.4 Resolvents

We define the resolvent:

o0

Wi(x) = Z ]

=0

i< x1+1>

—_

and conversely:
T, =— Res ¥W, (x) dx.
X—>00
Very often (in particular in physicist’s literature), the resolvent is written:

Wik)” =" < Tr

which holds in the formal sense, i.e. to each given power of ¢, the sum over / is finite
and each coefficient in the small ¢ or #;’s expansion is a polynomial in 1/x.
More generally:

1
Wixr, ... ) = Z NETEES) Ty
X

X cee X

= M" M
Tr m oo Tr W
0 X Xk .

Il
N

1 1
={(Tr ... Tr
xl—M xk—MC

N\ 22k
=y (7) W .. x). (2.4.4)
8

The W,Eg) are the same as those of Definition 1.2.2 in Chap. 1.

2.5 Loop Equations = Tutte Equations

In this section, we derive a matrix-model proof of Tutte’s equation of Chap. 1. In
the matrix model framework, those equations were called “loop equations” by A.
Migdal who introduced them in [64].
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Loop equations merely arise from the fact that an integral is invariant under a
change of variable (which is called Schwinger—-Dyson equations), or alternatively
from integration by parts.

Although loop equations are equivalent to Tutte’s equations, it is often easier
to integrate by parts in a matrix integral, than finding bijections between sets of
maps, and it is much faster to derive loop equations from matrix models than from
combinatorics.

Consider an expectation value of monomial G(M) of total degree [ = I} +- - -+

_ [aMG(M) e T V0D
- fdM A

k
< GM) > . G =]]TeM
=1

where f can mean either the formal matrix integral (i.e., to any order in ¢, a finite
sum of Gaussian integrals) or the convergent matrix integral (both formal and
convergent matrix integrals are going to satisfy the same loop equations).

We shall derive a recursion relation on the degrees [ = (1, ..., ).

The method is called loop equations, and it is nothing but integration by parts.
It is based on the observation that the integral of a total derivative vanishes, and
thus, if G(M) is any matrix valued polynomial function of M (for instance G(M) =
Mh ]_[j].‘=2 Tr M%), we have:

i<j
i<j B
al 9

+>° / M ((G(M)),-,- e—?TrWM)). 2.5.1)
i=1 b

Choosing

k
GM) =M" [] Trm"

Jj=2
and after computing the derivatives we get:
-1 k k k
o< M TM T I [TeME >+ ) < Temi T [ TeMt >
j=0 i=2 j=2 i=2,i#j
N k
=< (M"V'(M)) ]"[ TrM' > . (25.2)

i=2
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Remark 2.5.1 Again, we emphasize that this equation is valid for both convergent
matrix integrals and formal matrix integrals, indeed it is valid for Gaussian integrals,
and thus for any finite linear combination of Gaussian integrals, i.e. formal integrals.
In case of formal integrals, those equations are valid, of course, only order by order
in . In other words the loop equations are independent of the order of the integral
and the Taylor series expansion.

Using the notations of Eq. (2.4.3), we may rewrite the loop equation (2.5.2):

Theorem 2.5.1 Loop equations Vg:

h—1 (h) 7~(g—h)
pBpas [ —o2uc Ty T2 1—/L/J+Tll l—]L] +Z] 2! +1l LLA

(8) (8)
Tllil L Zj=3 tjtﬁli—j—l,L
(2.5.3)
where we denote collectively L = {l5, ..., I}
Loop equations coincide with Tutte equations (1.3.2) of Chap. 1.

We recall that 7?(["? ..... ;. is the generating function that counts the number of
connected maps of genus g with k boundaries of perimeters [y, . . . , [y, and therefore
we have re—derived the generalized Tutte equation (1.3.2) of Chap. 1.

It is interesting to rewrite the loop equations of Eq. (2.5.3) in terms of resolvents
Ws defined in Eq.(2.4.4). We merely multiply Eq.(2.5.3) by [T, 1/x/™" and
sum over [y, ..., [; (to any given power of ¢, the sum is finite).

Theorem 2.5.2 Loop equations. For any k and g, and L = {x,, ..., x¢}, we have:

8
h h —1
ZZWI(_,’zl]l(X],J)WIEg |]|)(xle\J) + W]iil )(XI,XI,L)
h=0JCL

. z": 0 WP (. L\ ) — W (L)

= 0x; x| —Xj
= V@)W (@, L) — P (1, L) (2.5.4)

where P,(f) (x1, L) is a polynomial in x1, of degree d—3 (except P(IO) which is of degree
d—2):

00 (8)
T 1=ilp,.... Ik

(8) } : } : i }: Jj=
Pkg (X],Xz, .. ,xk) = — Li+1 x’l W + t8g,08k,1.
j=2 i=

b, k=172 . k
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Proof Indeed, if we expand both sides of Eq.(2.5.4) in powers of x; — oo, and
identify the coefficients on both side, we find that the negative powers of x; give
precisely the loop equations (2.5.3), whereas the coefficients of positive powers of x|
cancel due to the definition of P,(f), which is exactly the positive part of V’ (xl)WIEg):

P,((g)(xl,xz, LX) = (V/(xl) W,Eg)(xl,xz, . ,xk))

+x1

where (.)+,, means that we keep only the polynomial part, i.e. the positive part of
the Laurent series at x; — co. [

2.6 Loop Equations and “Virasoro Constraints”

We have seen two derivations of the loop equations. One combinatorial proof in
Chap. 1, based on Tutte’s method, corresponding to recursively removing a marked
edge, and one proof based on integration by parts in the formal matrix integral in
Chap. 2. However, there exist other possible derivations, of which we shall only give
a heuristic idea here.

In particular, in string theory and quantum gravity, it is known that partition
functions must satisfy Virasoro constraints. Here, we show how to rewrite the loop
equations for generating functions of maps, as Virasoro constraints.

We write the potential:

Vix) = —Z L.
=17

In the end, we will be interestedint; = 0,7, = —l and ; = 0if j > d.
It is easy to see from the definitions of our generating functions, and particularly
on the formal matrix integral, that:

oF,
3tj

O°F
+ 18,08 . T® = g
7,002.0 g2 —J1J2 or;, 01,

&) _ -
T =
If we sum over g we have

F=Y (N/ty *F,
8

and thus

_ 1= g _ 1 . OF
7/"—Z}::(N/t) $ T —ﬁ]a—tj-f-N‘Si,o
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9%F

~ 5 @ L. OF
lez - Z(N/t) ¢ 7;112 - N2 N atjl 8(,’2'

g

The Tutte’s equations (2.5.3) can be rewritten for any k > —1:
Ztﬂlﬂ + Z (T Te— + T k1)
j=1 K'=0

which can be rewritten for k > 2:

1% oF 2 k1 oF OF O*F oF
k P o k/ k _ k/ 2 k P
Z( +J) j a + ( ) (atk’ Oty—i + oty atk_k/) atk

Fork = 1,0, —1 it reads:

0—§ N 26 —
U+ua +
0—§]p—+M
N & oOF
0=1 — i— 1)t —
1t+§0 M%q

Notice that if we write Z = e’ we have

oF OF 9’F 1 92
Oty Oty—p Oty Oty T Z oty Oty—y

and thus for k > 2 the quadratic differential equation satisfied by F implies a linear
differential equation satisfied by Z:

o0 a 2 k—1 82 a
k+7)t k(k—k 2tk— | z

Z( T sz (k=) g + 2tk

=1 k=1

and we have similar expressions for k = —1,0, 1.
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2.6.1 Virasoro-Witt Generators

In order to appropriately take into account the special cases k = —1,0,1, it is
convenient to introduce another time ¢y and define:

Definition 2.6.1 We define the Virasoro-Witt generators L; for k > —1 as:
For k > 2:

2 2 ﬂ 3 9
— k k t
b=y Z]( D 5 at, at I o1y +Z( +])]3t +i
and fork = —1,0, 1:

£ 9 9 > 0
Li=2— — — i+ 1)t —,
! N2 3t1 BI() +§('}+ )t] 8tj+1

The differential operators L; form a representation of the Witt algebra (the
positive part of a Virasoro algebra), indeed one easily verifies that they satisfy the
Virasoro-Witt commutation relation:

[Li, Lj] = (k — j)Li+).
In particular, L_;, Ly, L; form a representation of the SU(2) algebra:

[Lo, L+1] = FLx , [Li, L] =2Lo.

2.6.2 Generating Series of Virasoro-Witt Generators

It is convenient to introduce generating series:

Definition 2.6.2 The “stress-energy tensor” 7'(x) is defined as

o

T =Y. )%

k=—1
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and the “loop insertion operator” is defined as

o

D(x) zlnxi—zli.

k
dty oy xk o
(The names come from the physics literature). The loop insertion operator is called
so, because it inserts boundaries, indeed we have:
n
D'(x1)...D'(xy). InZ =Y (N/O* 7" W (x1.....x).
g=0
Those operators satisfy the following algebra:
Proposition 2.6.1 The Virasoro commutation relations can be rewritten as

T -TO) T')+T'0) _ ( a _) T&) -T0)
dy

709, 0] = =2 == - - -

We also have

(7). D) = - 2O =P0)

-y
V(). D)) = ——
y—
In addition we have that
T(x) = — D'()C)2 + (V(0) D'(v))_

where the subscript ()— means that we compute the large x expansion and keep only
negative powers of x.

2.6.3 Maps and Virasoro Constraints

Then we have (almost by definition of the L;’s):

Proposition 2.6.2 The Tutte’s equations imply that Z is anihilated by the Virasoro—
Witt generators:

2
Vk>—1 ., Li.e"7TZ=0. (2.6.1)
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In terms of T(x) we have that the Virasoro stress energy tensor T(x) anihilates the
partition function:

2
Vx ., T(x). (efoN,Z) = 0.

Remark 2.6.1 As usual, all summations are to be understood as formal power series
in powers of 7, they are in general not convergent.

The Virasoro algebra method has been extensively used by physicists, but we
shall not pursue in that direction in this book, we refer the reader to [40—42, 54].
Let us mention two important properties of the Virasoro equations:

* An important property, is that Eq.(2.6.1) is a linear equation for Z, and thus,
linear combinations of solutions are also solutions. In particular, convergent
matrix integrals are also solutions of the same Virasoro constraints. In fact the
set of all solutions of Virasoro constraints (i.e. a vector space), is in bijection
with the homology space of matrix ensembles on which a matrix integral can be
absolutely convergent.

* Alexandrov-Mironov-Morozov in 2004 [3], used the fact that the stress energy
tensor 7'(x) should be analytical. This allows to consider contour integrals:

2
0= 35 dxD(x1) ...D(x,) T(x). (efo 0 z) ,
c
and move the integration contour C to the poles. Using this method, Alexandrov-
Mironov-Morozov recovered Theorem 3.3.1 the solution presented in Chap. 3.
2.7 Summary Maps and Matrix Integrals

Let us summarize the concepts introduced in this chapter:

* Formal integral fformal means that we exchange the order of the integral and the
Taylor expansion of the exponentials of the #;’s.

v Gy
ZN:/ TV gy with V(M) = — =Y I
formal 2 »=3]
j
o) d k
k .
SN (D) et
e A =

€ Qlts, ... .ta, NA, N][[A]].
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. Mgg)(v) = finite set of connected maps of genus g and no boundary, with v
vertices, obtained by gluing nj triangles, n4 squares, ns pentagons,. . ., ngy d-gons.
Generating function:

e} N 2—-2¢g
InZy = — F
=X (3) A
=
00 tns(z)tm(ﬁ) tnd(E)
_ g N22% 3 4 -y
XX N Y R
j=0  v+2g¢—2=j EEMgg)(v)
We also denote:
(8)
F,=W*.

. M,((g) (v) = connected maps of genus g with v vertices, obtained by gluing n3
triangles, n4 squares, ns pentagons, and k boundaries of length /1, .. ., [.
Generating function:

< TrM" Te M2 ... TeM* >,
t;s(E)tsz(E) o t:’lld(z)

=2 > N 2 FA(Y)

j=0 v4+2g+k—2=j EGMI((g)(U),82={11 _____ Ik}

* Resolvents for connected maps of genus g and with k boundaries.
Generating function:

Wk(xl, e ,xk)
N\ 226k
= Z (7) W,ig)(xl,...,xk)
g
1 1
=<Tr . Tr >
x1—M X —M

Ny 22—k 5.1y 1
=3 N> .
Z Z Z h+1 ”‘xik_H #Aut(z)

J=0  vt2gtk—2=j TeM, 4 (v) X1
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* Loop equations (Tutte’s equations):
-1

8
(h) -(g—h) T
[ZZT T + T 1—/L] Zl L+h—1LL/A

=0 h=0JCL
= 11+1L E:tﬂ;lﬁ 1L

where L = {l,, ..., I;}. Equivalently, the loop equations can be written in terms
of W,Eg)’s and with L = {x5, ..., x):

8
h h —1
Yo W G DWE ) e L) + WL x, L)

h=0JCL
k (8) (8)
+Z a Wk_l(xle\{xj})_Wk—l(L)
ox; X1 — X
j=2

= V' @)W (x1, L) — P (x,, L)
where L = {x,...,x, and P,((g)(xl,L) = Pol,, V'(x1) W,Eg)(xl,L) is a

polynomial in the variable x;, of degree d — 3, except P(lo) which is of degree
d—2.

2.8 Exercises

Exercise 1 For the quartic formal matrix integral

1 _x wmt Nty 1 (Nt
Z=— AM e T =1 =14+ —(trM* +-( ) (r MH?) + 0@)
ZO formal 4t ( >0 2 4t < ) 4

using Wick’s theorem, recover the generating function of quadrangulations to the
first orders

t B
InZ=F= Z“(zzv2 + 1)+ §4(91v2 +15) 4+ 0(5)).
Exercise 2 Prove that with any potential:
t
<TrVM)>=0 v < Tr MV (M) >= 1>

Hint: this is a loop equation, use integration by parts.
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Exercise 3 Prove that for quadrangulations (i.e. with V(M) = MTZ — 1l 1%4):
oF Nty
— =T
a4t

Answer: hint: use Exercise 2, and don’t forget the # dependance of the normal-
ization factor Zy in Eq. (2.2.5).



Chapter 3
Solution of Tutte-Loop Equations

In this chapter, we solve the loop equations (Tutte’s equations), we compute
explicitly the generating functions counting maps of given genus and boundaries.

We are first going to solve them for planar maps with one boundary (the disk,
i.e. planar rooted maps), then two boundaries (the cylinder), and then arbitrary
genus and arbitrary number of boundaries. The disk case (planar rooted maps) was
already done by Tutte [83—85]. Generating functions for higher topologies have been
computed more recently [5, 31].

In this chapter, we shall show that, surprisingly, the first two cases (disk and
cylinder) are in fact more irregular than the general case. This is a general feature
in enumerative geometry of Riemann surfaces: unstable surfaces with Euler
characteristics

x=0

are more irregular than stable surfaces (y < 0).

There is a deep algebraic geometry reason to that, because stable Riemann
surfaces have a finite group of automorphims, and the volume of their moduli space
is well-defined, whereas unstable surfaces have an infinite group of automorphisms
(called “zero modes”) and need to be “renormalized”, see Chap. 5. Physicists would
say that sums over unstable surfaces y > 0 involve zero modes, whereas stable
surfaces y < 0 have no zero modes.

The main concepts presented in this chapter are:

e The disk amplitude, i.e. the generating function of planar rooted maps with one
marked face, is algebraic. This defines an algebraic curve of genus zero, we call
it the spectral curve.

e The cylinder amplitude, i.e. the generating function of planar maps with two
boundaries, is universal, it is independent of the #;’s, independent of the type of
maps. It is related to a geometric object of the spectral curve: its fundamental
second kind differential.
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* Once we know the disk and cylinder amplitude, then all the higher topology
amplitudes can be computed by a universal recursion relation called the “topo-
logical recursion”. The topological recursion is the same for all types of maps, it
works also for Ising model maps of Chap. 8, and it works for Kontsevich graphs
of Chap. 6. The Chap. 7 is entirely devoted to the mathematical properties of the
topological recursion.

3.1 Disk Amplitude

Disks are planar (g = 0) maps with one boundary (k = 1), or also “rooted maps”
(see Sect. 1.2.6). The generating function of disks i.e. planar rooted maps satisfies
the loop equation (2.5.3) of Chap. 2, i.e. Tutte’s equation (1.3.1) of Chap. 1:

-1
0) 70  _ 40 (0) 0) _
TOTO =T Zz, . Ty =t (.11
j=0
where 7?(0) is the generating series of planar maps (g = 0) with one boundary

(k = 1) of perimeter /:

o0
TO =180+ 1" > ),

V=2 zeM® @), 1 (D)=l

3.1.1 Solving Tutte’s Equation

It is more convenient to rewrite Tutte’s equation (3.1.1) in terms of the resolvent
W (see Definition 1.2.2 of Chap. 2):

0 0
Wi (x) = m 79

and Tutte’s equation can be written as Eq. (2.5.4) for Wfo) :

(W) = VW wm - Pw (3.12)

where we recall that:

—2

d d
- 0 0
Vi) =x— E ™! , P(l)(x) =1- E i 7;'(—1)—2 A
=3

j=3 =3

~.

Il
=)
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P(lo) (x) is a polynomial in x of degree d — 2, we have:
(0) (0)
PPw = (Vo w'w)

where ; means the positive part of the Laurent series at oo, indeed, the left hand
side of Eq. (3.1.2) tends towards zero at co.

Equation (3.1.2) is called the spectral curve, we will develop the notion of
spectral curves in Chap. 7.

Solving the second degree equation (3.1.2), yields:

UOE % (V’(x) — V(02— 4P (x) ) _

In other words, if we knew how to determine the polynomial Y ,1.e. the coefficients
7'1(0) e 7:1(8)2, then we would have determined Wl(o) ,l.e. 7;(0) for every I. We do it

below.

3.1.2 A Useful Lemma

The following lemma allows to determine the polynomial P(lo). It is very useful,
and it is known under various names in the combinatorics or physics literature. In
combinatorics it is more or less equivalent to Brown’s lemma [20], and in physics
it is called the 1-cut assumption (although it is not an assumption, it is proved)
[32, 40].

Lemma 3.1.1 (1-Cut Brown’s Lemma) The polynomial V' (x)? —4P§O) (x) has only
one pair of simple zeros, all the other zeros are even. More precisely, there exist «,
v2 and M(x) which are formal power series in t, and M(x) is a polynomial of x

a€Qlns,....t7[l]] . Y*eQl.....tll]] . M) € Qx.ta,....1][[1]
satisfying:

V'(x)

X

a=0() , y'=t+0() , Mk =

+ O(1)
and
V/(x)? = 4P (x) = (M(x))? (x — a) (x — b)

witha = a + 2y, b=a —2y,ie a,b e Qts,...,t][1.
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The meaning of this lemma will become clearer in Chap. 4, where we discuss
solutions of loop equations which do not satisfy this Lemma. As we shall see below,
. . .1 pO)
this lemma determines the polynomial P~ uniquely.

Proof We have 76(0) =t,and if [ > 1, recall that 7;(0) counts maps

00
7;(0) = t81,0 + Z I Z t’313():) ... Z‘Zd():)

v=2 sem® @), (%)=

where v is the number of vertices of the maps. Since our maps are disks, i.e. g =0

and k = 1 boundary, the Euler characteristics constraint Eq. (1.2.1) implies (we
havel > 1):
A
v:1+§+§2(j—2)n,- >2 (3.1.3)
J=3

ie. 7;(0) is a power series that starts as O(#?) for [ > 1. Therefore P(lo) (x) vanishes at
t = 0, it is a power series in ¢ which starts at order 1 in #:

V'(x)

d
PP0) = 1(1=3 567) + 0() =1 —= +0(P).

Jj=3

This implies that, to leading order in /7, V'(x)> — 4P(10) (x) is a perfect square,
its zeros are double zeros close to the zeros of V', they are of the form (here, for
simplicity, we assume that V" (X;) # 0):

VP (X)) / , ,
NXLZEZW-FO(\/;) s V(XL)ZO ,z=1,...,degV

and they are formal power series in /7. In other words, the zeros of V' (x)? —4P(10) (x)
come by pairs [a;, b;] centered around the zeros X; of V’(x), and their distance to X;
is of order at most O(+/7).

In particular, notice that one of the zeros of V/(x), is X; = 0, and we have

V”(0) = 1, and P\”(0) = 1V"(0) + O(#), thus:
ap~2Ni+o(V) . bi~=2Vi+o(V1)

And for the other zeros of V', we have Vi = 2,...,degV’, P(lo) X) =04+ 0
thus:

a; ~ X; + 0([) s b, ~X; + 0([)
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Then, recall that for given v, M(lo) (v) is a finite set (see Theorem 1.2.1 in Chap. 1),
and thus, there is a maximum perimeter / < 2v — 1 [see Eq. (3.1.3)]. In other words,
Wfo) (x) is, order by order in #, a polynomial in 1/x (of degree at most 2v), and we
have:

0o 2v—1
(0)
Wl()__"'z sz+1
with some coefficients C,,; € Q[t3, .. ., #4]. This implies that
1 0) t if C encircles 0
— QW dx = . 3.14
2im é 1 (@) {O otherwise ( )

This equality holds for any positive oriented closed contour C in the complex plane,
order by order in .
Assume that a; # b;, and thus there exists m; > 0 and C; # 0 such that

a; —bi = G "1 4 0()).

Choose a contour C (independent of 7), which surrounds the zero X; # 0 of V' (x),
then, order by order in ¢, the contour C surrounds the pair [a;, b;] of zeros of V' (x)? —

4P(10) (x). One easily computes that the contour integral gsc VV(x)?2 - 4P(10) (x)dx

behaves like i @ C? #m*1 (1 4+ O(7)) at small ¢, thus it does not vanish.!
Another way to see it, is that

_ /X (1+ Xi—ai  Xi—a) +o((x,-—a,-)2))

200—X;)  Bx—X)

and thus

JE—a) G —b) = (r— X)) (1+2X"‘“""”'— @ =b)” | - a,-))z)

2(x—X;) 8 (x — X;)2

and if (a; — b,~)2 would be non-zero to a certain order in ¢, Wl(o) would not be, to that
order, a polynomial in 1/x, it would have a pole at x = X;.

This shows that the assumption a; # b; was wrong and therefore this proves that
if i # 1 we must have ¢; = b; to all orders in ¢. Therefore V'(x)? — 4P(10) (x) has only
one pair [a;, b1] of simple zeros, all the others come by pairs:

V' (02— 4PV (x) = M(x)? (x — @) (x — by).

We have proved the Lemma. [

IFor simplicity, we assume that V”/(X;) 7 0. The lemma remains true when V" (X;) = 0 but for
the proof, one needs to go further in the Taylor expansion. . .
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: _ atb 2 _ (a=b)?
Notice that @ = “= and y* = ¢

and b are power series of /7).

are formal power series of ¢ (whereas a

Remark 3.1.1 In Chap.4, we are going to consider a situation where this lemma
does not hold, i.e. we will have more odd zeros of V' (x)? — 4P(10) (x) centered around
the other zeros of V’. That situation is called multi-cut solution of loop equations.
In Chap. 4, we are going to see what is the combinatorics meaning of solutions of
loop equations for which this lemma is not valid.

3.1.3 1-Cut Solution, Zhukovsky’s Variable

Therefore, the solution of loop equation (3.1.2), is:

W) = % (v’(x) —M(x) /(x—a)(x—b) ) (3.1.5)

with
d V'(x)
Ve =x-Y Tt M@ = —=+ 00
j=3
a=2Jt+o(1) . b=-2Vi+o(V1).

It remains to compute explicitly M(x) as well as a and b.

3.1.3.1 Zhukovsky’s Variable

In that purpose, instead of x, it is more convenient to use another more appropriate
variable of expansion z, with the help of Zhukovsky’s transformation:

@ a+b+a—b +1
X = —_
. 2 4 ¢ z

which has the property that \/(x — a)(x — b) is a rational function of z:

VE@ — a6 —b) = “;b (Z_ l)
Z

and thus Wfo) (x(z)) is a rational function of z.
Zhukovsky’s transformation maps the x—plane cut along the segment [b, a] to the
exterior of the unit disk in the z—plane, and the points a, b to 1, —1. It maps oo to oo,
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and the other sheet of the x—plane is mapped to the interior of the unit disk:

b a
_— -1 1

Zhukovsky was a discoverer of the aerodynamics of wings, and he invented that map
in order to transform conformally an infinitely thin wing profile (the segment [b, a]),
into a circular wing profile (the circle |z| = 1), for which equations of aerodynamics
are much easier to solve.

The inverse relation between x and z is

7= %(x—oz+ (x—a)2—4)/2)

a+b

where o = >

and y = %. Its large x expansion is

X—«

2n)!
n!(n+ 1)!

- Z C, ((X - a)/y)—2n—1 ’ G =

n=0

7=

z as a function of x, can be seen as the generating function for Catalan numbers C,,.

3.1.3.2 Solution with Zhukovsky’s Variable

In Zhukovsky’s variable z, it is clear from Eq. (3.1.5), that Wl(o) is a rational function
of z

Lemma 3.1.2 The disk amplitude Wl(o) is a polynomial of 1/z, of degree d — 1.

d—1

W (x(@) = Y ez

k=1

In other words
(0)
W7 € Qll/z, 13,14, ..., 14][[1]].

Proof Indeed Eq.(3.1.5) implies that Wfo) is a Laurent polynomial in z and 1/z,

and there can be no positive power of z because by definition Wfo) (x) contains no
positive power of x at large x, i.e.

lim W (x) =0,
X—>00
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and x =
to large z. O

”—*2"’ + #(z + 1/z), and we take the convention that large x corresponds

Then, the coefficients u;’s, as well as a and b can be determined as follows,
expand V' (x) into powers of z:

d—1

Vi(x@) =Y w@+z7"

k=0

(V'(x(z)) is symmetric under 7z — 1/z because x(z) is).

Then expandy = —5 M (x) v/ (x — a)(x — b), which is antisymmetric under z —
1/z
1 d—
y(@) =— EM(X(Z)) V(@) —a)(x(z) — Z (& =z75). (3.1.6)

Since W(O) ! 5V’ 4+ y must have no positive powers of z, we find:

Uy = I:lk
and thus:
d—1
0 _
W @) = Y wez™
k=1
In addition we must have
Uy = 0

and, since Wl(o) ==1+o001 /x?) at large x, and x ~ # z, we must have:

4¢
a—>b

u =

Let us summarize those results into the following theorem:

Theorem 3.1.1 (Disk Amplitude) For any « and y, let x(z) = o + y(z + 1/2),
then expand:

d—1

V@) =Y w G+ (3.1.7)

k=0

where the uy’s are polynomial in o and y.
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o and y are the unique solutions of:

up =0 . uy =

< |~

which behave like
a=0(), y = Vil +0)).

Then, the disk amplitude W, ie. the generating function of planar rooted maps is:

d—1

W (x(@) = Y ez

k=1

Examples of applications of this theorem are given in Sects.3.1.7 and 3.1.8
below, where we compute explicitly the case of quadrangulations and triangulations.

More explicitly, one can expand Eq.(3.1.7), and write the u;’s as explicit
polynomials of « and y:

d—1 [(I+k) /2] I
up = b + Y1 — TR P —VE
k k0 T VOk1 Z ]2; I+1 K+ k=2 14

In particular with k = 0 and k = 1, we see that « and y are determined by two
algebraic equations:

d—1 1
l+])' . o
=uy = Z Uil S A=) y¥ a7
I=1 j=0 J
1
1 (l +i-D'
=u =y- htj = v o
y ;Fl TjG = D= ))!

Those two algebraic equations yield a finite number of solutions for « and y, and it
is easy to see there is a unique solution such that & ~ O(¢) and y? ~ t + O(#?) at
small 7.

To the first few orders we have:

o= 2l3]/2 + (l30(2 + 6l4()l]/2 + 6l5]/4) + ...
y: =1+ Quy’a + 3uy*) + Gua’y? + 12tsay* + 2016y°) + . ..



62 3 Solution of Tutte-Loop Equations
ie.
Yy =t+12A8 +3u) + 0@ ...
a = 1(213) + 2 (126 + 126314) + O(F) ..

Let us summarize it as follows:

Theorem 3.1.2 (Disk Amplitude, Bis) Let o and y be the unique solutions of the
algebraic system of equations:

1 .
L+ .

= Zfz+/+1 il +J). y¥ o7 (3.1.8)

JY =)

I=1 j=0
< (+j-1)!
_ Zi I=j
t=y? =) Y TV TR A (3.1.9)
=2 j=1

which behave like @« = O(t) and y = /t + O(t). Then define

d—1 (I+k)/2

i ”
— j— l+k 2]
up = adpo + v Z Z fi41 FTE—y y
=2 j=k
One then has:
Wi () = Zukz_k ., x=a+ylz+1/2)
ie.
d—1 1
(0) —k

W (x)=;ukz ,Z=E(x—a+ (x—a)2—4)/2).

It can also be written

WO = 2 (Vi - M) V&~ a) b))

2

where

d—1
1 _
a=o+2y , b=a—2y, , M(x):; E u Up—q (xzyot)
k=1

where Uy is the kth second kind Chebyshev polynomial.
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The second kind Chebyshev polynomials are defined by:

sinh (k + 1)¢

Ui(cosh¢) = Sinh g

or in other words:

1 k _ —k
Uk(z—i- /z):z "

2 z—z77!
The first few of them are:
Ux) =1, Uix)=2x , Us(x) =4x>—1 , Us(x) =8 —4x ...

An explicit formula is given by the Taylor expansion at x — 1:

(k +n+ 1)!

k
U = 2 =2 G et

or also the Taylor expansion near x = —1:

(k+n+ 1)!

k
Ui = D)™ e+ 112 G me

n=0

Later in Sect. 3.3.3, we shall need to consider the Moments of M (x), defined as:

Definition 3.1.1 (M(x) and Its Moments) We write:

V@)
W) = = +y

with
1
y=—3 M0 VE—a)x—b)

and the polynomial M(x) is given by:

d—1
1 X—o
M(x):— E Uy Uk—l( )
Vi 2y
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We define the moments M4 ; of M(x) as the coefficients of its Taylor expansion near
x=a,b,as:

d—1
M@) =Mio (1= My (x—a))
k=1
d—1
=M_o(1-) M_; (x—b)").
k=1
We have:
—/(1 —'(-1
My = M(a) = yy( ) My =My = 2D
And for n > 1, the nth moment at a (reps. at b) of M(x) is:
-1 dar -1 d"
M+,n = ( ) s M—,n = ( )
n! My dx" —q nl M_g M_y dx" —bh
We thus have:
d—1
—1 (k + n)!
Myy=—F——
T M, kgl o DI k—n—1)!
k + n)!
M—n — 1 k+n+l ( .
' ”+1M_ kzn;_l( ) (2n+1)!(k—n—1)!

The moments were introduced in a work by Ambjgrn—Chekhov—Kristjansen—
Makeenko in 1993 [5], and played an important role in solving the Tutte equations
for higher topologies, as we shall see in Sect. 3.3.3 below.

3.1.3.3 Variational Principle

There is another way of writing the equations which determine « and y. Indeed «
and y are critical points of the functional:

dz
w(e,y) =2tlny + Res V(o + y(z+ 1/z)) —.
Z—>00 Z



3.1 Disk Amplitude 65

Proof We use that V/(x(z)) = Y, ux(z* + z7*), and we compute:

a d
% = lieosoV/(Oé +y(+1/2) —Z =—uy=0
0 2t 2t
% ?—i- Res Vie+yiz+1/2) (z+ l/z)— = ;—2141 = 0.

3.1.4 Even-Bipartite Maps

Even maps are those containing only unmarked faces of even perimeters. In other
words we choose all ;1 = 0.

For planar maps, even maps are also Bipartite: vertices can be colored with two
colors, in such a way that adjacent vertices are of different color.

For even maps, V(x) is an even polynomial, and thus V’(x) is an odd function
of x:

V’(x) =X— ZIZk x2k_1.

k=2
Equation (3.1.8) becomes:
dj2 1-1
@l-1! % 21-2j—2
0=y = 1— / J =a(l —0().
U = o ZX(; 21 il = ]_1)')/ o4 a( (1)
This implies that
a=0.

The Eq. (3.1.9) for y is now a polynomial equation for y:
dj2

. (2l-1)! 2
1= V_Z 2’ll(1 1)! :

whose solution is (see the proof in Lemma 3.1.3 below):

_ 41 (k+n)! (2a; + 1)! trg42
H‘Ztk Z(k—}-l)'n' Z l—[ al(a; + 1)

k>1 tay=k,a;>0 i=1
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To the first few orders:
2 _ 2 3 2 4 3 5
vy =t+1(3t) +1 (181, +1016) + (3515 + 1501426 + 401;) + O(F) ...

Moreover, all the uy; vanish, and Wfo) (x(z)) is an odd function of z:

dj2

Wfo)(x(z)) = Z“Zk—l 7,

k=1

Let us summarize it as the following theorem

Theorem 3.1.3 (Disk Amplitude Bipartite) Let y be the unique solution of

dj2

Qi—1)! )2
E y ————— .

NI —- 1)'
which behaves like y = /t + O(?), i.e.

2 +1 (k +n)! (2a; + 1)! trg;42
14 I+Ztk Z(k+1)lnl Z l_[ az'(az 1)|

k>1 da,=k,a;>0 i=1

1423t + (181 +1016) + 1* (3513 + 1501416 + 4013) + O(F).
Then let
x(z) = y(z+ 1/2).

Let

(Z=2k=1)! 5

uy+1 =y | dro — Z j—ok G2k~ 1)

j>2k+1

Then the disk amplitude is

1
Wl(o)(x(z)) = Z UDj+1 71 , 2= 5 (x + VX2 — 4)/2) .
k>0

Remark 3.1.2 Notice that y? is a formal series of 7, whose coefficients are polyno-
mial of the #,’s with positive integer coefficients:

v? € 1Zy[tasts, .. AN
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We can be even more precisely, let 7, = k(,z(k T 1)), tor+2, We have

]/2 € IZ+[21,;2,;35 . ][[t]]v

and explicitly

(k + n)! L
ymra Z(k+1,;'n' 2l

k>1 ay+-+a,=k,a;>0 i=1
=t+PH+ G +28) + 146G+ 500 +51)
+2@4 + 6115 + 38 + 21 B + 147) + 0(5).

Lemma 3.1.3 (Lagrange Inversion) For bipartite maps, we have for any m > 1

k n
m k+n+m-—1)! B
prer(eny s R EEERZD > T,

k>1 n=1 ay+-+a,=k,a;>0 i=1

where

. Qk+ 1)

t —_— .
k= k! (k+ 1)' Dok42

Proof This is the Lagrange inversion formula’s method. It works as follows:
the equation satisfied by x = 2 is

t=y?(1=P") =x(1-PR) ., P =) ik

k>1

The nth coefficient of the asymptotic expansion
X" = Z Cnmt”
n
is:

Y dt
o = RS X ot
we integrate by parts:

m _ _
Cchm = — Res " X" Udx
n x—0

= Res x™" (1 — P() """ dx

n x—
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m —n (n+k «
=Ry T Z P

m m—n (n+k_ 1)' ~ ~ ar+-+ax
) Bﬁg?x Z (n— k! a;;ktal“‘takx

m (n+k—1) . .
D S e

ay~+-+ar=n—m

since a; > 0, we see that the sum over k is in fact bounded by k < n — m. This gives
the lemma. OJ

3.1.5 Generating Functions of Disks of Fixed Perimeter

The generating function 7;(0) of disks of perimeter [ is the coefficient of 1/x/*!

Wfo) (%), i.e.:

in

7;(0) = — Res Wl(o) (x) ' dx.
xX—>00
After changing variable x — x(z) it can be written
7”2 = — Res W (x(2)) (x(2))! ¥ (2)dz
7—>00

(this is where Remark 1.2.5 is useful, one must not forget the Jacobian x'(z) of the
change of variable).
By the binomial formula, we expand:

i . C
@) = (@+y@+1/2) = L )
j;l JIKI(l—j—k)!
and we can perform the residue:
i
© ! _
£ - ;lj!k!(l—j—k)! oy e 1 = Ui—j—1)
Jtk=
— Z I Q! 1k k2
A G+ DA =1—j-k!
_ Z n B BV E A
Jik+ DIl —1—j—k)!

k<l
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Thus:

Corollary 3.1.1 The generating function of disks with perimeter l is

Uj—j

70 = Z (k=) 1 ol =1k 2
/ | W(]—1—17—k)
k<l j<k<j+d (+DWk+ DI —1—j—k)!
(3.1.10)
where uy are such that V'(x(z)) = Y, ue(Z* + z27%).

Alternatively this can be written

I ' ‘
7;(0) = Z o1k yk+/+2 .
T — 1 —
jHk<l j<k<j+d JKN (I —1—j—k)!
where the coefficients vy = w1 — g1 are such that V(x(z)) = >, % (2 + 7).

Corollary 3.1.2 In particular, for bipartite maps we have « = 0 and uy, = 0, in
which case we obtain:

[d/2]
(0) y2H 2i—-1 @2n! ' ©0)
§ T 9 =o. G.1.11)

or with the vjs:

[d/2]
(0) 2z+1 Z @n! Vois
=DI+j—=1r 7

Remark 3.1.3 (Convergency of Formal Series) So far, all 7;(0) were defined as
formal series in powers of ¢, and we didn’t know whether those series were
convergent or not.

Now we see that 77(0) is a polynomial of & and y, and o and y are solutions of an
algebraic equation, therefore all of them are algebraic functions of 7. This means that
those series are convergent in a certain disk. They may diverge at a finite number of
values of ¢, and they have algebraic singularities.

Those algebraic singularities, and their implication on the behavior of large maps
are studied in full details in Chap. 5.

3.1.6 Derivatives of the Disk Amplitude

Let us mention a few useful properties of the disk amplitude, in particular derivatives
with respect to the parameters.
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Lemma 3.1.4
WG| WO BE) ]
Tx()X(Z)_TZX(Z)_sz(Z)_? (.1.12)
WG| oL v a@)
a—l‘k)c(z)X(Z)__ic dz a_tkzX(Z)_ o Zy(Z)
AN
=1 (x(2)Y)—, (3.1.13)

where in the leftmost term, the derivative is taken at constant x(z), and in the middle
term the derivatives are taken at constant z, and where the function y(z) was defined
in Eq. (3.1.6).

0 7 (x
Proof Remember that we have Wl( ) (x(z)) = w + y(z), and V'(x(z)) = x(z) —
> bt x(z)*, therefore, from the chain rule, we have:

aw© 9 d
wle@)| L dxb | »E| L, Q)|
ary x()X(Z)__EC dz —i—a—thX(Z)— oty zy(Z).

This implies that the right hand side is a polynomial of z and 1/z. Beside, the
antisymmetry y(1/z) = —y(z) and x(1/z) = x(z) implies that

dy dx dx dy 1 -
(TR D DL S

At large x(z), i.e. at large z, we have Wfo) (x(z)) ~ t/x(z) + O(z™?), and therefore
W () /0t ~ 1/x + O(1/x%) = 1/yz + O(z"2), and thus

dt dz 0t 0z

This implies that we can have only the ¢( term, and thus:

dy ox dx dy 1

ot 9z ot 9z 7
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Similarly,

ay(z)
oty

0x(z)
oty

Y (2)

Z

¥ (z) —

Z

is clearly a polynomial in z and 1/z, and from the symmetry z <> 1/z, it must be of
the form

ay dx ox dy 1 P
3 9z 0 9z z ;c’(z +a).

Since Wl(o) (x(z)) ~ t/z + O(1/7%) at large z, we see that

1 dx(z)*

2k dz

1 o
- ; iy = O(+2
+- D@+ =06, (3.1.14)

J

A derivative can never have a 1/z term, and O(z~2) also has no 1/z term, therefore
we must have ¢y = 0, and thus

1 . . d ci .
S @+ =23 2@ =)
5 ‘=

Taking only the positive powers of z in Eq. (3.1.14), we see that:

d _ k
_ZZI: —ﬂd_((Z))-i-

and by symmetry z <> 1/z:

- Z 6@ - =5+ 2 (@M - (6@

J>1

and the lemma follows. [
Remark 3.1.4 (Hamiltonian Structure)
Those derivatives can be written with Poisson brackets:

def (3f dg 0g 3f) def (3f dg 0g 3f)

oty 0z o, 9z

{f g = , if.gh =
With those notations, Lemma 3.1.4 can be written

oxy=1 . {yxh=H,

where H, = 5 ((x(2)")+ — (x(z)*)-), and " means derivative with respect to z.
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The compatibility d;, 9;, Wfo) (x) = 0y 0y, Wl(o) (x) implies that:
{H.x} = {H). x}x,

and
1 1 ox
Z_Z{Hk’x} ={l/z,x}x = 2
ie.
0x

_ /
Btk - {H]w x}7

i.e. H is a Hamiltonian generating the flow with respect to the time #.
Again, the compatibility d,,0, = 9;,0,, implies that those hamiltonians Poisson
commute with each other:

{H|.H)} = 0.

An integrable system can be constructed, and we refer the interested reader to [8,
38, 40] for more details about the integrable structure of matrix models and maps.
To summarize we have:

ox
{y’x} =1 s a_tk = {Hl/c’x} s {Hl/c’Hl/} = 0.

3.1.7 Example: Planar Rooted Quadrangulations

Let us see how to apply Theorem 3.1.1 to quadrangulations.
We choose all #, = 0 except 74 (quadrangulations are bipartite maps). We then
have:

V(x) = x — 13x°.

With that definition, 7;(0) counts quadrangulations with n4 quadrangles and a
boundary of size I:

7;(0) = Z 1°t,* #{planar quadrangulations with one boundary of perimeter / }

ny

where v is the number of vertices. Notice that we have Eq. (3.1.3):

l
v=1+ns+ -
ny B

i.e.  must be even, and v and n4 are not independent.
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Then we compute the resolvent generating series:

(0) (0)
Wi ()__+Z 2T T

with the help of Theorem 3.1.1: let x(z) = @ + y(z + 1/z), we have:
V@) =a+yE+1/2)— t4[a3 +3a?y(z+ 2771

13y’ @+ 2+ 27D+ @ + 32437 + z_3)]

i.e.
up = o — ty(c + 6ary?) , up =y — 1430’y + 3y°)

Uy = —3t4ocy2 , Uz = —t4y3.

The equations uy = 0 and u; = t/y allow to determine « and y:
0= o — 10> + 6ay?) = a(l —14(a® + 6y?))
S =y =0y £37°) =y~ G0’ +37).

Since « and y must tend to 0 at small 7, we have 1 — t4(a> + 6y?) # 0 order by

order in ¢, and therefore the first equation implies & = 0. Then the second equation
gives

1=y =3uy?

whose solution is (the sign in front of the square root must be —, in order for y to
behave like /7 at small 7):

a=0
v? =g (1= VT=121t ) = t(1 + 31ty + 18(1a)* +...) =1 Y, (3&2”1)('2;)‘ '
(3.1.15)

We shall write

r=+1-121tt4 ,

and thus

2= 2¢/(1 + 7).
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As an expansion we have (using the Lagrange formula of Lemma 3.1.3)

v =t(1 4 3114 + 18(113)> + ...)

G (2n)!
=12 i+ )inl

n

From Theorem 3.1.1, we get the disk amplitude:

t 1
W (x(2) = — — uy’ .
vz z

(3.1.16)
We can also write it:
1
WO (x) = 5 (x — 1 = M) Vo —a) (= b))
where
t 1—r (X2
M = — )Cz — 2 —_—) = _ _ 4 .
R e
The moments are
Myo=M_o=r,
1—r1
My,=-M_, = —
3r vy
Mo = Moo — 1—r 1
+2=M_» 3r )2
See Fig.3.1.
2L 1 035 F ;
0.30 /
1 0.25 /
. o 0.20 / \\\
o 015 / \
D / \
1 4 010 F | \
| \
\ 0.05 | | El
2 . . . . . ‘\ 3 000 —*Q L—%,
-3 -2 -1 0 1 2 3 -2 -1

0 1 2
Fig. 3.1 Plot of the spectral curve WI(O) (x) and ;—ﬂlt Im WI(O) (x), fort = 0.2and 1, = 1/6. p(x) =
=1

7 Im Wl(o) (x) would be large N limit of the eigenvalue density of a random matrix with probability
measure e~V TV gpg
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Then using Eq. (3.1.11) for fixed perimeter 2I:

Q!

0) _ 21
T N+ 2)!

@+2i-17 . T =0

which counts the number of planar rooted quadrangulations with a boundary of
perimeter 2/ (resp. 21 + 1).

+1
T = mazra G (ritr+1D).

Lemma 3.1.3 gives the expansion into powers of #:

©) _ (21) pEs n—1 (2n+1-3)!
T = - 2(3”) EICE

The number of rooted planar quadrangulations with n4 = n — 1 quadrangles, and
with a marked face of perimeter 2/ is thus:

Q) @ns+1-1)!
N(I—=1)! (I+ns+ Dlng

N

In particular with / = 2, we find the number of planar rooted quadrangulations
where all n faces, including the marked one, are quadrangles:

0 =y G-y
5 1+ 3r
(1+7r)3

2 3" (2n)! 1
an( +2)| tta)"

Thus we recover the famous result of Tutte [84, 85] that the number of rooted
quadrangulations with n faces is:

2 3" (2n)!
n!(n+2)!"
3.1.8 Example: Planar Rooted Triangulations

If we want only triangulations, we choose all 7, = 0 except #3. We then have:

V' (x) = x — 13x°.
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The generating series of planar rooted triangulations with n3 triangles, and a
boundary of length [ is:

7;(0) = Z 1° ty> #{planar triangulations with one boundary of perimeter / }.

n3
Notice that we have Eq. (3.1.3):

l
v=1+4+ +

i.e. [ + n3 must be even, and v and n3 are not independent.
Then we compute the resolvent generating series

o0
t 1
W) = ~tD T
m=1

xm+l1

with Theorem 3.1.1: let x(z) = & 4+ y(z + 1/z), we have:
V@) =a+yiz+1/z) -t [oc2 +2ayz+ )+ Y +2+ z_z)]
ie.:

t
up=o—n@+2y3) =0 , u =y —2ayt; = ; , uy = —t3y°%.

Theorem 3.1.1 requires 1y = 0 and u; = #/y, which implies (after eliminating ¢ in
the equation for y2):

1 t |
a=—(1-— . ———+83=0.
2 57 ye oy

The cubic equation for 1/y2, can be solved as follows:

3¢
12V3 12 =sin(3¢) . V3 sin (% — ¢)
2 y? 3
that gives
2 t cos g 4, 1936
y2 = = 1(1 + 72 + 4075 +2° P35 + ...

cos (£ + LArcsin(12+4/3 1£3))
It is convenient to write y> = ¢/r, and thus r obeys the equation:

3 Q.2
r—r = 8t
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and we must chose the solution r = 1 4+ O(f). We then have:

5, , 1—r
= - s o =
14 , 3 >

77

The Lagrange inversion formula allows to expand t/y*> = r = ), cn(8tt§)”, in that
purpose we write

d(8i3
¢, = Res r —
1—0 (Sn3)n+1
B (1 =3r%)dr . ) 3
= B_eﬁ r W (change of variable8tt; = r — 1)
_ (1-3r%)dr
= Res 7 T
— Res 1—312 dr
o r—>1 r (1 — rz)”+1
1 1 —3u du .
=3 Res ST (gt (change of variable r? = u)
—1 3v—-2 dv .
== Res (1 o) I2 ot (change of variableu = 1 —v)
-1 F'((n+1)/24+k) , dv
= — Res Bv—2
5 Res G )Xk: KT((n+ 1)/2) © ol
_ -1 [SF((n—i- /2+n-1) _2F((n+ 1)/2+n)]
2 U m=DIT((n+1)/2) n!'T((n+1)/2)
_ =1 I'(Bn—-1)/2)
2 n!'T((n+1)/2)
and finally

- T(Gn—1)/2)

1 1
= — T — (1 -4 —24 4 ).

1 2\n
= ;(8”3) AT((n+ 1)/2) 1

By a similar method, we find

. > T(@r+1)/2)
YT = Z‘Xn:(gttﬁs) m+DIT'((n+1)/2)

4_ 2 o (i DT(Br+2)/2)
yt =21 ;(8%) (n+2)!T((n+2)/2)"
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I Py ~
S \
0 fF——— — 1 o020f \
N \
) \
-1 /
/ 0.15 | \
2 / i | \
/ | \
-3 / \\ 1 onof “‘
74 / M \
/ |
/ 005 [ | \
// |
St |
/
. . . . 0.00 b ‘ . . .
2 0 2 4 6 2 0 2 4 6

Fig. 3.2 Plot of the spectral curve Wl(o) (x) and =L Im W}O) (x), for 13 = 0.2 and t = 0.44. p(x) =

2mt

2_—”1r Im Wl(o) (x) would be large N limit of the eigenvalue density of a random matrix with probability

measure e VT V) gpp

Finally the resolvent Wfo) is:

0 t 1
W) = — -1y’
)24 Z

We have

W (x(2)) =

(V@ - M@ VE=aG—h)

N =

with

t 1+r
M(x) = —hx+ Ko + — = —hx + .
y 2

Its moments are

1—r? 37 —1
Mio=r+F , My oM_ = I

Y +1 1 1—r? " 1—r2

= — r .
=TT\ 2 V2
See Fig.3.2.

Then we easily compute the number of planar rooted triangulations 7;( ) where
all faces, including the marked one, are triangles, using Eq. (3.1.10):

t 1
7;(0) =33 [—;+4—4r+r3i|
3

r P ! 1+3
=——-———— |- r
28 15 83 |r
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__t n T'((3n+1)/2) 3 I'(3n—1)/2)
Y 2 (615) [(n+1)!F((n+l)/2) 2n!l"((n+1)/2)i|

3 n>2

ot . T(@rn-1)/2) 3n—1 3
_—S—Q;(Sn%) [ 5 —§(n+l):|

m+DIT((n+1)/2)

2L, TGr=1)/2)
~ 8 g(gﬁ-”) G+ DT+ 1)/2)

)2 ., T@n/2+1)
= > (83) (n+2)!T(n/2+ 1)

n>1

i.e. the number of rooted planar triangulations with 2n faces is:

i TGr/241)
n+2)!'T(m/2+ 1)’

which is again Tutte’s result [84, 85].

3.1.9 Example: Gaussian Matrix Integral, Catalan Numbers

For book keeping purpose, as well as for normalization purposes, it is also
interesting to consider the quadratic potential V(x) = %xz, although it is not
directly a generating function of maps in the sense of Chap. 2, it has a combinatorial
interpretation as Catalan numbers which we won’t discuss in this book (it was used
for instance in Harrer-Zagier’s work [45]).

In that case:

_Mp 2
Z:/ e 2 M gy
Hy

is a Gaussian integral, and thus can be computed exactly. With our definition of dM
we find:

o0
Z= ()" =exp | Y (N/0PTF
g=0
therefore:

t2
F()Z—Eln(l‘z) s Fg=0 Vg>0.
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We write:
1
x@)=a+y@+-)
z
, 1
Vi(x(2)) = 0x(z) = ha + by(z+ <)
z
and Theorem 3.1.1 implies:
t
ho =0 s — =nhy
14

i.e.ao = 0and

vy =i/n.

The spectral curve of the Gaussian model is thus [we use def. Eq. (3.1.6)]:

x(2) =y+1)
Y@ = 5G - =—% 2 —4y?

in other words

W (x(2)) = %X(z) +y(z) = L
vz

If we plot 7—;y, as a function of x in the range —2y < x < 2y, we obtain a semi—
circle of area ¢, which is the famous Wigner’s semi-circle.

1

in
We also find, using Eq. (3.1.10):
(0) u_ @D!
=1 R —
T =17

which is the /th Catalan number.
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3.2 Cylinders/Annulus Amplitude

By “cylinder” or “annulus”, we mean genus zero connected maps with two
boundaries of perimeters [}, [, i.e. elements of M;O) , with generating function:

n3 nd
o , A ¢ 1
W. ) = t
5 (x1,x2) § Z BT LT gAuK(E)

v X1

The loop equation (2.5.3) for g = 0 and k = 2 is:
-1 d

©0)40) O _ 0 0)
2 BT+ T = T, = D 6Th i, (3.2.1)
=0

Jj=3
which can be rewritten in terms of Wéo) and Wl(o):

3 W) =W (x)

2W,” () W3 (. x0) 45— = V)W, (e1.x0)—Py (v1.0)
8X2 X1 — X2
(3.2.2)
where
j=3 oo 1
(0) (0)
Pz (xth) = _Z Z Z tjxll +1 7;'—2—1,m2

my
=3 =0m=1 %2

is a polynomial in x; of degree at most d — 3 (because maps in M(ZO) must have a
boundary of length j — 2 — / > 1). Since the left hand side of Eq.(3.2.2) has no
positive part, we have:

Péo)(xl,xz) = (V/(Xl) Wéo)(xl,xz))+ ,
x|

where the subscript () +,, means keeping only positive powers of x; at large x;.
Inserting the expression of Wfo) of Eq. (3.1.5) into Eq. (3.2.2), we obtain:

(0) (0)
(0) W ()-W, ()
PZ (X],xz) + dxp X]1—Xx2

W (1, x2) = 0
V/(x1) = 2W 7 (x1)

©) W o= )
_ P57 (x1,x2) + T — (32.3)

M(x1) /(x1 — a)(x; — b)
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ie.

0 1 9 V=V
P(Z )(Xl,XQ) + 2 B_)cz—(x)il)—xz (x2)

M(x1) v/ (x1 —a)(x1 —b)
_9 M(x2) V/(x2—a)(x2—b)
1 1 dxo X1 —Xx2
(3.2.4)

1
2 (x1 —x2)? " EM(xl) Vi —a)(x — b)

In particular this tells us that Wéo) is an algebraic function of x;, with possible (x; —
a)~"/? and (x; — b)~'/? square root singularities at the branch points a and b. It may
also have simple poles at the zeros of M(x;) or double poles at x| = x;.

This also shows that in terms of Zhukovsky variables, Wéo) (x(z1),x(z2)) is a
rational function of z;, with possible poles at z; = +1,—1,2,1/2, and also
possible simple poles at the zeros of M(x(z1)).

In order to see that poles at the zeros of M(x(z;)) are not possible, we need a
small variation of the 1-cut Brown’s Lemma 3.1.1 :

Lemma 3.2.1 (1-Cut Lemma for Cylinders) Wéo) (x(21), x(22)) X (21)X (z2) is a
rational function of z1 and z, which behaves as 0(11_2) at large z1, and it has a
pole only at z; = 1/z3, and this pole is a double pole with coefficient —12_2, and
with no residue:

0
W (a1, x2) =

—2
—Z
W (). x(z2) X @)X (@)~ 2
a—>1/z (71 — 5)

+0(1)
Proof From Eq. (3.2.4) we see that Wéo) (x1,x2) may possibly have a simple pole at
x1 a zero of M(x;). Recall that M(x;) = %ﬁ”) + O(1), so that the zeros of M (x;) are
zeros of V' plus a power series in 7.

Similarly to Lemma 3.1.1, to every order in ¢, Wéo) (x1,x7) is a polynomial in

1/x1, starting with O(1/x7), and thus for every contour C, we have order by order in
t
! 0)

— @ W, (x,x2)dx = 0. 3.2.5)

2ir Je
In particular, if we choose a contour which surrounds a zero of V’(x), and thus
surrounds a zero of M(x) order by order in ¢, this implies that the residue of Wéo) is
zero to all orders in ¢, and therefore Wéo) (x, x2) can have no pole at that point.

Also, it is clear that the expressions in the right hand side of Eq. (3.2.3) have no
pole at x; = x,, provided that both x; and x, are in the same sheet (same sign of the
square-root). In other words, there is no pole at z; = z», but there could be a pole at
2= 1/2.

In the right hand side of expression Eq. (3.2.4), there are terms with a square-

root +/(x; —a)(x; —b) which change sign when z; — 1/z;, and there is a
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term — 1x2)2 which does not change sign. Writing that there is no pole at z; = 25,

2(x1—
gives thé 1coefﬁcient of the double pole of the square-root term, and changing the
sign, we get the coefficient of the pole at 7; = 1/z5.

Moreover, there is no pole at the branchpoints z; = =1, because the multiplica-
tion by ¥'(z1) = y(1 — z;%) cancels the possible (x; — @)™/ and (x; — b)~1/2.

Also, it is easy to see from the degree of each terms in Eq. (3.2.3), that it behaves
as O(z;%) when z; — oo, and the symmetry z; — 1/z; implies that there is also no
poleatz; = 0.

This proves the Lemma. [

With this lemma, it is rather easy to find Wéo):

Theorem 3.2.1 (Cylinder Amplitude) The cylinder generating function is:

() N PN SRS SR, & 40 5 ¢-))
W @) FENE) = Tl T T Gy b~

Proof This is the only rational fraction of z; which satisfies Lemma 3.2.1. O

3.2.1 Universality and Fundamental Second Kind Kernel

The cylinder generating function is universal! Written in the Zhukovsky variables,
it is independent of the #’s, it depends on nothing, it is independent of the type of
maps we are considering.
In fact, the bi-differential form:
dz1 @ dz

B(z1,22) @ —2)?
is called the fundamental second kind differential or Bergman—Schiffer kernel
on the Riemann sphere (z lives in the complex plane C, or more precisely, on the
Riemann sphere CP! = C U {o0)), or “heat kernel of the Riemann sphere”, or also
derivative of the “Green function”, and it plays a very important role in algebraic
geometry (see [12-14, 36, 37]), and Chap. 7.

Remark 3.2.1 On an arbitrary compact Riemann surface (here the Riemann sphere),
the fundamental form of the second kind, is the unique differential form (in z;),
which has a double pole at z; = 2z and no other pole, and which behaves near the
pole as

dz1 ® dzp
(z1 — 22)?

In the case where z; would live on a higher genus Riemann surface, there would be
also a cycle integral normalization condition, see Chap. 7. It can be proved that this

B(z1,22) ~ + 0((z1 — 22)°).
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differential form is unique, and it is always symmetric in z; and z,. For example on
the torus, the unique function with a double pole is the Weierstrass function g(z),
modulo a constant, and thus the Bergman-Schiffer kernel would be B(z1,22) =
(9(z1 — 22) + C)dz; ® dzo, with a constant C chosen to normalize some cycle
integral, see Chap. 7 or Chap. 4 for details).

‘What we have found, is that:

Theorem 3.2.2 (Universal Cylinder Amplitude and Bergman-Schiffer Funda-
mental Second Kind Kernel) Up to the addition of a trivial term [rational in
x(z)], and written as a differential form, the cylinder generating function for any
sort of maps, is always the fundamental second kind kernel

dx(z1)dx(z2)

©) ) — x(z )2
W, 7 (x(z1), x(z2)) dx(z1)dx(z2) + (x(z1) — x(z2))?

= B(z1,22). 3.2.7)

Remark 3.2.2 We call dx(z1)dx(z2)/(x(z1) — x(z2))* a “trivial term” for reasons
which will be clear in Sect. 3.2.2 below, basically, it does not contribute to residues,
it does not contribute to the computation of 7;1(01)2

Remark 3.2.3 In our case, the Zhukovsky variable z lives on the Riemann sphere
CP! = C U {oo}, and the fundamental second kind kernel of the Riemann sphere is
simply

dz1 ® dzp

B(z1,22) = [

However, the fact that the generating function of cylinders Wéo) is the funda-
mental second kind kernell, is valid far beyond the case studied in this chapter.
It continues to hold for “multicut case” (see Chap.4), and it holds also for more
complicated sorts of maps, like Ising model maps (see Chap. 8).

3.2.2 Cylinders of Fixed Perimeter Lengths

We have

7;1(01)2 = Res Res xll1 )clz2 Wéo) (x1,x2) dxy dxy.
’ X]1—>00 Xx—>00

Changing to Zhukovsky variables, it is easy to see that the last term in Eq. (3.2.6)

plays no role in the residue, therefore we may compute the residue with the

fundamental second kind kernel only:

dzidz

T7© — Res Res x(z 0 x(zy) ———2
0 s, e x(e) S

7]—>00 22—

which is a universal polynomial of « and y2.
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In particular for bipartite maps, with o« = 0, and writing

!
@' =y e+ =y Yy sz
;J! (1=t
this simplifies to:

Corollary 3.2.1 For bipartite maps, assume I, > l, and l} + [, even, one has

/2]

L)
TO _ yhth 1-h2:
Tz = Z C ) R OE N G )

where |1, /2] is the largest integer < l,/2.
The coefficient of y'' T2 is an integer number, independent of the t;’s and of t, it
is a pure constant.

Example: Quadrangulations
Let us chose [; = [, = 4, and remember that for quadrangulations y* = 6r4 a-

/1 —121t4), so that we find, using Lemma 3.1.3:

(0) 8 4 (2n-=1)! n n—2 4 5 6,2
=36 = 16¢ —— 3" (¢t =361"4+432t4+4536¢°t
Taa v g(n—z)!(n+2)! (114) * ot it

i.e. the number of maps with n = n4 + 2 faces, where all faces including the two

marked faces are quadrangles, is 4 x 3" % One can check that this is

consistent with the number of maps with only one boundary:

371(0) 1 0
oty 4 4.4
Example: Triangulations
Let us chose /; = I, = 3, one gets
(0) 3 3 dudz 4,2 2.4 6
T35 = Res Res x(zl) X(z2)° ———— = 9a"y” + 3607 y" 4+ 12y°.
21—>00 25— (z1 — ZZ)2

For triangulations y* = t/r, & = (1 — r)/2t3, where r — r* = 813, so that we find:

o 91 2n— 1)1"(37")

= 2 (8153)" =127 +2881'3 + 50401 + .
Vad 2T ’ ’

i.e. the number of planar maps with 2n faces, where all faces including the two
@n=DT(3) 53

marked faces are triangles, is 18 DI
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Again, one can check that this is consistent with the number of maps with only
one boundary:

87;(0) _ lT(O)
o 3 33

3.3 Higher Topology and Topological Recursion

We are now going to compute W,ig) for values of (g, k) # (0, 1), (0, 2), i.e. such that
2g —2 4k > 0, or in other words, for maps of strictly negative Euler characteristics
X = 2—2g—k < 0. In algebraic geometry, Riemann surfaces of strictly negative
Euler characteristics are called “stable”.

Let us choose (g, k) such that 2g — 2 + (k + 1) > 0. We shall consider maps
of genus g with k + 1 boundaries. Let us call / the length of the first boundary, and
let L = {l;, ..., I} denote collectively the boundary lengths of k other boundaries,
labeled 1, ..., k. We are now going to compute:

(8) _ 7
7?11 ..... Ik _7ZL

which is the generating function that counts the number of genus g connected maps
with k + 1 boundaries of respective perimeters , /1, . .., .

3.3.1 Preliminary Results: Analytical Properties

Lemma 3.3.1 W,ﬁg) (x(z1),...,x(zx)) is a rational function of its Zhukovsky vari-
ables z1, . .., z.

Proof The general loop equation is Eq. (2.5.3):
h—1 L]

Z[ZZT DT o+ T ) + Zl Fh-16)

=0 h=0JCL
(g) ()
T thlﬁlﬂ'—l,L

again, we write it in terms of the resolvent generating function:

o0 T(g)
&) = Z — bhede
Wiga (rxr, o) = TES RS
- L
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which satisfies (we now write L = {x1, ..., x}):

8
(h) (g—h) (g=1)
S Y Wi oWED, LA D | + W @ )

h=0JCL
L
U0 WP L ) - WP W)
+ Z
— 0x; A =X
= v’(x)W,ﬁf’gl(x, L) - P (x,L) (3.3.1)

where P,(fll (x, L) is a polynomial of degree d — 3 in the variable x.
This equation is sufficient to prove the lemma [

This lemma allows to define

Definition 3.3.1 We define the rational functions:

oGz = WG, L x(@) X (@) - X (@)

x(z21)¥ (z2)

(x(z1) — x(22))?

—% Sibe0 V' (x(@)) X (1),

+8282.0

For k = 1, g = 0, we have already found:
| d—1
wi? (x(2)) = 3 V(x(@) +y(2) = ) _uz”
Jj=1

where y(z) was already computed in Eq. (3.1.6):

deg 14

Y@ =—y(1/2) = -3 Z (@ — 7).

In other words

0" (@) =y Q).
And for k = 2, g = 0 we have already computed:

1

0
wé )(Zl,zz) = (ZI_—ZZ)Z
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Remark 3.3.1 Here we consider w(g) (rational functions of the z;’s), instead of the

W,ﬁg) (algebraic functions of the x;’s), where we have multiplied by x’(z;). The
fundamental reason to do this change of function, is related to Remark 1.2.5 in
Chap. 1, the generating functions W,Eg) should be viewed as differential forms, rather
than functions. Indeed, if f(x) is a function of x, then the differential form f(x)dx,
written in the Zhukovski variable becomes:

fdx  —  f(x(2)) ¥ (2) dz

this is the reason why we multiplied W,Eg) by []; ¥ (z;), which is the Jacobian of the
change of variable.

The topological recursion of Chap. 7 is naturally written in terms of differential
forms.

Now we are going to explain the method to compute all others w,ig) ’s.

First, we need the following anti-symmetry lemma:

Lemma 3.3.2 (Anti-Symmetry Lemma) [f2g+k—2 > 0, w,gg) @1, zw) /¥ (21)
is an antisymmetric function under z; — 1/z,, i.e.

1 (g) _ 1
Y12 /z1,....z) = @)

w;ig)(Zl, ey Zk)
or.

(g)(l/zl,...,zk) = zf w,gg)(Zh---,Zk)-

Another way of writing this, is with differential forms:
w,ig)(l/zl, o z)d(1/z) = — a),f)(zl, .oz dzy.

In other words the differential forms w,ig) (z1,...,2) dz1 . . . dz; are antisymmetric.
See Remark 3.3.1 above.

Proof 1t is easily proved by recursion from the loop equation. Let us temporarily
define:

1
(x(z1) = x(22))?

[notice the factor 1/2, to be compared with Eq. (3.2.7)] we have:

W (21, .. ze) = W@ (x(z0), ... x(z0) + = 8k2 2.0

1 (z1+1/z21) (2 + 1/22) — 4
2(x(z1) = x(z2))* (21— 1/z21) (2 — 1/22)

which has the antisymmetry property.

W0 (z1,20) =
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The loop equation can be written:

2y W,z L)

= ZZ [W(h|)+1(z’ DWEpla L J)] + Wi @zl

h=0 JCL

= 0x(z)) x(2) — x(z)

+ P (). 1)

where the symbol Z;l ; means that we exclude from the sum the term that we have
put in the left hand side, i.e. the terms (h,J) = (0,9) and (h,J) = (g,L). By
recursion hypothesis, the right hand side has the antisymmetry property, so the left
hand side is antisymmetric. This proves the lemma. O

Then we have the following lemma:

Lemma 3.3.3 (Analytical Behavior Lemma) If2g + k—2 > 0, w,ig) (z1y. v k)
is a rational function of its Zhukovsky variables zi, . .., zx, with poles only at the
branch points z; = 1, and which behaves as O(z;%) at large z;.

Proof Loop equatlon seem to imply that a),f) (z1, ..., z) could possibly have poles
atz; = zj or at z; = 1/z, or at the zeros of y(z;), or at z; = 0 or z; = oo or at
zi = =%1.

What we need to prove is that a),ig)(zl, ...,Zx) doesn’t have poles at z; =

0, 00, zj, 1/zj, 0, 0o, neither at the zeros of y(z).

This is proved by recursion. Assume that the theorem has been proved for all
o) with0 <2¢' =2+ K <2g—2+k.

Using the antisymmetry, write the loop equation (now L = {zj, ..., Z}):

2@ 0 (2, L) X' (1/z)

g 7/
=22 [wfjl?+1(z,J) o uh\+1( L\J)] + 0 1/2,0)

h=0JCL
+ i B o @ L\ )Y (1/2) + 0 ()X @)X (1/2)/x' @)
< 8z, x(z) — x(z)

—P¥ (x(2), L) ¥ @)X (1/2) ¥ (z1) - . . X (z)
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where X’ means that we exclude the terms (k. = 0,J = 0), and (h = g,J = L). We
thus have

w,i‘igl (z,L)

— Xg:i w|(]h|)+1(zv L)wjig__|]h|)+1(%vl‘ \J) w,ii_zl)(z, l/Z, L)
= 2y(z)x'(1/z) 2y(z)x'(1/2)

|L|

Z 19 w,ﬁg’ (z. L\ {z}) + w;ig) (L)X (2) /X (z)
2y(z) 9z x(z) — x(z))

j=1
Y ()
2y(2)

It is clear that in the Zhukovsky variable, the right hand side is a rational function
of z. It may possibly have poles at z = 1, at z = 0 or z = 00, at the zeros of y(z),
oralsoatz =zjorz = 1/zwithj=1,... k.

First, it is very easy to see that it behaves as O(z72) at z = oo, since y(z) ~
0(z%""), and deg P,(j)_l < deg V"”". From the antisymmetry Lemma 3.3.2, or for the

P,((‘il(x(z),L) X(z1) ... X (). (3.3.2)

same reason (y(z) ~ O(z~%"")) there is no pole at z = 0.

Also, the recursion relation Eq. (3.3.1) is regular at x(z) = x(z;), which means
that w,ﬁ‘il has no pole at z = z;, and from the antisymmetry lemma, it has also no
poleatz = 1/z;.

From the recursion hypothesis, a)liﬁzl could have at most simple poles at the zeros
of y(z). To see that there is no pole at those points, it is sufficient to prove that the
residues vanish, which is proved by the following “1-cut” lemma:

Lemma 3.3.4 (1-Cut Lemma) for every contour C which does not enclose the
branch-points 1, we have, order by order in t:

95 a),i‘:?l(z, 2, ...,2%)dz = 0.
c

Proof This is the generalization of Brown’s 1-cut Lemmas 3.1.1 and 3.2.1. This

lemma holds because to every order in ¢, W,Ei)l (x,x1,...,x) is a polynomial in 1/x
starting at order 1/x>. O

Applying this lemma to a contour surrounding a zero of y(z), shows that a)gﬁl

can have no residue, and thus no pole at that point.
Thus, we have proved the recursion hypothesis, i.e. a)gl has poles only at the
branch points z; = £1. [
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3.3.2 The Topological Recursion

As we shall see now, knowing that the a)(g)’s are rational functions with poles only

at z; = %1, will allow to considerably 51mplify the loop equations. It will result in
the following theorem, named “topological recursion”:

Theorem 3.3.1 (Topological Recursion) The generating functions a),iﬁzl counting
genus g maps with k + 1 boundaries can be computed with the following recursion
(called “topological recursion”):

(8) 1 1 d
W41 (20, L) = Resz—&l (zo = - 1/2) OV

1
2
> @ NS G IND + 05 @ LD
=0 JCL")1+\J\Z O qj—1n Wpqr 2 25 L) |-
(3.3.3)

Notice that all the terms in the right hand side have 2g’ + k' — 2 < 2g + (k +
1) — 2, and thus this theorem allows an effective recursive computation of wgﬁl.
It is relatively easy to implement on any symbolic mathematic computer program.
See also Sect. 7.4 of Chap. 7, how to represent this recursion in a diagrammatic way,
and Sect. 7.4.5 of Chap. 7, how it can be interpreted as cutting surfaces into pairs of

pants recursively.

Proof (Cauchy Formula, and Moving the Contour) Since a)k_H(zO, 21,225+, 2k) 18
a rational function of zg, we can write Cauchy residue formula:

0® (20.21,22, .. 21) = Res 02 (221,22, -, 20)-

=20 72— 20

Now, since the only other poles are at the branch-points z = =1, and it behaves
like O(1/z%) at 0o, we may deform the integration contour (a residue is a contour
integral), as a contour enclosing all the other poles, i.e. z = £1:

dZ (
8)
w 20,721,225+ +-,2k) = Res w 2y 21,225 -+ 5 2k)-
k+1( » 42, )= o1z —2 k+1( $ 22545 2K)

Then we change the variable z — 1/z and use the antisymmetry Lemma 3.3.2, and
thus we also have:

(@ Z (9
o (2021, 225 2) = Zl_{fisl . _Zwk+1(z,Z1,Zz, e Z0)
dz 1
:Res——— 21522+« » 2k
>El 2 g1 kH( T %)
z @
= — Res T (221,22, 400 20)-

7>+l 79 — z
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Taking the half sum of the two equations, we get

B 1 dz dz B
Y (z0,21,22,-..,2%) = = Res — oz, 21,200 -4 20)-
k+1 2 >t \ 20—z zo—% k+1

Then substitute a)gl in the right hand side, using the loop equation (3.3.2),

0 (20,21, 22, 2)
h —h
_l Res dz _ dz Zg:i w\(J\)+1(ZaL)w/£(g_|J|)+1(%vL\J)
2>+ \20—2 79— % 2y(Z)x’(1/Z)

h=0 JCL

-1
w,iﬁ_z )(z,1/z,L)

2y(2)x'(1/2)
f‘: 10 (0P L\ {5) + o W)X ©)/Y ()
= 2y(2) 0z x(z) — x(z)
X (2)

0 P (x(2).L) X (z1) .. .x’(zk)]

where L = {z1,...,z/}. Then, notice that x'(z)/y(z) has no pole at z = =1, and
P& (x(2), L) as well as i o (L)/ (¥ (z;)(x(z) — x(3))) have no pole at z = +1,
so that they don’t contribute to the residue. Using the antisymmetry property
y(z) = —y(1/z), the term 3% w,ig)(Z,L \ {z})/(x(z) — x(zj)) can be replaced by
3% o (2. LNz} /(@) — x(z)) — 2_23%. o (1/z.L\ {z:})/(x(z) — x(z)) = 0, and
thus it doesn’t contribute to the residue either. O

This theorem can be rephrased in the general framework of symplectic invariants,

see Chap. 7, it proves that the functions a)gl are the symplectic invariant correlators

for the spectral curve (x, y). This gives the corollary:

Corollary 3.3.1 The a),ig) ’s are the symplectic invariants correlators (defined in
Chap. 7) of the spectral curve £ = (CP', x,y) with:

z€ CP!
E x(z)=a+y(z+%)
Y@) =3 Y wi(d - 7).

where x(z) and y(z) are meromorphic functions defined on the Riemann sphere, i.e.
the complex projective plane 7 € CP' = C U {oo}.

Remark 3.3.2 The recursion of Theorem 3.3.3, is not symmetric in all the variables,
Z0 seems to play a special role, but it can be proved by recursion, that this recursion
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always generates symmetric functions in all variables, this is a general property of
symplectic invariants, see Chap.7. Here this is not surprising, since by definition,
generating functions of maps are symmetric.

3.3.3 Topological Recursion for W,Eg) ’s, and the Method
of Moments

The topological recursion can equivalently be rewritten as follows (this is the form
under which it was initially found in [30]):

Theorem 3.3.2

1 dx
W,ﬁﬁzl(xo,L) = Res W,ﬁf’:l(x;xl,...,xk)

(xo —a)(xo — )X_’””XO_X M(x)

where we defined

W,E_i_l(x Xlyeuos X)) = Wk+2 (x Xy X015 ey Xg)
h h
LYY W)
h=0 JwJ ={x|,.... xx}
with

WE ) = W, ) if (g,k) # (0,2),

1
2 (x1 — x2)2
x1x — 2 (x) + x2) + ab
2 (x1 —x2)2 /(x1 — a)(x; — b)(x2 — a)(x2 — b) '

Wéo)(xl,xz) = Wéo)(xl,xz) +

Proof First assume that (g, k + 1) # (1, 1) and # (0, 3).
The topological recursion is:

1 1 dz
Res 1 (Zo —= zo—l/z) B (/2)

wk-i—l(ZO’L) %
(h) (e=h) (1 (=D, 1
[ h= 0ZJCLwH_m(Z’J)wlik_|1|(g7L\J) + w8, ;,L)].
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Notice that

( 1 ) o z—1/z 1
w—2 z20—1/z) 2@ 20 @+ 1/20—2—1/2) 2y(z)

_ Y (z—1/z2) -1
20 (x(z0) —x(2)) M(x(z)) v/(x(z) — a)(x(z) — b)
_ V(x(z) — a)(x(z) — b) -1
20 (x(z0) —=x(2))  M(x(2)) /(x(z) — a)(x(z) — b)
-1 1

2 (%(z0) = x(2) M(x(2))’

Then, using the anti-symmetry, and for (¢’,k’) # (0,2), we have w,i;g/)
/z,z1, . zw—1) = zzw,fig/’(z, 21, ..., 2¢—1), and we recall that

k
W (x(@), - x@) = o @) [ ¥
i=1

This gives (writing L = {x(z1), ..., x(zx)}:

-1 1 1 2dz
—— Res

270 =1 x(20) —x(z) M(x(2)) ¥'(1/2)
-1 1 1 p222(1 -1/ dz

2% 8 X —2() MG@) (=)
W (x(@): L)

1 R 1
220 z—>e:|§1 x(z0) —x(z) M(x(z))
1 1
270 % ¥z) —x() M)

¥ @* W, (x(2): L)

W& (x(z0). L) ¥ (20)

X (z)dz W,iﬂ)_l (x(2); L)

dx(2) W, (x(2): L.

Now remark that a circle going around z = =£1 in the z—plane, goes twice around
x = a (reps. x = D) in the x-plane, therefore, the residue in the z variable, is twice a
residue in the x variable. This gives

1 dx 1
Res
/(xo — a)(xo — b) *~>abxo—x M(x)

The cases (g, k+ 1) = (1, 1) or (0, 3), need to be done separately, and we leave
them as an exercise for the reader. OJ

W, (0. L) = W, (L.
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Let us introduce the zeros of M (x):
Vi=1,...,d -2, M(m;) =0,

i.e.
d—2
M(x) = —ta+ l_[(x —m).

In the previous theorem the residues are taken at x = a and x = b, which are poles
of W,ﬁﬁzl(x; L). One can move the integration contour, and pick the residues at the
other poles, i.e. the zeros of M(x), and also at x = xo, or at x = x;. This results into

Theorem 3.3.3 If (g,k + 1) # (0, 3), we have
Z 1 WE o L) — W, (mis L)
\/W M (m) Xo—m;

! S/

v (xo — a)(xo — b) ; dx; (xo — x;) M(x;)

Wliﬁzl (x0,L) =

where m; are the zeros of M(x), and

—1 h h
W& (L) = W (xx, L) + Z Z W3 (e W2 (6 LA ).
h=0 JCL

The case 0fW§0) will be treated separately, we compute it explicitly in Sect. 3.3.4
below.

Proof We move the integration contour, and pick the residues at the other poles, i.e.
the zeros of M(x), and also at x = xo, or at x = x;:

Vo —a)(xo —b) W, (x0,L) = Res —— W¥ (L)

x—>x0 X — X M()

+ Z}ies

(8)
— L
X — Xo M( ) Wi D)

k

dx 1 (g)
+)> R — W& (xL).
Zx—gxsj X — X0 M(_x) k+1(x )

The residue at x = x is simply

dx 1 1
W (L) = TN W, (o1 L).

Res
x=xo X —x9 M (x)
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We shall write that

d—1

I Z 1
M(xo) 4 (xo — mi) M'(m;)’
Then, the residue at x = m; is

dx 1 )
R — W (xiL
R M e

—1
 (xo — my) M/ (my)

W (mi; L).

And for the residue at x = x;, notice that W,ii)l(x; L) has a double pole 1/2(x —

xj)* each time there is a Woo (x, x;) in the product. Since any of the two terms in the
product can be a Wy », we have a factor 2, i.e.

1
W,Ei)l(x; L) ~ 5 W,Eg)(x, L\ {x;}) + analytic at x;

(x—x)) ’

~ 2 W (x, L \ {x;}) + analytic at x;
I (x—xp) KT "

Therefore
dx 1 ad 1
Res (&) ’L) W,gg) (Xj,L \ {xj})-

_ )= -
=y x—xg M(x) <! 0x; (% — x0) M(x))

This gives the theorem. [

3.3.4 Examples of Maps of Higher Topology

Let us illustrate Theorem 3.3.1 on a few examples with low values of g and k.

3.3.4.1 The Pair of Pants (g = 0,k = 3)
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A pair of pants is a sphere with three disks removed, i.e. a genus zero surface
with three boundaries, i.e. an element of Mgo). Theorem Eq. (3.3.3) gives:

1 1 1 dz
wéo)(ZO,zl,zz) = -~ Res ( )

2 21\ (0—2) 20—1/z) 2y(2x(1/2)
[wéo) (@ 21) @y (1/2,22) + 03 (2. 22) 03" (1/2, Zl)]
-1 dz

T4 zlie:l:sl 220(x(z0) — x(2)) ¥(2)

1 1
+ .
[(z—zl)z(l/z—ZZ)2 (z—22)2 (1/z—21)2]
After computing the residues, one finds:

Theorem 3.3.4

—1 1 1 1
2yy'(1) (zo—1)? (z1 — 1)? (2 — 1)?
1 1 1 1
) Gt P @t D @t D

0
0P(20,21,22) =

One can see that although the recursion relation Eq. (3.3.3) looks non-symmetric
in 2o, z; and z», the result is symmetric. This is a general fact, Eq. (3.3.3) generates
only symmetric functions of its k 4 1 variables (see Chap. 7).

In terms of moments we also have

1 1 1 1
292My (zo—1)? (1 — 1)? (z2 — 1)?
1 1 1 1
C292M_p o+ 12 (@ +1)? (2 + DF

0
0P (20.21.22) =

and

© _vy 1 1 1 1
Wi bo.xx) = 5 (M+,0 (0 —a)x —a)(—a)  M_g (xo—b)(xl—b)(xz—b))

2
1
D) Vi —a) (i —b)
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Case of Bipartite Maps
If we consider bipartite maps such that V’(x) is odd, we have @ = 0 and y'(1) =
y(=1) = —yM,o = —yM,, and thus:

—1 1 1 1
2yy'(1) (zo—1)? (z1 — 1)? (22— 1)?
1 1 1 1
Ty ) A @R @t D

0
0P(20,21,22) =

Proposition 3.3.1 The generating function of bipartite maps of genus 0 with 3
boundaries of lengths 11, I, I3 such that I, + I, + I3 is even, is:

y11+lz+l3—1 1+ (_1)11+12+13

7 =G ne
l h&b™ly y’(l) )

1,03

where

- I
FT/2nY (0= 1/2)!

and [k] is the integer part of k, i.e. the largest integer < k.

Proof Indeed, compute the residue:

1 I b I
77(0,) h = Res Res Res Ha)! x(z2) x(z)
1:2:53 2yy'(1) zi—oom—o0zn—00 (71 — 1)2 (20 — 1)2 (z3 — 1)2

x(z1)" x(22)" x(z3)"
——  Res Res Res
2yy (1) a—ooa—oon—oo (21 + 1)2 (22 + 1)? (z3 + 1)?

dzidzydz;

dzidzydzs.

Therefore we need to compute

1
Res *@) dz
=00 (7 — a)?
with a = £1. First integrate by parts
! /
Res =& 4z = 1 Res 20~ 22 4z
7—00 (Z — a)2 7—00 z—a

o 1—272
=yl Res x(z) 7' —=—dz
z—>00 zZ—a

d
=yl Res x(2) " (z+ a) —ZZ
7—>00 Vé
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then use the binomial formula for x(z)!~':

!
Res X(2)
=00 (7 — a)?

d
dz=1y" Res(z+ 1/ (z+a) —ZZ
700 Z
- (-1 dz
1 1-1-2j
R j -
Z T Res 2z (z+a)
if | =2k + lisodd onlyj = (Il — 1)/2 = k contributes:

, (26!
k' k!

and if [ = 2k is even, only j = k — 1 contributes:

aly 2k —1)!
(k— DIk

In both cases we obtain:

[ I—1 !

—yla
[1/2t[(1 = 1)/2]!
This gives:
h+bL+05
y .~ =
TO —_r E CC (1 (—1)hththy.
hub I3 2yy/(1) 1w Cn Gy (14 (1) )
O

For instance for quadrangulations we have:

7 = (12)3 V_u (1 + ;) =F Zzﬁ 3" _@n-1t (t1)" >
4,44 2t VT =121, - (n+2)!(n—3)!

i.e. the number of planar quadrangulations where all n faces, including the three
marked faces, are quadrangles, is 26 3n %
For triangulations we find (with the notations of Sect. 3.1.8, r — = Sttg)

27 (1+nA=r*GS+7r=3-1)
321] Gr—1)

B 2" (n—=1)Q2n—-1DIE) .,
=271y T DIT) (t13)

n>2

©  _
T35, =
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in other words, the number of planar triangulations where all 2n faces, including the
. .2 (n=1)2n—1)T(32)
three marked faces, are triangles, is W

3.3.4.2 The Genus 1 Disk (g = 1,k = 1), the “lid”

Let us compute the generating function a)fl), i.e. count maps of genus 1 with one
boundary, elements of M(ll) , 1.e. maps drawn on a disk with one handle (a “lid”).

ER)N

Formula Eq. (3.3.3) gives:

o _l 1 B 1 ) dz 1
w; " (20) = > Zl_{)eisl ((Zo -2 z20—1/z) 2y@x'(1/2) (z—1/2)*

After computing the residues this gives

|4y

() -1 ! 1 v T vm
= + —
(@) 16yy' (1) \ o —D* =~ (20— 1) 2(z0 — 1)?
_ Y= Y=
. LR S o L (Y
16yy (=1) \ (zo+ D*  (z0+1)3 2(z0 + 1)?

(3.3.4)

In terms of moments:

1 My, 1 )

1
== W () = ( N
(o = a)(xo = B) Wi (o) 16M4 o \ (xo — a)? * (xo—a) 2y (xo—a)

L1 Lo M
16M_o \(xo —b)?>  (xo—b) 2y(xo—b))"

Example Quadrangulations
Equation (3.3.4) gives (with r = /1 — 12114):

1+t 1+ 71 1—r2

Wy — 2
@1 (Z)_Zt( (1—12)4+ (l—zz)3+ 12(1—22)2)
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and:

fr“):i( 1 . 1 )
4 614 \ 1 — 121ty J1—12114

7:‘(1) — Z (1 + (—1/2) (_l)n—l) (12tt4)i1—1 =2t Z (l _ %) (12t4)n—1

n=1 n n>1

=t+ 1571 + 19871, + ...

i.e. the number of rooted quandrangulations of genus 1 with n faces is:

l (1 B 2n — 1)!!) (12)" = % (22n _ @) _ (3.3.5)

6 nl2n nln!

This is indeed a positive integer.

Example Triangulations
Equation (3.3.4) gives

B2+ y3P62(1+2) + ySidz(1 — 622 + 24 + y°5(1 — 522 — 52* + 2%)

My
wq (Z) (t2 _ 4)/61%)2 (1 _ Z2)4

and, after taking the residue Tgl) = — Res w{l)(z) x(z)? dz, we get (with the
notations of Sect.3.1.8, r — r* = 8113)

m_ 1 1=r
T = ———.
P26 (1-3r2)2

Let us write it as

1
i) =~ ) i)

3 n

tty + 4015 + 1368 £ + O(*1]).

We have
1 1—72 (1=372)dr
¢, = — Res

2 1 (1=3r)% (r(1 —r2))ntl
1 R 1—u du h fvariable /2

= — Res change of variabler” = u
4 0 (1=3u) w2 (1 =y g
1 R 1 du

= - Res
4 u—1 (1 —=3u) wt32(1—uy
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1 (1 + U)2n+l/2 )
=1 vR_e)g dv m change of variableu = 1/(1 4 v)
n—1
1 1 2n+1/2
= — Z 2_k Res dv %
8 =0 v—>0 v
1 n—1 2n + 1
= _ ok 2
8 ; (n —k— 1)

1 i (4n + !
o oont2 S kL (dn+ 1 =201

3.3.4.3 Quadrangulations Genus 2

To genus 2, computing a)fz) gives:

2 (1+r)3< 105 y1o . 105 o
= -— (- —(1-
»" (@) =233 8( o) Tt =)
7(29 4 529r) g 7(29+1097) e
" 7 (1- (-
A T
7+ 94r+ 677 b . 84+ 113r—717 s
- (- 1—
872 (1=2)"+ 482 (1=2
144+57r—78° +71 _ 14-27r+ 1272+ 7 _
_ (1_22) 4+ (1_Z2) 3
96 3 96 3
14—41r+3972—117° - _
B 5761 (1-2) 2)

from which we have

13 17

(2) _ i =

T, _(ﬁ_'_ﬁ_ﬁ) 14 with r = /1 — 1214
= 45115 + 2007 £*1; + O(13).

That is, the number of rooted quandrangulations of genus 2 with n faces is:

=@

n(n—l)( 2n—1! 28n+ 13

— 13 %4"72).
4 (n—1D!n! 15 )
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3.4 Closed Surfaces

The topological recursion of Theorem 3.3.1 applies only to k > 1, i.e. maps with at
least one boundary.
Closed surfaces are surfaces with no boundary, i.e. elements of Még) . We want to

compute their generating function F, = W(()g) = a)(()g).

t;u():) IZ4(E) ) 't:lid(z)

Fo(t.13,... . 1a) = Z £ Z #Aut(ﬁ)

v seM® (v)

As usual in algebraic geometry, unstable maps require a special treatment, i.e.
Fo and F| are in fact less regular than F, with ¢ > 2. For example, Fy with g > 2
will always be an algebraic expression, whereas F and F| also contain logarithmic
terms as we shall see below.

3.4.1 General Considerations

The way to compute F, is through its derivatives. Indeed, it is clear from the

definition of the formal matrix integral that for everyl = 3,...,d:
dlnZ N ;
—=—<TrM >
ot It
ie.
oF,

| ) 1 ©)
a—tl = 77;‘2” = —YXIEPOSO.XI ng (.x)dx

and more generally:

I<Tr—— .. Ir——>. N 1 1
n-M u—M =— < Tr L Tr M >,
oy It x1—M X —M

which can be written (for 2g — 2 + k > 0):

W@, ] ® !
= 7 Res Wilnx ) ) dx
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or:
(g)
LyenerZ 1
(@ D) = Res 0 (2,21, ... 20) x(2) dz.
o l >0
x(z1) e %(2k)
Let us summarize it as a theorem:
Theorem 3.4.1
oF 1 1 1
—% = — 7% = —— Res ¥/ W (x)dx = — Res x(2)! ©\?(2) dz. (34.1)
o l [ x—>o00 [ 200
And fork > 1:
BW(g) e 1
W, G- - x) = —_ Res W_H(x Xis. .o X)X dx (34.2)

oy [ x—>o00

orfor2g—2+4+k>0:

00 1. ... 20)

1
o =7 Zlieoso w,iﬁfl(z, 220 X(2) dz. (3.4.3)

x(21)5-x(2k)

In other words, taking a derivative is an operation which increases the number of
boundaries k — k + 1.

For k > 1 and 2g — 2 4 k > 0, this relation can be inverted, with the following
theorem which decreases k by 1:

Theorem 3.4.2 Fork > 1 and2g —2 + k > 0 we have

w;ig)(Zl,---,Zk) = Res ¢(Z)wk+1(zl,...,zk,z) dz

2—-2¢g—k:
where
P'(z) = y(2)x'(2).

Proof This theorem is a general property of symplectic invariants (see Chap. 7), and
we refer to [34] for the general proof.

Here, let us do the proof for maps.

Assume k > 1. We shall prove by recursion on 2g + k that

Res @(z)wk+1(zl,...,zk,z) dz = (2—2g—k)w,£g)(zl,...,zk).
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First let us show that it holds for 2g — 2 + k = 0, i.e. for (g, k) = (0, 2). We have

—1 1
27y () @ - D212 G 1P
1 1
) G P @t D 1)

0
a)§ )(Zl,Zz,Z) =

(3.4.4)

which gives

—@'(1) 1

2yy' (1) (z1 — 1)? (z2 — 1)?
d'(~1) 1
2y (=) @+ D2+ 12

Res ®(z) a)go)(zhzz,z) dz =
7—>=+1

which vanishes because ®'(1) = ®'(—1) = 0.

Assume that we have already proved the theorem for all g/, K’ such that 2g’ —2 +
k' <2g—2+ k. Now considerk > l and2g —2 + k > 0, write L = {zy,...,zx—1}-
We have, from the topological recursion of Theorem 3.3.1:

Res D(z) wk +1 (20, L, zx) dzx

zx—=x
(@(zk) dzi () de) dz
= Res Res -
a—xl £\ (20—2) 20— 1/z ) 4y(@)x'(1/2)

[wéo)(z, Zk)wkg)( L)‘*‘ZZ%HJI(Z’J @’ \J\)( L/JT)

h=0JCL

[V h —h 1
+wﬁk(Z,L)w )( L 2) + E E wfﬁlll(z,l)a)iik_)ljl(z,L/J,Zk)
h=0JCL

+wk+21)(z, L, Zk)]

where as usual Y, >/, means that we exclude (h = 0,J = @) and (h = g,J = L)
from the sum.

For the moment, we first compute the residue at z — =1, and then at z; —
+1. We can exchange the order, by pushing the small circle where z; is integrated
through that of z. By doing so, we may pick a pole at 7y = zorz = 1/z:

Res Res = Res Res + Res Res

z—>E1z—>=%1 —>Elg—>+l  z—>*lzg—zl1/z

The only cases where there can be a pole at 7z = z or zx = 1/z, is when we have
aw, © (z,2x) or w, © (1/z, zx), because all the other a)k;g " have no pole at coinciding
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points. That gives:

Res ®(z) w,ﬁﬁfl (20, L, zk) dzx
Zk_>2|:1

= Res Res (

=+l g—>=+1

D(z1) dzx _ D(z) de) dz
(z0—2) 20—1/z ) 4y(2)x'(1/2)

8

/
.1
[ ol o) L)

h=0JCL

g 7
1 1
h h 1
DI ICHHE J)wfik—)m(; L/J.z) +0fs @ - L, Zk)]

h=0 JCL .
(o}
+ Res Res ( (zx) dzr— P(zi) de) dz
=kl =1\ (zo—2) z20—1/z ) 4y(2)x'(1/z2)

1 1
[wéo) (z 2w (Z, L) + o Loy (Z’ Zk)]

( D(zx) dzy _ D(z1) de) dz
(z0—2) 20—1/z ) 4y(@)x'(1/2)

1 1
|0 @200 .0 + o G Do (.2

+ Res Res

—=>=x1 z—zl/z

In the first line, the residues in zz — +1 are evaluated by the recursion hypothesis,
in the second line there is no pole at zz = %1, and in the last line we have

P(z) dz
Res wéo)(z, 7)) (z1) dz = Res D) d2
U2

w7 (z—z)? = (I)’(Z) = y(2) xl(z),

That gives

(8)
R o) L, zi) d
Zk—?ﬂsil (z) 02 (o, L, zx) dzk

_ R 1 1 dz
e ((Zo —2) 20— 1/2) 4y(2)x'(1/2)

g 7/
h -, 1

[Z Y @—2n—1— 1o, Do (= L/
h=0JCL <

g 7
|
+3 3 @28+ 20—k + T, . J)w;i#?(z, L/J)
h=0JCL

+2-2-1)-(k+1) 0% %,L)]
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+ R ( 1 B 1 ) dz
z—filfl (zo—2) Zo—l/Z 4)’(Z)x/(l/z)

[¥@y@0l .0 + 21250 /20 @ 1)

Notice that y(1/z) = —y(z), ¥(1/2) = -2 X (2), and 0 (1/2.L) = 20 (z. L),
the last line is thus worth:

1 1\ A o
—11_2351 ((zo—z) ZO—l/z) [2wk @ L)]

The only poles of the integrand are at z = +1 and z = 7y or z = 1/z9. By moving
the integration contour we find that the last line is thus

1 1 dz (g)
z—gfls/zo ((ZO —z) 20 — 1/2) [ = L)]

1
- —Ea)kg)(zg,L) 210 20®(1/z0, 1)

= _wlgg) (ZOv L)

Therefore we find:

Res D(z) ‘Uk+1 (zo, L, zx) dzx

Zk—>

1 1 dz
=@-2%-&-1) R, ((zO - 1/z) HOX(1/7)

g 7/
h —h 1
[Z PIECHICS J)wiiuf(g’L/J) + wk+1“(z, - )]

h=0JCL
—o (20, L)
=(2-2g-koP (L)

which proves the theorem. [J.

3.4.2 The Generating Function of Stable Maps of Genus > 2

F, is obtained as the k = 0 case of Theorem 3.4.2. Indeed, what we are going to
prove is that

il
al‘k 2— Zg

-1
Res ®(z) a)fg) () dz = 7;(") = Reosox(z)k a)fg) (z) dz.
7—>
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This will prove that F, coincides with 5= 5 Res, 11 ©(2) a)lg) (z)dz, up to a

constant independent of tx, and which can be computed at #z = 0, i.e. for the
Gaussian matrix model. It results:
Theorem 3.4.3
By, 12728 1
Vg>2, Fy=_—2% + Res ®(2) 0 () dz

20 (2—2g) 2—2g z—>=1

where ®'(z) = y(2)x'(z), and By is the 2gth Bernoulli number (By = 1/6, By =
—1/30, Bs = 1/42, By = —1/30, By = 5/66, ... ).

Proof We have

J ©

3_1‘1( zEeﬂfl ®(2) w, (z)dz
)

_ Res 220

© I (@
d Res @ — d
=1 Ot @1 (Z) ot —>e:|§1 (Z) ot @1 (Z) ‘

x(z) < k x(2)

From Theorem 3.4.1, we have

—1
0@ dz| = - ZR_ggo (@) 0P (2.7) dzd?,

a1y

x(2)

and thus

—1
= — Res Res D) x(Z ) w (g)(z,z’) dzd7 .

X(Z) 7—>+17—

(@
Res ®(z) —w?(z)d
z—)e:I:Sl (Z) alk @1 (Z) <

The residue at z — %1 is computed by Theorem 3.4.2, and gives

Res ®(z) iwlg) (2)dz

z—>=*1

-1
= (1-2g) /li(fgo () o® () dz .

x(2)

And since d®/dx = y, we have from Lemma 3.1.4

B 0®(z)

_ @ (@Y= @Y+ = (:(@)H-
al‘k ’

w2k k 2k

By the symmetry z <> 1/z, we see that

Res (x(z)")4 a)fg) (Z)d7 = — Res (x(z)")_ a)lg) (&) d7.
77—>=+1 7—=*1
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Then, notice that the only poles of (x(z')*)— a)fg) (Z)areat7 = +land 7 = 0,
therefore

Res (x(z))— wl(g) (7)d7 = = Res (x(z)")— wl(g) (Z)d? = Res (x(z)5)+ wl(g) (&) d
7—=1 7—0 7—00

(where we have used the symmetry z <> 1/z again). Since (x(z')¥)— wfg) (z) has no
pole at oo, we can add it, and obtain

Res (x(z)")— a)fg) (Z)d7 = Res x(2)* a)fg) (?)d7,
==+l /=00

which implies

R -1
@ a)fg) (z)dz = — Res x(Z)* a)fg) () d7,
—+1 Ot x(2) k 7—o0

and thus

ad —-2-2 oF
— Res ®(2) a)ig) (2)dz = —2-2%) Res x(2)* a)ig) (Z)d7 = (2—2g) —=%.
oty z—+1 k /=00 oty
Therefore F, — ﬁ Res. 41 () ¥ (2)dz is independent of #. It can be
computed at all #, = O, i.e. using the Gaussian matrix integral, for which, it is

2—72,

known that F,(Gaussian) = f;fzt—_zgg). O

Again this theorem is a general property of symplectic invariants, see Chap. 7.

Example Quadrangulations
A direct computation of the residue in Theorem 3.4.3 gives

P (—89r5 +207* + 1307 — 1007> — 657 + 56 34)
2 = g

5% 9x28,5 8
15 , 2007 ,, 28323 ,
= — [t — 1t — 1t
I R T Ty ot
1 (2n + 3)!
- - 12tt)" P2 (————— (281 + 65) — 195 1),
5*33*28t2nz( ) <22”n!(n+2)!( n+ 65) (ot ))

>1

where we have written r = /1 — 121, .
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3.4.3 Planar Maps

We want to compute Fy. The result has been found by many authors [4, 5, 31], and
can be written as follows:

Theorem 3.4.4 The generating function of planar maps is any of the following
three equivalent expressions

1 dz 3 2
Fo= = (Res V(x)WfO)(x)dx + 1 Res V()c)—Z +—+7In (y_))
2 \z—>o00 =00 z 2 t
1 y? 2ty :
= E(Z ]_.("‘j+1 —ui1)” + T(_l)j(uzj—l — Uaj+1)
=1
3, y?
R 1 -
+ > + n( p ))
1(2'2+4t( Divg+ 25 1 (Vz)) (3.4.5)
=5\ 27 Dyt " -
2 o 2 t

where V(x(2)) = 2vo + 5 vi(@ + 7).

Proof 1Tt is sufficient to prove that its derivative with respect to any #;, is:

oF, 1 1
= <M >O= —— Res ¥ WO x) dx
oy l | 700

and that the initial conditions (#; = 0) agree.
¢ Let us compute d/9¢; of Eq. (3.4.5).
First, notice that at fixed x(z) we have:

dx(z)
dy B

)
0=X@ 3" +5 +5-C+2).
1 l Z

and thus

0z dz (80{ dy 1 )

oy~ dx oy oy

which implies after dividing by z:

dlnz _ dlnz (E)oz dy 1 )

BII - dx a_l‘l + Btl 2
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and applying d/dx:

d 9 d /dz d /dz 80(

Z —_ (== (=L 27

dx 01 ne= o, (de) dx(zdx ( o, al‘z (Z + )))
Since V(x) = Zz 3 tl 7> we have:

0 ¥ dz . dz (0o dy 1
31‘1(Res V() — ) = RO%S 7? + Rogs V(x)? <_tl +_1(Z+ E))

o0

Since we have V' (x(z)) = Z, —o ui(Z 4+ z77), we have:

d d
0=2uy = — Res V'(x) & L4 =~ Res V/'(x)dz = — Res V'(x) —ZZ
00 z y ) ) z

therefore:
X dz 2t Ay
Res V — Res — — — —
ll( gs V) ) o [ z y oy
ie.
0 )
(Res V(x)—+t1ny ) —Resi—zzro
atl o o [ z

where we have defined

l l

lxl = r0+er(Zj+Z_j) =r+ri@+r-) , rs(x) = erzij = rx(1/z2).

l
j=1 j=1

For k = 1 and g = 0, Eq.(3.4.2), together with a)éo)(zl,@) = 1/(z1 — 22)%,
becomes:

W (x)
ot i

1
= —— Res W( )(x X2) x2 dx;

l X2—>00

1 1 1
= —- Res xb dx
| 5500 ( XX (2)(z-2)? (& —xz)z) 25

1 771 X/

1 —1
=— i R _— —-—— | xda
[ ;J xzjgo (x "(2)x'(z2) Z/+1 x/+1) *2 4x2

2

-1
- ZX’(z) Zz—>ooZ] j+1x(Z2) dz
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Since x'(z) Wfo) (%) contains only negative powers of z, we have:

W (x)

X' (2) o0

=—-(x(Q"'¥(@@)- = —% (@) = —r—(2). (3.4.6)
That implies:

9 !
o Res V@ Wi” (@) dx + 2 Res % W (x) dx

(0)( ) l
G At Res T WO x) dx

= Res V(x)
= Res V/(¥) r-(9) ¥ (9)dz + Res (ro + 4 (2)) W () dx

= Res V/(x) - (2) ¥ ()dz + Res r4.(2) W, (x) d — iro

= Res (V/(x) = W\ (1)) r-(9) ¥'(2)dz + Res r4.(2) W, (x) dx — 1rg
= Res W (x(1/2)) r-(2) X' (2)dz + Res r+.(2) W} (v) dx — tro

= Rg,s Wl(o) (x(2)) r+ () ¥ () dz + Ro%s r+(z) Wl(o) (x) dx — trg
= Rg,s Wl(o) x@) r+@ dx+ Rofo:s r+(z) Wl(o) (x) dx — trg
= —try

indeed it gives —1ry, since Wl(o) (2)r+(2)X'(z) has no other poles than 0 and oo.
That implies:

0 d :
—(Res V(x)Wl(O)dx +1Res V= + 2ln y?) = —2 Res )inO)dx
aty -~ oo o0 < o I

which is the result we sought.

* This shows that F, is given by Eq.(3.4.5), up to an integration constant
independent of #;’s. The constant can be computed with #; = 0 for k > 3, i.e. a
quadratic potential V(x) = _’zx Wthh we have already studied in Sect. 3.1.9,

and for which we should have Fy = —7 In (—1,). In that case we have (see the
example Sect. 3.1.9):

t 1 t 1
Up = 0, uy = ; ’ V= _t/t2 ’ )C(Z) = y(z+g) ’ y(z) = E(Z_Z)
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The expression Eq. (3.4.5) gives as expected:
1/y? 3 2
5(711{% — Zt]/bll =+ 7 =+ tz In (]/z/t)) = —E In (—tz).

O
There are also nice expressions for the derivatives of F(, with respect to #:

Theorem 3.4.5 Derivatives of Fy with respect to t:

V2
81?0 = Res V(x(z))— +t+tln( ; )

2
= tln(VT) + t — 2vy

9*Fy | y?

— = In —_—

or? t
1 33F0 dz 1 1 1
20 Res o= (—— + ——).
(s TS 2X0@)y @ 2y (y’(l) * y’(—l))

Proof Specialize Eq. (3.1.12) of Lemma 3.1.4 to z = 1 and z = —1, at which X'(z)
vanishes, this implies:
do dy ax(:b 1) +1

2 ,
ot ot o y(%1)

from which we get

by 111 da 11 1

o 4\y®  yen) o w - 2\y(m yen)
This also implies that x = dx/0t at fixed zis X = & +y(z+1/z) (we denote” = d/dt
and’ = 9/0z), and applying the chain rule, we find that at fixed x we have

0z Lo
PR ) = = 55 @+ § 60—,

and

dlnz 1
or zx’( )

(a@+y(i+1/2).
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Then, use the first expression of Fj, namely:
© 3 v
2F) = Res V)W, 7 (x)dx + t Res Vix)dlInz + — 2 +7In ;

and take a derivative of each term with respect to ¢ at fixed x, that gives

oF, dln
28_0_2 Res V(x)—+t Res V(x)d( 5 )+2t+2tlny +2t2y.
14

Let us integrate the second term by parts, and get

JoF
za—o =2 Res V(x)— +1 Res V'(x) —(oc + —(x(z) —a))
+2¢ + 2tIn y + 2t2y
v
d 2
=2 Res VW)= + 2t +21ln -
700 Z t
t d ty d
+Lya—ay) Rs Vi) £+ X (Res Ve E 4 2t) .
Y =00 z y \g—>o© Z
We have
1 _ 9 1 (0) _
Res V' (x) = — Res V'(x) W, (x)dx = 0,
700 Jt x—o0
/ 3 /ooy w© I,
Res xV' (x) = — ResxVi(x) W,"(x)dx = — — 1~ = —2¢.
700 Jt x—o0 ot

This implies the result for dF,/0z.
Then, one easily finds the last equality that 3>°F, /9> = Iny?/t. O

3.4.4 Genus 1 Maps

Genus 1 closed maps are elements of M(()l). Their generating function is given by
the following theorem.

Theorem 3.4.6 The generating function of genus 1 maps is

Fi=— 27 Y ()Y (-)/P)

This result was derived many times, in particular in [4, 22, 31].
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Proof Let us denote 9/9,, =", and d/dz ='. From Eq. (3.1.13) of Lemma 3.1.4, we
have

Wi =H L HO =5 (60D - @)
Taking the first derivative, we have
¥y +xy' =y X —yx' =H]/
and the second derivative
Ay 42y 4 xy" =y X =2y X =y = H].

Atz = 1, we have X' (z) = 0 and ¥’ (1) = 0, therefore we get

(DY (1) =3 x"(1) = H{(1)

ie.
) HE)
5(1) = i) )~ .
and
F(1)y/(1) + 21Dy (1) — 25/(1) (1) — $(1) (1) = H' (1)
i.e.
ya oW, oy )
vy - ey T Ve T emyn P nyom
) ) HOS0
v) - 2y Ty () 20 (1)
. Vi) ()
+“D(memfdﬂmwﬂ0'

Beside, we have

(1) =6 +2y =

Hi() 20 _2_ L (5D _#eh)

Yy @)y ay \y(d) YD
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Therefore
LYW o O H D )
24y (1) 48y 96yy (1) 32yy(1) g %y y' (1) = 32yy(1)?

and, similarly at z = —1 we obtain
Ly _ 7 H/'(-1) H/(-1)
24 y(=1) 48y " 96yy(=1) 32yy(-1)

/ y///(_l) y”(—l)
+H(=1) (_ 96y y'(—1)? " 32Vy’(—1)2) '

From Eq. (3.3.4), we have

Yy 4y
o) = LS SO (A )
: 16yy() \ c—D* ~ (z—1) 2(z—1)?
//(_1) 'W(—l)
1 [ St oy Ml
16yy (=) \ @+ D* (+1)3 2(z+ 1)?
and thus
Res Hi(z) wfl)(z) dz
7—>=+1
.//(l) .///(l)
_ 1 H'(1)  H/(1) 2 1+ 50 + 5o
16yy'(1) 6 2 k 2
Y=  yY(=D
1 H'(-1) H/=1) H (1) =V T o
16yy'(—1) 6 2 k 2

ie.

M R O I U D I 4
Res @ e @ dz = =0 S ~ 2y T 24y
e (Hzm ) H;(—n)
2y \yd) YD
1y@m 1y oy 7

T T 24y() 24y(—1) ' 24y 8y

_ 1y 1yEh 2y
24 y(1) 24 y(—1) 24y’
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Eventually, we arrive at

19
— — Iny*y/(1)y(=1) = — Res H, D7) dz.
243 Y Y(DY(=1) =~ Res Hi(x) o (@) dz

The only poles of Hy(z) wil)(z) are at z = 1,—1,0,00, and thus, moving the
integration contour we have:

1 9
—— Iny*y(1) Y (=1) = Res Hi(2) wil)(z) dz + Res Hi(z2) a)fl)(z) dz.
24 0t 0 0

Near z = 0, we use the symmetry Hy(1/z) = —H(z) and w{l)(l/z) = zza){l)(z),
and thus

Res Hy(2) ;" (2) dz = Res Hi(1/2) w1 (1/2)d(1/2) = Res Hi(d) oy () dz.

Then, near z = oo, 2kHi(z) = (x(z)")+ — (x(z)*)—, and it is clear that
(x(2)"— a)fl)(z) has no pole at z = oo, thus:

Res x(z)f a)fl)(z) dz.
o0

1 —

2 Ro%s Hi(2) wil)(z) dz =

This implies that

oF
Res x(z)f wf”(z) dz=——

1 d
23 my?Y )y = Re i

24 0t

1

where we used Eq. (3.4.1). This proves that F; + ﬁ Iny?y (1) y'(—1) is independent
of #, and can be computed when all 4 = 0 V £, i.e. for the Gaussian matrix model,
and we find that it is worth 21—4 InA.0O

Example: Quadrangulations
For quadrangulations, that gives (r = /1 — 12114):

1 1
Fl = — 1n tr

12 2r

_ My 1575 337 N 251181} N
4 8 2 16
1 <3 (., @n=1!

- - 22n | O S )",
124~ n ( n!(n—l)!) (#12)

n>1
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3.4.5 Derivatives of F,’s

The following derivative formulae are very useful:

Theorem 3.4.7
oF, 1 (@ 1 (©)
= TR R ol w0 e = £ Rey ol 4
1
=g R Res a)(g)(z) ((X(Z) )+ — (x(2)")- )
aa),(f) sy ey in 1
don (21, 2) = —— Res 0% (z.21....,2:) x(2)" dz
atk 7—>00
x(z)
1 k
= Res 0® (z.z1, ... 2) () dz
1
- 5{ ZReS a)n-l—l(z’ Llyenes Zn) ((X(Z)k)+ - (X(Z)k)_) dZ

This theorem can be seen as a consequence of a general property of the
topological recursion, the form-cycle duality deformation Theorem 7.3.2. For
completeness we give the direct proof for maps:

Proof Using Theorem 3.4.1, we have

OF,

1 1 _ 1 " (2) dz
(8) _ (2) k(2
. —TY =— XRes XX W (x) dx ZRes x(2)" ;> (2) dz.

Since a)ig) (z) = O(1/7?) at large z, we can replace x(z) — (x(z)*)+ by keeping
only positive powers of z:

oF, 1 k @
T = e R @Y 0 @) de.

and we can even add any negative powers of z, for example:

% = 1 Res (04 — (0H)) 0@ d
1y k z—o0

Using the symmetry z — 1/z, we also have

= = Res (005 — 6(2)-) 0 @) de
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and thus adding the 2:

Fg _ 1 o (60N — (@)

(€]
dz.
oty 2 z—0,00 k @1 (Z) ¢

x(z) has poles only at 0 and oo, and so do x(z)% , and wfg) (z) has poles only at
z = =1, and the sum of all residues of a rational fraction has to vanish, therefore:

Oy _ 1 G@N — (Y-

(8
dz.
oty 2 ==+l k @1 (Z) ¢

we have proved the third equation of the theorem.

Theorem 3.4.1, also applies to W,(lg) and gives in the same manner, the fourth
equation. [J

There is a similar theorem for the derivatives with respect to ¢:
Theorem 3.4.8

OF,

>1,
&= ot

o0
= / a)fg) (z) dz=— Res a)fg) (z)dz Inz,
0 =1
and more generally for 2g —2 4+ n > 0 we have

30 (21, 2)
ot

* @
:/ a)nﬁ_l(z,ZI,...,Zn) dZ
0

x(z;)

(€3]
=— Res w Z,20,.--,22)dz Inz.
7—>=+1 n+l( n)

We shall admit it. This theorem is also a consequence of the form-cycle duality
deformation of topological recursion: Theorem 7.3.2.

3.4.6 Summary Closed Maps

Finally, we have just proved that the F,’s, are the symplectic invariants (see Chap. 7)
of the spectral curve £ of Theorem 3.3.1:

Theorem 3.4.9 The F,’s, are the symplectic invariants of the spectral curve £ =
(C U {00}, x,y) of Theorem 3.3.1:

Bzg 22

Fg:Fg(6)+—2g(2—2g)
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1
Fi=F(€)+ ﬂlntz

32 2
Fo = Fo(€) + e Elntz.

Again, this theorem gives an efficient way of computing explicitly the F,’s. It can be
represented diagrammatically as in Sect. 7.4 of Chap. 7. Also, this theorems allows
to compute easily the asymptotic numbers of large maps, as we shall see in Chap. 5.

3.5 Structure Properties

So far, we had defined W,gg) ’s and W(()g) = Fy’s to be formal series of ¢, whose
coefficients are polynomials of t3, t4, . . . , t4, and polynomials of 1/x;:

Wy, ..., x) € QU1/xi}. 13,4, ..., 14][[A]].

We didn’t consider the question of convergency of the formal series.

Now, from the explicit solution, and from the topological recursion, we see that
the W,gg) ’s, are algebraic combinations of y, «, and the Zhukovski variables z;’z, and
all of them are algebraic functions of .

This shows that W,(,g) ’s are algebraic functions of ¢, the series are thus convergent
in some disk. Let us be more precise.

Since the topological recursion of Theorem 3.3.1 only amounts to computing
residues at z = %1, all the wg ,,’s will be polynomials of the Taylor series coefficients
of the function y(z) at z = 1. We write the Taylor expansion at z = 1

Y@ —y(1/0) =2y(1) =14+ ) yrac— DY
k=2
oratz = —1
Y@ —y(1/20) =2y (D) @+ 1+ Y yu @+ DH.
k=2

Then, the topological recursion of Theorem 3.3.1 can be written:

1 dz 1

(8) —
) (z0,L) = Res
! E=Zil dyy'(e) e (oo — D@ =€) 1432, yest1 (z—e)F
f < 1 1
h —h —1
[ Z Z a)f_i)_#J(z, J)wfinﬁ“(—, L\J) + w,(li2 '(z, -, L)].
h=0JCL z z

By an easy recursion, this says that



3.5 Structure Properties 121

Proposition 3.5.1 The stable (2g—2+n > 0) a),(f) s are polynomials with rational
coefficients, of the 1/(z; £ 1), and of the Taylor series coefficients yy ;’s and the
y-j’s, and of 1/4yy'(£1):

YR 0B (20,L) € QU/(z— 1.1/ + 1), 1/y/ (1), 1/y(=1),y1j.y-.

There is a lot of redundancy in the parameters y+ ;’s, for example y”(1) = —3y/(1).
The moments of M(x), see Definition 3.1.1, are better suited.

The method of moments was introduced by Ambjgrn, Chekhov, Kristjansen,
Makeenko in 1993 [5], as the coefficients of the Taylor series expansion of M(x)

rather than y(z) = —% M(x)\/(x —a)(x — b), near z = £1, i.e. near x = a, b:

M) =Mpo (1= Mg (x—a))
k=1

=M_o(1=> M_; (x=b)").

k=1
We then use the topological recursion in the form of Theorem 3.3.2:

v (xo —a)(xo — b) W,(fgl(xo,xl, e Xp)

dx 1 (9)

x—>esz Xo— X M(x) Wk_H(x’ e ’ Xk)
1 dx 1 (9)
= Res W (X3 X1, ... Xn
Mio x>a xo—x 1 =30 My p(x —a)t w1 )
1 dx 1
+ Res W,(f:l(x;xl,...,xn).

M_’() x—=>b xg—x 1 — Zkzl M_,k(x— b)k

From it, it we have (first claimed by [5]) that:

Theorem 3.5.1 If2g—2+n > 0, the w® (z1, ... ,zn) are rational functions of the
z;'s, with poles only at z; = x1, of degree d; + 2, such that d; > 0 and Zi d; <
6g — 6+ 2n.

Moreover, they are rational fractions of y and the 3g—3+n first moments My ’s:

A6y =2 Wy x) [ Ve — o) —b)
i=1

Xi—a XxXi—

4 4
E Z[ Y ,—Vb,1/M+,o,1/M_,o,{(4y)kM+.k}k53g-3+n,{(4y>kM_,k}kssg-3+n]
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and more precisely

A6 2 WO (L x,) ] Vi — @) — b)

i=1

= Y P/ M0, 1/ Mo () M () M)

e==x1 d;,> di<3g—3+n

(4y)d;+l
[T — 22 = 2ye)7

where Piﬁ;”’(l/M+,o, 1/ M 0; {(4y)*M 4 3} k<rg—34n> {(4Y)*M_ i }i<3g—34n) s a
universal polynomial with integer coefficients.
Or equivalently

4872 4y WO (v, x) [ [V — @) (i — b)
i=1

= D PEI/Mio 1M1 /4y My 1AM i)
e==x1 d;, ) d;i<3g—3+n
(4)/)d,'+1
[Tt — 2 —2peyditt”

where Pi’f&")(l/M+,0, 1/M_o; 1/4y, AM 1 kb r<3g—34n, AM— i Sr<3g—3+0) IS a univer-
sal homogeneous polynomial with integer coefficients:

it is homogeneous of degree 2g —2 +nof 1 /My o and 1/M_,

* homogeneous of degree (3¢ — 3 + n —)_,d;) in all the other variables, where
each M. is considered to be of degree k, and 1]y is of degree 1. This explain
that it depends only on the first 3g — 3 + n moments My ;’s with

k<3g—3+n.
o It is invariant if we change €; — —¢;, and (4y)"My; — (—4y)* Mz :
PE /Moo, 1/ M- 0: {(4) Mo i) A (4y) M- i})

= (=) Xl PN (L Mo, 1/ My 0: {(—4y) M-}, {(4y) My i) (3.5.1)

PE (1/ My 0, 1/M— 03 1/4y, (Mo i}, {M—})

= (1) Ed P (1 M5, 1/ My 03 —1/ 4y, {(=) M} A (= 1M 1)
(3.5.2)
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Proof Let us define the variables x; such that

b
)_Ciz(xi_a; )/4%

and define M ; = (4y)* M.
Define, for (g, n) # (0,2):

U (1. %) = (16 W () [ [V — a)(xi = b),
i=1

and
2X1X — &
(0) 1273
U x) = ——— 2
2 (-xl -x2) 4(X1 _xz)z
Define also, for (g, n) # (1,0):
W,(ﬁl(X;xl, ceXy) = U,iil)(x,x,xl, ey Xp)
/
h W
+ > Uy ) U",, (1)

h+H =g, 1L ={x1,....xn }

and

1
16 (x—1/2)(x+ 1/2)°

WP () =

The topological recursion can be written

U,(f_zl(xo,xl,...,xn)
16 R dx 1 V_V,(f:l(x;xl,...,xn)
= es =
Myg 1230 —x 1= Y0, Myi(r— 1/2)F = 1/2)@x+1/2)
A8 (..
N 16 Re dx 1 Wnil(x,xl,...,xn)

M_g o123 —% 1= Y, M_g(x+ 1/2F (= 1/2)(x+1/2)°

First notice that y, a or b no longer appear.
We can expand:

1 00 L l
= Yi=1ki
- Zkle:I:,k(x:F 1/2)k 1+ Z Z (HMtkf) (xF1/2)
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which involves positive powers of (x F 1/2), whose coefficients are polynomials of
the M + & s with positive integer coefficients.

The Laurent series expansion of 16 Wﬂl (x;x1,...,x,) near x = 1/2, involves
negative powers of (x F 1/2), whose coefficients are, by recursion hypothesis,
polynomials of the M. ;,’s with integer coefficients. Notice that we need the factor
16, for the case V_Vl( D (x), and also when we have some Uéo) (%, xj) (and there can be
2 of them in a product), so indeed the coefficients are integers.

The Taylor series expansion of (x &= 1/2)™% near x — £1/2, is:

(x+1/2)~ = (F1)¢ Z(d Dt

—' T F1/2)"

which also involves only integer coefficients.
We also have

S (@ F 1/2)
= 2 Gow i/

X0 — X (o F 1/2)do+1
2xxi—1/2 > 1/2)¢
g — 1/ =@+ (x¢/)/
(x—x))? frrt (g F 1/2)7+!

, F1/2)7
+0y—1/2+x + 1/2)[!/2151( 127

All of them contain powers of (x; = 1/2), with integer coefficients.

The residue picks the coefficient of the term (x F 1/2)".

For a given term in ngﬁzl(x; X1,...,%;), DOt containing any U(O) , we have, by
recursion hypothesis, terms of the form:

@F 1/ [ £ 1/2747" [[May
)

j=1

with integer coefficients and where

d—}—d’:(3g—3+n—1)—Zdj—Zk§—m’ , m > 0.
=1 ]

_ To that, the term 1/(xo —x) adds a power do, and 1/M (x) adds a power k; for each
My, and 1/(x—1/2)(x+ 1/2) adds a power —1 + m. The residues thus keeps the
term where

—d+d+2)+dy+m—1=-1
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ie.

3¢—3+n+l=do+y di+Y K+Y k+m+mn
j=1 ! l

withm > 0and m’ > 0.
A similar equality is found for terms involving some Uéo) (x, x7).

This proves the theorem.
O

For closed maps, we have the n = 0 counterpart of that theorem, except that the
coefficients are not necessarily integers:

Theorem 3.5.2 For g > 1, the generating function F, of closed maps of genus g, is
a homogeneous polynomial of the moments

Y Fy € QU/Myo, 1/M—o; 1]y, AM s hi<sg—3, AM— i} r<3e—3]-
More precisely
4% (4y)™! Fy = PO /My 0, 1/M_ 03 1/4y, AM i hi<zg—3. AM— s bi<3e—3)
where PO (1/My o, 1/M_0; 1/4y, M4 i }bi<3g—3, M-k }k<3—3) is a homogeneous

polynomial with rational coefficients

o ofdegree2g—2of 1 /My oand 1/M_,
* of degree 3g — 3 in all the other variables, where each M. is considered to be
of degree k, and 1 /4y is of degree 1.

Proof This is easily proved by integrating ng) (x). Integration does not preserve
integer coefficients, we get rational coefficients.
O

It is also very convenient to rewrite it in the following form:

Corollary 3.5.1 Forg>?2
Fo = 7% POO(t/My o> t/M_ oy 1Ay My ihessg—s. {7 M_ i lk<se—3)-

The reason to write it this way, is because szi,o /t and y"Mi,k are dimensionless,
which make them more interesting. See the example of quadrangulations below.

Proof Just use homogeneity. [

Then, notice that the derivatives of y(z), and the moments M4 ;, are linear
combinations of the coefficients uy, i.e. they are polynomials of «, y and the #’s.
Since « and y are algebraic functions of the #;’s and ¢, we see that the coefficients

of w,(lg) and F, are algebraic functions of 7 and the #’s.
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Theorem 3.5.3 When (g,n) # (0,0),(1,0), ©\® and W, are formal series of
t, which are in fact algebraic. The formal series are convergent in a disk of finite
radius R independent of g and n.

Fo and F, are not algebraic, they have in addition logarithmic terms, but they
are also convergent in a disk of the same finite radius.

Proof We have already mentioned that the a),(,g) ’s and the W,(,g) ’s are rational
functions of @ and y. Their denominator are powers of M4y and y, or in other
words, the denominators are powers of y'(1) and y'(—1).

It is easy to see, that, for generic #;’s, o and y are analytical at t = 0, and they are
algebraic, therefore they are convergent series of ¢, within a disk of a certain radius
R. The radius R is necessarily finite R < 0o, because an algebraic system of equation
has a singularity at the zeros of its discriminant, which is itself a polynomial, and
thus it has zeros.

Since the only singularities of s and W¥s can come from the singularities
of &, y or the zeros of y'(£1), the radius of convergence is independent of g and n.
|

3.5.1 Singularities

Therefore, the W,(lg) ’s have algebraic singularities, of the form:
(tc — )%

where |f.| = R is the radius of convergence, and «,, € Q is called a “critical
exponent”.

Chapter 5 is entirely devoted to the study of those algebraic singularities, and
what they imply for the asymptotic counting of large maps.

3.5.2 Examples

. Wéo) :

—1 1 1 1
2yy' (1) (zo—1)? (z1 —1)? (2 — 1)?
1 1 1 1
) T IR @ IR @ 1R

0
0P(20,21,22) =

is of the form of Theorem 3.5.1,i.e. [, 1/(zi—e€:)%*? with } " d; < 6g—6+2n =
0,i.e. all d; = 0, i.e. only double poles.
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In terms of W§0) and the moments:

2
2@~ [] Vi — a) i = b) Wi (xo.x1.x2)
i=0

o I I 1 I )
T T \Myp (o —a)(x1 —a@)(xa—a)  M—_g (xo—b)(x; —b)(xa —b)/’

is of the form of Theorem 3.5.1,i.e. [, 1/(x;—a;)%*! with }" d; < 3g—3+n =0,
ie. all d; = 0, i.e. only simple poles.

In the notation of Theorem 3.5.1:

2 -2
(0,3) (0.3)
Plgiogro=—— , P g =—.
FOH00 T R 0= 00 =
. Wfl):
For example we have from Eq. (3.3.4):
oV L ! y"(1)
: 16yy'(1) = D*  16yy'(1) =13~ 96y (1)? (z—1)?
1 1 y///(_l)

Ty ) GL ) 160y (=) G} %6y (<12 c+ 12

In terms of moments:

1 1 1 1
16 Vx—a)x—b) W' (x) = T ( + My - —)
+o0 \x—a 2y ) x—a

- SNV B
M_o\x=b """ T2y ) x=b

It is indeed a polynomial homogeneous of degree 2g — 2 + n = 1 in the M4 o,
it has poles of degree at most 1 + 3¢ —3 4+ n = 2 atx = a and x = b, and
the terms inside the brackets are homogenous of degree 3g —3 +n = 1 in
1/(x—a),1/(x=b),M+,.1/y.

In the notation of Theorem 3.5.1:

1 +.1~ 3y
k.
M ' My
2
pin _ 1 p(LD M-y + 3
~ , —0 = .
0 ’ M_
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. W‘(‘O):

4
W (x5 x0) [ | V@i — @) (s — b)
i=1

3 Lol yMey -y
= i (Gt 5+ X =)

j=1
1 yM ¢ Y
+Mi’0 Hx»—b(1_6_ 4 _24(xj—b))

i=1" j=1

1 1
— + 5 symmetric terms ).
16 My o M_ <(x1 ) —a) G —b)—b) )

In the notation of Theorem 3.5.1:

3
P$’1)+0+0+0=_3 P(JS’?))+0+0+0=—E-’_BM{1
,1L,+.,0,+,0,+, 2 ’ ,0,+.,0,+,0,+, 2
M+ 0 M-I—,O
3
P04 _ =3 PO _ iy M-
-1,—-,0,—,0,—,0 — 2 ’ -,0,—,0,—,0,—,0 — 2
M—,O M— 0
PO __ 1
+040-0=0 T 3
b Fz!
20M> | 29M_,M_,  35M_5 21M;
£ 4yF, = ( . S j S - 3 ;m
10M2 8M2 24M% , 10M7

29M+‘1M+,2 35M+,3)
8M7 24M°

1( M_My, | 22ME,  43M_, 22M 43M+,2>

ay \ AM_ oMy, SME, C1aMP ) SMA T 12M2
N 1 3M_, 3My 181M—,  181M4
4y \4M_oMyo 4M_oMyo  30M>,  30M7

L1 5181 1l
(4y)} \M—oMyo = 30M~, ~ 30M7%

which is of the form of Theorem 3.5.2. It involves the M4  up to k = 3.
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3.6 Examples of Higher Topologies Computations
3.6.1 Quadrangulations

In Sect. 3.1.7, we enumerated planar rooted quadrangulations. Let us now enumerate
quadrangulations of higher topologies.
We have V(x) = x2/2 — t4x*/4. Let us define:

r=+1-1211 .

The disk amplitude Wl(o) is given by Theorem 3.1.1, with the Zhukovsky change of
variable

2t
= 1 , 2 ,
x(2) =yz+1/2) e i
we have
t
u = — y u3=—t4)/3.
14
Theorem 3.1.1 gives
3
(0) up - u3 t tyy t (1 1—7r )
W X\Z :—+—:———:— e — .
1 (()) z Z3 Yz Z3 y z 3(1+r)z3

Written in the form Wfo) = %(V’ (x) — M(x)y/(x — a)(x — D) this gives

t 1—r (X2
M(x)=—f4(X2—V2—W)=V—T (p—“)-

The moments are

Myo=M_o=r,

1—r1
My, =—-M_; = -,
3r vy
Maor =M _l—rl
+2=M_H = 3 72

For planar quadrangulations without marked faces, applying Theorem 3.4.4, we
find:
1 2 2 3[2 2
Fy = 3 (%(ug, —1,)% + %u% —2ty(uy —u3) + ty us + > +71n )/7)
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4 2 2 2 2

5t 3r t
:V___V+_+_ln)/_
24 12 8 2 t

2 1 5 3 14+r
=L - +2 m
> Gas " 30+n s 2

py Len bt 3 (20— 1)! 1

nl(n+2)!
1 5 r? 4P
2 6
=2 (zm2-2-" 40 4o 3.6.1
(2“ % Ty st ()) Ge.1)

For genus 1 quadrangulations without marked faces, applying Theorem 3.4.6,
with

t 2r
/1 — /_1 — _ _
Y1) =y ST
we find:
1 +r 1 3n oo _ (2n) "
FI—EI o _2_2;7 ( ) (tty)". (3.6.2)

We also have

A=) +2@P+6r—2)+22(#—-1)
122 (1 — 2)*

n n (2}1) n—1
= iy 55 2 (2= ) enr

For genus 2 quadrangulations without marked faces, applying Theorem 3.4.3, we
find (with the Bernoulli number B4y = —1/30):

1
o' (@) =

P —89r° 4 20r* + 130r* — 100r> — 65r + 56 By
2T 5% 9 %285 8
15 5, 2007 ,, 28323 ,
= 84+ F¢ £t
gt 16 at 10 it

1 2n + 3)!
S 2y (SN 084 65) — 195(n 4+ 1),
5¥3 %257 g( ) (22”n!(n+2)!( 1+ 63) = 19501+ 1)

(3.6.3)
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We also have
0@ = (21 + (=1 + 20 =1 (14 + 1)

—2(2 + 20 — D*(7r* + 94r — 56)
+4(* + 2'2)(7r* + 3207 — 6427 + 4137 — 98)
+(2° + 219(922r* — 629217 4 6630r> — 35561 + 784)

+228(47177* — 51617 + 44977 — 2275r + 490)) /(576 27 (1 —22)'%)

r—D2>(r+1)(r+14)
24t¢7 '

71(2) —

For genus 3 quadrangulations without marked faces, applying Theorem 3.4.3, we
find (with the Bernoulli number Bg = 1/42):

_ Bg (1 (1 +r?
244 3228 yI0

+1234507* — 42828/° + 6619r6>)

Fi (13720 —73752r + 163275r% — 19034073

1« (12t0)" / nl
-2 ( (781 + 490 )
n>5

34210 5 \4! (n—4)!
2n—1!
" s n—aygn PO m) (3.6.4)

TO Z (1 Py 2450 — 3033r + 29172 4 29277
¢ =U=r

33 26 13 412
L (2450 3033 291 292
=14 (W‘T"‘W"‘F)
L i+ ) Qn+
=1 > (121m) ( o (27414490 — LTt (2741 + 674n)).

n>1

Andsoon...
Using Theorem 3.5.2, or more precisely Corollary 3.5.1, we see that for every
g > 2, we shall have:

_ 1+r)23_2 1—r
— 42 Zg(

=t P

s 3r)

F
8 r2g—2
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where P, is a polynomial of degree at most 3g — 3. This implies that

— 2% Qg (r)
- 7585

Fy

where Q, is a polynomial of degree at most 5¢g — 5. Since we know that in the limit
t — 0, we have r — 1 and r227%F ¢ should vanish, this implies that P,(0) = 0 and

Qg(l) = 0.

In other words, 62 F ¢ is a polynomial of 1/r, of degree 5g — 5.

5¢—5

— 2% Qs k
Fg = Z y5e—5—k"

k=0

To anticipate on Chap. 5, we notice that F, is singular at » = 0, i.e. at t =
—1/12t4, and it has an algebraic singularity of the type:

(r — 1/1284)>/42728)
Example: Triangulations

We use the computations and notations from Sect.3.1.8, i.e. we write 8tt§ =
r(1 — r?), which has the expansion

_ -1 o L(Gn=1)/2) 5 4
r=- Xn:(Stt3) —n!r((n+1)/2)_(1 M2 — 2428 + ).

That gives

Theorem 3.4.4 gives

1—-72 1 8t12)" ra+
Fo=1r L i :tzz( ) (a+35)
1212 2 3n. (n+2)!T(1+12)

n>1

where the last expansion is obtained by the Lagrange inversion as in Sect. 3.1.8.
Theorem 3.4.6 gives

1 1 32 -1

Fl=——
! 24 "2

(3.6.5)
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Also, doing Lagrange inversion like in Sect. 3.1.8, we compute the expansion F| =
>, cu (8213)" by writing

(1- 3r2)

1 Res In 3rr—1 (1 =377
24 2r2 (r(1 — r2))ntl

-] Res In -1 d !
24n r—>1 2r2 (r(1 —r2))n
1 1 2r . .
== B—ef A=)y 267-T) dr [integration by parts]
1 1 1 .
= —— Res du [change variable r* = u]
24n w—t w2 (1 —u)" uBu—1)
/2! 1 1 B
=5 ll}{_e>(s) (1 Y YEEpl dv [changeu = 1 —2v/3]
3/2)"! k 2
— ( / ) Res ( +n/ )k (2/3)k 'U dU
48n 0= Kl o (1—

ey n—1
_ (3/2)"! Z (k + "/Z)k 2/3)t

48n purd

where (a)y = a(a+1)(a+2)...(a+k—1) is the Pochhammer symbol. That gives

" " (k+n/2)
Fi=s— 2(3/2) (812) Z — 17k 2/3). (3.6.6)

k=0

1+r

t
M(x) = —hx + Lo + ? = —fx +

Its moments are

, MioM_y =
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According to Theorem 3.5.2, we have for g > 2:
Fo=y"%0,(1/M40,1/M_o;1/y, My 1,M_1)

where Q, is homogeneous of degree 2g — 2 in the first two variables, and
homogeneous of degree 3g — 3 in the last three variables. Using this homogeneity,
we rewrite:

1—g
y 8

Fo=—-"———
£ (Mg oM— )53

QeM— o, M4 0: My oM—o/y, M4 oM— oMy 1, M4 oM— oM— 1)

I—¢
= m QeM—o, My o: M4 oM— )y, sM— o, 13M 1 ).

We then change variables My o, M_, — M*v“‘z"M—-O =, MroMoo - J122 which
conserves the homogeneity:

F y 0 L M oMoyt i
¢ = o o Y|\ > — , 137,
CT MM P

again using the homogeneity, we may write

P Ll LIV, Jyris. 1, A2
= A =5 —o/yrs, 1, .
£ (Mg oM )5 <F 2r2 oMo/ YT 2r?

. . —2
Let us introduce a reduced variable v = 1272’, we thus have

1—g .5g—5 t3g—3 B 1—22
Fg=V—3Qg lL,v;2—— ,1,v ).
(M4 oM— )%~ v

This can be rewritten

1010 _ 1— 2
F, = (t/2)2_2g R P 0, (1,1};2 ” ,1,v)

(3r2 —1)%—>
= (t/2)* % ﬂ 0 (1 v;2(1 —v?),v v2)
B G2 — s—s ¢ vv)

Moreover, the polynomial Q, has the symmetries of Theorem 3.5.2, i.e. Q, has to
satisfy:

Qg(a, —b;c,d,—e) = (—1)335'_3 Qg(a, b;c,d,e).
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This implies that v~ Q, (1, pi2 =2, v) = 0, (1,v:2(1 —v?),v,v?) is an even

v

function of v. We may write it as a polynomial of v2, or also as a polynomial of

u=1-—0v%

Therefore, there exists a polynomial P, of degree at most 4g — 4 such that

1

— 22
Fg - tz (1 _ UZ)Sg—S

P,(1—v?).

32—1
22

If we write u = 1 —v? = this gives the following theorem for triangulations:

Theorem 3.6.1 The generating functions Fy for closed triangulations of genus g, are
polynomials of 1/u of the form:

_ Py(u) B,
_ 22 8 g _
Fo=t (usg_5 + 2g(2—2g)) , P, e Qu] , degP, <4g—4.
where
32 -1
P —— , with r—r’ = 811.
2r2 :
And we have Py(1) = —%.
Example:
Py — 2 21 55 n 191 29 . 3 . 1
:T 160u®  128u* = 384u®  128u%2  128u 240
P 1_4( 2205 13365 n 68625 4055053 . 1443995 39311 n 7925
T 256ul0  256u°  512u® 2150447 9216u® 512u>  384u?

22765 n 63 1 )
9216u3 ~ 1024u*> 1008

3.7 Summary, Generating Functions of Maps

Define V/(x) = x— ¢ _, nk 1,

Let M,(f’) (n3,...,n4;101,..., 1) denote the (finite) set of maps of genus g, with k
boundaries (i.e. k marked faces of degrees /i, ..., [ with one oriented edge marked

on each marked face), obtained by gluing n; triangles, ns squares, ..., ny d-gones.
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The purpose of this chapter was to compute the generating functions:

W,Eg)(xl, N ,)Ck)

n3 nd v
SO D D T
htl el #Aut(X)
I ,eni 13,.ng 41 ek ZGM,((‘QJ)H(ng.m.)u;ll.m.lk)

which is a formal series of #:

k>0 WP eZlt, ... .10 1/x1, ... 1/x] [[A].

k=0  F,=W® eQln,....u][[A].

¢ Spectral curve
Let « and y be the unique solutions of the two algebraic equations

d—1 I D 2 o I—j
O=u=a—-) Zj=0 l4j+1 j.J(.(,—i)j). yY o'

— — d [ (I+j—=n! 2j—1 o l—j
y =u =Y = Y= Xjmt o gm i VY @

which behave like
a=0() , y = Vt+ 0(@).
Then define
d—1(+k)/2 I
= ad ) — t ° 2j—k /+k—2j'
U = 0r0 + YOox1 ; sz /+1j—!j—k!l+k—2j!y o
They are such that
d—1 1
V(@) =Y w@ +z7) with x@) =a +y( + Z)'
k=0

The pair of functions (x(z), y(z))

@D =a+y@+1)

— d—1 i —
¥(@) = F YD wi@d —z7)

is called the “spectral curve”.
e Moments
We define the polynomial M(x) such that

y@) = — % M(x(2)) v (x(@) — a)(x(2) - b)
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ie.

d—1
M) = - 3 Uiy (xz‘y “)

k=1

where Uy is the kth second kind Chebyshev polynomial (defined by Uy(cosh¢) =
W). The moments My, are the Taylor series expansion of M(x) near
x=ua,b:

M(x) = M4 (1 =Y M- a)k)

k=1

=M_, (1 =Y M- b)k) .

k=1

* Even case
Even maps, are maps whose unmarked faces have an even perimeter. We
mention that even planar maps are bipartite maps.
The even case corresponds to all 1,;4; = 0, in that case we have

)

_ ) (21—1)' 21
@=0 . =y =) e Y
=2

whose solution is

n

(k + n)! .
v’ t+Ztk+l(Z(k+1l)1vn' > [Ti)

1+ ta=ka>0 i=1

t+Ph 4+ G+ 2B+ (B + 500+ 58) + 0@F),

where

. Qk+ 1)

= s,
TR G+ )

The Lagrange inversion formula gives
n

\ k+n+m-—1)! -
ln (1+m2[k Z(k—}——]n)'n' Z l_[[ai).

k>1 ar+-~+a,=k,a;>0 i=1
We have uy;, = 0 and
Qj—=2k—D! 5 5,

= Y&k — bj—of
Uj+1 Y 0k,0 ;{ 2j 2kj!(]._2k_1)!)/
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and the spectral curve is

@) =y@+1)
Y@ = F Y (¥ —z7F ),
For the even case, the moments satisfy:
M_; = (=1 My,
¢ Disks, rooted planar maps

Then the generating function for counting maps with the topology of a disk
(genus 0, and one boundary) is:

oo v
0 t 0
wom=> 3 T 2 #M (ns, ... g 1)

=0 n3,....,nq
d—1 . 1

W) = Y uz = SV (@) +y@)
j=1

WO = 2 (V- M@ VE— G- 5).

* Cylinders, annulus

)13 ng

o . L i
Wy (x1,x2) = Z Z 11—|—1 LT Z #Aut(X)

Ib=0n3..ng ¥1 12 seMy’ (n3....n43101 1)
1 1 1
X @)X (22) (21 —22)*  (x(z1) —x(z2))?

W (x(z1), x(z2)) =

The following differential form

Y (@) ¥ (z2) ) dzy dzp

Ber.z) = (w§°>(x(zl),x(m>> YY)+ I

is universal (independent of the type of maps):

dz1 dz;
B(z, = —
(z1,22) 1 —2)
It is the fundamental form of the second kind (see [37]) on the spectral curve: the
unique (1,1) symmetric meromorphic form, having a simple pole at z; = z, and
no other pole, and normalized.
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¢ Stable maps with boundaries

W]Ei)_l(xo,xl,---,xk)

Nd

2t r
= Z Z _10431 ‘ﬁk+1 Z #Aut(X)

X, N
lo01,.... [ 13,....ng 70 k ZEM]((?,I(n3.m,n11;lo.m,lk)

o @020 = WE (0(20). x(@1). - x(@0) ¥ o)X (@) - ¥ (z)

X (z0)¥ (21)

+81<,15g.0—(x(10) @)

1
- §5k,03g,0 V' (x(20)) X' (0)-
If 2¢ — 2 4+ k > 0, we have recursively:

1
wk+1(Zo,L) = RCS K(ZO;Z)[wk+zl)(Z; 27L)

8 /
+ Z Zwl(}_‘)H”(z I)wli-kh) |1|(—,L/1)] dz

h=0ICL

where L = {z;,...,z/} and

1 1 1 1
K(ZO’Z):E(Zo—z Zo—-) 0@ —y(1 /¥ (1/)2) (3.7.1)

This guarantees that the a)(é) ’s are the symplectic invariants in the sense of Chap. 7

for the spectral curve (x(z), y(z))-
Equivalently we have for (g, k) # (1, 0):

k
Wi (o,x1, o0 [ V06 —a) (i = b)
i=0

dx 1 (g—1)
= mebxo_—x ) [Wk+2 (e, 2,0, 0oy Xk)

g ’
) ()
2 2 WG DWED 1/)]

h=0 11l ={x3,....x }

and

Wl(l)(x()) \/W = Res dx ! (a— b)2

x—ab xg —x M(x) 16 (x —a)(x —b)’
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¢ Stable maps without boundaries

n 14 1
Fg: Z [33"'td1 Z m

13,..:1d EGM(()‘Q) (n3,...,nq)
For ¢ > 2 we have:

Bzg 228
28(2—2g)

(®)
F, = Res @ d.
= ag Ry S

where @' (z) = —y(z) X' (2).

¢ Torus
[U
F = tm...tnd HAGL(S)
1= 5 2 A
N304 EEM(()I)(VB ..... nq)
1
Fr=27n @y ()Y (=1)/7).
. Sphere

n ” a
Fo = E oy Z m
d

7135000 EGM((]O) (n3,...,nq)

Fo = 3 Rey V@Y —1 Rey V(@)
32
-5 - £1n (yz))

1 y? 2ty .
= 5(-2—.(“;4—1 — ujm1)? = == (=1Y (ugjm1 — urj41)

Jj=1 J
31 ,
— = £ln(y )).

* Some structure properties
The generating functions of maps are of the form:
a),gg) (Zl PN Zn)

Piiin)(ul,---,ud—l)

[T:(zi — €)dt2

1
= y2g—2+n (y/(l)y/(_l))Sg—5+2n Z Z

e=11 di, Y di<6g+2n—4
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where PS&”) € Q[ui, ..., uy—1] is some universal polynomial. For g > 2, F, is a
rational function of « and y of the form:

Fg= y*72 /()Y (1) Py(ur. ... ua—1)

where P, € Q[ui, ...,us—1] is some universal polynomial.
* Some structure properties in terms of moments
Forn > 1and2g -2+ n > 0 we have

44 4y WO (L) [ V0 — @) = b)

i=1
= 3 3 PSP/ Mo 1/ M_gi 1 /Ay M M)
e==1d;, ) di<3g—34+n
(4y)dit1
[TiGxi = 2b —2y€)hitl

where PS{:)(I/M+,0, 1/M_o;1/4y, {M 1 i }k<3g—34n {M— i }rx<3¢—34n) 1S @ univer-
sal homogeneous polynomial with integer coefficients:

e itis homogeneous of degree 2g — 2 + nof 1/M4 o and 1/M_,

e itis homogeneous of degree (3g—3+n—)_, d;) in all the other variables, where
each M, is considered to be of degree k, and 1/y is of degree 1. This explain
that it depends only on the first 3g — 3 + n moments M4 ,’s with

k<3g—3+n.
e Itis invariant if we change €; — —¢;, and (4y)*My , — (—dy)f M

PED (/M 9, 1/M_ o3 {(4y) Mg ). {(dy) M)

= (=1 Xl P (1M 5, 1/ M o3 {(—4y) M— i}, {(4y)* M1 i)

PO (1/ M0, 1/M— o3 1/4y, (M4 i} AM— 1)
= (=1 Eid pED (Mo, 1/ M 03 =1 /4y, (- M i} A (=) M4 1)),
* F,’sin terms of moments (g > 2)

The generating function F, of closed maps of genus g, is a homogeneous
polynomial of the moments

Fo= (t/y?)* 7% PEO(t/My 0.t/M—0; 1 {y*" My i hi=3g—3. AV M ihiz3e—3)
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where P& (u, v;w, {M4 i }r<3g—3, {M— s }k<3,—3) is @ homogeneous polynomial
with rational coefficients

e of degree 2g — 2 of the first two variables u and v,

e of degree 3g — 3 in all the other variables, where each M, is considered to be
of degree k, and w is of degree 1.

e It has the symmetry:

P(g’O) (U! u;,—w, {M—,k}k53g—3! {M+,k}k§3g—3)

= (=17 PO, viw M4 ilkszg—3 M= ibksie—3)-

¢ Some derivative formulae
We have

oF, b
g>1 8_; =/(; 0¥ (2)dz

and forn > 1

awr(zg) (le e sZﬂ)

= ©
=/(; 0@, 2) dz.

ot
x(zi)
awn(g) (Zl PRI ,Zn) 1 (8) k
— | T r R ediGanm) @) d
x(z)
¢ Some Integration formulae

Res of (1. 202 @) = 2= 22—k o (@1..... %)

—+1

where @' (z) = —y(z) X' (2).

3.8 Exercises

Exercise 1 (This exercise will be useful for Chap. 5). Consider maps with quadrangles and
hexagons, t; # 0 and tg # 0. We have V(x) = x?/2 — tyx*/4 — t5x°/6. Parametrize the
times #4 and #¢ in terms of two other variables 1 and v as:

1 1 3
¢4=§(1_U/3) , zéz—m(l—v—i—Su — 2vu).

Prove that y? is given by

14+2u
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Then prove that

WI(O)(x) = -z (1 + 6L12 240’ — 2{;”4__21”2)2! —-v—3 . 101Z4 1— v(l—i—+8;jt); 2uv)
Compute also:
Conclude that
FO 1 In 12u% — v .
12 (14 2u)?

Exercise 2 Equation (3.3.5) says that the number of rooted quadrangulations of genus 1

is:

3 o _ 2n)!

6 nln! )’
With n = 2 that gives 15. Find the 15 genus 1 rooted quadrangulations with two
quadrangles (one is marked with a marked edge).

Exercise 3 Count rooted triangulations of genus 1, i.e. 73(1) and FO.
Answer:

—1
FO = — Inl1—2?
24
where 82 = r — 13, and
1—1r2

2r2

PO 1 1—7? 1 v2 (1 +2v?)
3728 B32—=1)2 45 (1—v2)?2



Chapter 4
Multicut Case

Readers only interested in the combinatorics of maps can easily skip this chapter
and move directly to Chap. 5.

The goal of the present chapter is only to better understand the “1-cut” assump-
tion, by providing examples which are not 1-cut, and thus which don’t count maps
in the usual sense, or at least not the same types of maps.

In the previous chapter, we have seen that generating functions of maps are
special solutions of loop equations, namely 1-cut solutions. However, loop equations
have other solutions, which are also formal power series. In this chapter, we explore
the other solutions, and their combinatorial meaning.

Beside mathematical curiosity, those other multicut solutions play an important
role in physics (e.g. particularly in string theory) and mathematics (e.g.
asymptotics of orthogonal polynomials and asymptotic expansions of large random
matrices).

© Springer International Publishing Switzerland 2016 145
B. Eynard, Counting Surfaces, Progress in Mathematical Physics 70,
DOI 10.1007/978-3-7643-8797-6_4
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4.1 Formal Integrals and Extrema of V

Let us start by an example: the cubic potential:

M2 M3

So far, we have defined formal series using the Taylor expansion of e~ i TV pear
the extremum of V(M) at M = 0, so that V(M) has no linear term.

However, there is another extremum V’(1) = 0, so there is another possibility of
having no linear term in the Taylor expansion:

1 1

1
VM) = 2= SM =1 = =M —1)°,

where 1 = 1y denotes the N x N identity matrix.

The formal integral definition of Chap. 2 requires to Taylor expand the potential
near a zero of V/(M) so that there is no linear term, thus we may chose another zero
of V/(M), and for instance Taylor expand near M = 1y. One could also expand
around any other zero of V'(M), for instance:

ntimes N—ntimes

. —— ———
Mo = diag(0,0,....0,1,1,...,1)

and write M = M, + A:
NIV oY T (M- M) (A Tr (M)A A T A

e 3.

In that case, the quadratic form for A is not definite, it has eigenvalues +1, —1, 0:

1 1
Tr (5 = Mo)A* = = 3 (1 = (Mo)ii — (Mo);j) Aij Ay

iy
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1 —(My)ii — (Mp);; € {—1,0, 1}, and it indeed takes the value 0 if there exists i and
Jj such that (Myp);; = 0 and (Mp);; = 1,i.e.unlessn =0 orn = N.

A Gaussian integral [ dA e~ 1™ (3=M04? ig ill_defined when the quadratic form
has null eigenvalues, therefore here it is ill-defined unless n = O orn = N.

So, for arbitrary n € [0, N|, we cannot define the formal integral as the exchange
of the gaussian integral in A, and the Taylor series, as we did in Chap. 2. However,
there exists another way of defining a formal integral around M, it is described
below.

4.1.1 A Digression on Convergent Normal Matrix Integrals

Consider the convergent integral:
/ dxy...dxy l_[(xl — x,-)2 1_[ e—%V(xi)
7 i<j i

where we choose a path y such that the integral is absoutely convergent, i.e. y
approaches oo in directions such that Re V(x) — +o0.
We define the set of normal matrices constrained on y:

Hy(y) = {M € My(C)| 3U € UIN), 3(xy,....xy) € y"

, M = Udiag(xy,...,xy) UT}.

Notice that Hy(R) = Hy is the set of hermitian matrices.
Hy (y) is equipped with the measure (not necessarily real positive or normalized):

Vol(U(N)/U(1)N)
- N!

aMm l_[(Xj —)c,-)2 dU dx ...dxy

j<i

where dU is the Haar measure on U(N), and dx; is the curvilinear measure along
y. When y = R, Hy(R) = Hy, and the measure dM coincides (see [63]) with the
U(N) invariant measure dM = [ ], dM;; ]_[Kj dReM; j dImM;;, on Hy, with which
we computed Wick’s theorem in Sect. 2.2.2. The normalization factor is (see [63]):

N—1

1
N!Vy = Vol(UN)/U(1)Y) = z¥¥=D/2 T ot
k=1 """
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Then, by definition we have:

/ dMe™ " TEV D) =VN/ dxy .. .dxy ]"[(xj—xi)2 ]_[e—%(xl‘). 4.1.1)
Hy(y) yN

i<j i

In our cubic potential example, we may choose two paths y = yy or y = y; for
which the integral is convergent:

More generally, the following integral is absolutely convergent:

/ ., dxy...dx,dxpyy ...dxy H(xj —x)? He—¥V(x,') (4.1.2)
voxv "

i<j i

which makes sense for any n € [0, N], but is not a matrix integral of the form of
Eq. (4.1.1), although it is nearly. Let us rewrite it as:

_N .
/),SXV{VW dxy...dx,dx,4...dxy l_[(xj - )Ci)2 l—[ e~ 7 V)

i<j i

= / N dxy ...dx,dx,y1 ...dxy l_[ (x; —x)? l_[ (% —x;)?
y(i;lx,yl —n

i<j<n n<i<j<N

N
e
i=1j=n+1 i

1

- / dAe TV B e TTTVB) det(A ® 1y_p — 1, ® B)>
Vo Vv—n JH, (o) xHy—n(11)

i.e. we have rewritten it as a 2-matrix integral. 1,, denotes the n x n identity matrix.
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Now, it is appropriate to Taylor expand near A = 0 and near B = 1y—,, for that
purpose we change B — ly—, + iB:

/ dAe T TTVN R e~ ¥ TVIHB) dot(1y —A @ ly_p + i1, ® B)>
Hy (y0)XHN—n(y1)

N(N—n) N . A2 _ A3 No.B2 . B
—e o / dAe T T T T dRe T T AT
Hy (y0)XHN—n (Y1)

det(ly —A® ly_, +i1, ® B)%

The last integral can be defined as a formal matrix integral as in Chap. 2.

4.1.2 Definition of Formal Cubic Integrals

By analogy with what precedes, we are led to the following definition: Let C;; be
the following well-defined gaussian integral:

N \/ T 2 2
Cir() = [ =1 dAe™ T T T dBet T
Js 3 -
n UIN—n

(TrA%Y (Tr B det(1, ® Iy_y —A® Iy_, + 1, ® B).

Although ¢ appears in a denominator, Cj(¢) is in fact a polynomial in #, and we
have:

Mmax

Cix(r) = Z Cikm?".
m=(j+k)/2
The important feature is the lower bound m = (j 4+ k)/2 in this sum. It comes

from the fact that we have to compute the expectation value of gaussian polynomial
moments with the help of Wick’s theorem. For each Feynman graph, the number of
propagators is half the degree of the polynomial whose moment we wish to compute,
that is #propag > 3(k -+ j)/2. On the other hand, the power of ¢ is #propag — (k + ),
which is thus > (k + j)/2.

Let:
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Then we define the following formal power series in #:
2 e
Zyn-n(t) =€7 Y Gy ™.
m=0

This definition may look complicated and unnatural. However, one should keep
in mind that all what we have done is mimicking the Taylor expansion and
exchanging sum and integral in Eq. (4.1.2), i.e. Z, y—,(¢) is nothing but the matrix
integral:

2 3
Zuwea) = [ et ()
formal n,N—n

where n eigenvalues are Taylor expanded near 0, and N —n eigenvalues are expanded
near 1, and then we exchange Taylor series expansion and integral. For instance if
n = N, it coincides with the formal integral we introduced in Chap. 2 and which is
the generating function of maps.

The main reason for such a complicated definition, is that Z, y—, satisfies the
same loop equations independently of . Indeed, the loop equations are independent
of the integration path, and are independent of the order of sum and integral. In other
words, for every n, we have another solution of the same set of loop equations. We
will discuss that point in Sect. 4.3 below. Those solutions do not satisfy Brown’s
lemma, i.e. they correspond to multicut solutions of the loop equations.

4.1.3 General Definition of Formal Multicut Integrals

We generalize the previous construction for any potential V(M) of degree d.
Let X1, ..., X —1 be the zeros of V’(x) (supposed distinct for simplicity). Let us
choose d — 1 positive integers (n1, na, . . ., ng—1) whose sum is N:

n+n+---+n;_1=N.
Then we define:

7 a .
Uex) = V(x 4 X)) — V(Xe) — @f =y By 4.1.3)

=37
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For any set of integers p; x, the following well defined gaussian integral:

MW (x1) Nt P3. Nt Pd.1
/ dMye= o M ( > TrM?) ( 1 Ter)

Hng )

VMV Xg—1)

Nt _ Pd.d—1
. ( a7l TrM;j_l)
dt

_ MW Kg—y) 2 Nt3 d—1 P3.d—1
dMy_ye= 2 Mo T Tr M _,

1 2
[ ] det (1,,k ® L, + 5 _Xj(Mk ® 1y — 1y ® Mj))

Jj<k
(4.1.4)
is a polynomial in 7 of the form:

Mmax

C{Pj.k}(t) = Z C{Pj.k},m .

m=33pjk

Thus we define:

Cn = Z C{Pj.k},m

2k Pik=<2m

and

Definition 4.1.1 the formal matrix integral is:
¥ o0
Ty (1) = @77 2wV X0 H(Xk — X;)2 Z C,t".
Jj<k m=0

Again, this definition may look complicated, but it ensures that Z,,, _,,_, (¢) satisfies
the same loop equations as Zy o....0(f) which we have considered in Chap. 3.
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4.2 What Are Multicut Formal Integrals Counting?

The coefficients defined in Eq. (4.1.4), and used to define Z, are gaussian expectation
values of matrices My, ...,M;_;. As we have seen with the Wick’s theorem in
Chap. 2, Sect.2.2.2, we should associate to each Tr (Mk)/ in the exponential, a
vertex with j half-edges, or equivalently a j-gon. Since k may take d — 1 values,
we will assign a color k to the corresponding j-gon.

To complete the diagrammatic interpretation, we still have to expand the polyno-

2
mial ]_[j<k det (lnk ® 1, — ﬁ(Mk ®ly— 1y ® Mj)) into powers of traces.
Let us write:

2
det (lnk ® 1nj — M ® 1nj — 1 ® MI))

X — Xk

=exp|2Tr ln( ne ® Ly, — (Mk ® 1y — Ly, ®M/)))

X_

2
exp( 27(X Xk)lTr(Mk(X)l,,]— nk®M))

=1

~

oo
_ 2(=1)"1—1! 1 —m m
_exp< E g_ m—ml (=X Tr M, Ter).

I=1m

In other words we have a multimatrix model

d—1
v (Xk)

Zn .. nd(t)oc/ [Te T AM, exp (M. ... My_1)
formal ;,

with:

SR LY
Lo =/
- 1
22/(:;;()( X,)! lTrM
oo 00 l+m—1| (_1)m 1 1 1 .
_2;;;,; — 11— 1! (X; — Xp)!+m ,TM —Tr M;".

Now, we have to interpret each term as a “face” of a “map”.
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4.2.1 Discrete Surfaces Made of Di-polygons

Let us define the following object:

Definition 4.2.1 A colored di-polygon of degree (I;,/;) and color (cy,c2) (with
c1 # ¢3), is a pair of two polygons, one of degree /; > 0 and color ¢y, and one of
degree I, > 0 and color ¢; # c;.

It can be represented as two polygons glued by their centers, and which can rotate
independently.

A di-polygon is invariant under cyclic permutations of each of its two polygons.

Comparing with the Definition 1.1.2 of maps from permutations in Chap. 1, we
can say that dipolygons are permutations with two cycles (faces of usual maps are
permutations with one cycle).

Example: A di-polygon of degree (3, 4) and color (blue,red):

The dotted line should be contracted to only a point, it is drawn only for readability.

Consider discrete surfaces obtained by gluing together polygons and/or di-
polygons by their sides.

Example: A map obtained by gluing together three blue triangles, six red triangles,
and one di-polygon of degree (3, 4) and color (blue-red):

Again, the dotted line should be contracted to only a point. The Euler characteristics
of this map is: y = 0 (it is a cylinder).

More generally, multicut formal matrix integrals count “nodal maps” on nodal
surfaces.
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Example: A nodal-surface with five nodal points, (i.e. maps with five di-polygons
can be drawn on it). It is the gluing of three spheres and two tori. Its genus is g = 3,
and its Euler characteristics is y = —4.

It is encoded by the following graph:

0

where each edge represents a nodal point, and vertices represent the surfaces glued
by nodal points, the figure at each vertex is the genus of the corresponding surface.
The genus of the total nodal surface is the sum of the geni at vertices, plus the
number of loops of the graph. In this example, the graph has one loop, and there are
two vertices with genus 1, therefore the total genus is 3.

4.2.1.1 Ensemble of Nodal Surfaces

Let Mg({nj’} {nj k}) be the set of all connected oriented nodal surfaces (not

necessarily stable) obtained by gluing together nj Jj-gones of color i, and nj,k di-
polygons of degree (j, k) and color (i, /), and of total genus g. It is a finite set.
Define the generating function:

#vertices colori

Fg(€17~~~75d—1) = Z Z L #edges colori l_[ /l l_[l_[T(ll)(/k)

3 0y e, (it #Aut(S) [[;4,; i<l jk
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where the weights t;; were defined in Eq. (4.1.3), and

JHk—11 (=D
J—1k— 11 (X; — X )itk

Tiny.Gay = —2

4.2.2 Formal Multicut Matrix Integrals and Nodal Surfaces

We define the filling fractions:

We have (in the sense of formal series in 7):

Theorem 4.2.1 Multicut formal matrix integrals are generating functions for
counting nodal maps:

o0
N Zyyngy = Y (N/D* 7 Fyler.....€a1)
g=0

Proof Just an application of Wick’s theorem.

4.3 Solution of Loop Equations

In this section, we compute explicitly the generating functions of nodal maps
Fg(€1,...,€4). The one cut case involved only rational functions of a variable z,
whereas the multicut case involves higher genus hyperelliptical functions. The tool
kit for this section is algebraic geometry, and we refer the reader to classical
textbooks on theta functions and algebraic geometry, for instance [36, 37].

The multicut formal matrix integrals satisfy the same loop equations as one-cut
formal matrix integrals. The only difference lies in the 1-cut Brown’s Lemma 3.1.1.

4.3.1 Multicut Lemma and Cycle Integrals

The loop equation for Wfo) is Tutte’s equation [cf Eq. (3.1.2)]:

W@ = VW@ - P
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ie.

Wl(O)(x) = %(V/(x) — V' (x)? — 4P(10)(x) )

where P§0) (x) is a polynomial of degree d — 2, and whose leading coefficient is the

same as that of V/(x). In Chap. 3, this polynomial was determined through Brown’s

Lemma 3.1.1, by requiring that V’(x)? — 4P(10) (x) had only one pair of odd zeros.
Here, instead, we have:

Lemma 4.3.1 LetC be a closed contour independent of t. Order by order in powers
of t we have

1 S gl int X;

. ¢ W{O) ()dx = € =1y sz surrounds the point X;
2im Je 0 otherwise.

and

1
—755 W, .. ox)da =0 if (g.k) # (0,1).
I Jc

Proof The proof is very similar to that of Lemma 3.1.1. Indeed

—1 00

1 1 Tr MF
Tr = T— = il B
x—M ; x—X;—M,; i=ll;(x—X,~)k‘H
so that to any order in the ¢ expansion, the number of maps is finite, and thus, to
this order, W,ig) is a rational fraction of xi, .. ., x; with poles at the X;’s. As soon as
k + g > 2, there is no simple poles, and for g = 0,k = 1, the first terms in the
expansion is Wfo) (x) ~ ;=5 +higher order poles (remember that ¢;/t = n;/N =
o(1)).0d0

From this lemma, we get:

Theorem 4.3.1 (Multicut Solution) The polynomial V' (x)* —4P(10) (x) has as many
pairs of odd zeros as the number of non-vanishing filling fractions ¢; # 0.

If we label the zeros X; so that ¢, # 0 fori = 1,...,g + 1 and ¢, = 0 for
i> g+ 1, at small t, we have:

V(02— 4P\” (x) = M(x)

where M (x) is some polynomial whose coefficients are formal power series in t, and
a; are power series in /1. To the first few orders in t we have
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ar—1 = X; + V%& +o(t)

ax = X; — [y + 0(D)

V7 (Xi)
M(x) = % +0(1)
We also have:
0 = V() -V(X)
PP@)=>"¢ ——x ° o(t) (4.3.1)

i=1
(remember that €;/t = n;/N = 0(1))

Proof Similar to that of Lemma 3.1.1. Indeed, if there is an odd zero away from
all X;’s of non-vanishing filling fraction, then it is easy to find a contour C which
surrounds that odd zero and contradicts Lemma 4.3.1. To the first orders in #, we
have:

W (x) = Z——+m)
which implies
V@2 4P = Vi -2 ) xj—X +o(t)
ie.
V()2 — 4P” (x) = V/(x)? (1 —4 Z (x—XEW + o(t))

i.e., since V/(X;) = 0:

PO =Y (ex ‘:gj)) +o =« —V/(X — ;/f)(xi) +o(1).

Then, if a; is a zero of V2 — 4P(10) , it cannot be a zero of V’, and thus we must have

—1_ &
i Dl s AT

which is possible only if a; = X; + /2¢;/V"(X;) + O(r). O
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This theorem determines P(lo) (x) uniquely. Indeed, P(lo) (x) is of degree d — 2,

with its leading coefficient fixed (limy— oo xP(lo) (x)/V'(x) = 1), therefore it has
d — 2 unknown coefficients. M(x) is of degree d — g — 2, and its leading coefficient
is known, so it has d — g — 2 unknown coefficients, and a;,i = 1,...,2g + 2 are
unknown. The total number of unknowns is thus:

d—24+d—-g—-2+2g4+2=2d-2+3.
The equation

2g+2
Vi(@)? — 4PV @) = Mx)* []@x—a)

i=1

is of degree 2d — 2 in x, therefore it gives 2d — 1 equations for the coefficients of
powers of x, but the highest coefficient gives a tautological equation, so we have
2d — 2 equations. We also have g equations saying that

Yi=1,....2 95 VV/ (@2 — 4PV (x) dx = —4ir ¢;
A;

where A; is a counterclockwise contour surrounding [asi—1, az;]-

In other words the number of equations given by Lemma 4.3.1, matches the
number of unknown coefficients of P(lo).

The solutions for P(lo) form a discrete set, and only one of them has the small ¢
behaviour of the form of Eq. (4.3.1).

With a little more algebraic geometry, we can write the relationship between the
coefficients of P(lo) and the filling fractions

Let A; be a small circle independent of ¢ surrounding X; and no other X;, oriented
counterclockwise. Order by order in ¢, it surrounds the segment [ay;—1, az;]-

Algebraic geometry tells us (see for instance [36, 37]), that foreachi = 1,..., g,
there exists a unique polynomial L;(x) of degree < g — 1

g—1
Li(x) = Z Lix X,
k=0
such that

2%+2

L;
Vi=1,...,8 ¢ $dx:5i‘j.
A nk=1 (x—ay)

The differential form v;(x) = L;(x)dx/ ig;z x — ay) is called the “normalized
holomorphic differential”.
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Theorem 4.3.2 We have

9P\ (x)
de i

= 2imr M(x) Li(x),

and, if we write Pgo) (x) = Y, pixt, we have

J€; 1 95 XK dx
Pk 207 Tas pey JTIE2 00— an)

In other words, the map P§0) — {¢;} is locally analytical and invertible.

4.3.2 Disc Generating Function

We thus have found that:

W (x) = %V’(x) +y= % V' (x) — M(x)

where

1 1 28+2
V=V PP = M@ [[a-a)
i=1

Any algebraic equation of the form y?> =polynomial(x) is called an hyperelliptical

curve. The disc amplitude Wfo) (x) is thus an hyperelliptical function of genus g.
The points a;,i = 1,...,2g + 2 are called the branch-points:

i1 ~Xi—\26:/V'(X)+o(N1D) . an~Xi+26/V'(X)+o(\1) i=1,....g+]

M (x) is a polynomial of degree d — 2 — g, and its zeros are called double points:

V'(x)

M(x) ~ ———————
() nf:ll(x_xi)

+ O(1).
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4.3.3 Higher Genus Algebraic Equations

Theorem 4.3.1 implies that Wfo) is an algebraic function, whose genus is the number
of non-vanishing filling fractions minus 1.

genus = g = #{e; # 0} — 1.

For instance if there is only one non-vanishing filling fraction, we have a 1-cut
solution, which corresponds to a genus zero algebraic curve g = 0.

Any g = 0 algebraic curve is conformally equivalent to the Riemann sphere
C U {oo}, and can be parametrized by rational functions of a complex variable z
(role played by the Zhukovsky map x(z) in Chap. 3).

y

T
g=0

Similarly, any genus g algebraic curve can be parametrized by a variable z which
lives on a “standard” genus g compact Riemann surface.

y

T
g>0

Therefore, there exists a compact Riemann surface £ of genus g < d —2, as well
as d — 1 cycles A;, and two meromorphic functions x and y defined on it, such that:

1
Vee L W00) = 5V6E) +50)
1
o ydx = €;.
2im A
The branch-points ay, ..., a4 are the zeros of the differential form dx, i.e.

the points at which the tangent is vertical, i.e. the points at which y behaves like a
square-root.
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4.3.4 Geometry of the Spectral Curve

The curve y as a function of x, can be written parametrically as:

1
@y eCly = V20 - PP W} = {(x(2).y@) | 2 € £}.

It is called the spectral curve, it is an hyperelliptical curve'.
Let us study some of its properties (a more general framework is presented in

Chap. 7).

4.3.4.1 Fundamental Second Kind Form

On any compact Riemann surface £ equipped with a symplectic basis (not unique)
of non-contractible cycles

AiﬂBj:&J N AimAjZO N B,-ﬂszo Vi,jzl,...,g,
is defined the “fundamental second kind form”:

B(z1,22)

as the unique bilinear differential of the second kind, having one double pole at
71 = z2 and no other pole, and such that:

dzid
e + reg ) ¢ B(z1,72) = 0.

B(z1,22) ~pop ——
TR (@ —2)? A

One should keep in mind that the fundamental second kind form depends only
on £, and not on the functions x and y.

It is easy to see that the fundamental second kind form is unique, because the
difference of two of them would be a meromorphic form, with no pole, and with
vanishing A-cycle integrals, i.e. it must vanish.

Examples

e if £L = CU{oo} =the Riemann Sphere, the fundamental second kind form is the
rational fraction:

dzidz

o= Gy

! Any algebraic equation of the form y?> = Pol(x) is called hyperelliptical. It is called elliptical if
deg Pol = 3 or 4, and it is rational if deg Pol < 2.
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o if L =C/(Z + tZ) =Torus of modulus 7, the fundamental second kind form is
an elliptical function:

n?E
B(z1,22) = (p(z1 — 22, 7) + 3 %) dzidz
where  is the Weierstrass elliptical function:
1 1 1
0(z, 1) = = — 432
o) 22 * Z Z+n+wm? (n+ tm)? ( )

(m,n)€Z2\(0,0)

and E, is the second Eisenstein series

Ey=1-24% "3 d) ™ (4.3.3)

n=1 d|n

« if £ is a compact Riemann surface of genus g > 1, of Riemann matrix of periods
7, the fundamental second kind form is a second derivative of the log of a Theta
function:

B(z1,22) = d;d;, In (0(u(z1) — u(z2) — ¢, 7))

where u(z) is the Abel map, ¢ is a regular odd characteristic, and 6 is the
hyperelliptical Riemann theta function of genus g (cf [36, 37] for details).
e It can be written as follows: Let

2542

oW =[[G-a) . oW =Ko+ . R =0 —0x)’
i=1
so thatdegQ = g + 1 and degR < g. We have
dvidy,  Q)Q(n) + T dy dx,
2 o(x1)o(xz) (x1 —x2)? 2 (x1 — x2)?
N P(x1,x2) dxy dx;

Vo(x1)o(x2)

where P(x1,x;) is the unique symmetric polynomial P(x;,x;) = P(x,x3), of
degree g — 1 in each variable, such that

B(x1,x) =

95 Blaz) = 0.

i



4.3 Solution of Loop Equations 163

* For genus g = 1, it was written by Akemann [2] as follows:

Blxi.x) = dxy dx, ( (x1 —a1)(x1 — ag)(x2 — a2)(x2 — az)
DT 40 —x)? (x1 — a2)(x1 — az)(x2 — ar)(x2 — aq)
n (x1 — a2)(x1 — a3)(x2 — ar)(x2 — a4))
(x1 — a) (1 — as) (x2 — az) (x2 — a3)
dX1 de
2 (x1 — x2)?
. dxydx,  E(k) ( mazas(a — ay) aazas(a; — az)
4,/0(x1)0(x) K(k) \N(a1 —as)(az —a1) (a1 — ax)(ar — a3)
arazaq(as — a) ajazaz(a) — as) )
(a2 —a3)(az —as) (a1 —ag)(az —as)
where

_ (a1 —ag)(az — a3)

2
©= (a1 —a3)(az — aq)

is the biratio of the branchpoints, and K (k) is the complete Legendre Elliptic
integral of the 1st kind, and E(k) is the complete Legendre elliptic integral of the
second kind.

4.3.4.2 Branchpoints and Conjugated Points

Branchpoints are the points with a vertical tangent, i.e. they are the zeros of dx. Let
us write thema;, i = 1,...,2g + 2.

Vi, dx(a;) =0.
For any z away from branchpoints, there is a unique point Z # z such that:
x@)=x@ . y@)=-y0.

7 is called the conjugated point of z.
The branchpoints are the points where 7z = z.
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4.3.5 Cylinder Generating Function

Theorem 4.3.3 The cylinder generating function is the fundamental second kind
form:

0O (21, 22) = (Wé‘”(x(zl),x(@)) + ) dx(z1)dx(z2) = B(z1. 22)

1
(x(z1) = x(z2))?

where B(z1, 22) is the fundamental second kind form on L.

Proof The proof is very similar to that of Theorem 3.2.6 in Chap. 3. We first show
that this expression is a meromorphic function, and it can have a pole only at z; = 2,
and no other pole, and then that its A; cycle integral vanish. The only differential
form having those properties is the fundamental second kind form. O

4.3.6 Higher Topologies

It can be seen recursively from the loop equations, that

Lemma 4.3.2 If2¢g—2+ k>0,

0@z = WO (). . x(@))dx(zy) . .. dx(z)

is an hyperelliptical meromorphic form on L with poles only at the branch-points.

Proof The proof is quite easy, it proceeds by recursion on 2g — 2 + k. The loop
equations says that

YO W (2 2. ... 20) = RHS

where the Right hand side RHS is a meromorphic form on £ by recursion
hypothesis, having poles only at the branchpoints. Then dividing by y(z) gives
poles at branchpoints and possibly simple poles at the double zeros [i.e. the

zeros of M(x(z))]. However, from Lemma 4.3.1, we see that the residues of W,ﬁg)

at those simple poles must vanish, and therefore, the only poles of W,Eg) are at
branchpoints. [J

Let us define the “third kind differential form”:

21

ds:, -, (z0) = / B(Z, z0)

2

which is a meromorphic differential form in the variable zy, with a simple pole
of residue +1 at zp = zj, and a simple pole of residue —1 at zp = zp, and it is



4.3 Solution of Loop Equations 165

normalized on A-cycles:

¢ dsS; ., =0.
A

On the other hand, regarded as a function of zj, dS;, ;,(z0) is a scalar, and it
is only defined on a fundamental domain (i.e. £/(U;A; U; B;) which is simply
connected).

Let o € L be an arbitrarily fixed origin on the spectral curve. Since dS; ,(zo) has
a simple pole at z = 79, we can write Cauchy theorem

1
o1 20, 7) = = Res dS: (@) 0 (2. ]) = =~ gé dS.0(20) @1 (2. ])
20

where C,, is a small circle surrounding zo.

We can move the integration contour in the fundamental domain. The only poles
of the integrand are at z = zp or z = a;, and the Riemann bilinear identity (see for
instance [36, 37]) says that if the .A-cycle integrals of a)gl and B vanish, then the

boundaries of the fundamental domain don’t contribute, therefore:

wifﬁl(zO,J) = Z Res ds: ,(zo) wgﬁl(z, J).
Now, we use the loop equation (3.3.1), i.e.

dS; »(20) _
(8) 2 : z,0\£0 (A(g 1)
wk“(zo’]) 5_}6; 2y(z)dx(2) On2 @zJ)

i

g
~(h ~(g—h
+ Z waﬁm (z.1) wii—k—)ll\ (2 J/I))

h=0 ICJ
where
. 1 dx(z1)dx(z2)
(8 (8 !
o = w — =6 _—
CTE 2 e —a()?
and

dx(z1)dx(z2)
(x(z1) — x(22))*

One should notice that we have the parity property:

C(A),Eg) = w,ig) — 5/(,25&0

0 (2,J) = =02,z J)
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where 7 # z is solution of x(z) = x(Z). This allows to symmetrize the integrand, and
get:

dsS; z(zo) (e=1)
a)k_H(ZO,J) Z}Sﬁim ( w, % (Z Z,J)

8 /
= (h ~(g—h) =
+ZZwi—ﬁ\ll(z’l)w§+k_)‘1|(Z,J/I))

h=0 ICJ

Because of parity, it is possible to change @ — w, and all the generating functions

w,ig) with 2 — 2¢g — k < 0 are given by:

Theorem 4.3.4 The generating functions of nodal maps of genus g with k bound-
aries, obey the topological recursion:

1 dsS;z(zo) -
(€9] 2.2 (g—1)
— E Res —227
D1 (0. J) 2= z—ii- 2y(z)dx(z) ( @rtz (22))

g 7
+ 3D ol @ Do, GI/D). (4.3.4)

h=0 ICJ

This theorem shows that the generating functions of nodal maps are a special
case of the symplectic invariants of [34], presented in Chap. 7.

4.4 Maps Without Boundaries

The generating functions of maps with no boundaries are given by the analogous of
Theorem 3.4.3:

Theorem 4.4.1

(

g) 2-2g
Vez2 . Fi= Rep 0o’ + X 5555

where d® = —ydx, and B, is the nth Bernoulli number.
Expressions for Fp and F can be found in Chap. 7.

Proof Since the multicut case is not so relevant for the combinatorics of maps, we
let the reader find the proof in the literature [30]. O

Again, the generating functions of nodal maps are a special case of the symplectic
invariants of [34], presented in Chap. 7.
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4.5 Exercises

Exercise 1 Consider the 2 cuts case, for even maps (V(x) is even) and with filling
fraction 1/2.
Prove that the disc amplitude is of the form:

WOW = 1 (V) M) V& ) )

where a? and b? are determined as follows:
write a Zhukowski map for x:

2 a2+b2+a2—b2(+1)
= Z —
2 4 Z

and expand V' (x) as:

, d/2-1
— ko —k
= ,; Uy (Z +z )
Determine a and b by:
uy = 0 , u = ZL
a? — b?

Exercise 2 Consider again the 2 cuts case for even maps, and with filling fraction
1/2. From Exercise 1, the 2 cuts are then symmetric:

[—a,—b] U [a, b].
Define
o(x) = (% —a®)(* - bY).

Prove that the cylinder amplitude is

2 2
W(O)(Xl X2) = ; -1+ X%X% - # (X% + X%) + azb2 4 C
2 2 (x1 —x2)? o (x1) o (x2) o () o)

where C is a constant to be computed by requiring

Wéo)(xl,xz) dx; = 0.
a.b]
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Akemann [2] writes it
WO (1.32) = 1 (x% —d?) (x% — b?) N (x% —b?) (x% —d?)
S 4 (x; —x2)? (F —b?) (3 —a?) (F —a?) (x3 — b?)
1 a’ E(k) a+b

2 (x; —x2)? * 4 Jo(x))o(x) K(k) a—b

where

2 +/ab
a+b’

and K (k) and E (k) are the elliptical integrals, see [1].



Chapter 5
Counting Large Maps

Initially, in quantum gravity and string theory, the problem of counting maps, i.e.
surfaces made of polygons, was introduced only as a discretized approximation for
counting continuous surfaces. The physical motivation is the following: in string
theory, particles are 1-dimensional loops called strings, and under time evolution
their trajectories in space-time are surfaces. Quantum mechanics amounts to averag-
ing over all possible trajectories between given initial and final states, i.e. all possible
surfaces between given boundaries. However, trajectories should be counted only
once modulo their symmetries, in particular conformal reparametrizations, in other
words, trajectories are in fact Riemann surfaces (equivalence class of surfaces
modulo conformal reparametrizations).

The set of all Riemann surfaces with a given topology and given boundaries, is
called the moduli space, and string theory amounts to “counting” Riemann surfaces,
i.e. measuring the “volume” of the moduli space.

Physicists made the guess that in some appropriate limit, the counting function
of discrete surfaces (maps) should tend towards the counting function of Riemann
surfaces. In some sense, surfaces made of a very large number of very small
polygons should be a good approximation of Riemann surfaces in quantum
gravity!

ST DR,
‘Fié'g‘gﬁ‘,;,«' 2
N DO % ";
RSEEAENN

In this chapter, we are going to explain how to find the asymptotic generating
functions of large maps, and then compare with Liouville conformal field theory
of quantum gravity, and in the next chapter we are going to compare it to the
enumeration of Riemann surfaces.
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5.1 Introduction to Large Maps and Double Scaling Limit

The idea is to count maps made of a very large number of polygons, and send the
size of polygons (the mesh) to zero so that the average area remains finite.

5.1.1 Large Size Asymptotics and Singularities

Let us start with general considerations about large order behaviors.

It is a standard knowledge that there is a relationship between the large order
behavior of a sequence, and singularities of the corresponding generating series.
Consider a sequence {Ay}ren, and the formal series:

Al =) At
k=0

Imagine that A() is convergent in a disc |#| < |z.|, for instance assume that it is an
algebraic function of 7 (which is indeed the case for generating functions for maps).
The basic example is:

Y o T+ @) .
A() =C (1. — =C § — (t/1)".
(0 (te =1 1 L W@ (t/t.)

The large order behavior is obtained from Stirling’s asymptotic formula:

Ay =Cro* Thtro) Ay
¢ KT(@) toe T(a) ©

(5.1.1)

More generally, if A(¢) is an analytical function with several algebraic singular-
ities f.1, t2, tc3, . . . With exponents o1, o2, a3, . . ., the large order behavior of Ay is
dominated by the singularity(ies) #.; closest to the origin, those for which |t]| is
minimal.

—a;

t.
A ~ i Cl t_<k koz,-—l'
Moo Z ¢ I(e;))

‘tz‘i‘=min{|tcj ‘}

Conversely, if a sequence Ay has a large order behavior of type Eq. (5.1.1) with
« rational, then its generating series A(f) has a singularity of algebraic type.

There is also an intuitive approach to understand the link between singularities
and large order behaviors. The expectation value of k is:

Yk At A
k=S T A
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thus, if we want large values of k to dominate the expectation values, i.e. if we want
< k > to become very large, we need to choose ¢ such that tA’/A diverges, that is
we need to choose 7 close to a point where In A(#) is not analytical.

A weaker statement would be to require that some moment of k diverges, for
instance:

K >= ! K A = ! d pAt
W= T = (1) a0

In other words we want to choose ¢ = 7, such that some derivative of A(f) diverges.
Let us now illustrate those general considerations on some examples.

5.1.2 Example: Quadrangulations

The generating function of quadrangulations of genus g with ns quadrangular
unmarked faces, and thus v = ny + 2 — 2g vertices is:

_ ., 1
Fo(ts) = 7% Z(fht) * Z FAUD)
"4 seM¥ (ny42-2¢)

The average number of faces is thus:

dInF, dInF,
=<v>+42g-2=t 3 +2g-2

<ng>=1
oty t

where < v > is the average number of vertices.

In order to have < ny > or < v > very large, one must chose 7 in the vicinity of
a singularity of F,. We have seen in Chap. 3, that all the F,’s (except Fy and F) are
rational fractions of y? = 1oyl-lom \/(31;12”4’ and thus Fj is singular when y? is singular,

that is at ¢t = t. = 1/12,. For instance, with the notation r = /1 — 12¢t4, we have
according to Egs. (3.6.1)-(3.6.3):

F 2 1 5 +3 1 147
= — —_— —_—— n_
T2 \30+2 30+ 4 2
_ﬁ _l_ 2.2 _12 _ 5/2 _ 3
= In2 A1ty + 361715 = (1—=t/t)"" + 0((1 —t/t.)),
2 3 15
1 147 1 In2 .
Fi=—1 = —— In(1 —121t3) — — + O((1 — t/1.)'/?),
1=3; n— 24n( 1) 12+(( /1)77)
_, (=89 4+ 20r* 4 130r* — 100> — 65r + 56 By
F2:l - —
5% 9%28p5 8
7

== m (1 - [/[C)_S/z + 0(1 - l/lc-)_z.
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Below, we will prove in Theorem 5.3.1 that in general, for quadrangulations, F,
is singular at r = 7, = 1/12 14, and behaves (for g > 2) like:

Fo~Fy 2726 (1= /13272 4 subleading

the constant prefactor F ¢ 1s called the “double scaling limit” of F, and our main
goal from now on, is to compute it, not only for quandrangulations, but for all sorts
of maps. We address that problem below, and the answer is given in Theorem 5.3.1.

For F| and F), to leading order at t — ¢, only the derivatives diverge as a power
law:

PFo 1 - -
=57 = 1/1)7 P+ o((1=1/1)7%)
oF;

_ 1 _ —1 _ -1
kv A =t/t)™" +o((1 —1t/1)7").

Let us compute 2u, = coefficient of the highest power of (1 — t/t.) in 8*F,/0r*
(except 2uo computed from the highest power of (1 —t/t.) in 3*°F,/d¢*), we have

1 1 49
Uy = — — , U = , Uy = ———— ,
T2 Ty 2T 308
F, 5
forg>2, ug=t7z(2 Zg)( (2-2¢) -1,
and define the formal series
1 1 49
_ (-s¢)/2 _ Y a2 % _9p
u(s)—Zugtfgs 82 = 55 +48S +32*28s + ...

4

The values that we have found for u, u;, u, indicate that u(s) seems to satisfy the
Painlevé I equation to the first few orders

3
3u +u")2 = 2° + 0(s~13?).

Our goal in this chapter, is to prove that indeed u(s) satisfies Painlevé I equation to
all orders:

3
3+ u')2 = 2°

This Painlevé equation determines all the coefficients u,, and thus F ¢, 1.€. it gives
the asymptotic numbers of large maps.
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The Liouville minimal model of conformal field theory coupled to quantum
gravity, predicts that the generating function of “number of surfaces”, should satisfy
the Painlevé I equation, so what we find is an agreement between the asymptotic
number of large maps, and the Liouville conformal field theory of gravity.

5.1.2.1 Mesh Size

g lanth , and thus, if we say that all
4

quadrangles have the same area €> (we call mesh size the side of each quadrangle,
that is €), the average area is:

The average number of quadrangles is < ny >= 14

2

L _1°

tc

< Area >= €’

5
< ng >~ 1(2— 2g)

If we want to have a good continuous limit of random surfaces, we require the area
to remain finite, and it means that we should choose:

€ ~t.—1t.

Therefore, the distance to critical point #, — ¢ can be interpreted as the mesh area,
i.e. the area of elementary quadrangles.

5.1.3 About Double Scaling Limits and Liouville Quantum
Gravity

5.1.3.1 Origin of the Name “Double Scaling Limit”

Remember that we have defined InZ = Zg N> %F ¢» Where Z is the generating
function of all maps of all genus not necessarily connected. Anticipating on
Theorem 5.3.1, we notice that F, ~ F o 12728 (1 — t/1,)@29# with the exponent of
(1 —t/t.) proportional to 2 — 2g. Thus, it is possible to define a rescaled parameter

N =Nt.(1—1t/t)*, and a series:
o0
InZ =Y N"%F,
g=0
such that Z is the “limit” of Z, in the “double scaling limit” (double because we take

a limit on both NV and 1):

E=>l Nt. (1 —t/t.)* = N = finite — Z~Z.
N — oo
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This double scaling limit Z is to be viewed as the generating series of the
continuous limit of maps.

5.1.3.2 From Large Maps to Liouville Gravity

F ¢ 1s the generating function of asymptotic numbers of large maps of genus g,
rescaled by a power of the mesh size.

In a similar manner, one is also interested in the double scaling limits of W,(,g) ’S
counting asymptotic numbers of large maps of genus g with n asymptotically large
marked faces.

The guess made by physicists working in quantum grav1ty in the 80’s and
90’s, was that those double scaling limit generating functions F and W,(f"), should
coincide with correlation functions of Liouville conformal ﬁeld theory coupled to
gravity. This guess was supported by heuristic asymptotics of convergent matrix
integrals, hoped to be valid for formal integrals.

On the conformal field theory side, due to conformal invariance, the correlation
functions of a conformal field theory, must have the symmetry of some representa-
tions of the conformal group, that is they are given in terms of representations of the
Virasoro algebra.

Finite representations of the conformal group were classified (in the famous Kacs
table [41]) and are called minimal models, they are labeled by two integers (p, ).
For the minimal models, the partial differential equations imply that the partition
function has to satisfy a non-linear ordinary differential equation. For example, the
minimal model (3, 2) is called pure gravity, and its generating function satisfies the
Painlevé I equation.

The minimal models are also related to finite reductions of the KP (Kadamtsev-
Petviashvili) integrable hierarchy.

If the asymptotics generating functions F ¢ of large maps were related to Liouville
gravity, that would mean that Z would be a tau-function for the KP (Kadamtsev-
Petviashvili) hierarchy of integrable equations, and in particular Z should satisfy
some non-linear differential equations with the Painlevé property. We shall derive
these differential equations below in Sect. 5.4.

Thus, in principle, if we want to compare large maps to Liouville quantum
gravity, we have to check that the generating function of the F ¢ and W, satisfy
the differential equations of some (p, ¢) minimal model. In particular, we have to
check that Z is indeed the tau-function of a minimal model reduction of the KP
hierarchy

~ 9

zZ Tau — function of ( p, g) reduction of KP hierarchy.
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We also have to check that the scaling exponents of large maps, are those computed
by KPZ (Khniznik Polyakov Zamolodchikov) [55]

-2 9 ~
KPZ exponent y = ———,  F,~F, (1 —1t/t,)%200-7/2)

All this was done at a heuristic level by physicists in the 90’s. We provide a
mathematical proof below in this chapter.

5.2 Critical Spectral Curve

Here we study what special happens at ¢ = ¢.? Why generating functions diverge?

5.2.1 Spectral Curves with Cusps

In Chap. 3, we have seen that the F,’s for g > 2 are rational fractions of o and
y? (Fo and F; also contain logarithms of rational fractions of & and y?). & and y
themselves are obtained by solving an algebraic equation, and thus they may have
singularities. One can compute (see Theorem 3.4.5, Sect. 3.4.3):

dy 1 1 1
%=1 (70 * 7o)
and y'(1) and y’(—1) are themselves algebraic functions of ¢. Therefore we see that
y is singular whenever y'(1) = 0 or y'(—1) = 0. Without loss of generality, let us
consider that y'(1) vanishes at t = #,.
We are thus led to study the behavior of y(z) near z = 1. For any ¢, let us compute
the Taylor expansion of x(z) and y(z) atz = 1.
Since x(z) = o + y(z + 1/z) we always have x'(1) = 0, and to the order (z — 1)?
we have

x@) ~x(1) +y— 1D+ 0(z - 1)),

and thus

X—da

z—1~
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And y(z) ~ (z—1y'(1) + %(Z —D%'(1) + ¢(z—1)*y"(1) + .... Generically y
behaves like a square root near its branchpoints:

v ) [ ol - ).

Att = 1., however, since y'(1) vanishes, y no longer behaves as a square root, it has
a cusp singularity of the form y ~ (x — @)*/?, and if more derivatives of y vanish, it
has a cusp singularity of the form:

y~ (6=,

Here, for maps, y is always the square root of some polynomial, so that p/q must
be half-integer, i.e. ¢ = 2 and p = 2m + 1 where m corresponds to the first non-
vanishing derivative of y at z = 1, that is y(z) ~ O((z — 1)?"*1).

Remark 5.2.1 In more general maps, for instance colored maps carrying an Ising
model (see Chap. 8), or a O(n) model, other exponents p/q are possible. The Ising
model allows to reach any rational p/q singularity. The O(n) model allows to reach
all p/q singularities (not necessarily rational) such that n = —2 cos (‘5’71).

The integers p and g are going to be related to the ( p, ¢) minimal model.

If ¢ is close to 7., the curve y(x) is not singular, but it approaches a singularity.
So, let us zoom into a small region near the branchpoint.

t=t t~t,

For example, consider that the branchpoint which becomes singular is the one
at z = 1 (in case both branchpoints become singular there are extra factors of 2 in
some formulae, this is the case for even maps).

5.2.1.1 Example: Quadrangulations

If one plots the spectral curve y versus x, one sees that at 1 # ¢, the curve (x, y) is
regular, it behaves generically like a square root near its branch points x = £2y, it
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has everywhere a tangent (at the branchpoints the tangent is vertical). Att = ¢, =

ﬁ: the curve (x, y) ceases to be regular, it has a cusp singularity, it has no tangent

at z = 1. Indeed, we have [from Eq. (3.1.16)]:

ty y2—2t 1—/1T—12i4
y=—5 =4y 43y YV =4y Y= —————

y2—1 614
Att = t. = 1/12t, we have y> = 2t and thus:
.
t=t = y=—54 & — 82,

At t = 1., the square root singularity at x = 2y is replaced by a power 3/2
singularity.

y y y

In a vicinity of the critical point, we parametrize t4 as:

1ty =

12

where € is the “mesh size”.
In the small € limit we have the Taylor expansion:

yE~2t(l1—¢) + 0(e?),

and we reparametrize x in a vicinity of the branch-point x — 2y = O(€), with an
auxillary variable ¢ ~ O(1) as:

x=¢§a+%48—@)

we find that y behaves like:

y~ —? (=30 +06.



178 5 Counting Large Maps

This corresponds to having reparametrized the Zhukovsky’s variable near z = 1 as

Z=1+\/§§+0(€).

Let us define the parametric curve (¥, y) defined by keeping only the leading
non-trivial behaviors of x and y at small e:

gfc@) = /1@ -2
5©) = -4 (=30

it is called the “blow up” of the curve (x, y) near its singularity.
This blown up curve is going to play an important role below.

5.2.2 Multicritical Points

The previous example of just quadrangulations is in some way too simple, as it
does not contain any “multicritical point”. The reason is that it depends only on one
variable 1t4.

5.2.2.1 Example: Quadrangles + Hexagons

In order to illustrate a more general type of mutlicritical behaviour, consider maps
with both quadrangles (weighted by #,), and hexagons (weighted by #4). Notice that
these are even maps. We have:

V(x) = x — 13> — 162°.

The spectral curve is easily computed with Theorem 3.1.1:
1 t
y=3 (zé(x2 —4yH)? + (14 + 1016y2) (% — 4y?) 4 31497 + 2016y * — —2> Va2 — 4y?
14

where y? is the unique solution of the following algebraic equation, that behaves
like ¢ + O(#?) at small t:

t=y? =3y — 106y°, (5.2.1)
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i.e. according to Chap. 3, using the Lagrange interpolation method

2k + 31)!
2 — tk+l+l ( 3t k 10¢ l'
v ; Gt 2+ D G (06

We have now 2-parameters #4 and 7. For each #4, there is a critical value of #¢ at
Which yhasa 3 cuspy ~ (x—2y)*2. This happens when 31572 + 20t6y* — 5 =0,
ie.

2271, £2(1 - 91y)?

522
270 2 ( )

t6

This draws two critical lines in the (#4, 5) plane.
Then, if in addition to Eq. (5.2.2), we have 74 + 10t6y2 = 0, we have a point (at
the intersection of the two critical lines) where y ~ (x — 2y)*/2. This point is at

1 1

= — , = ———.
91 6 270 2

14

This is best represented on a phase diagram:

2

-t

6

1/2

\/ 1y
3/2 512

y~x =V x

for generic #4 and f6, y has a % edge, along the two critical lines, y has a % cusp, and
at the critical point, y has a % cusp.
Now, our goal is to consider #4 and #4 a little bit away from the critical point, and
study the limit of generating functions of maps, as we approach the critical point.
Of course, depending on how we approach the critical point, we find different
asymptotic behaviors. The asymptotics for the F,’s are going to be different if we
approach the critical point along a critical line, or from a generic direction.

Let us consider a small vicinity of the critical point, parametrized as:

1 7 3
t4=9—t(l—€2§0) .t = (1—T+€s)

27022

where ¢ is small (it is the mesh size), and s, 7y are of order O(1).
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It will be more convenient to use a variable u, instead of s:
— 3 7
s = 8uy — 2t up.

In some sense uy measures the distance to critical point along the critical line,
and 7y — 12u3 measures the “distance” transverse to the critical line.
The Eq. (5.2.1) for y gives:

3t
—2 =1 =+ 261/[().
4

Then, reparametrizing x in a vicinity of the branch-point 2y with an auxillary
variable ¢ of order O(1) as:

x ~ /312 + € (£% = 2up) + O(€?))
we find that y behaves like:

_8_55 +8up &+ (Gy— 121 1
z uo &~ + (fo up)¢ ) (14 O(e)).

t
~a= €
YTy 3

(ST

The parametric curve (X, y)

X(8) =% = 2ug

~ _ 8 /s5 3 15 u% ~

Y& =—=35( =5ut” + 528 + ¢
is called the “blown up” of the curve (x, y) near its singularity. Again, anticipating
on Sect. 5.4, we notice that the exponents 5 and 2, are a hint that this spectral curve
has to do with the (5, 2) minimal model.

The differential form ydx plays a key role in the recursive computations of W,ﬁg) ’s,

and it scales like:

ydx ~ t€"? ydi + 0(”?).

Remark 5.2.2 If we would compare the formal matrix model for maps to a
convergent matrix integral, then the large N limit of the density of eigenvalues would
be p(x)dx = % ydx. Thus, we see that if we choose

€ ~ N_2/7,

then a region of size of order € near the edge, contains a finite number of eigenvalues
of the random matrix. This is a hint that the double scaling limit to be considered
will be t — 1, and N — oo and N(1 — t/t.)"/* = O(1).



5.2 Critical Spectral Curve 181

5.2.2.2 Multicritical Points, General Case

More generally, when we consider maps, we have a spectral curve (x, y) depending
on some parameters 3, #4, . . . f; and t. As we have already noticed, the spectral curve
depends only on the rescaled parameters 127" 7;, and the parameter ¢ is redundant,
but for further convenience we prefer to keep it.

In the space of parameters #;s, there exists critical sub-manifolds, corresponding
to various singular behaviours for the spectral curves (x, y), of the formy ~ (x —
a)’!?, where ¢ = 2 and p = 2m + 1.

Consider a critical point #; = t,., at which we have y ~ (x — a)’”+%.

When we move away from this point, we may move along various directions, for
instance along a submanifold where y ~ (x — a)’"/+% with m’ < m, or we can also
move into a non critical direction m’ = 0.

Therefore, it is better to reparametrize our parameters ¢, #;’s as functions of more
appropriate parameters €, 7;’s:

2

ti=ti(e,f1,.... 1) where € =t . —1t

and in such a way that the spectral curve can be written in the regime ¢ — 0 and
7, = O(1) as:

X(é) ~dc+ J/Lié(é'z — 21/!) + 0(62) }
¥(E) ~ 2 (i O () + O

where

B m/ (_u)l (2ml + 1)” 2m’—2'+l _ 2 _ m'+%
Q0w () —; T G S = ((; 2u) )+ (5.2.3)

is a polynomial of ¢ of degree 2m’ + 1 (it is the polynomial part of the large ¢

. . i
Laurent series expansion of (&% - 2u)m’+z ).
The first few are

1512

Q@) =t . Q@Q=0-3u . RO =0-5u+ ¢.

The spectral curve now depends on the parameters €, u, and 7;, i = 1,...,m.

x, y and the Q,, are defined with an extra parameter u, but we shall see below,
that « has to be a certain function of the %’s.

At € # 0, the spectral curve is regular, its branchpoints are of square root type.
The curve becomes singular in the ¢ — 0 limit, and depending on the 7;’s, it may
become critical or multicritical along some critical submanifolds.
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Our goal is to study how the F,’s diverge in the limit e — 0 (i.e. 7 — 1. — 0). We
are going to prove in Theorem 5.3.1 below, that (remember that € = . — 1):

Fo~ (1= t/1)®729 272 F @) (1+0(1))

2m+3
2m+2’

below, and we shall find that the coefficients F ¢ are the symplectic invariants (see
Chap. 7) of the blown up spectral curve:

the scaling exponent ;= and the values of F’ ¢ are computed in Theorem 5.3.1

Q) =¢—2u
5’@) = ZZ':oim/Qm/@)-

Then, we shall show that the symplectic invariants of that curve, are related to the
(2m + 1,2) minimal model, and their generating function satisfies the (m + 1)th
Painlevé I equation.

5.3 Computation of the Asymptotic W,(,g) ’s

Here, we compute how the functions W,(,g) (x1,...,x,) behave in a small region of
size § around a branchpoint (z = +1 for instance). We shall study this behavior
independently of being close to a critical point or not, i.e. whether the curve behaves
like a square root y ~ /x — a or like any other power y ~ (x — a)”/.

Also here, we choose a small size § on the spectral curve (i.e. in the z variable),
independently of any mesh size €. It is only later that we shall relate the two.

We thus reparametrize the Zhukovsky variables z;’s with some auxillary variables
;s as

=148
and thus x; = x(z;) = o + y(z + 1/z) gives:
x; = x(1) + y 8282 + 0(8).

Our goal is to study the asymptotic behavior of W,(lg) (x1,...,x,) in the limit § — 0,
with all ¢;s of order O(1).

For latter purposes, we will also be interested in situations where the size § may
depend (or not depend) on the times f, #, and thus x(1) and y may also have a small
8 expansion.

For example, if we are near a critical point, we may want to choose the scale § of
the form § ~ (¢, — t)” with some appropriate exponent v (v = 0 if § is independent
of 1).
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However, for the moment, we do not assume any particular relationship, in fact
we allow any arbitrary relationship. Thus we find, by doing a Taylor expansion in
powers of §:

@) ~x(1) + Y8R + o) . MO = -2 . g=2
Y@ ~ L85(E) + o)

where p is the leading exponent in powers of §, and y is, for the moment, an almost
arbitrary function of ¢. For example, if we assume that y would behave locally like
(x — a)?/? then y(¢) would be a polynomial of ¢ of degree p.

The coefficient u comes from the O(§%) term in the expansion of x(1) = xo +
x18 — 2y us? + 0(8%), it is related to the choice of relationship between § and ¢, ;’s,
and this choice will depend on the kind of critical point under consideration.

We call the curve (X, y) the blown up of the curve (x, y) in the region of size §:

x(©)
&)

All the generating functions F, and W,(lg) are given by Theorem 3.3.1 and
Theorem 3.4.3, i.e. by residue formulae in the vicinity of z = +1. For the residue
at 7z = +1, we write z = 1 + §¢, and for the residue at z = —1, we have
z4+ 1 =2+ 0(6). Let us study how each term behaves in the small § limit. The
fundamental second kind differential B(zo, z) = 1/(z0 — z)* behaves like:

znear +1 znear —1
B(z0,2) ~| zonear +1 | §72B(&,¢) | O(1) x (14 0(9)),
zonear —1 | O(1) o(1)

where B(o. ¢) is the fundamental second kind differential of the curve (&, ¥):

1
(& —)*
Similarly, the kernel K (see Eq. (3.7.1) in Chap. 3)

B(%.¢) =

K( )—l —-— :
0.0 =5\ 20—1) @ (1/2)

behaves like:

znear +1 znear —1
K(z0.2) ~| zonear +1 | 1§~ PF9K(%,0) | O(1) x (14 0(8)),
zo near —1 | O(§~(P+a=D) o(1)
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where K (o, ¢) is the recursion kernel (see Chap. 7) of the spectral curve (&, 3):

i L( 1 ! !
K@osf)zz (50—5_50"‘;) 25 X))

Therefore, we see that the leading contribution to wfﬁl (14 8%,...,148¢,)is

given by the case where all residues are taken near +1, and can be computed only
in terms of B and K. By an easy recursion on 2g 4+ n — 2, we obtain:

Theorem 5.3.1 Double scaling limits of correlation functions
O (14881, 1488,) ~ #7271 0726700+ g7 g8 (8, ., 8,) (140(8))

and a)(g) are determined by the recursion relation:

1

‘7);0)(51@2) = -0y

o1& ) = Res Kito.0) [0, §J)+Z > @ Da (¢ /n]
=01CJ
(5.3.1)

where

1 1 1
Kito.0) = (zo z‘m&) GO —5OF (0

Therefore, we have found the scaling limit of W,(lg) in a small region of size §.

Remark 5.3.1 Notice that the recursion relation Eq. (5.3.1) for the a)(g) ’s, 1S very

similar to the recursion relation of Theorem 3.3.1 for the a)(g) ’s themselves. In fact
both are special cases of the general “Topological recursion” introduced in [34],
which is presented in Chap. 7 in this book. In some sense, the topological recursion
commutes with taking limits.

Then, one could be tempted to apply the same method to the computation of F,
(with g > 2), from Theorem 3.4.3:

2—-29) F, = Ref1 CIJ(Z)a)fg) (2)dz + Res1 CIJ(Z)a)fg) (z)dz. (5.3.2)
> —>—

Indeed, we have seen that !¢ (1 + §¢) ~ §1-20(r+9=1 59 (¢) whereas near z =

—1 (if z = —1 is not critical) we typically have a)lg)(z) = 0(8(1 28)(r+a)=1) Thus,
naively, one is tempted to write that the leading behavior of F, would be:

Fy ~ §@28)(ptq) 22 j:g (14 o(1))
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where

1 =~
Fu= 53, By S0l 0

with '(¢) = F(OF (©). )
However, this formula can be valid only if , # 0, otherwise this means that in
fact F, is given by subdominant contributions and all what we get is in that case

F,=0 & Fy= 0(5(2—2g)(p+q))'

This is not surprising, because F is not a function of §, it is a function of the #;’s and
so far we have not considered the relationship between § and the ¢#;’s. For instance if
one chooses § independent of the #;’s, then in that case F, should clearly not depend
on 4.

Remark 5.3.2 In case where both z = —1 and z = +1 are critical points of the
curve (x, y), it may happen that the two terms of Eq. (5.3.2) are of the same order of
magnitude.

For instance this is the case for even maps, where all functions a),(,g) have a
symmetry z — —gz, and in that case, we get an overall prefactor 2:

Fy~ 28200+ 2% F (1 4+ 0(8)).

5.3.1 Double Scaling Limit of F,

In the case of the spectral curve (x, y) of the enumeration of maps, which has near a
critical point a cusp singularity of type y ~ (x — a)?/9 (withp = 2m + 1, ¢ = 2)
near its branchpoint, we choose a scale § = (1 —#/¢.)", and the blow up is of the
form

x(2) ~ x(1) + 87 y(1.)x(¢) + 0(8%) , degi =q=2
¥(2) ~ 8~ 5(E) + 0(87) | degi—p—2m+1

where y(¢) is a polynomial of ¢ of degree p. We parametrize the blown up spectral
curve as:

X(6) =0 —2u
YO = 2o Qi (§)

where we decompose the polynomial y({) onto the basis of the Q;’s defined in
Eq.(5.2.3).
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Moreover, we choose the f;, close to their critical value, and we define the i/ to be
the distance from the critical point, measured in eigendirections, i.e. in the form:

h =ty + ZCkJ'(SVj ;j
J

It can thus also be written 7, = t; . + Zj Cyj (1 —1t/1.)"" 1;. The jth exponent v;
is called the “dressed exponent” of the flow which moves from the (2m + 1,2)
singularity to the (2j + 1, 2) singularity (indeed 7 is associated to Q;({)):

dressed exponents VV;.

It remains to determine the exponents v and v; (and check that they match with the
KPZ (Knizhnik—Polyakov—Zamolodchikov) formula [55]).
In this purpose, we recall Lemma 3.1.4, we have (at fixed #):

ax(z) dy(z) 3 dy(z) ox(z) l
9z ot 9z o  z

which can be rewritten, in the regime z = 1 + § {,and § ~ (1 —t/2.)", as:
~ ~ ’ ~ -1 1 —
D w(p=v) ¥ () Q) —g QO FD) = — &I (1+0(1). (533)
k

From their definition [see Eq. (5.2.3)], one sees that the Oy satisfy

- - 2k + 2)!
2+ DY O — 2580, = —2(2k + 3)(—uj)itt — X T
(Gh+ D0 = 230) = =20k +3) (/2 o Ser=s
Since the Oy form a basis of odd polynomials of degree < 2m + 1, the only
possibility for the right-hand-side of Eq.(5.3.3) to be a constant, is to choose
p—vp=2k+1.

Also, since the left-hand-side of Eq.(5.3.3) is independent of §, we must have
l/v=p+g—1:

1

V= ——— , w=p—02k+1)=2(m—k).
P (=p—Qk+1)=2m—k

We also find that u is solution of a polynomial equation:

; Q3!

ptqg—1
Ch+ e ’

k
(u/2) ==

(5.3.4)

Therefore, the generating functions of large maps are asymptotically given by
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Theorem 5.3.2 Double scaling limit of the F’s enumerating functions of maps, at
a (p, q) critical point (p =2m+ 1, g = 2), forg > 2:

g = +
Fy~ (1= 1/1) 72070 2728 By 4 O((1 — 1/1,)" O™ 70)

where

Res ®(0) @ (¢) (5.3.5)

F, = —
2—2g >0

and where

P'(6) =5OF(©)

and where generically C = 1. For cases where the two branchpoints are critical,
we may have C # 1, in particular for even maps we have C = 2.

Therefore, we have computed the double scaling limit F of F,.

Remark 5.3.3 If p = 1,q = 2, i.e. if the spectral curve has a regular branchpoint
y ~ /x —a, the Blown up spectral curve is simply y = /X + 2u, and one may
check that this spectral curve has F, ¢ = 0, which is expected since F, is not divergent
when the spectral curve is regular. In that case, F, is given by the subdominant
contributions. Therefore Theorem 5.3.2 is useful only when p > 3.

Remark 5.3.4 The recursion relations [Eqgs. (5.3.1) and (5.3.5)] are very similar to
the ones for W,gg) and F, of Theorems 3.3.1 and 3.4.3 in Chap. 3. We will show in
Chap. 7, that it is possible to define a common framework for both F'; and its double
scaling limit F ¢, namely the notion of a family of “symplectic invariants” attached
to any spectral curve (x, y). The counting functions of maps as well as their scaling
limits are special cases of those invariants.

In other words, if F, is the gth symplectic invariant of the spectral curve (x,y),
then:

Theorem 5.3.3 Fg is the gth symplectic invariant of the blown up spectral
curve (X, y).

The notion of symplectic invariants of a spectral curve is explained in Chap. 7.

5.3.2 Critical Exponents and KPZ

In this subsection, we mention very briefly the link to KPZ. Readers can easily skip
to the next section. We just sketch without details the link to conformal field theory,
and refer the readers to reference books and reviews on the subject [40, 41].
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Definition 5.3.1 The critical exponents in quantum gravity are defined as:

The “string susceptibility exponent” y (often denoted yguing in the physics
literature) is such that y = yg and yy are related to how the generating function F,
(generating function for genus g surfaces) diverges when the mesh size (1 —¢/7.)
tends to O (or equivalently, how F, diverges at large area):

Fo~ (1 —1/1)%" tf Fo + regular
and for higher genus
Fo~ (1—t/t;)" 7 2% F,.

The “dressing exponents” A; are related to the scaling behaviors when one
moves away from the (2m + 1, 2) critical point along a critical submanifold of
codimension r (i.e. a (2r 4+ 1, 2) critical submanifold), measured in mesh size,
and normalized so that A;; = 0 forj = 1. In other words it is related to the
scalings

Aj1—Am1

= tie+ Y Cij (1 —t/t) "omi .
J

We have thus proved that

Theorem 5.3.4 The critical exponents are:

P+aq
2=y, =2-29(p+qv=02-2¢) ——.
pt+qg—1

In particular at genus g = 0:

-2

e

The exponents Aj are related to v; = p — (2j + 1) = 2(m — j) by:

Aji— Apy 2(m—j)
- " = vvj - 7
11— Am,l p + q— 1

and since A} = 0:

A _2-2 |p—qjl—Ip—dl
jil = =
4 p+q—1Ip—q

They are those predicted by the Kac’s table [41] and the KPZ formula [55].
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5.3.2.1 Kac’s Table

We refer the reader to literature on Conformal Field Theory, for example [41].
Finite representations of the conformal group in 2 dimensions, are classified as
the (p, g) minimal models. The ( p, ¢) minimal model has central charge

2
Czl_éwzl_é(ﬁ_i) ,
pq

where we introduced the parameter k = %4 This parameter « is the one that appears
in the famous SLE, processes, see the literature [28, 79].

Minimal models have a finite number of possible highest weights. The highest
weights of the (p, ¢) minimal models are labeled by two integers (r, s) with 0 < r <
pand 0 < s < ¢, and with the identification (r,s) = (p — r,q — s). Their highest
weights are given by the famous Kac’s formula:

_ (ps—qn?*—(p— q)z'

hr,s
dpq

The weights h, ; are the exponents that control how the corresponding fields change
under dilatations.

The field (1, 1) has weight 0, it is called the “identity operator”:
(1,1) field = Identity , hip =0.

e The value of (r,s) which gives the minimum of |ps — gr|, is called the “most
relevant operator”, it has the smallest weight 4, .
e The unitary minimal models are those for which |p — ¢g| = 1, and for them, the
“most relevant operator” is the Identity (1, 1).
e Case (p,q) = (2m+1,2).
In that case, the central charge is

2m —1)?

c=1-3 .
2m + 1

There are m highest weights corresponding to s = 1 and 1 < r < m, their weights
are
b (r=1) (r—2m)

T T 2m )

In that case, the most relevant operator is (r, s) = (m, 1), its weight is:

—m(@m—1)

By = .
T 20m+ )
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The only unitary models among the (2m + 1,2) models, are the (3,2) model
(pure gravity), with central charge ¢ = 0, and the (1, 2) model (Airy model) with
central charge ¢ = —2.

5.3.2.2 KPZ

Polyakov understood in 1981 [76], that conformal Field theories can be coupled
to gravity, in a way preserving conformal invariance, by adding a new field: the
Liouville field.

The Liouville field is constructed from the Gaussian free field, see [28], and was
recently constructed in probability theory [24].

There are also exponents controlling how the fields change with a dilatation,
however, the coupling to gravity means that the metric itself changes under
dilatations, and thus the exponents get “dressed” by gravity.

It is customary to measure the behavior under dilatations by measuring how the
fields scale in powers of the area of the surface when the area becomes large, or
equivalently how they scale in powers of the mesh size at small mesh.

Recall that for us the mesh size is (1 —t/¢.).

The exponent y, controls the scaling of the partition function of genus g. In
Liouville theory, the topology enters only through the integral of the curvature,
which is proportional to the Euler characteristics y = 2—2g, and thus y, is expected
to be a polynomial of degree 1 of the genus. We write it:

2-y,=(1-92-y)
with y = yp. In other words, the exponent y should be such that
Fym (1= /1777 27% Fy ~ (1 11)070CD 22 F

The KPZ formula, due to Knizhnik, Polyakov, Zamolodchikov [55], computes
the dressing exponents A, ; of the weights #, ;. They claim that:

K K
—A2< (1__ Ars:hrss
4 r,3+ 4) > »

where k = 24 is the SLE parameter.
For (p, g) minimal models, this gives:

A _ps—qrl—1Ip—q
r.s — .
p+q—Ip—ql

Notice that the identity operator (r, s) = (1, 1), is undressed:

Al,l - 0.
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The most relevant operator (m, 1) has the dressing:

_ _I-lp—gd|
p+q—Ip—4ql

m,1

They also found the string exponent y, associated to the most relevant operator

(r,s):

2|ps—qr

Ypg=————————.
" p+q—Ips—qrl

5.3.2.3 KPZ Formulae for the (2m + 1, 2) Minimal Model

In that case we have:

and

)/z%n,1=—p+q_l=—m+1-

This is in agreement with our direct proof from the generating functions of maps.

5.3.3 Example: Triangulations and Pure Gravity
Consider the generating function for triangulations. The potential is:
X X
Vix) = — — 13—
(x) ) 33
whose spectral curve was computed in Sect. 3.1.8 of Chap. 3:

x@)=a+yiz+1/2)
Y@ = 5 @=1/2) 6y (@ —7)

where «, y are determined by

t 1—r
r—r3=8tt§ , yr=- , o= .
r 2t3
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8¢ ¢

The equation for y becomes singular at </ #3 = t., where

1
.= _3_3/4 e = —,

2 ’ 3

and one can check that at this point, the spectral curve has a (3/2) cuspy ~ (x —
x(1))*/2. This is the (3, 2) critical point, p = 3 = 2m + 1 with m = 1, also called
“pure gravity”.

Near 7, we parametrize with a scaling §:

Vits = (1= 38,
so that we obtain
Y~ ylt)(1 — %82) +06 . a~al)—yi)8 + 0@
where
y(t) =3"Vi L al) =3"4i(V3-1).
If we choose
z=146¢
we have:

x(z) ~ alt.) + 2y(t.) + 31/4ﬁ82 (§2 -2)+ 0(52)
V@) ~ Y583 =30 + o)
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i.e. the blown up curve is

70 =2 -
50 = ¢ -3¢

Not surprisingly, we recognize the polynomial Q;(¢) = ¢* — 3¢ of Eq. (5.2.3).
Applying Theorem 5.3.1, for example, we find for the first few n and g:

1

33 (61, 600.63) = —¢ cl 70 (5.3.6)

o) = - (1;)2 gl—j3 (5.3.7)

50 ) = 155} + 1583 + 9&%;%; ;gi;g% + 65783 + 2418 (53.8)
500 = -7 135 + 8702 4 36L* + 1200 + 428 (53.9)

21035 710
Py ! 1+3
(Cls§25§35§4) 9 C1§2C3C4 ( + Z EZ)

&5 (1. 62,83, 80.85) = m 1+3Z§2 +6Z§2§2 +52§4

i<j

etc. ..
Using Theorem 3.4.7, we have

oF,

% = Zlieis1 0®(z)dz Inz.

To leading order in &, only the residue at z = +1 contributes, and writing Inz =
In(1 + 8¢) = 8¢ + O(8)?, we get

oF,

e -(2)
. _ -2 §5(1-29)+1 Res @* () ¢ dg.

Similarly, taking a second derivative gives

9*F, —2g o2— ~
B T Ry Ry e Gt fidb e
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and a third derivative

9 Fy 1-2
~ 11722 3—5(142g) R R R ~(g)
g t $ Res, Res Res @3 (81,82, 83) §1dE1 L2 dEr L3 dEs.

From Eq. (5.3.6), we thus get

33F0 5§72 azF() 52
_— — _~ =,
s 6t ar? 2
and using Eq. (5.3.8):
82F1 58

TR T ENS
as well as using Eq. (5.3.9):

oF, 76714 N 82F2 49 §~18
ot 28 3543 or? 28364 °

We define u, such that

aZFg 82—10g
a2 M s
ie.
1 1 49
=Ty M T e T asae

We may thus verify that the second derivative of the free energy:

o0

u(s) = Zs(l—Sg)/Z 1ty

g=0

satisfies the Painlevé I equation to the first orders:

1 1
2u® + ﬁu” =39 +o(s™).

Our goal now, is to prove that u(s) satisfies Painlevé I to all orders.
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5.4 Minimal Models

The goal of this section is to prove that the following formal series

Int = ZNZ_zgﬁg

8

whose coefficients F ¢ are the generating functions of large maps, is a formal Tau-
function for the mth reduction of the Kordeweg-De-Vries (KdV) hierarchy of
integrable equations. That reduction of KdV is also called the (2m + 1,2) minimal
model in the context of conformal field theory. It can be obtained from Liouville
conformal field theory coupled to 2D gravity.

In some sense, we obtain an argument towards the idea that large maps should be
related to Liouville gravity.

5.4.1 Introduction to Minimal Models

There exists several equivalent definitions of minimal models coupled to gravity.
Here we shall adopt the approach of Douglas and Shenker in 1990 [27]. Minimal
models correspond to representations of the conformal group in 2 dimensions. They
are classified by two integers (p, ¢), and their central charge is:

N2
-9
pq

=1

Some of them have received special names (see [40]):

e (1,2) = Airy, ¢ = —2 (related to Tracy-Widom law [82])
* (3,2) = pure gravity,c =0

¢ (5,2) = Lee-Yang edge singularity, c = —2—52
* (4,3) =1Ising, c = %

e (6,5) =Potts-3,¢c = %

Minimal models can also be viewed as finite reductions of the Kadamtsev-
Petviashvili (KP) integrable hierarchy of partial differential equations [8, 53].

The case ¢ = 2 is alittle bit simpler to address, and is a reduction of the Korteweg
de Vries (KdV) hierarchy [8, 47, 58].

The KdV hierarchy, and the minimal models (p,2) have generated a huge
amount of works, and have been presented in many different (but equivalent)
formulations. For instance in terms of a string equation for differential operators,
in terms of a Lax pair, in terms of commuting hamiltonians, in terms of Schrodinger
equation, in terms of Hirota equations, in terms of isomonodromic systems, in
terms of Riemann Hilbert problems, in terms of tau functions, in terms of Grasman



196 5 Counting Large Maps

manifolds, in terms of Yang-Baxter equations, ...etc, see [8] for a comprehensive
lecture.

All those formulations are equivalent, and let us recall some of the well known
features of the (p, 2) reduction of KdV (see [8, 41]), presented in a way convenient
for our purposes.

5.4.2 String Equation

The KdV minimal model ( p, 2) with p = 2m+ 1, coupled to gravity, was formulated
in terms of a “string equation” by Douglas and Shenker in 1990 [27]. Let P, Q two
differential operators of respective orders p and 2, satisfying the so-called “string
equation”:

1
P,Ol=—1d 5.4.1
P.0)= (5.4.1)
Q=d2—2u(s) P:dp—pudp_2+ d:ii
s s N &

zlv is a redundant parameter, which can be absorbed by a redefinition of s and u, but
we prefer to keep it to play the role of a scaling parameter which can be sent to zero
to get the “classical limit”.

In all this chapter, we shall denote with a dot the derivative with respect to s:
df/ds = f in order to shorten notations. The prime will be reserved to derivatives

with respect to the spectral parameter df /dx = f'.

5.4.2.1 Solution of the String Equation

The general solution of the string equation (5.4.1) is known. Let us describe it below.

Definition 5.4.1 Let (Q’F!/2), be the unique differential operator of order 2j + 1,
such that:

order[((Q'1/%)1)? — 0¥'] < 2j.

For example:

y
©@Mp=d . (@) =d-3ud- T
15 150, 250 15 .. 15ui
S/2) = 5 — Sudd 4+ —1Pd — g = D g D DM
Q)+ ud™+ Hwd =5y W YTy
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Lemma 5.4.1 [t is a classical result (see [40]) that it satisfies:

(@)1 01 = & % (Rw(s)) (5:42)

where the right hand side is a function (a differential operator of order 0).

Proof We propose the proof of this lemma as an exercise at the end of this chapter,
and we give some hints of how to do it. O

The coefficients R;(u) are called the Gelfand-Dikii differential polynomials [40].
They can be obtained by a recursion.

Definition 5.4.2 (Gelfand-Dikii Polynomials) The Gelfand-Dikii differential
polynomials are defined by the recursion:

Ro=2 ., Ry =—2uRj— iR+ —R;. (5.4.3)

1
7 4N?
and by the condition that R; is homogenous of degree j in u with the grading
convention that" = d/ds has the same grading as /u.

The first few of them are:

Ry=2
R1:—2u
Ry =3u?— L

2N?

—5u° + uit + > i — ! u
2N? 4N? 8N*

R;

and in general:

J! 12N?
JG=D0G=2) 3., 2 j—2)
Sy ] + Gt G4
Lemma 5.4.2 Any solution of the string equation
1
[P.Q] = N Id
where Q = d&? —2uand P = d*t' + ..., can be written:
m m—1
P=3 50"+ 60! =1

J=0 J=0
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where cj, 1; are constants (independent of s) and u(s) is a solution of the non-linear
differential equation:

m
Z;jRj+l(“) =s.
=0

(5.4.5)

This equation has the Painlevé property

Proof The proof that the solution takes that form is obvious from Lemma 5.4.1.
The fact that the equation satisfies the Painlevé property is beyond the scope of this
book, and we shall not use it here. We refer the reader to [23] for more details about
the Painlevé property. O

The coefficients ¢; associated to Q7 will play no role in what follows, because
[@/, Q] = 0, so from now on, we shall choose ¢ =0.

Remark 5.4.1 Since Ry = 2, we see that we can identify s with s = —27_.
Examples

* For Airy p = 1, the equation for u is:

* For pure gravity p = 3, this is the Painlevé I equation:

1 s
3M—Zﬁu—mW=& (5.4.7)

* For Lee-Yang p = 5, we have:

5 . 5. | 1 . .
—5u® + 2—Nzuu - muz — Wu +106u? - Z—NZM) —2fu=s. (54.8)

5.4.3 Lax Pair

Consider the following matrices:

Definition 5.4.3

0 1
Rix.5) = (x + 2u(s) 0) ’
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and for any integer k:

A B
D) = (8 % ).

where Ax(x, ), Bx(x, 5), Cx(x, s) are polynomials of respective degree k — 1, k, k + 1
in x, which are defined by:

k
1 . 1 . 1.
Bk(x, S) = 5 Zxk J Rj(u) s Ap = _ﬁBk s Cy = (x+2u) Bk+ﬁAk-
J=0

The recursion relation Eq. (5.4.3) implies that By satisfies the equation:

. A U
2uBy + 2(x + 2u)By — SN2 B = —Ri+1(u)

and we see that

Lemma 5.4.3 the matrix Dy (x, t) satisfies:

19 1.
< S De(x.8) + [Dr(x,9), Rx, )] = — e () ((1) 8) , (5.4.9)

the right hand side is independent of x, and is proportional to %R(x, s).
This equation is called a “Lax equation”.
5.4.4 Lax Equation

Therefore we have obtained that, if u is a solution of the string equation (5.4.5),
then, the matrix:

D(x,s) = Zfﬂ)j(x, s) , fn=1
j=0

satisfies the Lax equation:

Proposition 5.4.1 The matrices D(x,s) and R(x,s) form a Lax pair, they satisfy
the Lax equation

1 0 10
N $D(x, s) + [D(x, s), R(x,s)] = Y, aR(x, s) (5.4.10)
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which can also be written as

19 19

[ﬁ% 4+ D(x,s), R(x,s) — N $:| =0. (5.4.11)

This relation means that the operator % % + D(x, s) is a Lax operator [8].

5.4.5 The Linear { System

The Lax equation (5.4.11) is the compatibility condition, which says that the
following two differential systems have a common solution W (x, s):

10 1 d
~ o Y(x,s) = —D(x,s) ¥(x,s) , N s W(x,s) = R(x,s) ¥(x,s)
(5.4.12)
and W(x, s) is a matrix such that:
V¢
W(x,s) = (~ ~) . (5.4.13)
v
In particular this implies the Schrodinger equation for v :
1 .
V2 Y(x,s) = (x 4+ 2u(s)) ¥(x,s) 5.4.14)

where s can be interpreted as the space variable, u(s) is the potential, and x the
energy. This is why x is often called the “spectral parameter”. 7 = 1/N can be
interpreted as the Planck constant and this is why the limit N — oo is called the
“classical limit”.

Definition 5.4.4 The wronskian w(x, s) of W(x, s) is defined as the determinant
w(x,s) = det W(x,s)"".
It satisfies
ad
" logw(x,s) =N TrD(x,5) =0

ailog w(x,s) = —N TrR(x,s) =0
s
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Remark 5.4.2 Up to right multiplication W(x, s) — W(x, s)C by a constant matrix C
independent of x and s, it is thus possible to normalize w(x, s) = det W (x,s)~! = 1.
Most often we shall make that convenient choice, and assume that the wronskian
is normalized to 1, except when we shall consider the insertion operator in
Definition 5.4.9 and in the proof of Lemma 5.4.5 below.

5.4.6 Kernel and Correlators

In the following sections we chose to normalize det ¥ (x, s) = 1, and we define

Definition 5.4.5 the (generalized) Christoffel-Darboux kernel associated to the
system D(x, s) is defined as

K(xl,xz,s) = (‘-I-’(XI,S)_I \IJ(XZ,S))Z’Z

X1 — X2

— w(—xlv S)(];(.xz, S) - &(—xls S)d)(-st S) )

X1 — X2

(5.4.15)

Most often the s dependence will be implicitly assumed and we shall denote:

K(x1,x2,5) = K(x1, x2).

Remark 5.4.3 In fact, the actual Christoffel-Darboux kernel usually considered in
the literature, is often the (\If(xl,s)_l \I"()cz,s))2 - It turns out that the two are
related, and this one is more convenient for our purposes.

Remark 5.4.4 1f we would not assume w(x, s) = det ¥(x, s)~! to be normalized to
1, the formula for K would be:

K(XI,XZ,S) = (\I/(xl’s)_l \p(x%s))zl

X1 — X2

Y (x1, 8)P(x2, 5) — P (x1, 5)¢ (x2, 5)

X1 — X2

= w(x1,s)

Definition 5.4.6 We define the “connected correlators” by the “determinantal
formulae”:

Wi(x) = lim K(x.x) — =Y (x,9)P(x,5) — V' (x,)p(x,5)  (54.16)

x—x
and for n > 2:
1 8n2 -1 -
Wo(x1,...,%,) = —————— —-1)" K(x;, x5 5.4.17
(1) = = £ (D) > T ]KGix0w) (5.4.17)

o=cyles i=1
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where we take the sum over all cyclic permutations (i.e. o has only one cycle).

For example:

1
(x1 —x2)?

Wi (x1, x2,x3) = K(x1, x2) K (2, x3) K (x3, x1) + K (x1,%3)K (3, %) K (x2, x1).

Wa(x1,x2) = —K (x1, x2)K (x2, 1) —

Although we have not written it explicitly, the kernel K and the correlators W,
depend on s.

Remark 5.4.5 Our goal in this section will be to prove that the correlators W,
defined from the minimal model, coincide with the correlators W, of Sect.5.3
defined from the double scaling limit of generating functions of large maps:

A

W, = W,

The Wn were defined in Sect. 5.3 as formal power series of 1/N, and here, we shall
consider a formal solution of 9, W (x,s) = —ND(x, s)¥(x, s), so that W, are formal
power series of 1/N. The equality W, = W,, will then be an equality of formal
series in C[[1/N]].

Definition 5.4.7 The non-connected correlators are defined by:

&p)

Wn(-xls cee sxn)n.c. = Z 1_[ W|M,'\(Mi)7

uH{xy .} =1

where the sum is over all partitions & = (i1, ..., fe) of {xi,...,x,} into non-

empty disjoint subsets. In other words, the connected W,,’s are the cumulants of the
non-connected ones.

For instance:
Wa(x1, X2)ne. = Walxr, x2) + Wi (x) Wi (x2),

W3 (1, %2, X3)ne. = W1, X2, x3) + Wi (x1) Wa(x2, x3) + Wi (x2) Wa (1, 3)
+ W) Walxr, x0) + W) Wi ) Wi(n). (5.4.18)
The formula Eq. (5.4.17) is called “determinantal formula”, because for the non-

connected correlators, the sum over cyclic permutations in Eq. (5.4.17) gets replaced
by a sum over all permutations, with their signature:

Wat, s e, = det(K () = S (=17 [ KGixo0)
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where det’ and Y signify that whenever the permutation o has a fixed point if
o (i) = i we must replace the ill-defined K(x;,x;) by 14 (x;), and whenever the
permutation ¢ has a cycle of length 2, i.e. 0(i) = j and o(j) = i, we replace
K (x;, x;)K (x;, x;) by —Wz(x,-,xj), see [10].

For instance VAVg,n_C_ is the sum of six terms coming from the six permutations:

A , (K, x1) K(xi,x2) K(xi,x3)
W3 e (x1, X2, x3) = det | K(x2,x1) K(x2,x2) K(x2,x3)
K(x3,x1) K(x3,x2) K(x3,x3)

= Wi (x) Wi () W1 (x3) + W1 (x1) Wa(x2, x3) + Wi (x2) Wa 1, x3)
+W1 ()C3)W2(X1,X2) =+ K(xl,xz)K(xz,x3)K(x3,x1)
+K(x1, x3)K (x3,x2) K (x2, x1) (5.4.19)

which coincides with Eq. (5.4.18).

5.4.6.1 Alternative Definition of the Correlators

Notice that:

— (W(Xs S)d;(x/ss) B &(—xv S)¢(X/,S)) —

1 -1
K(x,x) P p— (\If(x, )WY, s))l2
and thus
1
Kx,x)K(xX,x') = ——m——— (\Il(x, )T, )EWK, )t W, s))22

(=)0 =)

where E is a matrix which projects on the (2, 2) coefficient:

E = 00 .
01
This leads to define

Definition 5.4.8 The projector M(x, s):

Y. 5) = Y. X.§ —1 — —%(X, S)dj(-xv S) W(-xv S)¢i(x, S)
M s) = W) ERexs) (—w(x,s)qs(x,s) w(x,sw»(x,s))'

The matrix M(x, s) is a projector, it satisfies

M(x,5)* = M(x, s) , TrM(x,s) =1 , detM(x,s) = 0.
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Thanks to that matrix M (x, s), we can rewrite any cyclic product of K(x;, x5 ;) as
a cyclic product of matrices M (x, s):

Tr l_L» M(x(,f(l), S)
]_[i(xi - xU(i)) ’

l_[ K(xi, x5) =
i

where 0(1) means the image of 1 by the ith power of 0.
For example:
1 _ TrM(x,s)M(x', s) 1
(x—x)? (x—x)? (x = x)?

Wa(x,x') = —K(x, X)K(X', x) —

and

T / /!
K@, XK, XK', x) = (;Aj(;’)zy_(xx;/;)(i{/(i ;c; ) .

It follows that

Tr (M(x, s) M, )M (X", s) — M(x, s)M (X", s)M (X, 5))
(x _ x/)(x/ _ x//)(x// _ x)

_ Tr M(x,s) [M(X',s), M(X", s)]

(x _ x/)(x/ _ x//)(x// _x)

Wg, (e, ¥, x") =

And in general the correlators are:

Theorem 5.4.1
Wi(x) = N Tr D(x, s) M(x, 5)
n Tr M(x1, s)M(x3, s) 1
Wa(xi,x) = -
2(x1,x2) 1 —1)? 1 —m)?

and forn > 3

-1
TI' l_[:'l:() M(Xgi(l), S)
[Ti=i (i = x6)

Wn(xl, ceXp) = (_1)n—1 Z

o=cyclic

5.4.6.2 Loop Insertion

We shall define a “loop insertion operator” §, acting as a derivation (i.e. satis-
fying Leibniz’s chain rule) on the functions ¥, v, ¢, ¢, K, W,, ..., and turning
them into functions of more variables, in particular it will be defined so that
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8x”+1VAV,,(x1, ceXp) = Wn+1(x1, -+ Xn, Xn+1), Whence the name “insertion oper-
ator”.

In that purpose we first need to define formally the derivative d/ds acting on a set
of functions, without evaluating the derivatives. In other words we shall define some
symbols like ¥ (x, 5), 9, (x, s) and so on, assumed to be independent elements in a
ring, and consider differential equations as linear subspaces in that ring. This is the
notion of the “Picard-Vessiot” differential ring.

In this section, we no longer assume that w(x, s) = det W(x, s)™' be normalized
to 1, because we will find that §,w(x, s) # 0.

let F, = C(xy,...,x,) be the field of rational functions of n variables, and F,
its projective limit n — co.

Definition 5.4.9 Let A, be the ring over F freely generated by the symbols
1, ¥ (x1,8), ¥(x1,5),d(x1,5), p(x1, ), w(xi, s), u(s), and their multiple derivatives
0k /ds*, and quotiented by the relations
w(xt, s) (Y (1, )P (1, 5) — ¥ (x1, )9 (x1,5)) = 1
Ay (x1,8) = Ny (x1, )
3¢ (x1,5) = Np(x1,5)
35y (x1,8) = N(x1 + 2u(s)) ¥ (x1, 5)
dsP(x1,5) = N(x1 + 2u(s)) ¢ (x1,5)
dsw(xy,s) = 0.
(We leave the reader to check that these relations are compatible, in fact there is just
to check that the last relation is compatible with the others, which is trivial).
A, is called a “Picard-Vessiot differential ring”.
We also define its n-variables analogue, .4, to be the Picard-Vessiot differential
ring with n variables xy, . .., x,.
_ It is the differential ring over F, freely generated by the symbols ¥ (x;,s),
v (xi, ), @ (xi,8), p(xi, 8), w(xi, 8), i = 1,...,n, and u(s), and their multiple deriva-
tives with respect to s, and quotiented by the relations
w(xi, s) (W (51, )P (1. 8) — ¥ (x1, ) (xi, 5)) = 1
¥ (xi,5) = Ny (x;. 5)
3sp (x1,5) = N(xi, 5)
W (xi,5) = N(x; + 2u(s)) ¥ (x;, 5)
350 (xi,5) = N(x; + 2u(s)) ¢ (x;, s)
dsw(x;, s) = 0.

Let Ao its n — oo projective limit.
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In that ring, we define as before

o [VGis) d(xiss) R ) $(xi,s) —p(xi,s)
“’(x””‘(xﬁ(x,-,s) 43(x,-,s>> o P =y (—Mxi,s) w<x,~,s)>

_ . R . —¢(xi, )V (xi,8) Y (xi, ) (%, 5)
M(x;,5) = V(x;, )EV(x;,8) " = w(x;, ) (—&(xi,s)qg(x,-,s) 1/f(x,-,s)<,z'~>(x,-,s)>

R(xi.s) = %asw(xi,sﬂ’(x”)_l - (x +gu(s> (1)) '

Then, we define a loop insertion operator, as an operator § : A, — A,+1, by:

Definition 5.4.10 We say that §, acting in A is a “loop insertion operator” if it
satisfies:

» Jsends A, into A, (we shall write it 8, ).

e § annihilates Foo, i.e. V 1, F,, C Kerd.

e §is a derivation, it satisfies the Leibniz rule §(fg) = fég + g6f.
e its action on the generators of A, is

M(xp,+1, 8
8oy W (X, 8) = (—“1) U(xi,5) + Uxnir, s) U(xi, s)

Xi — Xn+
Seuls) = w(x,s) (Y (x, 5)p(x.5) + ¥ (x, )¢ (x, 5))
10
=¥ % w(x, s) ¥ (x, )P (x, 5). (5.4.20)

where

0 0
U(x,s) = w(x,s) (w(x’ )P (x,s) 0)

¢ it commutes with the derivation d/ds:

0
|:8X,,+15 $i| - Os

this is equivalent to requiring

Sy R(xiy8) = I:M(xn+1,s), Rxi,s) — R(xn+1,s)i|

Xi — Xn+1

1
+[U(xn+l k) S)s R(-xis S)] + N aS U(xn+ls S)'
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* The §,,’s commute together:
[8,.8,] = 0
This last requirement is equivalent to demand that
§:U(y) = 8,U(x) = [U(x), U(y)]
and
8:8yu(s) = 8,8,u(s).

For an arbitrary ODE, the existence of an insertion operator is not automatic and
not trivial. However, in our case, such an operator exists:

Proposition 5.4.2 The insertion operator exists and is well defined

Proof In order for the insertion operator to be well defined over A,, we need to
know how it acts on a basis. So far we know the action of § only on ¥, ¢, 1// ¢
and u. First, we derive that

-1
S W(xiy §) = ——— w(x;, s).

Xi — Xn+1

In order to define dy, 4, over A,, we need to know how it acts on the derivatives
of ¥, ¢, &, qE, u with respect to s. This can be done by commuting §,, 4+, and ds.
Therefore all what we need to check is that d; and § commute.

The fact that d; and § commute when acting on W (x;, s), is equivalent to verifying
that

xrz+l R(xlv S) [M(Xn+1 s S), R(xi’ S) B R(xn-l—l 5 S) }

Xi — Xn+1

1
+UXpt1,5), R(xi, 8)] + N 0 U(Xpx1,8).

The right hand side is equal to:

R(xi,s) — R(xy+1, 5
[M(xn+1,s), ( ;_Xil+l ):|

1
+[U(xn+1 P S)v R(xiv S)] + N B‘Y U(xn+la S)

= [M(xn+1,s), ((1) 8):|
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1
HU 11, 9), (8 (1))] ty 05U (xn+1. )
10
SR CHIRON IO )

AW 41, 9) W Cnt 1. )P Xnr1.8) + ¥ Xg1. )P (Xar1,5)) ((1) 8)

1
Gt 1 Y Gt ) (i1 5) ((1) _01) + = 0 UG,)

~ ~ 00
SELCRIDI A CAE P e )
which indeed coincides with

8y ROiius) = 28, , u(s) ((1) g) .

We also leave to the reader to verify that [Jy,, 8Xj] = 0, which is equivalent to
verify that

§:U(y) = 68,U(x) = [U(x), U(y)] =0
and

8:8yu(s) = 8,8.u(s).

O
The main properties of the insertion operator are
Proposition 5.4.3 The kernel K is self-reproducing:
SvK(x,x") = —K(x, X K(xX',x").
This implies that
5 ~ _h 5n,1
anern(xl, cesXn) = Wopi(xr, oo X0, Xng1) + m
We also have that:
M), M(x
somo = HOMON 1), o)
X—x
M), D 1 M
SvD(x) = M + [UW), D))+ — L (5.4.21)
x—x N (x —x)?
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Proof Those relations are easy to derive from the definition of §, we leave it as an
exercise for the reader. O
5.4.6.3 Loop Equations

Theorem 5.4.2 (Loop Equations) (Proved in [10]): the quantity

P xp, ... x,)

- n+2,n.c.(—xv -xv -xls ss sxn)

Z 0 W, X1, s X, Xjr 1+ o5 Xn) — Wo(X1, o0, Xn)
0x; X —x;

(5.4.22)
is a polynomial (over the ring A,) of the variable x:
P,(x;x1,...,x,) € Aulx].

This assertion is highly non trivial because none of the terms in the right hand
side are polynomials of x, they involve functions 1 (x) for instance. Only this very
combination is polynomial.

Proof The full proof can be found in [10, 11]. Let us give a hint of the proof.
The case n = 0 is very easy, one can explicitly compute:

Po(x) = Walx, x) + Wy (x)?
. Mx)M(x') 1 A,
= xl’linm Tr ) — ) + Wi(x)
—14+ TrM®x)?* TrMGxM 1 .
— fim L TTM@T | TIMOM) | L comey” + o2,
Yox o (x—x)2 X —x 2

Observe that Tr M(x)> = Tr M(x) = 1 and by acting with d,, that Tr M(x)M’ (x) =
0, therefore

Po(x) = %Tr MM (x)" + Wi (x)2.

Then, use that

M"(x) = =N[D(x.s)", M(0)] + N*[D(x, ), [D(x, 5), Mx)]],
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and thus
N? .
Po() = — Tr MX)[D(x.5). [D(x. 5). MW)]] + Wy ()
= N2 (Tr M(x)*D(x, 5)> — Tr (D(x, 5)M(x))* + (Tr M(x)D(x,5))?) -
Observe that any 2 x 2 matrix A satisfies:
A =ATrA—1d detA,
Applyingitto A = D(x, s) gives (since Tr D(x, s) = 0)
D(x,s5)* = —Id det D(x, 5),
and thus
Tr M(x)>D(x, s)> = —2 det D(x, s) Tr M(x)*> = —2 det D(x, s).
And applying it to A = M(x)D(x, s) gives (since det M(x) = 0)
(M(x)D(x,s))> = M(x)D(x,s) Tr M(x)D(x,s),
and thus
Tr (M(x)D(x, 5))* = (Tr M(x)D(x, 5))>.

Eventually:

N2
Po(x) = —N? detD(x, s) = - Tr D(x, s)?

which is indeed a polynomial of x.
The cases n > 1 can be obtained from n = 0 by recursively applying d,,. Indeed,
we have:

a W(x+1,x1,...,x)
P,,+1(x;x1,...,x,,+1):8Xn+1Pn(x;x1,...,xn)—ax . nx . : .
n+1 — An+1

Thus, observing from Eq. (5.4.21) that 6, , D(x) is a rational fraction of x, con-
taining only coefficients in .4,,, we obtain by recursion on n that P, (x; xi, ..., Xx,) €
A, (x) is a rational function of x. Moreover P, can have no other pole than x = oo,
so it must be a polynomial of x. |
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For example, we have that

T
Prxix) = b Po@) = 5= ‘i’l_();ll)
2
= N7 8y, (Tr D(x, 5)2) —Naixl x—lxl Tr D(x1, s) M(x1)
= N? Tr D(x,s) 8, D(x,s) — N TrD(x1, 5) M(x1)
(x —x1)?
N Tr D' (x1,5) M(x1) N Tr D(x1, s) M'(x1)
X — X1 X — X1
— N2 Tr D(r.s) ([M(xl),D(x,S)] UG, D s)] + 1 M(a) )
XX N (x—x1)?
Tr D(x1, s) M(x1) Tr D' (x1, s) M(x1)
~ -N
(x_xl)z X— X1
N Tr D(xy, ) [D(x1,5), M(x1)]
X — X1
= N TrD(x,s) M(x1) _N Tr D(x, 5) M(x1) N Tr D' (x1, s) M(x1)
(x —x1)? (x—x1)? X — X1

and one observes that (D(x, s) — D(x1,s) — (x — x1)D'(x1,5))/ (x — x1)? is indeed a
polynomial of x.

5.4.7 Example: (1,2) Minimal Model, the Airy Kernel

Let us write the (1, 2) model, i.e. m = 0. We have:

P=d , QO=d*-2u
the string equation is:
P.0) 1
. = — U= —
N

ie.
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(where we have reabsorbed a possible integration constant in a redefinition of s
and7_)).
The Lax pair is:

poo=(00) o= ()

The differential system is:

1 d 0 1
w0 == () v

ie.
V' =N (=Y

whose solution is the Airy function (The Airy function is solution of Ai”(x) =
x Ai(x), see textbooks on classical functions [1]) rescaled by N2/3:

Ples) =ANI—9) . Pl = -NPAIN k- 9)
and the other independent solution is the “BAiry” function [1]:
¢(x.s) = -7 N'PBINi (x—s)) .  $(r.s) = nBI(Ni(x—s))
where in the literature, Bi is normalized so that AiBi’ — Ai’Bi = 1/7.
The Christoffel-Darboux kernel is thus (up to rescalings by factors N=2/3) the

famous Airy kernel [82]:

ALGeOBY (o) — AT (x0\Bi
N2 k(s Ny, s4N"y) = 7 i(x1)Bi’ (x2) — A¥'(x1)Bi(x) _ Ky (1)
X1 — X2

and this is why the (1, 2) minimal model coupled to gravity, is sometimes called the
“Airy model”.

Remark 5.4.6 The Airy kernel plays a very important role in many problems, in
particular in the universal laws of extreme eigenvalues, related to the Tracy-Widom
law [82]. We mention this, not as a mere coincidence, but because, as we have seen
in Chap. 2 counting maps is closely related to random matrices, and the asymptotic
limit is closely related to the eigenvalue statistics at the end of the spectrum, i.e. to
the extreme eigenvalues.

So it is very natural that large maps can be related to Tracy-Widom law of
extreme eigenvalues.
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Let us parametrize

D S0 i = D i

The Airy equation Ai”(x) = xAi(x), implies that f(x) satisfies the differential
equation

Ai(x) =

12
1
sl Ly

and taking the derivative again, and after dividing by f’
1 ua /

One easily finds from this linear equation and from the leading behavior f ~ 1/./x,
that:

1 (6k — 1)”
SO = Z 25k 3k kI

Then, from Eq. (5.4.16) we compute the 1-point function

Wi(s + N"23x) = 7 N (A¥'(x)Bi' (x) — x Ai(x)Bi(x))

e (£ )

4

=N (W —xrw).

Taking the derivative again implies N~*/3 W/ (s+N~2/3x) = —f(x)/2, and therefore

(6k — 3)1! ) )
Wl(x) -N /x_s_,r_ Z 25k3kk' ( —S) 3k+l/2N1 2k'

We may write it:

oo
Wit =Y N ()
g=0
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with

A A (6g — 3)!! _
WOl =—va—s . W= Sy 0 de+l/2,

For the Airy system, the polynomial of Theorem 5.4.2 is simply:

Pn(x) = (-x - S) 5n,0-

5.4.8 Tau Function

The notion of Isomonodromic Tau-function was defined for any Lax pair by Jimbo-
Miwa [51, 52]. In this book we shall not study in details why the Tau-function is a
useful notion, we just mention that indeed it encodes most of the properties of an
integrable system, it is a very fundamental notion. We refer the reader to literature
on integrable systems for learning more about Tau—functions and their utility, see
for instance [8, 49, 59, 60].

Let us describe how it is defined in our case. In order to define the Tau-function,
we need to consider the large x formal asymptotic expansion of W(x).

First we define
T(x) = ( / Y(x') dx/)
+

where Y(x) = /A2(x) + B(x)C(x) is (up to a sign) the eigenvalue of D(x), and ()+
means the strictly positive part of the Laurent series in ,/x (and thus it is independent
of a choice of integration constant). By an easy induction, one sees that the large x
formal asymptotics of W(x) is of the form

1 X~ 1/4 _x—1/4 _ —NosT() 10
W(x) ~ VA (x1/4 /4 ) Yx)e " . 03 = (O _1),

and where ¥/ (x) = Id + O(1//x) is an analytical function of /X near co:

~ v v2 u (01 1
=1d+ — —Id+ — o(x—3? ., —v=u,
v =ld+ —mos+ o ld+ o (10)+ ) '
(5.4.23)

Miwa-Jimbo [51, 52] define the Tau-function 7(s) and its log, the free energy
function F(s) = In z(s) such that:

oF
os

T (x)
% dx.

= =N Res Tr (¥(x)™' ¥'(x)03)
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First notice that

Tr (V(x) 'V (x)o3) = Tr (ggi

which is a Laurent series in 1/x.
Therefore the definition of the Tau function is equivalent to

F = —2N Res W;(x)T(x) dx.
X—>00

Then, write Y(x) = +/—detD = /5 Tr D2, so that

2Y(x) aggx) —TrDD = Tt D(—R —N[D,R]) = ~Tr DR’ = —B(x)
ie.
() B B(x) B B
ds  2Y(x) 2BC+A?
1

2ot 2m) - oo B LB

1
N _2«/x+2u

Then, since T'(x) = (/™ Y(x')dx’) 4 by integration we find

(1 + 0(1/x%)).

aT (x) s
ds

In our case this leads to

N~'9F/ds = 2 Res W, (x) v/xdx

215

where W, (x) = ¥/ ()@ (x) — ¥’ (x)¢ (x). Taking another derivative with respect to s,

and using the d/0ds equation satisfied by W(x, s), we get

N7LOW(0)/ds = ¥/ (0 (x) + ¥ () (x + 2u(s))¢ (x)
—((x + 2u(s)) ¥ () $(x) — ¥ () (x)
= Y @)p ),
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and therefore:
N729°F/ds* = —2 Res ¥ (x)¢(x)/x dx.
xX—>00

From the asymptotic expansion Eq. (5.4.23), one has

VB ~—5= (1= 4 0

and thus
N29F/ds*> = Res (1 — i O(x?)) dx = u.
x—>00 X
And therefore we find
N2 F/0s* = u(s).

Therefore we have just recovered the Its-Matveev’s equation [49]:

Theorem 5.4.3 The Tau-function of the integrable system defined by the Lax pair
(D, R), is such that u(s) is the second derivative of In t:

(s) = VO P M) _ u(s),

d 52

and u(s) is solution of the Gelfan-Dikii equation (5.4.5) of Lemma 5.4.2:
ijRH_l(u) = S.
Jj=0

The Tau—function has many properties, which can be found in textbooks and
classical works on integrable systems [8, 49, 59, 60], but which are beyond the
scope of the present book. In some sense, the Tau—function is the most fundamental
function characterizing an integrable system, it contains all the information about
the integrable system.

Here, for the integrable system satisfied by the (2m + 1, 2) minimal model, the
Tau function can be computed by integrating twice the function u(s) solution of a
Painlevé type equation.
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5.4.9 Large N Limit

Our goal is to compare the minimal model’s Tau function with the generating
function of large maps introduced in Sect. 5.1.3.1, which is by definition a formal
power series of 1/N, InZ = > < N> 2 F ¢, Where F ¢ 1s the asymptotic generating
function of large maps. The conjecture of topological gravity (proved below) is that:

W) = Z.

Therefore, we need to study the formal large N expansion of the minimal model
(p.9).

The large N limit for minimal models, is also called “dispersionless” limit.
The parameter 1/N, which we introduced as the coefficient of the identity in the
commutator [P, Q] = %Id, is called the “dispersion” parameter. In the large N
limit P and Q tend to commute, 1/N plays the role of  in quantum mechanics, and
the large N limit is a “classical limit”.

Intuitively, in this limit, the operators P and Q will be replaced by functions, also
the operator d will be replaced by a function z, and thus P and Q will be replaced by
some functions of z and s.

Taking those observations as a guideline, in analogy with Q = d? — 2u(s), and
P=d’+ ..., wedefine:

Definition 5.4.11 We define two functions x(z, s) and y(z, s) (which will be, as we
shall see later, in some sense the large N limit of Q and P), polynomials in z, of
respective degree 2 and p, of the form:

x(z,8) = 2% — 2uy(s) , y(z.5) =2 + 072 .

which we require to satisfy the following Poisson bracket equation (the “classical
limit” of the string equation [P, Q] = 1/N):

o222 =1. (5.4.24)

Proposition 5.4.4 the general solution of this Poisson equation is:

x(z,8) = 72— 2uo(s)

un(s Jj+1/2 m—1 '
y(z,5) = Zt ( 2j+1 ( ZLZ()) ) + ch x(z, sy,
j=0

Z
+
m m—1
=) 50@+ Y ¢y, (5.4.25)
j=0 j=0
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where ()4 means the positive part of the large z Laurent series expansion, where
Qi(2) was introduced in Eq.(5.2.3), and where the function uy(s) has to satisfy the
algebraic equation

. o Qi+D s
P (uo(s)) = ;rj (—uo(s)/2y ! FEsias (5.4.26)

From now on, we shall always consider ¢; = 0.

Proof 1t is very similar to the proof of Lemma 5.4.2, we leave it as an exercise for
the reader.

We just mention that once we have seen that the function y(z, s) must be of the
form Eq. (5.4.25), the Poisson equation {y, x} = 1, written at z = 0 reduces to:

. —1
MO(S) yl(os S) = 77
i.e.

- (2 + 1)! 1
;tj ito(s) (—uo(s)/2Y TG =-3

which can be integrated with respect to s and gives a polynomial equation for u(s):

"o L @+ s
Pluo(s)) = ;U w2V G T

which is clearly the classical limit of Eq. (5.4.5) (i.e. it coincides with Eq. (5.4.5) by
removing all derivative terms). In other words, formally in the classical limit, the
non-linear differential equation (5.4.5) for u(), becomes an algebraic equation for

up(s).

This is the same equation which we encountered for large maps in Eq. (5.3.4). O

For example, for pure gravity m = 1 we have the classical limit of Eq. (5.4.7):

4P (uo) = 3ud — g up = s. (5.4.27)

5.4.10 Topological Expansion

In order to compare minimal models with large maps, we now look for a function
u(s) which is a formal series in 1/N.
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Proposition 5.4.5 The formal series in 1/N solution u(s) to the string equa-
tion (5.4.5), can be expanded as an N™2 power series starting with uq (solution
of P(uo) = s/4) as a leading order:

u(s) = uo(s) + Y _ N> u(s)
k

and where all coefficients uy are rational functions of ug (their denominator is a

power of P'(up)):
Up € (C(M())

Proof One notices that the string equation (5.4.5) involves only N? and therefore
the expansion is in powers of N? instead of N. Almost by definition of ug, we see
that uy(s) satisfies the string equation (5.4.5) at N = oo, and therefore is the first
term of u(s).

Since

Pug) = s/4

we have

o o PMw) 3P (w) = P )P o)
T AP Y 16(Pwe)? 64 (P (ug))°

io Y
and in general, any derivative of uy with respect to s can be written as a rational
function of ug, whose denominator is a power of P’ (). Solving the string equation
recursively involves derivatives of uy, and thus each uy is a rational function of ug
whose denominator is a power of P’ (uo). |

Using the expression of Gelfand-Dikii polynomials Eq.(5.4.4), the equation
satisfied by u to order O(1/N*) is

.. .2
S u 17 u " 4
- = — —_— 1/N
1 P(u) 12N2P (u) 24N2P (u) + O(1/N%)

and thus we get

i PMw) i PMw) _ (i w
TR P 24 Pl 24 \id i )

We could easily obtain uy, u3, . .. by expanding to further orders.
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5.4.10.1 Topological Expansion for the Tau-Function

Proposition 5.4.6 We have:
Fromthe 1/ N? expansion of u(s), we get that the free energy F(s) = In t(s) such
that u = # F, also has a 1/N? expansion:

Int=F =Y N"%Fu) . Fo=u,. (5.4.28)

8=0

In particular we have

Jora J kA4 Q42D 2k 42)!

Fo=—4)Y Lt (—up/2
0 %:”‘( of Jtk+3 G+ 2! K (k+ 1)

-1 . 1
Fi= o In(=2i0) = o In(y'(0,9).

Proof We propose it as an exercise at the end of this chapter. | can be easily
derived from the expression of u; above, and for Fy, see the hints in the exercise.

|
5.4.10.2 Topological Expansion for the Differential Systems

Since the coefficients of the Lax matrix D(x, s) depend on u(s) and its derivatives,
it has a formal 1/N expansion:

.s) = A(.X, S) B(x, S) _ —ky(k) s
29 = (¢ Zaten) =2 NP0y

where

B(x,s) = ZN_Zk By (x, s)
k

| -
C(x,s) = (22 + 2u — 2up)B(x, s) — N7 B(x,s) = Zk:N_Zk Co(x, 5)

1.
A(x,s) = ﬁB(x, s) = ZN_Zk_lAzkH(x, s),
k

and notice that By, and thus Cyp; and A4 are polynomials of x, i.e. polynomials
of 22 = x + 2up.
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To leading order we have:

(0) _ O E(X, Lt()))
DO(x,s) = ( e+ 2 Bu) 0 (5.4.29)

m j k
- U —1 2k— 1!
B(x,up) = § : § :tjx/_k ul{) M
k=0

|
po k!

The determinant of D© (x, s) is:
det DO (x,s) = — (zB(z> — 2uo, uo))z.

This means that the eigenvalues of D (x, 5) are £z B(z? — 2uo, uo).
Notice that z B(z?> — 2uy, uo) is precisely the function y(z, s) of Proposition 5.4.4,
in Eq. (5.4.25).

Definition 5.4.12 The “classical spectral curve” is the eigenvalue locus of the
classical limit D) (x) of the Lax matrix.
If we parametrize x as x = z> — 2uy, the eigenvalues of D© (x, 5) are:

y==£y(s)

where y(z, §) is the function defined in Eq. (5.4.25).
Written in a parametric form where 1y = uy(s), the classical spectral curve is
thus:

< x(z,8) = 22 — 2up

m+12) = b1 < 2j+1— j ! i—1)! .

ST e = X500 = X 5 (cuo/2) R ey
(5.4.30)

Remark 5.4.7 1t is important to notice that it is a genus 0 hyperelliptical curve,
which is equivalent to saying that it can be parametrized by a complex variable z
(higher genus would be parametrized by a variable z living on a Riemann surface),
and which is equivalent to saying that the polynomial y?, written as a polynomial
in x, has only one simple zero, located at x = —2uy, all the other zeroes are double
zeroes:

Y =22 (B(x.up))* = (x + 2up) (B(x, up)).

Remark 5.4.8 1t is also the same curve as the blown up spectral curve considered
in Sect. 5.2. This is of course not an accident, this is an indication that indeed, large
maps are related to the Tau-function of the (p,2) minimal model. Our goal is to
show that not only the large N limits coincide, but the full expansion.
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5.4.11 WKB Expansion

Similarly, we can look for a formal large N asymptotic expansion of the solutions
¥ (x, 5) of the differential system. To leading order, it takes the WKB form:

e—N fiZuO ydx

Ylos) ~ e (1 + 3 Ny s))
k

V2 (=x = 2ug)7

- L N, v 1 ( P )
Yx,s)~ —=e 2077 (x4 2up)* |1+ ) N "Ynl(x,s)
7 2

and we recall that z = (x+ 21/[0)%. The BKW expansion of the other solutions ¢ and
¢, are obtained by changing N — —N. For the matrix W, we have:

1 1

U, s) ~ % (; ‘f‘) D) @ 0 Lo

where 03 = diag(1, —1), and
o0
W(x,s) =1d + ZN_I‘ W (x, $).
k=1

where each W (x, s) is a square matrix independent of N:

_ Vi, ) dilx,s)
Pilx. 5) = (&k(x, 5) dilx, s)) '

The fact that W satisfies the differential systems ¥ = —NDWand ¥ = NRY
imply for W:

C—B?—2Az —-B#-C

X n N 2 _ _
\Dz—Nz\D03+—(Z tu—i 2u0 " ) ( )
Z U — U —Z"4uy—u

Let us expand it into powers of N, we have:

N 2_c— . 1
B = Nybos— 2( BZ+C BA-C 2Az) (01)

B(x,s) = Z N~ By (x.s)
k
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1 —2k
C(x,s) = (2% + 2u — 2up)B(x, s) — B(x s) = ZN Cai(x, s)
k
Ax,s) = — B(x s) = ZN_ZI‘_I Agt1(x, 5),
k
and notice that By, and thus Cyp; and A4 are polynomials of x, i.e. polynomials

of z2. Notice that

Co(x,s) =22 By(x,s) = zy.

that gives
1//,1 = —— Z(z By + Cop)Yit1-2j — = Z(Z By — CZJ)WH -2
]>l ]>l
- 1 -
+ ZA2j+1¢k—2j - 4—Zzlﬁk
Jj=0
Vi = 2yYt1 + ZA2/+11/fk -+ 5 Z(Z Baj = Co) Yt
j=0 ]>l
1
+- % Z(Z By + Cop) V12 — e — Vi
izl
Ve = — Z Uy (Wi 1—2) — Vi 1-2) —
/>1
Ui = =220l + — Z w; (Yt 1—2) — Yig1-2)) — (5:4.31)

/>1

and we have similar equations for ¢ and o
We have the following Lemma:

Lemma 5.4.4 Yk > 0, Yi(x,s) — 8o and Vi (x,s) are polynomials of 1/z of the
same parity as k and which behave like O(1/z) at large z.

Proof We proceed by recursion. We have ¥y = 1 and Vo = 0, so the recursion
hypothesis holds for k = 0.
Assume the recursion hypothesis at rank k.

Since z = iy/z, we have that V; is a polynomial of 1/z, and thus from the fourth
equation of Eq. (5.4.31), that
~ 1
Vit1 = (Polynomial of 1 /z)
Z

i.e. 22V is also a polynomial in 1/z, and it has the parity of k + 1.
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Then, the first equation of Eq.(5.4.31) written at rank k + 1 implies that ¥,
is a Laurent polynomial of 1/z of parity k 4+ 1 (remember that By;, Cy;, Asj11 are
polynomials of z> and thus contain positive powers of z). After integrating with
respect to x = z2 — 2uy, this implies that ;4 must be a Laurent polynomial of 1/z
of parity k + 1, plus possibly a term proportional to In z when k + 1 is even:

Vi1 = Zak+1JZj + ciy1 Inz + Zbk+1.jz_j-

Jjz0 Jj=1

However, from the large x behavior Eq.(5.4.23) we know that at large z, we
must have ¥;4+1(z) = o(1) and thus the Log term must vanish, and thus zy4
is a polynomial in 1/z, and the parity is clearly k. We have proved the recursion
hypothesis to rank k£ + 1.

O

Examples:
to the first few orders

1 i ) ~ )
D =

24 iz 7

Yy =

5.4.11.1 Topological Expansion of the Kernel

The Christoffel Darboux kernel K(x1, x,) can be rewritten as:

K(xi,x) =

e S v <xﬁ(zl)$(@) — Y @)d () .\ U2 () — &(zod?(@))
2 \/ZI_ZZ 01— 21+ 2 ’

and since each term has an expansion in 1/N, whose coefficients are polynomials
of 1/z; and 1/z;, we have:

eV J v 1 >
K(x1,x) = + N*K (x X
(x1,x2) W (21 = l; % (x1 2))

where each Kj(x1,x;) is a polynomial in 1/z; and in 1/z;.
This implies that the correlators also have a 1/N expansion:

. |
W) = -Ny+ 5 > ONTFKi(x.x).
k=1

1

— +O(N.
42122 (21 —22) (1 —x2)? ™)

"AVz(Xl,xz) =
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5.4.11.2 Topological Expansion of the Projectors M (x)

The projector M(x) defined in Eq. (5.4.8) also has a large N expansion:

M) =Y N*M®(x) = %Id - % (2 1(/)1) + O(1/N)
k

Notice that we have

MO 1
VX, X2, ﬂ-ﬁ-— 00 MO [=0
X1 — X2 27, \1 0
and thus
M (x: 00
VXX, [ () ( X o) ,M(xl):| = O(1/N).
X1 — X2 2—22

Lemma 5.4.5 (Topological Expansion) N'2W, is a formal power series in pow-
ers of 1 /N?

o0
Wn(xl, X)) = ZNZ_zg_” W,ﬁg>(x1, e Xn)
g=0

where each W,(lg) is a rational function of the z; = +/x;i + 2uo, with poles only at
z; = 0, except Wéo) and Wfo) which are:

W =y s)
R 1 1 1 1

2 42122 (21 — 22)? B (Z%—Z%)z N 472122(z1 + 22)2

This Lemma makes some non-trivial claims, first that there is no odd power of
1/N, second that W, starts as N>~", and third that the coefficients are polynomials
Of 1 / Zi-

Proof Notice that in the products ]_[l.K (Zo(i)» Zo(i+1)) all the exponentials cancel,
and the square roots 1/,/z; appear only by pairs, so the result is, order by order in
N7, a rational fraction of the z;’s having poles at z; = 0, or possibly at z; = z;.
Except for W{O) and WQO) , the poles at z; = z; are at most simple poles, and it is easy
to see that in the sum over permutations, the residues cancel, therefore there is no
pole at z; = z;. Thus each W is a rational function of the z;’s having poles only at
2z = 0. The cases of W, and W, need to be treated separately, and are easy.
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The fact that W, has a 1 /N? expansion instead of 1/N comes from a simple
symmetry argument. In the expressmn of W,, changing ¥ — ¢ and ¥ — ¢, can
also be obtained by permuting the x;’s, and since we take a symmetric sum, only the
terms which are invariant under the exchange ¥ — ¢ and Y — ¢ contribute to W,.
Exchanging the two solutions ¥/ — ¢ and ¥ — ¢, is also equivalent to changing
N — —N, and therefore W,, has the parity (—1)", in N.

It remains to prove that the leading order is N>~". This is obvious for n = 1 or
n = 2. For n > 3, we shall proceed by induction, by applying the insertion operator
defined in Sect. 5.4.6.2, which has the property that

8x”+lW,,(x1, e ,x,,) = Wn-H(xlv . ,xn,x,H_l).

Let us write:

IM(x
M(x) = xU(x) + A(x )—l M(x) (1 O)

s
where
v = v (|)
AW = WP WF@ 1A+ W () ).
Observe that

Vx,y,o, [Ax) + aU(x),A(y) + aU(y)] = 0.
This implies that the insertion operator 4, acts on M (x) like

5, M(x) = [ﬂ + UGy). M)

1 oo {00
= 5 7= (WO 40010 (1 0)1 ~BU® + 40, M) (1 o)])
O 00\, . . {00\ (00
vy (@ 1), (1 0)] ~MOME). (1 0)]) (1 0)
and it acts on u(s) by Eq. (5.4.20), i.e.

) = "2 2y (g ()
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therefore the action of the operator §, brings a factor 1/N, and the result is again
expressed in terms of M (x), M(y), and u(s) and their d/ds derivatives, and we recall
that the insertion operator commutes with d/0s.

Since

Tr M(xl)M(xg) _ 1

Wa(x1,x2) =
5(X1,X2) 1 —1)? =)

is of order O(1) and is expressed only in terms of M, and since forn > 3
W1, o 20) = 8 Wt (X1, -+, X1
we see that by recursion:
W, = O(N*™).

|

We mention that this theorem is far from being true for any Lax matrix. It holds
because our Lax matrix is related to the (p, 2) minimal model.

5.4.12 Link with Symplectic Invariants

We have found that the minimal model correlators W, have a formal large N
expansion of the form

W,,(xl, X)) = ZNz_zg_" W,gg)(xl, ey Xp)

4

where each W ,ﬁg’ with 2 — 2¢g —n < 0 is a rational function of the z; = +/x; + 2uo,

with poles only at z; = 0. And we have found that they satisfy loop equations in
Theorem 5.4.2.
Let us define:

n,25g,0x/(zl)x/(z2)
(x(z1) —x(22))*

R A = 5
a),(lg)(zl, e Zp) = W,gg)(x(zl), o x(za)) l_[x (z) +

i=1

The first few are easily computed from the BKW expansion, and one finds:

3" (2) = —y(z.5) ¥ (2)
1

(0)
@, (21,22) = @)
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and all the other & (z1y---,24) With 2 —2g — n < 0 are symmetric polynomials
of 1/z.
Then, since they satisfy loop equations, we have:

Theorem 5.4.4 The a)(g) can be computed by the “topological recursion”

1 1
20— 20+z (g—1)
20,215+ 5% =—Res—[ =2, 251
n+1( n) 0 2)7(2, t)x/(z) n+2 ( n)
i
A (h) A~ (R)
+ > D (2, 1) 1+#1/(—Z,1/)]
h+h =g, 1WI' ={z,....72,}

where we recall that Y means the sum over all h, '\ 1, I' excluding (h,I) = (0, )

and (W, I') = (0, 9). In other words, the differentials > (z1,....za) [ 1; dz;, are the
symplectic invariant correlators for the spectral curve of Eq. (5.4.30) (see Chap. 7
for the definition of symplectic invariants of the spectral curve).

~(8)

Proof Notice that, since a) l(z(), Z1,...,2y) is a polynomial in 1/z9, we have the
Cauchy identity:
~(®) dz (g
w,~ (0,21, -..,2) = — Res 25205454
n+1( 05 <1 n) > 20— 2 n+1( 1 n)
dz ~(g)
= Res & (22152
=0 70 —2 ”'H( ! ")
dz ~(0 N
=— Res ——MM— 2w§ )(z)a)gl(z,zl,.--,zn)-

=0 (20 — 2)y(2)x'(2)

Then, the loop equations (Theorem 5.4.2) imply that the quantity

/

0 ( ~(h A
20, )(Z) wﬁ:l(zs 2, 2n) F Z hz#l(zs ) 1+3#1/(Z* r)
W =g 16’ ={z1,....2}

+wn+2)(z,z s Zn)

is equal to x’(z)? times a rational function of x(z), with no pole at z = 0 (in fact it is
a polynomial of x(z) plus a rational function of x(z) with poles at z = +z;), in other
words it cannot contribute to the residue. This shows that

A () 1 [ -1
(] 205315 -++5% 33,3055 %
n+l( 0, <1 n) Z-’O (Zo—Z)y(Z, t)x(z) n+2 ( 1 Vl)

i
(ki n(h
+ Z a)fﬁ#,(z,l) 1+3#1/(Z’I/)]
hth =g IWI'={z1,....2n}
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Then, using the fact that each ¥ hasa given parity in the z;’s, it is easy to complete
the proof.

A special care is needed for cf)f D (zo) because cf)éo) (z, z) is ill-defined, but we leave
to the reader to check that the theorem also holds for that case. O

As an immediate consequence we have that:

Corollary 5.4.1 The correlation function P of the minimal model 2m + 1,2),
coincide with the generating function of large maps a3,(,g) of genus g and n > 1

boundaries (defined in Theorem 5.3.1):

a;y(lg) — c;)r(lg)_

Proof The topological recursion Theorem 5.4.4 for the minimal model (2m + 1, 2),
is identical to the topological recursion of Theorem 5.3.1 for the generating
functions of large maps.

Therefore, the c?),(lg) of the minimal model (2m + 1, 2) and the generating function

of large maps cf),(lg) are both equal to the symplectic invariants of the spectral curve
(x(z,5),y(z,5)), they satisfy the same topological recursion with the same initial

condition. O

5.4.13 Tau Function

Here, we prove that the double scaling limits F o of the large maps generating
functions (see Sect.5.1.3.2), which coincide with the symplectic invariants F, of
our spectral curve (see Theorem 5.3.3), do also coincide with the coefficients of the
topological expansion of the minimal model Tau-function introduced in Sect. 5.4.8,
i.e. Proposition 5.4.6, Eq. (5.4.28):

Int = ZNz_ng:"g , 821‘:“g/as2 = uy(s).

4

From the Poisson equation (5.4.24), it is easy to see that our spectral curve has
the property that

1

ey _ 1
T2z

ds

x(z,5)
and thus

/ J Zd7 1 ~(0) / /
X (z2) —| y(z5)=—1= Res ———= = Res 7 &, (z.7)d7Z.
0s |, 700 (z—7)? oo
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Knowing that, it follows from general property of symplectic invariants F, of a
spectral curve (see Chap. 7), that:

3 - .
— F, = Res z&"¥ (2)dz = 2 Res v/x + 2up W (x) dx.
BS 7—>00 X—>00

In other words

Fy =2 Res W¥ (x) J/xdx
xX—>00

&l

and summing over g:

A

1 0F X 1 0F
N% —2){13)6080 Wl(.x)\/.;dx— ]vg

where the last equality holds by definition of the t-function in Sect. 5.4.8.

This proves:

Theorem 5.4.5 Near a mth order critical point, the coefficients of the double
~ m+3 ~

scaling limit of large maps Fy such that F, ~ (t — 1) 2 728) a2 F,, are the

symplectic invariants of the classical spectral curve Eq. (5.4.30), and are such that

the generating series:

T =exp ZNz_ng:"g
g

is the Tau-function of the (2m + 1,2) minimal model, or also, u(s) = d*Int/ds?
satisfies the m + 1th Gelfand Dikii equation:

Rus1(u(s)) = s.
We have thus seen, that the asymptotic generating function which counts large
maps near a critical point of order m, is the Tau-function for the (2m+1, 2) reduction

of the KdV hierarchy. In particular, its second derivative satisfies the (m + 1)th
Gelfand-Dikii equation.

5.4.14 Large N and Large s
5.4.14.1 Rescaling N

We have introduced the parameter N as a scaling parameter in order to define formal
power series.
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But notice that N is redundant, it can be absorbed by the change of variable
s = N~F8 §and u(s) = N7 (). We have
Q=Nt2Q , P=Nip
with
O=d*-2u(5) ., P=d —pud*+... . d=—
and they satisfy the string equation without 1/N:

[P, 0] = Id.

5.4.14.2 Homogeneous Case

A case particularly interesting is when all 7;’s with j < m vanish. In that case, the
equation for ug(s) is simply:

s . Cm+1)!

_ _ _ m+1
1= P(ug) = tm il on £ D)1 (=uo/2)"™"",

i.e. P(uop) is a homogeneous polynomial of u.
This implies that the BKW expansion of u(s) has only homogeneous terms:

o0
_ 1—g(2m+3
u(s) = up + E N~ ¢, u, s(2mt3)
g=1
where ¢, are some complex coefficients.

. . . _ptl =2 _ . .
Using the reparametrization s = N~ »+2 § and u(s) = N»+2 u(5), this amounts to
writing a large 5 expansion for u:

o0 = m — 37 (1—g(p+2)
~omy ~ ~%(1—g([7~|—2)) ~ -2 tm (—1) (2m + 1)” pH1
"= gzzo et LT ( (m+ 1)! '

The coefficients u, can be found by inserting this expansion into the Gelfand
Dikii equation R4+ (1) = s, or also, since F = Zg N>~2% Fy(s) and F = u(s), we
have just shown that, for g > 2:

(1—g)(m+1)*
2m+3) (m+2—g(2m + 3))

iy = Fy = Fo({x(z2.5),y(z, 9)}).

‘We thus formulate the theorem:
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Theorem 5.4.6 If u(3) written as a large 5 series
> 2
a(3) = Z’}g s (1=g(pt+2)
g=0

is solution of the m 4 1th Gelfand Dikii equation (here we choose N = 1)

Ty Rip1(it) =5,

then
_ L(m + 1)!
i gyt — S mbm+ D!
(=io/2) 45, Cm+ 1)
- m
U =————
YT T 24 m+ 1)

and for g > 2, the coefficients ity of the expansion, are related to the symplectic
invariants F, of the spectral curve S

X(Z) = Z2 — Z;t()

S = > . oi, o~ i @m+1D)! —i)!
Y() = 1nQn(2) =Ty Yy, 217 (i /2y LoDl Sl

as:

(1—g) (m+1)° p
Qm+3)(m+2—g2m+3)) ¢

= -Fg(g)-

and as an immediate corollary:

Theorem 5.4.7 Near a mth order critical point, the double scaling limit of the
generating functions of large maps of genus g:

~ . _~\ 2m+3 _
F,=lim e®2u+ 272F,
e—>0

are related to the coefficients i, (5) of the large 5 expansion of the solution of the
m + 1th Gelfand-Dikii equation:

(1-g) (m+1)

GmT3) mt2—gemi3) = e

This theorem is an indication that large maps are related to Liouville conformal
quantum field theory coupled to the (2m + 1, 2) minimal model.
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5.4.15 Example: Pure Gravity Case

Let us illustrate all this on the important example of pure gravity case, m = 1, the
(3, 2) minimal model.
We have:

3 .
O=d*-2u P=d3—3ud—mu.

The string equation [P, Q] = zlv Id gives the Painlevé I equation for u(s):

3u2—LiJ—s
2N2 T T

There is a formal solution of this equation with an expansion in powers of 1/N?:

S 1 49
=—\/z- O(1/N°®
“o) 3TBNS o V352 +OU/N?)

which can be written

o
u(s) = ch N~% u(l)_sg , up = —,/=.
g=0

With the rescaling

we have

The free energy F(s) such that N"2F = u(s) has an expansion:

9 3 Ins 7

4 s ~
F(s) = — — N2 I N T Y
153 48 40/3N2s3 ; ¢

For example, the first few correlators computed from the topological recursion
are

1 dzi dzp dz3
6up 2 5 23

~(),, _ dz 3 1
@ () = 32 24 (z4uo + zzu%) '

~ (0
" (z1.22.23) =
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5.5 Summary: Large Maps and Liouville Gravity

We have seen that

Large maps are obtained when the weights #; of k-gons are tuned to some critical,
or multi-critical values #; — #; . (the subscript . stands for “critical”). At those

critical values, the disc amplitude Wl(o) (x) has cusps of the form Wfo) (x) ~ # +

C(x—a)s,withq: 2andp =2m + 1.
The tuning of the #’s

e = ke + Z Crj (L—t/t)"
J

comes with some critical exponents

1 1

vzp—}—q—l =2m+2

s Uj = Z(m —j)

We then have the scalings
Fo(t (1)) ~ (1= /1) 27200702 2726 F ({13
with the exponent (called “string susceptibility exponent” by physicists)

_ -2 -1
S pH+qg—-1 m+1

4

Those exponents agree with the KPZ formula.
The asymptotic generating functions of large maps, are obtained by the topolog-
ical recursion, corresponding to the spectral curve:

x(z,8) = 22 — 2uy

Eom+12) = . o T,
CrID T M) = X 50/(0) = X X G A (—up /2yt B U

which is the blow up of the cusp singularity of Wl(o) (x) ~ (x —ay/d
This means that when t — ¢,

o 22 o~ o2t
Fy~(1— t/tc)(z 28) 3wt 3 tf 28Fg =(1- t/tc)(z 28) 3wt 3 t? 2g FoEami12).

and 1 —t/t, = € is the “mesh—size”.
The asymptotic generating functions of large maps, F, are such that

2—2¢
‘C:eZé’N gFg
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is the Tau—function of the mth reduction of the KdV hierarchy of integrable
equations, called the (2m + 1, 2) minimal model coupled to gravity.

¢ This means that the second derivative u of In 7, satisfies a non-linear differential
equation of Painlevé type, namely the m + 1th Gelfand-Dikii equation:

Ryg1(u) = s.

* This means that the asymptotic generating functions of large maps coincide with
those of the Liouville conformal field theory coupled to gravity.

5.6 Exercises

Exercise 1 Prove Proposition 5.4.6, i.e. that

jtk+4 Qj+2)! (2k+2)!
JHk+3 G+ K (k+ D!

Fo=—4Y T (—up/2) 3
jk

Hint: first look for a polynomial S(u) such that di S(up) = 4 uyp, and show that

S/(u()) = 16wy P/(M()).

From there, and from the explicit expression of P (1), deduce S(u).
Then look for a polynomial E (1), such that % & (uo) = S(uo), and show that

E'(uo) = P'(uo) S(uo).

From there, deduce the expression of E(up). It satisfies d?/ds*E = u, and thus
E = Fo.

Exercise 2 Prove Lemma 5.4.1 and the recursion for the Gelfand-Dikii polynomi-
als Eq. (5.4.3).
Hint: To prove Lemma 5.4.1, show that

(©H1) .2 = (@4 1@ 4. 01+ Q7. 01 @ )4

is an operator of order at most 2j — 1, and this implies that [(Qj_%)+, Q] must be an
operator of order 0, i.e. a function of s.
Using (Q'/?); = d find Ry = —2u, and then proceed by recursion on j.
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First show (using the recursion hypothesis) that it is possible to choose two
functions o;(s) and B;(s) such that

(@ )+ + oy + ﬁj)2 = 0¥ + o)
i.e. that
(Q79)4 = Q(Q7 )4 +oyd + B = (Q7 )+ O + (@) + R)d + B;.

Then, writing that [(Qj+%)+, Q] must be an operator of degree 0, find the coeffi-
cients «;, B, and find the recursion relation for R;.



Chapter 6
Counting Riemann Surfaces

In the previous chapter, we have computed the asymptotic generating functions of
large maps, and we have seen that they are related to the (p, ¢) minimal model.

Now, in this chapter, we compute generating functions for “counting” Rie-
mann surfaces directly. The set of all Riemann surfaces (modulo holomorphic
reparametrizations) of a given topology, called moduli space, is a finite dimensional
complex variety (it is not a manifold because it is not smooth, instead it is called an
orbifold), which can be endowed with some “volume form” which allows to define
“volumes” of moduli spaces, i.e. in some sense the “number of Riemann surfaces”.

In the physics literature, this approach is often called “topological gravity”, and
it was conjectured by Witten [87], and later proved by Kontsevich [57], that the
limit of large maps, is (in some sense which we make precise below) equivalent to
topological gravity. We shall reprove this theorem in this chapter, using again the
topological recursion.

6.1 Moduli Spaces of Riemann Surfaces

Riemann surfaces are 2-dimensional manifolds, equipped with a complex structure.
They are thus 1-dimensional complex manifolds, and are also called “complex
curves’. They are defined modulo conformal reparametrization, and since the group
of conformal reparametrizations is very large, there are not so many different
Riemann surfaces, they can be parametrized by a finite number of complex
parameters called “moduli”.

In all this chapter we shall denote

Xg,nzZ_Zg_n B dgn:3g_3+n
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The classification theorem of surfaces says that the topology of compact
orientable surfaces, is entirely characterized by their genus, i.e. their number of
handles.

Definition 6.1.1 (Moduli Space) The Moduli space of orientable compact Rie-
mann surfaces of genus g, with n distinct labeled marked points is denoted

Mg, ={(C,pi1....,ps)}/ automorphisms

where C is a connected smooth orientable compact Riemann surface of genus g, and
P1,...,py are n distinct labeled points on C.

Notice that C \ {pi,...,pn} is topologically a surface of genus g with n points
removed, it has Euler characteristics

X = Xen =2—2g—n.

We shall see below that, if 2¢ —2 4+ n > 0,i.e. y,, < 0 then Mg, is locally a
complex manifold of dimension

dimM,, =d,, =3g—-3+n

i.e. is locally parametrized by d, , = 3g — 3 + n complex numbers (called moduli).
M, is not a manifold, it is an orbifold because surfaces with automorphisms are
divided by their automorphism group.

6.1.1 Examples of Moduli Spaces
6.1.1.1 Example M, 3 Sphere with Three Marked Points

We shall admit, that there is only one (up to conformal bijections) simply connected
(i.e. genus 0) compact Riemann surface, it is called the Riemann sphere, or also the
projective complex plane CP', and it is a compactification C of the complex plane
with a point at co added:

C = CP' = C U {oo} = Riemann sphere.

More precisely, a surface is a manifold, defined by an atlas of charts, that is a
collection of open connected sets in R? (the charts) together with a set of continuous
transition functions from charts to charts. A compact surface can be realized by
an atlas with a finite set of charts. Orientability requires that the Jacobians of
all transition functions be positive. For defining a Riemann surface, the transition
functions from charts to charts are required to be holomorphic.
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The Riemann sphere can be realized with two charts U4, U_, each being a copy
of a disc of radius R4 centered at the origin in C, and we assume R4 R_ > 1:

Ut ={z€C| |zl <Rt} , Ry R_>1. (6.1.1)
A point z € Uy and Z € U_ are identified if Z = 1/z. The transition function is:

fr— U N{z|1/R_ < |z] <Ry} > U_-N{Z|1/R+ — < |7 < R_}

7 1/z

it is holomorphic and bijective and its inverse is holomorphic.
The Riemann sphere is then the equivalence class of all atlases equivalent to that
one. In particular it is independent of the choice of R4 and R_ provided R+ R_ > 1.
The automorphisms of the Riemann sphere, are analytic bijective functions
whose inverse is analytic, from the Riemann sphere to itself. We leave to the reader
to prove! that an automorphism of the Riemann sphere is necessarily a Moebius
transformation:

az+b
cz+d

fizm ,ad—bc=1, (a,b,c,d)eC*

in other words Aut(CP') ~ SI,(C), the group of Moebius transformations.
Consider a genus 0 Riemann surface with three marked points py, p2, p3. As a
Riemann surface, it can always be conformally mapped to the Riemann sphere. And
up to composition by some Moebius transformation, we can always assume that the
three points (p1, p2, p3) are mapped to (0, 1, 00).
This means, that there is only one Riemann surface of genus 0 with three marked
points, modulo conformal reparametrization.

M3 = singleton = { (C, 0, 1, 00)}.
M 3 is a point, it is a dimension 0 manifold:

dim./\/log = d0,3 =0.

6.1.1.2 Example M, 4 Genus 0 with Four Marked Points

Let (C,p1,p2,p3,p1) € Mya. Since C is a genus zero Riemann surface, it can
be mapped to the Riemann sphere, and up to a Moebius transformations, the three

"Hint: notice that if f is bijective, then exactly one point is sent to 0o, and the fact that f is analytic
and bijective means that f can only have one simple pole, and is analytic everywhere else. Then,
use that a holomorphic function with no pole on a compact surface can only be a constant.
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points py, p2, p3 can be mapped to 0, 1, co, and then the fourth point p4 is mapped
to a point of the Riemann sphere different from 0, 1, 0o, i.e. to the complex plane
without 0 and 1:

Mos ~C\{0,1,00}.

It is locally isomorphic to C ~ R2, thus it is a surface, with real dimension 2, and it
is also a complex manifold of complex dimension

dim./\/lo,4 = d0,4 = 1.

Observe that it is not compact.

6.1.1.3 Example M, Torus with a Marked Point

We shall admit that every genus one Riemann surface (torus) can be conformally
mapped to a parallelogram of modulus v (with Imz > 0) with opposite sides
identified, in other words the complex plane quotiented by the relationships z =
7+ 1 = z 4 7, and we set the marked point at the origin:

Two such representations are equivalent (they represent the same Riemann
surface up to a conformal reparametrization which conserves the marked point) if
and only if they have the same modulus t modulo an SI,(Z) modular transformation
(see proof as Exercise 1):

b
=0 =" @hedeZt .ad—be=1
ct+d

ShL(Z) is generated by
TH—>T+1 , T —.
Therefore, the fundamental domain for values of 7 is:

M= {—% <Ret < %}D{Imr>0}ﬂ{|r| > I}U{r:ew, 0 e [n/3,7t/2]}
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w |

Each point in that domain corresponds to exactly one Riemann surface of genus one
with a marked point, and that domain is called the moduli space of surfaces of genus
1 with one marked point, and denoted:

My =C/Sh(Z)

We see that it is a dimension 1 complex orbifold (it inherits its complex structure
from that of C4, and is quotiented by a group, here the upper half complex plane
C+ quotiented by SI»(7Z)). It has a non-trivial topology because of the identifications
T = 14 1 = —1/t. For instance it has conic singularities at t = ¢”"/3> and at T = i.

The upper half plane C is known as the hyperbolic plane, it is endowed with
a metric of constant curvature = —1, whose geodesics are circles or straight lines
orthogonal to the real axis. We thus see that M ; is an hyperbolic triangle whose
three boundaries are geodesics. Its three angles are 7/3, /3, 0. It is well known in
hyperbolic geometry, that the area of a triangle is its deficit angle, that is & minus
the sum of its angles. Here:

Hyperbolic Area(M; ) =7 — (n/3+ /3 +0) = /3

Moreover, Gauss-Bonnet theorem says that the average curvature is related to the
Euler characteristics by:

/ curvature = 27 y(Mi,).
Mig

Here, the curvature is constant = —1, and thus:
2w y(Mi1) = —Area(M ;) = —n/3
ie.

AMi) =——.
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One may find this result directly from the Euler formula, indeed a cellular decom-
position of M, ; is made of a dimension 2 contractible open set { — % < Ret <

%} N {Im T > O} n {|t| > 1}, 2 dimension one contractible open sets the open half-

line {Ret = 1/2} N {Imt > +/3/2} and the open arc {r =e?, 6 €n/3, 71/2[},
and two conical points ¢ = i with automorphism of order 2, and the point t = /3

with automorphism of order 3, i.e. finally:

1 1 1
Mi))=1-24+ -+ -=—-.
x(Mi) +5+3 g
Remark 6.1.1 M. is not compact. It can be compactified by adding a degenerate
torus where a cycle has been pinched.

-G

We shall identify this degenerate torus with the point t = 100 we add to the
hyperbolic upper complex plane C.. This degenerate torus can also be constructed
as a sphere with three marked points, where we identify two marked points together
(they correspond to the pinched cycle), and the third marked point is simply the
initial marked point on the torus. In other words it is an element of M 3.

We can thus define Ml,l as the compactification of M, j, obtained by adding
this degenerate torus to M ;:

M= M1 UMos , oMy = Mogs.

From now on, our goal will be to “count” the number of Riemann surfaces of a
given genus, or in other words measure the volume of the moduli space M, ,. In
that purpose we have to define a “volume form” on it.

6.1.2 Stability and Unstability

Consider a Riemann surface of genus g, with n marked points (or n boundaries). It
is said to be stable if it has a finite group of automorphisms, and unstable if the
group of automorphisms is infinite.

The reason why stability matters, is because we wish to define a volume form,
invariant under automorphisms, and if the automorphism group were infinite, the
volume would unavoidably be infinite.



6.1 Moduli Spaces of Riemann Surfaces 243

For instance the Riemann sphere has genus 0, and no marked point, its Euler

characteristics is y = 2. It can be represented as the complex plane with an
added point at co. It is clear that any Moebius transformation z +> % with

(a,b,c,d) € C* ad —bc =1, maps the Riemann sphere bijectively onto itself,
and is thus an automorphism. The group of automorphisms in Mg is Sl (C), it is
an infinite group.

If we consider the sphere with one marked point (topologically a disc y = 1),
and we choose the marked point to be at oo, then the automorphisms that conserve
the marked point, are bijective maps of the form z +— az + b. The group of
automorphisms in M ; is the set of affine maps, this is still an infinite group of
automorphisms.

If we consider the sphere with two marked points (topologically a cylinder
x = 0), let us say the marked points are at O and oo, all the linear transformations
Z > az or inversions z > a/z are automorphisms of the sphere with these two
marked points. The group of automorphisms in My, is still an infinite group.

Then, if we consider the Riemann sphere with three (or more) marked points,
there can be at most a finite number of automorphisms preserving the marked
points. Only the maps z +— % that map marked points to marked points can
be automorphisms. If the number of marked points is > 3, that fixes the coefficients
a, b, ¢, d. The group of automorphisms of My, with n > 3 is then a subgroup of the
permutation group of the marked points.

Therefore, the sphere (g = 0) has a finite number of automorphisms only if it
has at least n > 3 marked points, i.e. y =2 —2¢g—n < 0.

Similarly, the torus can be represented as a parallelogram with identified opposite
sides, i.e. the complex plane C quotiented by the lattice Z + 77Z, however, the origin
is arbitrary, i.e. the complex plane is invariant by translations, so M o has an infinite
number of automorphisms.

A torus with one (or more) marked point is no longer invariant by arbitrary
translations, it has only a finite group of automorphisms.

We shall admit that every Riemann surfaces of genus g > 2 can be represented
as a polygon with identified sides, embedded in the hyperbolic plane (the upper half
complex plane, where geodesics are lines or half-circles orthogonal to the real axis),
and using the properties of hyperbolic geometry, it is possible to prove that surfaces
of genus g > 2 always have only a finite group of automorphisms, even if they have
no marked points. To summarize:

* Unstable surfaces: the sphere y = 2, the disc y = 1, the cylinder y = 0, and the
torus y = 0. They all have non-negative Euler characteristics y = 2—2g—n >0

* Stable surfaces: all the others. They all have strictly negative Euler characteris-
ticsy=2—2¢g—n<0.

Examples

* Mjs. Every Riemann surface of genus 0 is conformally equivalent to the
Riemann sphere, i.e. the complex plane with an added point at co. Then, by a
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suitable Moebius map z +— f;iz, the three marked points can always be sent to

0, 1, co. In other words, there is a unique element in M 3.
M3 is a point, it has dimension dyp3 = 0.
e Mj,. See Sect.6.1.1.3. Every Riemann surface of genus 1 can be mapped to a
parallelogram of modulus 7, with identified opposite sides. The marked point can
be mapped to the bottom-left corner of the parallelogram. We have

M = Cy/Sh(Z)

where C4 is the upper half complex plane. Locally (except near the points
T = i,e”™3) My looks like a domain of C, it can be described by a complex
number 7, therefore

dmM;; =d;; = 1.
The point = /3 is a conical singularity with a Z3 automorphism, and 7 = i
is a conical singularity with a Z, automorphism.

6.1.3 Compactification

Let us consider2 —2g —n < 0.
Similarly to Sect. 6.1.1.3, the moduli space M, , of Riemann surfaces of genus
g with n marked points can be compactified by adding degenerate surfaces to it.
M., is not compact because the limit of a family of smooth Riemann surfaces of
genus g with n marked points, might not be in M, ,. Either the limit is not smooth,
because a cycle gets pinched, or also, two (or more) marked points might collapse

in the limit.
= (==

In order to compactify M, ,, we need to add some “degenerate” surfaces that
correspond to those limits. Pinched cycles naturally tend to nodal points. For
collapsing marked points, we may, by a suitable conformal transformation, magnify
the vicinity of those marked points, so that they become mutually separated by a
finite distance, but then, they tend to be at a large distance from the other marked
points, and in the limit, the vicinity of the collapsing marked points disconnects from
the rest of the surface. Again, introducing a nodal point can represent this singular

limit.
=
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The degenerate surfaces we need to add, are thus “nodal” Riemann surfaces,
i.e. Riemann surfaces with pinched cycles. Nodal Riemann surfaces can also be
obtained by gluing together smooth Riemann surfaces at nodal points. In other
words, a nodal surface is an union of £ smooth Riemann surfaces, each having genus
gi and n; marked points and k; nodal points.

A stable nodal surface, is a nodal surface, whose each component is stable (if a
component is a sphere, it must have at least three marked or nodal points, if it is a
torus, it must have at least one marked or nodal point), i.e.

Vizl,...,ﬁ, Xi:2—2g,'—l’l,'—k,'<0.
We must have n = Zi n;, and Zi k; is even. The total Euler characteristics is:

l
Xg,n:2—2g—n=2(2—2gi—ni_ki)-

i=1

Example of a nodal surface of M, s:

In this example the nodal surface has three components, one torus and two spheres,
glued by three nodal points. The first sphere has one marked point and two nodal
points, so that it is stable it has y = —1, the second sphere has two marked points
and two nodal pointsi.e. y = —2, and the torus has two marked points and two nodal
points y = —4, i.e. each component is stable y; < 0. The total Euler characteristics
is—1-2—-4=-7=2—-2%x2-25,itcorresponds to genus g = 2 withn =5
marked points, so it belongs to M s.

Definition 6.1.2 (Deligne-Mumford Compactification) A stable curve (C,py,
.., Pn) is the data of a stable nodal Riemann surface C, with n smooth non-nodal
marked points py, ..., p,.
The set of all stable curves (C, py, .. ., p,), modulo automorphisms, is called the
compact moduli space ﬂg,n.

We shall admit here, that Mg,n is compact. Let us check this on examples:
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6.1.3.1 Example: M 4

Anelement (C, p1, p2, p3, p4) of My 4 is a genus zero smooth Riemann surface (thus
the Riemann sphere), with four labeled marked points.

By a Moebius transformation, we can always assume that p; = 0,p, = 1,
p3 = oo, and we call p = pys. We must have p # 0,1, 00, and each value
of p corresponds uniquely to a Riemann sphere with four distinct marked points.
Therefore M 4 is isomorphic to a Riemann sphere C with three points removed:

Mos ~C\{0,1,00}.

It is a complex manifold of dimension 1, and it is not compact.

Its boundary consists of three limiting cases, p — 0,p — 1 and p — oo.

The limit p — 0 i.e. p4 — p; corresponds to (C, p1, p2, p3, p4) getting split into
two spheres glued at a nodal point, one sphere containing p;, ps and the nodal point,
and the other containing p», p3 and the nodal point.

Same thing for py — p, and p4 — p3.
We thus have:

IMos = (Moz x Mo3) U (Mosz x Mo3z) U (Moz x Mos).
Each M3 x M, is a point, which we shall identify respectively with the points
p = 0, 1, oo of the Riemann sphere.
Finally we have:

Moa~ (C\{0,1,00}) U{0}U{1}U{oo} ~C,
i.e. M4 is isomorphic to the full Riemann sphere, it is compact, and it is a smooth
complex manifold of dimensiondy 4 = 1.
6.1.3.2 Example: M, s

An element (C, py, p2, p3, P4, ps) of My s is a genus zero Riemann surface (thus the
Riemann sphere), with five labeled marked points.



6.1 Moduli Spaces of Riemann Surfaces 247

By a Moebius transformation, we can always assume that p; = 0,p, = 1,
p3 = oo, and we call p = p4, ¢ = ps. We must have p,q # 0,1, 00 and p # ¢, and
each value of (p, g) corresponds uniquely to a Riemann sphere with five marked
points. Therefore:

Mos ~ (C\{0,1,00}) x (C\ {0, 1,000 \ {(p.p) |p € C\ {0, 1, 00}}.

M5 is thus a complex manifold of dimension dyp 5 = 2, and it is not compact.
We see that

Mo,s C EX E

One may wrongly think that the compactification My s would consist in com-
pleting the missing pieces of C x C. The missing pieces consist of:

¢ Seven dimension 1 sub-manifolds (p = 0,g € C\ {0,1,00}), (p = 1,9 €
C\{0.1,00}), (p = 00,g € C\{0,1,00}), (p € C\{0,1,00},¢g=0),(p €
C\{0.1,00},g = 1), (p € C\{0, 1, 00},9 = 00), (p € C\ {0, 1,00}, 9 = p),

e and nine points (p,q) = (0,0),(1,0),(c0,0),(0,1),(1,1), (o0, 1), (0,00),
(1, 00), (00, 00).

However, this is wrong. Indeed, let us now study the boundary of M 5 in more
details:

* A codimension 1 boundary, occurs when two marked points collapse, and the
other points remain distinct. In that limit, the surface C splits into a sphere
with the two collapsing marked points and a nodal point, and a sphere with the
three other marked points and the nodal point, i.e. a codimension 1 boundary is
isomorphic to

Moz x Mos ~C\{0,1, 00}

Notice that M, 4 itself is not compact and has three boundaries which are points.

For example the boundary p4 — p; with p, p3, ps distinct, corresponds to p — 0
and g # 0, 1, 0o, it can naturally be glued to the corresponding missing C\ {0, 1, oo}
of M(),s.
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However, observe that there are ten dimension 1 boundaries, because there are ten
possibilities of choosing a pair of collapsing points among five points. Therefore it
is not possible to identify each of them to the seven missing codimension 1 pieces
of C x C.

Seven of the dimension 1 boundaries can be easily identified with the seven
dimension 1 missing sub-manifolds of C x C.

The three remaining dimension 1 boundaries are more subtle, they cannot be well
described in the coordinates ( p, ¢), and don’t match with missing lines of C x C.
For example p; — p, with p3, ps, p5 distinct, corresponds to p — 00, g — 00, and
thus we can only glue it to the point (0o, 00), we can not glue it to a line of C x C.

* Codimension 2 boundaries occur when two pairs of points collapse together.
There are 15 possibilities of choosing two pairs of points among five points,
so there are 15 = 9 + 6 dimension 0 boundaries. Some of those points can be
naturally glued to the nine missing points of C x C.

For instance, when p; — p; and ps — p», but py, p», p3 remain distinct, the
surface C gets split into three spheres, one with p;, ps and a nodal point, one with
ps, p2 and a nodal point, both glued by their nodal points to a sphere with p3 and
two nodal points. This correspondsto p — O and g — 1.

Such a boundary is thus:
Moz x Moz x Moz ~ point

and must be identified with the point (0, 1) € C x C.

Another example is when p, — p3 and ps — p4, but py, p>, ps remain distinct,
the surface C gets split into three spheres, one with p,, p3 and a nodal point, one
with p4, p5 and a nodal point, both glued by their nodal points to a sphere with p;
and two nodal points. This corresponds to p — 0 and g — 0.
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However, there are three ways to obtain a point corresponding to p — 0 and g — 0,
namely: p, — p3, and then two of the points py, p4, ps collapsing together.
Finally we have:

10 copies

10 times 15times 15 copies

— ——
OMops = Moz x Moa U Moz x Moz x Moz ~C\ {0,1,00}U point .

By gluing seven of the ten M3 X Mgy to the seven missing 1-dimensional
pieces in the (p, ¢) plane, and nine of the 15 M 3 x M 3 x M 3 to the nine missing
points in the (p, g) plane, we complete the (p, g) plane into C x C. There remains
three M3 x M4 ~ C\ {0, 1, 00}, and six Mg 3 x Mg 3 x M3 points. For each
C\ {0, 1, 0o}, we can glue two Mo 3 x My 3 x Mo 3 points into the corresponding
C\ {0, 1,00}, i.e. we get three copies of C \ {0, 1,00} U {point} U {point} ~ C.
Therefore, we finally get that:

Mys~CxCuUCUCUC

where the three copies of C = C \ {point} i.e. three Riemann spheres with a point
removed, are attached to C x C at the points (0, 0), (1, 1), (oo, 00).

The topology of M s is already quite non-trivial. Also, this shows that M s is
not a manifold of constant dimension, it has singular points, and it has subsets of
smaller dimensions. It is called a “stack”.

6.2 Informal Introduction to Intersection Numbers

Some information about the topology of M, , (resp. ﬂg,n) is provided by character-
istic classes, which, in some sense, generalize the Euler characteristics. Remember
that for a surface, the Euler characteristics is the integral of the curvature (for any

metric) of the surface:
2wy = //dzx R(x),
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(for example for the sphere in R? of radius r, with the canonical metric of R? the
curvature is constant R = 1/7%, the area is 477%, which gives y = 2). It is a
topological invariant independent of the choice of a metric on the surface, and it
is worth

x=2-2

where g is the genus, i.e. the number of holes of the surface. The Euler charac-
teristics, i.e. the integral of the curvature, thus gives some information about the
topology.

Chern classes generalize this idea, they are curvatures of connections over some
fibre bundles, and again, the integrals of curvatures are topological invariants, called
Chern numbers.

6.2.1 Informal Introduction to Chern Classes

Let us consider a complex manifold X of dimension 7, with local coordinates x*,
uw = 1,...,n,and a complex line bundle £ over X, i.e. to every point x € X, we
associate a copy of the complex plane C,. A non-vanishing section of £, associates
to every x € X, a point z(x) € C,, with z(x) # 0. In order to study the notion of
analyticity, we need to define analytic invertible transition maps f,—y : C, — Cy,
z(x) +— z(x), and such that f,—,, depends analytically on x and x’. If x and
X' = x + dx are infinitesimally close to each other, the transition map has to be
infinitesimally close to identity, and thus belongs to the cotangent space of the
bundle:

fiCo>Copar .z z(142i7 Y A, @)dx") + 0(dx).
n

The differential forms A, (x)dx" belong to the cotangent space of X.

If we have an analytic non-vanishing section z(x), we can compute its derivative,
which contains two types of terms, those coming from the transition between fibres,
and those which compute the derivative of the function z(x) with respect to the local
coordinates x* in one fibre, i.e. the total derivative is:

d
Z(x + dx) — z(x) = Z E)x_zﬂ dx" + 2im z ZA,L(x) dx* + 0(dx*)
n n

i.e. we can define the 1-form over the fibre bundle

Dz=dz+2imz Y Au(0dx" = (d+2ir Y A,(x)dx')z
M K
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We emphasize that the notation dz = ) u £C—i dx" depends on a choice of local
coordinates and an explicit realization of C, at fixed x, it is not intrinsically defined,
only the sum of the 2-terms, which includes the transition map, i.e. Dz has an
intrinsic meaning. A = d + 2inw )  Ap(x)dx is called a connection on L.

Since z is nowhere vanishing, we can divide by z and consider the 1-form:

D d
0= = = + ZAM(x)dx“
m

T 2irz  2ing

which is analytic and well defined over the total space of the line bundle. It has the
property that if we integrate it in a fibre at fixed x, around a non-contractible cycle
of C¥, i.e. over the unit circle S! oriented in the trigonometric direction, we have:

%azl.
S!

The curvature of « is the 2-form da:

0A
do = Zﬁdx”/\dx"

[TRY

notice that d>z = 0 so that the coordinate along the fibre has disappeared in the
curvature. The curvature do is thus independent of a choice of section z(x). Also,
one can symmetrize over 4 and v and write:

1 9A A,
da:_z( p_ 0 )dx"/\dx".

2 X’ oxm
JTRY)

It can be proved that the cohomology class of the 2-form do is independent of a
choice of connection A = ) uApdx", i.e. a contour integral gSC dao depends only on
the homology class of the contour C C X, and not on the choice of connection A,
but this is beyond the scope of this book.

What we would like the reader to retain, is that in order to compute the Chern
class of a complex line bundle £ over a manifold X, one has to find a 1-form «
well-defined everywhere on the total space of £, whose integral along a circle in a

fibre, is:
95 a=1
fibre SAI.

and then the Chern class (or more precisely a representative) is defined as its
curvature:

Cl(ﬁ) =du
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and da is a 2-form on T*X, whose cohomology class is independent of a choice of
«. The Chern class is a topological invariant of the bundle L.
Remark (Computation of the Chern Class of the Trivial Bundle) The trivial bundle
is the bundle £ whose fibre C, is the same for all x, i.e. £ = X x C. The transition
map can be chosen as the identity and we can chose A, = 0, and thus ¢;(£) = 0.
Vice-versa, if one finds that the Chern class ¢1(£) # 0, this means that the bundle
L is not homeomorphic to a trivial bundle.

The converse is not true, the vanishing of ¢;(£) doesn’t imply that the bundle is
trivial.
Remark (Computation of the Chern Class of Product Bundles) Let L and L, be two
line bundles over a manifold X. Then we can define the line bundle £ = £ x £,
over X by simply taking the Cartesian product of each fibres. Imagine that we have
a connection A on £ and Aon Ly, then A + A is a connection on the product £, and
thus the Chern classes add:

ci(L) = ci(Ly) + ci(Lo).
In particular if £, is a trivial bundle then
ci(£) = c1(Ly).

This remark will be very useful for us, we shall consider line bundles over ﬂg,n,
that we shall extend to line bundles over Mg,n xR% , this will not change their Chern
class.

6.2.2 Intersection Numbers of Cotangent Bundles

Let Mg,n be the compact moduli space of stable curves of genus g, with n marked
points. Since each point p; is smooth, we have a natural line bundle £; over ﬂg,n,
whose fibre, for each point (C,py,...,p,) € ﬂg,n, is T;‘I_C the cotangent space of
C at p;. We can consider its first Chern class c¢;(£;), that is the curvature form (in
fact its cohomology class) of an arbitrary connection on that line bundle. ¢; (L) is
a 2-form on ﬂg,n, and it is a topological invariant, independent of the choice of
connection.
We usually denote

Vi = c1(Ly).

Since y; is a 2—form on Mg,n, the wedge product of d,, = dim Mg,n such 2—forms,
is a top dimensional symplectic volume form on M,,, and thus one can compute
its integral on M.



6.2 Informal Introduction to Intersection Numbers 253

Definition 6.2.1 (Intersection Numbers) Let £; — ﬂg,n the cotangent bundle
to the ith marked point p;, and ¥; = ¢;(£;) its first Chern class. The intersection
numbers are defined as:

o Frr,, oL A A (L) i X ki = d
<YY" >eai=
0 if Y, ki # don.

Very often, one uses Witten’s notation:
- ki kn
< Thy oo Thy =< YY) >

(we don’t need to write the subscript n, since n is seen as the number of t factors).

Intersection numbers are topological invariants of ﬂg,n.

We recall that the moduli space Mg,n is not a manifold. It contains non-smooth
points, corresponding to Riemann surfaces with non-trivial automorphisms, and
the moduli space is defined by quotienting with the automorphisms group, this
means that the intersection numbers can be rational numbers instead of integers
(denominators correspond to the order of automorphism groups). Also, since ﬂg,n
may contain pieces of different dimensions, the notion of cycle is not exactly the
notion of sub-manifolds, instead it is related to the notion of cycles and chains in
DeRham cohomology. However, those notions being beyond the scope of this book,
we shall stay at the intuitive level.

6.2.2.1 Witten’s Conjecture and Kontsevich Integral

In order to compute the intersection numbers, Maxim Kontsevich in 1991 [57], used
an explicit foliation of the space M,,, already introduced by Harer-Mumford—
Strebel-Thurston—Zagier—Penner [45, 75], with an explicit coordinate system, and
he found an explicit connection ¢;, and thus an explicit represent of each Chern
class do; = ¥; = ¢1(L;) in this coordinate system. In practice that means finding
a 1-form «; on £; whose integral around a circle in each fibre is 1, and then its
curvature form dc; is a representant of the Chern class ;.

The explicit foliation of the space M, ,, is based on graphs, and thus, using
his coordinate system, Kontsevich could reduce the computation of intersection
numbers to combinatorics of graphs, and, using Wick’s theorem again (see Chap. 2),
showed that they can be put together to form a generating series which is a formal
matrix integral. He used that to show that the generating series is a Tau-function for
the KdV hierarchy, thus proving Witten’s conjecture.

Witten’s conjecture came from the problem of enumeration of maps: if maps
could be seen as a good “discretization” of Riemann surfaces, then the “discretized”
intersection numbers would just be the number of maps with given boundaries and
given topology, and thus the double scaling limit of the generating function for the
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number of large maps (see Chap.5), should coincide with the generating function
for intersection numbers. And it was already known from heuristic asymptotic
approximations in matrix models, that the double scaling limits of matrix models
had good chances to be a Tau-function for the KdV hierarchy (proved in Chap. 5).
This led Witten to conjecture [87] that the generating function of intersection
numbers had to be a KdV Tau—function.

The physical idea was clear, the mathematical proof came with the work of
Kontsevich in 1991. Since then, Witten’s conjecture has received many other proofs.

In some sense, this Witten-Kontsevich theorem, is the claim that the limit of large
maps, is “topological gravity”.

What was surprising in Kontsevich’s proof, was that the matrix integral he
used, was in fact very different from the formal matrix integrals of Brezin—
Itzykson—Parisi—Zuber seen in Chap. 2 for counting discretized surfaces. He used
a formal matrix integral which directly corresponds to Riemann surfaces, not using
a discretization and sending a mesh to 0.

6.3 Parametrizing Surfaces

A point in the moduli space M, , is a Riemann surface of genus g with n marked
points, and a Riemann surface is an equivalence class modulo bijective conformal
reparametrizations. In order to describe the moduli space, one needs to find a unique
canonical represent of a Riemann surface for each point in the moduli space. In other
words, if the moduli space is a finite dimensional manifold, parametrized by d, ,
complex moduli, or 2d, , real moduli, we need to generate a unique surface out of
2d,, , real numbers. The idea is to cut the surface into slices, this is called a foliation
of the surface.

Several methods of foliations have been invented, and here we present two of
them.

6.3.1 Teichmiiller Hyperbolic Foliation

Consider a smooth surface of genus g, with n boundaries (instead of n marked
points), and assume 2 —2g —n < 0, which implies that its average total curvature is
negative:

curvature = 2y = 2n(2 —2g—n) < 0.

It is possible to find on that surface, a Riemannian metric of constant negative cur-
vature —1, such that the boundaries are geodesics of prescribed lengths Ly, ..., L,.
This is called the Poincaré metric. The surface can then naturally be embedded
into the hyperbolic plane H, i.e. the upper complex plane C; endowed with the
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hyperbolic geometry (whose geodesics are half-circles or straight lines, orthogonal
to the real axis).

It is then possible to find closed geodesics, cutting the surface into “pairs of
pants”.

Therefore, any surface of genus g with n boundaries, is conformally equivalent to the
gluing of pairs of pants along circles. The number of pairs of pants and circles can be
computed by the Euler characteristics. Each pair of pants has Euler characteristics
—1, therefore the number of pairs of pants is

#pairs of pants = 2g — 2 + n.

Moreover, each pair of pants has three boundaries, which implies 3(2g — 2 4+ n) =
n + 2#inner circles, and thus the number of inner circles is

#inner circles = 3g — 3 + n.

Every surface of genus g with n boundaries can be obtained by gluing 2g —2 4+ n
pairs of pants along 3g — 3 + n circles.

A classical result in hyperbolic geometry, is that an hyperbolic pair of pants is
uniquely characterized by the three lengths of its three geodesic boundaries, which
are positive real numbers.

This comes from the fact that in the hyperbolic plane, there is a unique (up to
isometries) right angles hexagon with geodesic boundaries with three given lengths,
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L1

L1/2 L1/2
/\ \_1

Ly/2

Ly/2

&

L2/2 L2/2 ’,—"' _____ AR

and a pair of pant is obtained by gluing two identical hexagons.

Two pairs of pants can be glued together conformally, if and only if the geodesic
boundaries to be glued together have the same length. However, the boundaries
can be rotated by an arbitrary twist angle before gluing. In other words, a genus g
Riemann surface with n boundaries is entirely characterized by 3g — 3 + n positive
real lengths, together with 3g — 3 4 n gluing angles, i.e. in total by 6g — 6 + 2n real
parameters. This shows that:

1
EdimRMg,n =dg,=38—-3+n
in agreement with a complex dimension dim¢ M, , = dg, = 3g—3 + n.

However, this description of M, , is valid only locally, indeed the decomposition
into pants is not unique because of Dehn twists and pants flops, for example:

We don’t have a global bijection between M, , and R?f_3+" x [0, 27373, the
bijection is only valid locally, and M, , has a non-trivial topology.

Nevertheless one can show that ]_[?iTH" dl; A db; is a symplectic volume form
well-defined globally (it is invariant under Dehn twists and pants flops, i.e. it is
independent of a choice of cutting into pairs of pants), and which can be used to

define the Weil-Petersson volumes

3g—3+n

Vg,n(Lla---aLn):/i l_[ dli/\dei
)=l

of the moduli spaces of curves with n boundaries of fixed geodesic lengths
Li,...,L,.
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We are going to compute those volumes in Sect. 6.6. For instance, one easily gets
that:

Vos(Li, Ly, L3) =1,

(indeed ﬂo,g, is a point, the integral is trivial), and with some efforts using
hyperbolic geometry:

1
Vii(L) = ® (4’ +03).

It was proved by Wolpert [88], that this symplectic volume form is a topological
class. The Weil-Petersson metric form Zi dl; A db;, is nothing but the k; Mumford
class (see Sect. 6.6 below):

Z dl; A dB; = 472k,

which implies, by raising it to the power d, , = 3¢ — 3 + n:

dg.n
(i)™ = dg! [ dli A dbi.

i=1

‘We shall admit here, that the boundaries can be encoded into Chern classes, and
we admit the identity:

(4 2)d0 n LiZdi
> Iy

dy! d;!
dotdyftdy=dy, O =1

— d d
Ven(Li, ..., Ly) =2 % <Oyl iyt >,

which is a polynomial in the L;’s, and which we can rewrite as:

1 1

VeulLi, ... L,) = < @i+ 5 Y L) e
dgn! 2 <

Using the fact that intersection numbers of classes whose dimension is not the

expected dimension d, , are defined to be vanishing, we may rewrite this as:

Vg,n(Lla o aLn) — <eZ7r2K1+% Z,‘L?Wl) .
g.n

We are going to show how to compute it below in Sect.6.6. In 2004,
M. Mirzakhani found a recursion, based on hyperbolic geometry, and in particular
the Mac-Shane relation among lengths of geodesics, to compute recursively the
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volumes V, ,(Li, ..., L,). Mirzakhani’s recursion is the Laplace transform of the
topological recursion which we derive in Sect. 6.6 below. It earned her the Fields
medal in 2014 [65].

6.3.2 Strebel Foliation

Instead of Teichmiiller decomposition into pants, Kontsevich used the “Strebel”
foliation, in his famous article of 1992 [57]. Given n marked points on a Riemann
surface of genus g, and given n positive real numbers Ly, . . ., L, (called perimeters),
Strebel’s theorem [80] (Theorem 6.3.1 below) asserts that there exists a unique
Strebel quadratic differential €2 with double poles at the marked points with residues
equal to —L?.

Definition 6.3.1 Let C be a compact Riemann surface of genus g. €2 is a quadratic
differential, if in every chart U C C, with local coordinate z, €2 is of the form:

Q2) = f(z) d2

where f(z) is meromorphic in U.
If 2(z) has a double pole at p, of the form:

Q(z) ~ dz? (1 +0(z—p)).

(z—p)?
the coefficient R € C is independent of the choice of a local coordinate, and is called

the “residue” of 2 at p.

A quadratic differential © is such that /Q is locally a 1-form on C, but not
globally (indeed it is not analytic at the zeroes or poles of §2). +/Q can be used to
compute integrals along paths.

Definition 6.3.2 Let Q2 be a quadratic differential. Horizontal trajectories of €2 are

defined as lines
Im (/ \/5) = constant.

Let 2 be a quadratic differential with a double pole at p; € C, with negative
residue R; = —Ll.2 € R_. We have:

d
V@ ~ il = (1+ 0 —p))



6.3 Parametrizing Surfaces 259
and thus
Z
/ vVQ ~ iL; In(z— p;) + analytic
Z>Ppi

and thus horizontal trajectories of 2 near the pole p;, are topologically circles
encircling p;:

Near a simple zero of €2

Q@) ~caz—a)d? (1+0Gz—a) . VQGE) ~ cq Vz—adz (1+0(z—a))

and thus
/Z Jﬁzzam(z— a)’? (1 + O(z — a))

and thus three horizontal trajectories (called critical) meet at a, at angles 27/3:

W

If a is a higher order zero of 2, i.e. @ ~ (z — a)*dz?, one has [~ Vo~
(z — a)'*%/2 and thus k + 2 horizontal trajectories meet at a.

Definition 6.3.3 (Strebel Differential) We say that €2 is a Strebel differential, if 2
is a quadratic differential with at most double poles, with negative residues, and if
the union of all circle trajectories surrounding double poles

U = U circle trajectories around double poles

is such that

U

C,

In that case, C'\ U which is the set of horizontal trajectories which are nor circles
(called critical trajectories) is a graph on C, called the “Strebel graph”.
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Another way to say that, is that the graph of critical trajectories, is a cellular
graph (all the faces are homeomorphic to discs).

Strebel’s theorem is that:

Theorem 6.3.1 (Strebel’s Theorem [80]) If (C.pi,....pn) € M, and
Li,....L, € R’_‘P there exists a unique Strebel differential with double poles at
pi’s with residues —L2.

The critical horizontal trajectories of the Strebel differential Q2 form a unique
ribbon graph drawn on the Riemann surface C, whose n faces are topological discs
surrounding the marked points p;’s, and the perimeter (measured with the metric

5= |/ Q) of the ith face is L;.

Example: Consider M 3, i.e. the Riemann sphere with three marked points 0, 1, co.
Choose three positive perimeters Lo, L1, Loo
The Strebel differential is:

127 — (L2 + 12— LZ)Z+L0d2 12 (z—a)(z—b)

Q@) = - 2(z—1)2 2(z —1)2

dz%,

indeed, it has three poles at z = 0, 1, co and behaves like —L%dzz/ ZZnear z = 0, like

—L2d7*/(z— 1)? near z = 1 and like —L% dz?/z* near z = oo, and we leave to the

reader to check that this is the unique quadratic differential having those properties.
The vertices are located at the zeroes a, b of Q2:

1

b=
“O= o

(L2 +1-01+ \/L“ + LY+ L4, — 21313 — 21212 — 21212, )

Here are the horizontal trajectories and ribbon graphs, for the cases (Lo < Lo + L;
and Loo > Lo + Ly):

Consider now My 4, i.e. the Riemann sphere with four marked points 0, 1, co, g.
Choose four positive perimeters Lo, L1, Lo, Ly;. Any quadratic differential with
double poles with residues —Li2 must be of the form:

Qz) =

_d2 (1—qI?  qlg— 1L
z(z—l)(z—q)( +7+ z—1 + 7—q +C)
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where ¢ is a constant. For arbitrary values of ¢, the horizontal trajectories may
be circles which don’t surround one pole but two poles, i.e. the complement of
the graph of critical trajectories has a non-simply connected face (a face with the
topology of a cylinder), as follows:

o

Strebel’s theorem says that there is a unique value of ¢ € C, function of ¢ and of
the L;’s (in general this is not an analytic function, it depends separately on Re ¢ and
Im g) such that the union of all circle trajectories surrounding double poles is dense
on the surface, i.e. the graph of critical trajectories is cellular, and we get the Strebel
graph:

%

Let us return to the general case.

Introduce the length [, of each edge e of the ribbon graph, measured with the
metric %|«/§ |. Since a generic ribbon graph has only 3-valent vertices (graphs
with higher valency vertices can be viewed as trivalent graphs with some edges of
vanishing lengths), the number of edges and the number of vertices are related by:

&/

2#edges = 3#vertices.
And since the Euler characteristics is

X = 2 —2g = #faces — #edges + #vertices
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the number of edges is:
#edges =3(2¢g—2+n) =n+203g—3+n).

Therefore, to a Riemann surface with n marked points, and n perimeters Ly, ..., L,,
we can associate a unique metric ribbon graph with n + 2(3g — 3 + n) edge lengths
(positive real numbers) /, > 0.

The converse is true as well, i.e. given a ribbon graph of genus g with n faces,
and given the n + 2(3g — 3 + n) lengths of its edges, we can reconstruct a unique
Riemann surface with » marked points, by gluing conformally n discs along the
edges of the ribbon graph, as well as n positive real numbers L, ..., L, which are
the perimeters of the discs L; = >, .. L.

Therefore, because of the uniqueness of the Strebel differential, we have a
bijection:

Theorem 6.3.2 We have the isomorphism of orbifolds:

2(3g—3
Mgn xR~ U RO
Ribbon graphs

This is an isomorphism of orbifolds, i.e. modulo automorphisms. This means that for
curves in Mg, which have a non-trivial automorphism group, the corresponding
ribbon graph has the same automorphism group.

We say that we have a decomposition of our moduli space M, X R’} into cells

(each cell is isomorphic to R1+2(3g_3+") ) labeled by ribbon graphs.

This bijection shows again that the complex dimension of the manifold M, , is
. L.
dgn = dimg M, , = EdlmR Mepn=3g—-3+n.

In each cell (for each ribbon graph), [],dl. is a top-dimensional symplectic
volume form on M, x R% .

6.3.3 Chern Classes

Thanks to the Strebel foliation, we have for each cell (i.e. each ribbon graph) an
explicit set of coordinates on M, , x R"., given by the lengths /, of edges e of the
ribbon graph.

We can also represent the line bundle £; whose fibre is the cotangent space at the
marked point p;. Remember that the point p; is the point at the center of face i of the
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graph. Face i has a total perimeter L;:

L= Z l,.

earound face i

A section of a U(1) connection on the cotangent bundle on Zi — Mg, x RY,
consists in choosing an angle e*"¥ € U(1), or equivalently choosing a point on a
circle, or also choosing a marked point on the boundary of the face:

~ edges
R,

~
Ribbon graphs with marked point on boundary of face i

Such a marked point being chosen for each graph, let us define the distances
of vertices of the face to that point. We chose arbitrarily a labeling of vertices
UL, V2,V3,. .., Udegface; around face p;, with a clockwise ordering, in other words
we arbitrarily choose a “first” vertex v;. Then we define the distances of the marked
point:

* the vertex number 1, is at distance ¢; from the marked point,

* the vertex number 2, is at distance ¢, = ¢; + [; from the marked point,

* the vertex number 3, is at distance ¢3 = ¢; + /| + [, from the marked point,

e and so on, vertex number k is at distance ¢ = ¢; + [} + --- + [;—; from the
marked point.

And all those distances are computed modulo L;, ¢y = ¢ + L.

Each dg; is a U(1) connection on the fibre, but is not defined globally on L,
indeed, the labels of vertices are not globally defined, they depend on our arbitrary
choice of v;. Only quantities which are symmetric in the vertices of a face, can be
globally defined.
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The following 1-form

le (pe (,01
= eg¥e — 42 Lyl
* > P AR AR

e around face i e/ <e

is well defined on £;, indeed all vertices around the face now play a symmetric role,
it is independent of a choice of v;.

When we integrate «; along the fibre of the U(1) bundle, i.e. when the marked
point goes around the face counterclockwise, the lengths /, and L; are unchanged, we
only integrate ¢, from O to L;, and for each vertex we have f dp, = —L;, therefore

/Ol,':—l.

«a; is thus a 1-form globally defined on L;, and it is a U(1) connection in each fibre.
This implies that its curvature is the Chern class of £;:

Ui = ci(L) = da; = Zd— d—.

€<€

Notice that JR’_‘F is a trivial bundle, on which we can easily define a trivial connection
whose curvature is zero, and therefore, under the projection Mg , xR, — M, ,, the

line bundle Zi is pushed to the cotangent bundle £;, and the Chern class 1}5 = (ﬁi)
is pushed to ¥; = ¢1(L;). By abuse of language we shall write that
vi = Vi = a1(L) = a1 (L)).

Theorem 6.3.3 (Kontsevich 1991 [57]) The 2-form y; on My, x RY, defined in
each cell (each ribbon graph) by:

Zd— d—.

€<€

is the first Chern class of the bundle whose fibre is the cotangent bundle at the ith
marked point:

Y = c1(Li x RY) = 1 (L)).

Moreover, since Zi is a direct product Zi = L; xR", and since RY, is flat (one can
obviously find a constant connection whose curvature vanishes), the Chern class of
L; is the push forward of the Chern class of L;, by the projection Mg, x R, —
Mg .
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Our goal now, is to compute “intersection numbers”, i.e. integrals of Chern
classes.

Remember that we have defined Intersection numbers in Definition 6.2.1
above:

fﬂgﬂ (LM . el(L)l ifky 44k = dg
0

ki kn —
< >opi=
ViV e iThi A+ - 4 Ky # dgn.

And very often, one uses Witten’s notation:
A k1 ky
< Thyoor Thy =< Wl Wn >en -

In Witten’s notation, the index n is not needed, it is encoded as the number of t
factors.

6.3.4 Computing Intersection Numbers

Consider the differential form on M, x R% :

n dgﬂ
Q:(ZLN,-) AdLy AdLy A -+ A dLy,.
i=1

Since ), Lizwi is a 2-form, 2 is of order 2d, , + n = 3(2g — 2 4+ n) = dimgp My, X
R’ ,i.e.itis a top dimensional form on M, x R’} .

Since dé—"l_ = dL—lI" —1, dL—L%‘ and since we multiply by [ [, dL; and dL; A dL; = 0, we
may drop the —/, % term and replace d% by Li dl. in the product, i.e. replace L?;

bY > e infacei Ale A dl., and thus, in each cell given by a ribbon graph, we have

d

»
Q= Z Z dl, A dly l—[dLi

i ¢ <e,infacei

so that €2 is a top-dimensional volume form on M,, x R’ , and has constant
coefficients in the coordinates /,. Therefore, up to a proportionality factor we have:

Qo [] dl.

e=edges

The proportionality factor was computed by Kontsevich [57] (and it is really the
hard part of Kontsevich’s computation, see also [21]), and it turns out that it doesn’t
depend on the graph, it depends only on g and .
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Theorem 6.3.4 (Kontsevich 1991)

e=edges i=1 i=1
where
Xen =2—28—n , den =3g—3+n.
Example: for M3, we have yo3 = —1 and dyp3 = 0, and we have three edge

lengths Iy, I, 5.

In the first graph we have Ly = I} + 5, Ly = I + I3 and Lo = [; + I3, and thus:

Q =dLoANdLy ANdLoo = (dly 4+ dly) A (dl + dlz) A (dl + dlz) = 2dlL Adl, Adl3

and for the second graph we have Ly = [, L} = I, Loo = [1 + I, + 2/3 and thus
Q =dLo ANdLy ANdLo = dly Adly A (dl + dly 4 2dl3) = 2dl A dly Adls.

In both cases we get the same factor 2 = 2%37203,

6.3.4.1 Compactification

The Strebel foliation we have described, exists only in M, ,. However, intersection
numbers should be computed on its compactification M ¢n» and one needs to see
how the Strebel differentials behave at the boundaries of M, ,,.

In Kontsevich’s work, this question was ignored, and some have argued that
it was a hole in the proof of Witten’s conjecture. Other proofs not using Strebel
differentials have later been found, in particular Okounkov and Pandaripande [69—
71], or Looijenga [62], and also, the continuation of Strebel’s differentials to the
boundary of M, , have been studied by [89], and it was proved that Kontsevich’s
argument can indeed be made rigorous.
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Here, in this book, we shall work with the same level of rigor as Kontsevich, we
leave to the motivated reader to check that all the computations extend nicely to the
boundary as in [89].

The boundary of M, , x R’,, corresponds to ribbon graphs, with some edge
lengths vanishing, or some edge lengths going to co. The volume form [ dl, is well
behaved at vanishing lengths, but is not integrable at large lengths. In other words
we face the problem that Rff"_ﬁﬁn is not compact.

One way Kontsevich used to circumvent that difficulty, is to compute Laplace

transforms, i.e. we shall integrate
n
[T Ta.
i=1 e

with Re A; > 0, and thus the integral converges also at large lengths, even though
we integrate over a non-compact space. In some (heuristic) sense, using the Laplace
transform allows us to ignore the boundary.

6.3.5 Generating Function for Intersection Numbers

In order to compute intersection numbers, we introduce a generating function
through Laplace transform in the L;’s:

Ag (A1, ... Ap)
1 OO ML OO AL 2, \d
— dL]e_ 141 / dL e_ ntn / ( L W) g.n
dg.p! /0 0 ! Men Xl: P
o0 L2d1 e_/llLl o0 de,, e—l,,L,,
= > / dLll—.../ dL,"——— < yh .y,
di+tdy=dg 0 dl' 0 dn'
_ Z (2dy)! (2d,)! <yl sy,
2d;+1 " 2dn+1 s Vi o
Dt dy=dgn di' A" d,\ A,
or using Witten’s notations wid = 14
2d;)! 2d,)!
Agniee )= Y (2d1) @d)t Ty . Ta, >

2d\+1 *°° 2d,+1
! 1 ! n
g, d! A2
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From the preceding section, we can rewrite it as:

Agn(Ais o hy) = 2% 2en e / [T d ]‘[ e ML,
nbbon grdphs e=edges
Since every edge e borders two (possibly not distinct) faces:
e = (i.))

we have that:

Z AL = Z (Ai + Ay

faces i edges (i)
and thus:
1
Ag,n(klv o An) — 2dg.n_)(g.u Z - 1_[ / dl(,‘]) e Z(U)(l +A4) i j)
ribbon graphs (1 J)=edges
— 2dg.n_Xg.n Z 1 1_[ 1
. #Aut . Ai + Aj
ribbon graphs (ij)=edges

where the sum is over all ribbon graphs of genus g with n faces, and to each face is
associated a variable A;. Notice that 2% = [T, 24, and

2d)!
24 4!

= (2d -1,
this gives:

Theorem 6.3.5 (Kontsevich) The generating function of intersection numbers can
be computed as a weighted sum of graphs:

27N A Ay ) =

Td,

n>g

Qdy— D! (2d, — D!
Z P A T
di+.Ady=dy, " n

o 1 !
=2 3 w1l i3

#
ribbon graphs (ij)=edges

<.

where the sum is over all labeled ribbon graphs of genus g with n faces, and to the
ith face is associated the variable A;.

Remark 6.3.1 Remark that the two expressions in the right hand side, are rational
functions of the A;’s. In the first line, we have poles only at A; = 0, whereas in the
second line each term has poles at A; = —A;. There are terms such that i = j, so the
second line also has poles at A; = 0. What is remarkable, is that after performing
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the summation over all graphs, all poles at A; = —A; with i # j should cancel. This
is very non trivial from the graph point of view.

Example:

» For Mjs, we have four different Strebel graphs, three graphs where one of
perimeters is larger that the sum of the two others L; > L; + Ly, and one graph
where the three triangular inequalities are satisfied L; < L; + Ly.

DIO®

1 1
(Ao + A (A1 + Aoo)(Aoo + A0) * 240 (Ao + A1) (Ao + Aoo)
1 1
P 2000+ 2ee) | 2hs Goo  20) Coos + A1)
1
= 2 %0 M heo

This gives:

1
§A0,3()Lo, Al Aoo) =

i.e. the intersection number
< TpToTo >o= l.

We could have found this result easily, knowing that M3 = {point} and
yo=1.

» For M, 1, there is only one Strebel graph, it is an hexagon with opposite sides
identified, it has a Zg rotation symmetry and thus a symmetry factor of 6.
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It has only one face with label A, and three edges whose weight is 1/211, this
gives:

1 11
-A(A)= - = <1 >
2 11(A1) 20 T >
11
6 (241)°
this yields the intersection number
- 1
T >1=—.
Y

6.3.6 Generating Function and Kontsevich Integral

Kontsevich’s theorem gives a sum of graphs, where each graph is weighted by its
symmetry factor and by a product of edge weights. This is typically the kind of
graphs obtained from Wick’s theorem, and therefore, exactly like in Chap. 2 of this
book, it can be obtained with a Gaussian Hermitian matrix measure, namely:

dpoM) = e N gyp A = diag(Aq, ..., A).

Indeed, writing the quadratic form
1
2
tr A M? = 3 Z(M + A)M;iM;;,
i
Wick’s theorem says that the propagator is:

1 1

LY 3 3
A+ A; N HIE

< MiJ'MkJ >dug=

The trivalent ribbon graphs are generated by a cubic formal matrix integral

1

3
Zkontsevich = T ———— dpo(M) VS
onevie f d,lLo(M) formal

with the normalization factor

/duo(M) = (/N2 T+~

ij
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Exactly like in Chap. 2, Wick’s theorem decomposition of Zgonsevich, 1S the sum
over all trivalent ribbon graphs. Each face f carries a matrix index a5 € [1,...,N]
where N is the size of the matrix. We thus have

1
Zxontsevich = Z n! Z Z # Aut #Venex e l_[ ( aj =+ Aaj)

ribbon graphs, @1 ,...,dn (iyj)=edges
nfaces

where the faces are labeled (whence the 1/n! automorphism prefactor) and g; is the
index running around the ith face. In that sum, all graphs are included, connected or
not, and with any number #n of faces, and any genus g.

Like for maps, since the weights are multiplicative (the weight of a disconnected
graph is the product of weights of its connected components) the logarithm
generates only connected ribbon graphs. For a connected ribbon graph of genus
g with n faces, we have

#vertex — #edges +n =2 — 2g

therefore
Iz =35 3 e N ] g
Kontsevich — ! #Aut (A 4 2 )
n connec;ed graphs, d{,...,dp (ij)=edges 4 4
nfaces

Keeping only graphs of genus g we write (in the sense of formal power series in
powers of A™1)

oo

2—2
In Zxontsevich = E N gFg
§=0

where

1 e !
Fg:Xn:; Z Z#AutN l_[ m

* connected graphs, A1 ,...,dn (ij)=edges
n faces, genus g

here the sum is over all labeled graphs (faces are labeled) with all possible labelings
ai,...,a,, we recognize the generating function A,,(A,,...,A,,) introduced
earlier:

F, —Z N—" Z e =den A (Aays oo s Aay)-
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Thanks to Kontsevich’s Theorem 6.3.5, we thus have

Qgn 2d;, — N 2d,— N
Fg:Z N Z Z A2d1+1 AZdn+l <‘L’dl...l'd”>g.
° aj an

n Al ey Ay dl ..... d,,

The sum over labels a; € [1,...,N] can be performed, we denote (our notation
differs slightly from Kontsevich’s):

1 .
tj:[T/TrA J

and thus:

Fy = Z n'i Z H(Zdi_ DN g1 < Tay .- Tay >g -

n Coditetdy=dg, =1

Notice that for g = 0 there is no planar trivalent graph with n = 1 or n = 2 faces,
so the sum starts at n > 3, for which intersection numbers are indeed defined.

So, this shows that the generating functions F, for intersection numbers of
moduli space of genus g, coincides with the topological expansion of the Kontsevich
matrix integral:

Theorem 6.3.6 (Kontsevich) Let the Kontsevich integral

2 _ 2 M3
ZKomsevich(A) = l—[ A+ Xj(ﬂ/N)N /2 /dM e NTrAM?  NTr 55
ij

be defined as a formal power series at large A = diag(A1, ..., Ay). Then, in the
sense of formal series at large A one has:

o0
In ZKomseViCh(A) = Z Nz_ngg({tk})
g=0
where F,({t,}) is the generating function of intersection numbers of genus g:

2)(g.n n
Foiuh) =) o > []@di— D" g1 <14 .. 74, >

no U ditetdy=dg, i=1

(6.3.1)

and where

1
th =—"Tr A_k.
N
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It is also common to write:

F, = 22-2 (e% Ya20Qd=D)! 144 Td>
g

where the right hand side means exactly Eq. (6.3.1) after expanding the exponential,
and using the fact that we can ignore the constraint ) _d; = d,, because terms
which don’t satisfy the constraint are vanishing by definition.

6.3.6.1 Renormalizing Time #,

Notice that if #; = 0, only intersection numbers with d; > 0 would contribute. In
the next sections we shall always assume #; = 0 for simplicity. However, here, for
the sake of completeness, let us show how one can reduce #; # 0 to a situation
without #;.

When #; # 0, there can be terms with d; = 0. Let us say that there are / of them,
with n = [ + k (there are n!/k!l! ways of choosing / among n), and we rewrite:

QX gk+1

) l
Fy = ZZ Wl Z 1 H(Zdi_l)!!de;+l <TYTdy - Tdy > Mgps -
k 1

di 4 dy=I+dg 1, di>0 i

The characteristic class 79 = (c1(£;))° = 1 is trivial, i.e. we don’t compute the
Chern class of / marked points among the k 4 [ marked points of a curve in Mg 4,
in other words we can forget those / marked points, and reduce to an integral in
M, . Intersection theory tells us that under the forgetful map, we have:

<70 Tdy - -- Ty >Mg.k+l: E <Td1-ufd_,-—1-~-fdk >Mg.,(,
J

(with the convention that 7; = 0 for d < 0), and by an easy induction

|
! it
<TyTd - Td >./\/lg.k+[: Z k—‘ < Tdy—j; - - - Tdp—ji >Mg.k .
>iji=Lji<d; ni:lJi-
(6.3.2)
This implies
D Xgk t{,‘
F, = Z k! Z Z 20
k L Y=l v
2. T[] Cdi+ 2 = D! barzist < Ty - T >y

di+-+dy=dg . di=0 i

QXgk

=Y 50 Y Tled=Dthun <t >m
k

ditotde=dgr i
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where we have defined for every d > 0:

Qd+2j— D
Z

Qd— 2]l 1] tataj+1 — Saoti.

i2d+l

We see that #; # 0, and thus we still have terms with d; = 0.
We can cure this problem, by splitting #; into two parts:

=C+;1.

We write:
2 Xgk+l v
F, = Z Z TR Z f 1_[ 2d; — DM = 84,0)t24,+1 + 84,0 €)
P, dy+tdy=l+dgk, d;i>0 i
<1 T4 - - - Tdy >Mg,k+z

DIDIE: 2

.ILJ‘
Loyi=l dy+-+dy=dg k,di=0

2ng

=27

l_[ 2d; + 2ji — DN (1 — 84,.0)t24,+1 + 8a,0¢) < Tg, - .- Ta, > Mg

=2

2ng

Z 1_[ (Zd, — 1)” ;2di+l <Tg-..--Tg >Mg,k’

dy +~"+dk=dg>k,d,‘>0 i
where for d > 0:

Qd+2i— 1D .
Z

Qd— 1 2] tl Da+2j+1,

a1 =

and now we may chose #; such that the coefficients corresponding to d; = 0 vanish,
i.e. {; must be solution of:

(2j—DN .
O_C+Z 271 jt2j+17

ie.,usingc =1 —i:

oo

Z & D 7 1
2] i 1 2j+1-
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This equation has a unique solution (as a formal powers series of A~! as in all this
chapter), and to the first few orders it is given by:

= 2 n+ 6
1_2—l31 (2—l3)3

t%l‘5+....

Then, we also chose to define the even times (they can be chosen arbitrarily since
they don’t appear in the generating function of intersection numbers) by

o

. d+j—-Dnt
ba = E 7 1 hd+2j
NI :
= d-nphj

we see that we have for any k > 1:

tr =

. o~ T(1-k/2)
>

. 1
= 7 (—H) g = — Tr (A% —F)7N2,
j!F(l—k/Z—j)( 1) titoj N r ( 1)

j=0
in other words, we have replaced the matrix A = diag(A;) with a matrix A:

A =VA2-1.
‘We have thus obtained that:

Theorem 6.3.7 The generating function F, of intersection numbers

QXgk

Fe=3 > [T - D" bt <7 >

k U dietdi=dgy, di=0

can be rewritten without ty terms by changing A to:

v — . 1 v
A=VA2-7F, i =IT/TrA_1

ie the t,’s to

o0

U S r(1—k/2) .
Vi1, k= TrAT =) oo ()t

ST —k/2=))

i.e. one has
ZXg,k

Fg = Z o Z l—[ (Zdl — 1)” ;2di+1 <Tq ...-Tg >Mg.k’
k

U dibetdi=der, di>0
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This concludes that, up to a renormalization of the A;’s, we can always choose:
Hh =0.

This is what we shall most often assume in the next sections.

6.3.7 Generating Functions with Marked Points

We now assume f; = 0. In computing F,’s, we summed over all possibilities to
mark points, i.e. we have a sum overn = 0, ..., 0o, and we have integrated over all
possible perimeters Ly, ..., L, for the n faces of the Strebel graphs.

One may also be interested in enumerating Strebel graphs, where some faces are
marked and have fixed given perimeters, and other faces are unmarked and summed
over. This can be in principle recovered from the generating function F, by taking
derivatives with respect to some A;’s.

But we find it more convenient to encode those intersection numbers into another
generating function.

Consider the following expectation value from the Kontsevich integral:

1 M3
N Tr %
<My aMuyay .. My, g, >e= =—— duoM) V"5 My 4 . Mg, a,
ZKontsevich

formal

where we assume that ay,...,a, are distinct integers between 1 and N, and the
subscript ¢ means cumulant, for instance

<My aMuyay >c=< My aMay gy > — <My 0y > < Mgy a0, > .

Again, Wick’s theorem allows to write this expectation value as a sum of ribbon
graphs. The fact that we divide by Zgonesevich and take cumulants ensures that we get
only connected graphs, as usual when weights are multiplicative.

The only addition compared to the previous section’s computation, is that we
need to add n new vertices, which are 1-valent, and which ensure that the lines

arriving on them must have given matrix index g;, withj =1, ..., n.
q a, a
C - n
a a

Every ribbon graph must contain each such 1-valent vertex exactly once, and may
contain an arbitrary number of trivalent vertices, and an arbitrary number of edges.
A typical ribbon graph then looks like that:
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In this example, we have n = 2, therefore two faces contain the two 1-valent vertices
and have a fixed index a; and a, running around them, and the other faces, labeled
from 3 to 8, have some index a;, j > n, which can take any value in [1,...,N].

We have from Wick’s theorem:

<My aMuyay - Mg, a, >
N#tri.vertex—#edges

1 1
a3 D SEED Dl veraum | ey

connected graphs, A1 -84k (ij)=edges
n+kfaces

where we consider graphs with labeled faces (whence the 1/k!). Each 1-valent
vertex is connected to an edge whose both sides have the same label a;, and thus
it contributes a factor

1
20

Notice that for a graph of genus g, we have
#tri.vertex + n — #edges + n + k = 2 — 2g.
Thus:

<My a - My a, >c
N2—2g—n—k

N 1 1
I A Xk:E 2 2 #Aut [ oy + X))

=1 connected graphs”, @n—+15--+>dn—+k (ij)=edges
n—+k faces
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where graphs’ means graphs where we have shrinked the edge of the 1-valent
vertices.

Now, we use that

1 * lij) Cras +Aa)
(e + Aa) :/o dliijy e AT
ai aj

and each time there is a marked point on an edge, the two half edges separated by
the marked point bear the same indices and we have a factor

1 /°° iy Oray ) lij
- @00 @ @ = dl e @) Vi T g / d(p i7) .
(Aai + Aaj)z 0 “ 0 “

This shows that the product of propagators can be realized by a Laplace transform
of graphs with lengths on their edges, and some marked points around the marked
faces. [(;j is the length of edge (i, j) between face i and face j of the graph, and ¢; )
is the distance of the marked point from the previous vertex along the edge, i.e. the
position of the marked point around the marked face.

Therefore we have:

< Mm,a1 oMy, 4, >e

N2—2g—n—k

L XE XX S

connected graphs’, @n—1s-++» An+k
n+kfaces

o0 le

l—[ / dljy e"en Fatha) ]_[ / de.

(ij)=edges 0 e=edges with marked point 0
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N2—2g—n—k

AZHZ > Tau

l_l connected graphs’, dn—+15+++sdn+k

n+ktaces
n+k IR
0 oo Te=s 10 [
(ij)=edges i=1 e=edges with marked point 0

If we consider the subset of all graphs where the marked point is on one of the edges
along a given marked face, the integral over the position of the marked point around
a marked face can be performed, it is simply L;:

> Y [de-r

graphs e=edge around i 0

Therefore, we can integrate out marked points, by considering graphs with no
marked points, and with an additional L; factor for each marked face, we thus have:

< Mal,a1 oMy, g, >e

N2—2g—n—k

AZHZ 2. “aw

l_ 1 connected graphs, @415+, An+k

n+kfaces

n+k
[T [ty [Te=m I
(ij)=edges i=1 1=1

where now, [(; j refers to the length of edges without marked points.
As before, using Kontsevich’s Theorem 6.3.4 we have

< Mm,a1 My, 4, >e

T2 [, A Zkl Z Z

D Xgn+k—bgn+k NZ—Zg—n—k

!
l_l Lonneuedgr\phs ApA-1+---sAp4-k dg,n-i—k- #Aut
n+kfaces
n+k
/(Zsz)dgn-ﬁ-k l_[ dLe ZLI all_[L dLe ZLI aj
i=n+1 i=1

o 1A Zkl Z Z Z

’_1 a4 connected graphs, Ay 15+ dn+k di +++dy4=dg ptx

n+k faces
DXgn+k—Cgn+k NZ_Zg_n_k ntk 1//'.i ntk 2d: Z L)
#Aut /H al [T L arLiem >t
u i=1 " i=n+1

n
l—[Lizcz,-+1 dL; e~ XiLita
i=1
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— AN Z Z % Z Z D Xgntk=dgnti Nj2—28—n—k

g8 k D@ tsenslnpk dy o dy g =dg gk

n+ n+k

k n
(2d)! (2d; + 1)!
v _ _

1 i=1n_—[|—l di!’ngllﬂ i=1 di!’ngllﬁ

=2""N" Z Xk: ki Z 2 Xgmtk N228—n
8

di+-tdy4r=dg n+r

gntk j=

n+k n+k
Qd) 11 1 (2di + 1)
< l—[ Td, >g l_l;l—l 2d,‘di! l—[ de|/’{§ldz+3

3% % S onen gz
g k

Codieddy i =dg i

n+k n+k
Qd; + D!
< l—[fdf Zs l_[ (2d; = D g1 l_[ 2243
i=n+1 i=1 di

In fact, the relationship to intersection numbers holds only if n + k + 2g —2 > 0.
For g = 0 and n = 1,2, we have to treat separately the first few values of k, which
have no interpretation as intersection numbers, namely:

<My a - My a >c
Nt Z 1
ZAal a Aal + Aa

= 8g,08n,1

N2 1
4oy Ay Aoy + Aay)?

+2—n N~ Z Zk: % Z 2 Xtk N2—2g—n
8

Coditetdy i =dg i

+5g,05n,2

n+k n+k
(2d; + 1)!!
< th' ~g l_[ (2d; = D! t2g.41 l_[ Azd,+3 :
i=n+1 i=1

We thus have

Lemma 6.3.1 Ifa; # ay # -+ # a,, the expectation values < My, 4, ... Mg, 4, >c
computed with the formal Kontsevich’s integral matrix measure, are the following
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generating functions of intersection numbers:

<Muyay - Moy, > =2"N">" Z% > stk N22870
g k

Codietdy g =dg otk

n+k n+k
2d; + HN
< ntd > l—[ (2d; = D! 124,41 l—[ ( 220 +3)
i=n+1 i=1
N7! 1
84.00n
+0g,00n,1 2 Za: P

N2 1
4A¢11 A'az (Aal + A¢12)2 ’

+8g,05n,2

One can also write:

<My g - My g >=2"N" Z Z e 2280

<‘L’d1. . Tq, €2 3 a(2d— 1)"T2d+1fd> n(2d2j+£)"
A i

a;

i=1
N~! 1
2, Zazxal + A

+8g,08n,l

N2 1
4Aa1 Aaz (Aal + A'le)2 '

+8g,08n,2

6.3.7.1 Kappa Classes

Cotangent bundle Chern classes v; are associated to marked points on a Riemann

surface.
It is also possible to define classes for unmarked points by summing over their

moduli, somehow forgetting them. The « classes, introduced by Mumford, are
defined as the pushforward of 7; = ¥¢ classes through the forgetful map.

Let k = ki + k, be a number of marked points. Let 7y, 44,5k, : mg,k1+k2 —
ﬂg,kl be the forgetful projection, which forgets k, points. Arbarello and Cornalba
showed [6,7, 87] that the push forward of the classes 7, = 1//l.d ' can then be rewritten
in terms of Mumford’s classes kg, k1, k2, ... on ﬂg,kl , by the relation:

ki
di+1 dk2+1 > ( d,->
. = K ~ ;
(Wk1+1 Vit | l‘” o Z [ Yiecd: Ii_ll Vi)

i=1 0€By, c=cyclesofo
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or with Witten’s notations

ki ki
<‘C;11+1 o Ty +1 l_! ‘Cd">g’kl+k2 - Z < l_[ K iecd 1_[ Tdi>
i=

. g:ki
0€Gy, c=cyclesofo i=1

This relationship can be used as a definition of k classes, in terms of i classes.
Examples:

Tk +1—k
_ . ki 1 1 ki
k=1 ": Td+1 l_[i=1 T4, —> Ka l_[i=1 Td;
. ki Tk 42—k k
ky =2 : Tar1Ta1 [ 1oy T —>  (kakar + Kavar) T T4,
Tk 43—k

k
ky =3 :tanitoritar+1 [ ik e, —>  (Kakarkar + Ka+arKar + KavarKa
ki
kg +arka + 2Kara+ar) [Tt Ta-

In some sense it takes into account all possibilities of grouping forgotten points into
clusters.

This definition of « classes from t classes can be conveniently written with
generating series, by summing over k,, with some formal parameters s4, i.e.

— SasSqa’ SasSa’ Sa"
SdT,
e Lasit+l = | E SaTi+1+ E AR R b E 6 TgH1 T +1Ta/ +1F - ..
d dd dd &’

which become under the forgetful map:

-y 1
Ty € D dSdTd+1 1= E Sgkg + E E SaSa (Kgt-ar + Kde’)
d dd

1
—— E SaSarSar (2Kaar+ar + 3Kaka +a + Kakarkar) + . ..
dd d"’

d
— e~ Yd Sdl(d-f—% Yo Sde_j)Kd—% Zd(2j+j/+j//=d sjsir sy )Kkat..

i.e. by defining new times §, as:

. 1 1
Sq = —sq+ E( Z 8iSj) — 3 Z SiSjrSjr =+ ..
= JH " =d

we have

Ty € 2dSdT+l _y @addka

More generally we have:
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Lemma 6.3.2 The formal series of k classes eXdlakd s the forgetful push forward
of e~ X%ttt je.

n n
<eZdr,ﬂ<d l—[fdi> = <7-[* e_ZdeTdJrl l—[‘[di>
i=1 g i=1 g

iff the formal times 1, are the Schur transforms of the formal times s4, i.e. they are
related by

Zidu_d =—1In (1 + stu_d).
d

d

For example:

A —S1 A S% 52

fo=—1In(l1 , I = = - ’
0 (1 +50) " T s 2T 214502 1+

Proof By definition we have

Ty € ZaSdltl = | 4 Z - 1)k Z Sdy -+ - Sdy Z l_[ Liccd:

k>1 dy,...,dx 0 €S c=cyclesof o

Let us decompose the sum over permutations ¢ € G as a sum over conjugacy
classes, indexed by partitions A = (A; < --- < A,,), of weight [A| = Ziki, ie.

—HAl n
n*e—stern =1+ Z Z % Z Z l_[/(bj Z Sd, "'sdAj

m A <-<Ap 0€EADL,...by j=1 d1+"'+d/1j=bj
The size of a conjugacy class is
Al
= o
[T TT#i A=}
and thus
Yasatat1 — ( Dl
Ty € &dHH = ]
* Z Z #{z A =j}!

m A <-<Ay

E 1_[ Kb] E Sdy - - Sd/\j

by eeby j=1 d+-tdy=b;
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Since the summand is symmetric in all A;’s, we may relax the constraint
A1 = -++ < Ay, by dividing by m!/ [, #{i, A; = j}! and write:

Xk
ﬂ*e—stdrd+1 — 1+Z$ Z ( 1) Z be Z Sdl"'sdxj

m TAMaehm SN TT by, by j=1 dit+dy=b;

(Zdl +eerdy =b Sd) "'Sd)L)

— eZb iy

with

=)
A
whose generating function Y, 7,u~? is as announced

Zi;,u_b =—In(1+ stu_d)
b d

In our case, we should chose

1
Sq=— 5(2d + D! 1rg43,
that allows to rewrite Lemma 6.3.1 (remember that we chose t; = 0):

<Mya .. .My o >c=2"N" Z Z 2Xen N3287n

(‘L’dl ... Tg, €2 L g d+D! 1443 rd+1> 1_[ (2d; + D!

AZ{#-‘:—S
=2 "N Z Z ng,,NZ 2¢—n

, = Qd; + DN
(tdln'rdnezwdkd> H(ﬂ%

i=1

i=
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where the times 7,’s are related to the times #.’s by:
N 1
D i =—In(1— = " (2d + D!yarsu™).
d 2 d

For example the first few of them are

~ 13
o =—In(1 — =
0 n( 2)

N 3t
Hh = >
2—1
~ 1517 91%

h =

2—13 2(2—l3)2

and so on...

In Theorem 6.3.9 below, we shall see how the times 7, are related to the spectral
curve through the Laplace transform.

We have thus found that:

Theorem 6.3.8 the formal expectation values < Mgy, 4 ... My, o, >c With the
Kontsevich integral measure, are the generating functions for the mixed k and
intersection numbers:

<Mayay - Mapa, > =2"NT" Y Y 2fen N>TE
g dyda,..., dy

4 Yk LoQd; + !
<H% eXvl b> HW
i=1 Mg, =1 a;
and also whenn = 0

Fg — DXgo <e% > (d+D! 143 Td+1> = DXgo (ezd ?dkd>

8 8

where the times t are related to the times t;, = 1%, Tr A= by

St _ 1
e Mol =1 — o D @k A+ DN gzt
k>0
6.3.7.2 Simplification k¢ and #3

The Mumford class «; is a 2k-form on ﬂg,n, and in particular for k = 0, the
Mumford class « is a scalar € C, it is in fact the Euler class, up to a sign:

Ko=—)x=28—2+n.
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It can thus be factored out, and we get:

Corollary 6.3.1

<Maay - Moy, > =2"N" " N (2—p)fen N5

8 dl,dz,...,d,,

L 5 2oQd; + !
W,’dl CZ/’>0 IpKp —_—

n FIE
g.n
where
e Tiol = Z(2k+ D! yq3x5
k>0

In particular when n = 0 we have:

Fg = (2 — t3)2_28 / eZk>0 ?k’ck.
M,

2.0

6.3.7.3 Other Rewritings

We can rewrite this expression in many other ways. Write that

2d + 1 ©
de 2d+1)! Z%” de' dL [+ L
0

de' A2d+2
[ee] d 12d
_ YL
= LdL e
/0 ¢ zd: 244!

and thus:
Corollary 6.3.2

<My a - My a >c
2—n

= 2N S ey e
l_[i=l Aai g

0o N
/ l_[ L;dL; g ha Li / e% Y I ¥itYiso x|
0 =1 M,

Mg.n
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We may also write

2d + ! 1 '+ 3/2)2¢
Zl/fd 22d+3 = I'(3/2) del/fd T+

d
2 * d+1/2 . —puA? »d d
ﬁz , e 2y

1
m Nl/z I
J—/ 1—2/“#
1

1,42
- d,u MI/Z e_ill/)\,
\/271/0 1—uy

It follows the following corollary:

Corollary 6.3.3 The expectation values < Mgy a4, ...Ma,q, >c are the Laplace
transforms of classes 1/(1 — u;y;):

<Myay - My, >c = Bn) AN Y (2 py)ter NPTHETT
8

o0
duy...dp e — 3k, Zh>() (%)
/0 a " l_[ 1_[ 1 - lel

Mg

Remark 6.3.2 For specialists, we mention that this formula is very similar to the
famous ELSV formula (Ekedahl Lando Shapiro Wainshtein [29]). It is of the same
nature, it expresses combinatorial objects < My, 4, ... Mg, q, > counting graphs,
in terms of intersection numbers, involving the classes 1/(1 — w;v;), as well as a
bulk class e2Xr=0 kb

6.3.7.4 Spectral Curve and Laplace Transform
All the expectation values in Kontsevich integral involve the class eXk ki where the

times 7 are computed out of the 543, i.e. out of the coefficients appearing in the
spectral curve

1 2k+1
=z—= E t .
y@) =1z 5 a 2k+3 2

Let us see how to express directly the generating function f (L/u)y =73 fiu~* from
the spectral curve.
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Let the generating function of the 7;’s
5 1
FA/uy =1—e7U = = N "2k + Dl tyy3u™.
25

Then write

¥(@) —y(=2) =2z — Z topp3 2L,
P

Compute the Laplace transform of the spectral curve with x(z) = z*:

[ od@ e = [ 0@ - o

=—00

% /—Z ()’(Z) _y(_Z))2de e—zzu/z

o0
=- Z(t2k+3 — 28k0) / 22 gy =72
k —00

27 1855 —2 2k + 1)!!]
= — —_— t R —
0 [ 0 + Z 23 T kT

k>1

_ 2V2T g

w32

It follows:

Theorem 6.3.9 The spectral curve’s class eXk ik g generated by the Laplace
transform of the spectral curve:

) Touk M3/2 u
e~ Lkl = /ydx e 2”*
2\/ 27 y

where y is the “steepest descent path” going through the branchpoint z = 0, i.e. the
contour of equation Imx(z) = 0, Rex(z) > 0.

This theorem is very useful for more complicated examples of topological
recursion, and it is a hint of the deep link between mirror symmetry and Laplace
transform.
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6.4 Combinatorics of Graphs and Recursions

The purpose of this section is to use graph combinatorics, to derive recursion
relations among intersection numbers, and in particular the fopological recursion.

Definition 6.4.1 Let G, ,(zi,...,z,) be the set of connected ribbon graphs of genus
g, with n labeled marked faces, and with n one-valent vertices and v trivalent
vertices, and such that:

— each face has a label. unmarked faces don’t contain a one-valent vertex, and they
carry a label € {A(,...,Ayx},
— the ith marked face contains a unique one-valent vertex, and carries the label z;.

To a graph G € G, (21, ..., zn), We associate a weight:
N—#unmarked faces 1
wiG) = ———F— - -
#Aut (G) (i) edges label(i) + label(})

and we define the following formal series for weighted graphs (graded by inverse
powers of A’s and 7’s, i.e. graded by number of edges)

N—#unmarked faces 1

Q... W) = —8008.12 —_—
en(@ts - 20) cobunt ) #Aut (G) label(i) + label(j)

GEGyn(21ses2n) (ij)=edges

For example, Gy 1 (z) contains only one type of graphs of degree 2 (i.e. with two
edges), it is made of one trivalent vertex, one one-valent vertex, two faces (one with
label z, one with a label A,, two edges (one is a (z + z) edge, the other a (z + A,)
edge):

z
z
Its weight is
1 1
N 2z(z+ Ad)

and thus contributes to the generating function as

1 1
Qi) = —2+ = 3 =———— + O(deg = 5).
0@ =—2+5 - Gt in T (deg = 5)
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Then Gy 1 (z) contains four graphs of degree 5:

whose total weight is

L Z 1 n 1
N 2 QP+ At A | QP+ A G+ )

1 1
+ +
222+ A)2(@+ M) (Aa + ) 22(z 4+ A20)?240(A + Ap)

1 1
N2 Z,,: (22)* Aa s

2
I
827

and thus:

1 1 ?
Q@) = —24 = 3 s+ b + O(deg > 8
0@ =2+ g et 85 (deg = 8)

Remark 6.4.1 Observe that the series 2,4, is a series whose coefficients are rational
functions of the z;’s and A’s, and there is not a unique way of writing a rational
function, and cancellations may occur. In particular, £, , is NOT a generating series
of graphs in the combinatorial sense, it contains less information than the set of
graphs. This can be best seen on the example of ¢:

The lowest degree for graphs in Gy (z,z') is 4, and there is only one graph of
degree 4 (i.e. with four edges), it is made of two trivalent vertices, two one-valent
vertices, two faces (one with label z, one with a label 7/, four edges (one (z + z)
edge, one (7 + 7’) edge, and two (z + Z') edges):
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R
2 5 o MO

ie. QO,2(Z7 Z/) =

1
477/ (z+7)?

1 1 1
+2 477 (+7)> N Za 2zAq(z+Aa)

1 1 1
T 2a 427 (24 2a)? (242?22 + 427/ (z+1a)? (2+2) (2 +1a)
+ 27 T

1 1
477 (z+Aa)?(z+7) (7 +A 477 (z+1a)% (7 +21a) 224

1 1 1
+N Za 477/ (z+Aa)(z+7)322 + 477/ (z+Aa) (z+7)32z
- + !

- +
+ +
+
+

4 1 4 1
427/ (z4+Aa) (242 )3 (2 +2a)27 477/ (z4+Aa) (z4+2)3 (2 +14)27
+O(deg > 10)

1
4zz/(z+ka)(zii-z/)3(z/+)ka)
4zz/(z+)ta)(zii—z/)3(z/+)ta)
4zz’(z+)ka)(z+lz’)3(z’+)ka)

4zz/(z+xa)(lerz/)Z(z/Ha)z =0
4zz’(z+la)(Zi‘rz/)z(z/'i‘la)z
477 (z+Aa) (z+7)3 §Z/+Aa)

477/ (z4+Aa) (z+7)3 (7 +Aa)27 + 477/ (z+Aa) (z+7)2 (2 +Aa) (27)?
1 1

Ry T T TR

427/ (z4Aa) (24+2)2 (2 +2a)?27

and observe that the sum of weights of degree 7 graphs cancels! In other words, the
function €2, doesn’t encode graphs of degree 7 in this example.

By construction we have:

Proposition 6.4.1 The generating functions of intersections numbers, i.e. the
expectation values of type < My, 4, ... Mg, q, >, With a1, ..., a, all distinct, with
Kontsevich integral’s measure, equals the functions Qg , with arguments z; = Ay;:

2—2g—
<Myay - Moy, >e= Y N2 Qeu(hay. ... Aa,)
8
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e, for2—2g—n<0

n

—nn2—2g—n 7 (2d1+ 1)”
Qg,n(/\m PRI /\a,,) =2 22 2 Z <Tg.-- ‘CdueZh 1ol >g l_[ W
dy,....dy i=1 ai
(6.4.1)

The purpose of defining those functions €2, ,, is that one can easily write Tutte—
like recursion relations, which determine them.

6.4.1 Edge Removal and Tutte’s Equations

Like in Chap. 1, by recursively removing edges, we get Tutte—like recursions:

Theorem 6.4.1 Ifn>0and2g—2+ (n+1) > 0,andJ = {z1,..., 2.}, we have
the Tutte’s equations:

8g,05n,0 Z2 = Qg—l,n+2(zs VY4 I Zn)
+ Z Quin+1@ D Qi1 1)
hth'=g I6I'={z1,....2}
N
1 Z Qont1(z, 215+ 20) — Qent1(Aas 210 -+, Z0)
22
a=1 z A“

Xn: 1 d Qu(z 2t Zine o 2n) — Lzt .- 20)

2z dz 22—z

J=1

(6.4.2)

Proof Let us denote J = {zi,...,2,}. Consider a graph in G, ,1+1(z,21,...,2).
Consider its first marked face, it has label z, and it has a one-valent vertex. Attached
to the one-valent vertex is an edge, necessarily with weight 1/(z + z), and at the end
of that edge, there is necessarily a trivalent vertex (see the figure below).

Consider the edge of this trivalent vertex, located to the right of the edge coming
from the 1-valent vertex.

If we cut that edge, several situations may occur:

— the face on the other side of that edge is again the first marked face. Then we
have two possibilities:

 cutting that edge disconnects the ribbon graph into two graphs, whose external
face carries the label z. The two subgraphs belong to Gy, 141 (z. 1) X G 1| +1(z. 1)
with complementary genus 7 + ' = g and complementary subsets of marked
faces /W I =J.
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Also pay attention that we have added a term —8, 08, 0z within the definition of
Qg n+1(z,J), which doesn’t correspond to the weight of a graph.
The corresponding equality of generating functions is thus:

22Qg n+1(2,J) = Z Quji+1@ D) + 81.081.02) (w141 I + 8 08 92)
Wi =g, (W7 =]

+other possibilities

* cutting that edge doesn’t disconnect the ribbon graph, this is possible only if there
was a handle relating the subgraphs on the two sides of the edge, i.e. we diminish
the genus by one, and create two marked faces with label z, i.e. we get a graph in
Ge—1142(2,2,J).

The corresponding equality of generating functions is thus:
2284 nt1(z,J) = Qq—1+2(z, 2, J) + other possibilities

— on the other side of that edge, there is an unmarked face, whose label is some A,
with a € [1, N]. Cutting the edge, creates a bi-labeled face with two labels z and
Aq, 1.6. some edges have a z, followed by edges with a A,. Let ¢; be the set of
labels of edges adjacent to this bi-labeled face, so that ¢y, ..., ¢; are adjacent to
label A, and ¢j, . .., ¢k are adjacent to label z (notice that label c; appears twice,
because it is adjacent to the trivalent vertex).

The weight associated to all edges of that bi—labeled face is:

| T |
z+lagka+cinz+c[

i=j

Observe the following equality of rational functions:
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Lemma 6.4.1 Let F(z) = ]_[f:l 1/(z + c¢;), then we have

Zk: 1 I 1 FQ-FE)
. 2+ 2174 z—7

This (very simple to prove) lemma implies that, the weighted sum over all
possibilities of bi-labeling a face (i.e. the sum over j), can be recovered as a divided
difference of weighted graphs with uni—labeled faces:

k k

szllll l—ll__ll(l—ll_ﬁl)
Z+Aal lk + i i=jZ+Ci_ Aa"*‘zz—ka z+¢ i=1 Aa"f'ci

j=1 i=1

Observe that if g = 0 and n = 0, it may happen that there is no other edge, and
after removing the edge, the graph is empty. This corresponds to the degree 2 term

1 1
N 2a Ty N 9'0,1 (). . ) o
The corresponding equality of generating functions is thus:

2ZQg,n+l (Zs J)

Z (Qg n+1 (Z, J) + 5g 05n OZ) (Qg n+1 (Aas J) + 8g,08n,01a)
22— A2

a=1
2Z 8g,05n,0

i —=——— 4 other possibilities
N &~ 2z(z + o) P

i.e. (this is the reason why we conveniently added a —z8,06,,,0 term):

22Qgn41(2.J) = — + other possibilities

I Qent1 @) = Qo1 ()

N Z:I 2?2 —A2

— on the other side of that edge, there is another marked face, whose label is some
z;j € J. We can repeat the same reasoning as for the case of an unmarked face. We
just need to add the 1-valent vertex of face z; in all possible ways, this is done by
taking a derivative.

1 d Qun(z,J\{z}) — Qen(J o
2292 n41(2,J) = L d Q@I ig) gnl/) + other possibilities.
& 27 d 2_ 2
e “Y 9% Ty

Finally, one has to pay attention to boundary cases, i.e. the case where after
removing the edge the graph is empty, this contributes a factor z> for the only case
where this happens, namely g = 0 and n = 0.
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In the end, the equality of generating functions is:

2Q @D = Y Q@D Q@) + 22Qn41 (2 ))
h+n =g, 1WI' =]

+Qg—l,n+2(z, Z, J)

1 i Qent1@ ) = Lens1 (Ao )

N &~ 2 =27
L i Qg,n(ZsJ \ {Zj}) - Qg"(‘l)
el 2Zj de Z2 - ng
—84.06n0 7.

6.4.2 Disc Amplitude (Rooted Planar Strebel Graphs)

With g = 0 and n = 1, the Tutte’s equation reduces to

N
1 Q0,1(2) — Qo,1(Aa)
2 _ 2 ) \
7 = Q0.1(2) _ﬁ; Y

and we must look for a solution of that equation which is a formal series of 1/z and
1/ A which behaves at large z, A as:

1 1
Q1) =2+~ Y =+ O(deg > 3).
0@ =-2+5 — 22z + Aa) (deg = 3)

Remark 6.4.2 (Unicity) There is a unique formal series of 1/z, 1/A solution of this
Tutte’s equation. This can be seen by solving the equation degree by degree, and in
fact this is related to the fact that adding edges recursively constructs all graphs in a
unique way. This is similar to the Brown’s 1-cut lemma of Chap. 3.

The solution (unique) can be explicitly found:
Theorem 6.4.2

1 1
Qi@ = V2 —h—— > — .
O,I(Z) ) l N a 2Aa( Z2 _;l +Aa)
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where the diagonal matrix A= diag(il, ey ;\N) is the same matrix introduced in
Theorem 6.3.7:

. . 1 . .
A=VA2-1 n:]T/TrA—1 ., A=A+0Q1/A)

and the sign of the square root is chosen such that V2 =1 = z+0(1/z) at large z.
In particular, if t; = 0, we have A = A, i.e.

| 1
Q = — J— JE—
01(@) =2+ 5 Za 22(z + Aa)

Proof Consider the function

f@) =- ——Z

ZA, (Z + Aa)

we have

f@ +f(=2) = __ZZA (z+la) 2k (z—)L )

and the product f(z)f(—z) is an even rational function, with only simple poles at
z = £,, and which behaves like —z2 at large z. Therefore it is of the form:

f@f(=2) =

where C, and the C,’s are yet to be determined.
At large z we have f(z) ~ —z — f;/2z + O(1/z%) and thus f(2)f (—z) ~ —z> —
t1 +0(1/7%),i.e. C = —i;. The coefficient C, is related to the residue at the pole of

FRf(=2) atz = A, ie.

1)

= Res f(2)f (—2) =

a 7> Aa

ie. C, = I%f(ia), and thus we get the equation for f(z):

1 1 L1 Ao
[ (ﬁZm—f(Z)) = -1 +NZH:Z];(—£§

a
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i.e. f(z) satisfies:

f(Z)Z Zf(Z) f(ka) ZZ + ;1
and using A2 = A2 —
f(Z)Z Zf(z) f(ka) — Zz + ;1.

2+1h—A2

We thus see that (/72 — 1) satisfies the same equation as $2¢,1(z), and is a power
series in powers of 1/A and 1/z, which behaves at large A and z like

1 1
2=y —t
NZa:ZZ(Z‘FAa)

therefore (using Remark 6.4.2 about unicity) we find that f(v/z2 — #;) = Q0.1(2).
When #; = 0, we have {; = 0 and A, = A, and thus

1 1
10 =10 = 2= 5 5T

1 1
=ty L e

where the last equality comes from:

1 1 Z+ Aa 1 Nll
Xa: Aaz+ o) z(z+ Al) Xa: A2+ Ay) Z ZAq z

6.4.3 Cylinder Amplitude

The Tutte equation for ¢, reads:

Z Q02(2 Z)—Qoz(kml) 1 d 90,1(2)—90.1(1/)

0=2Q Q s -
01(2) 02(z.2 ) )Lg 27 d7 277

a
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and 20(z, 7') behaves like

Qo2(z.7) = + O(deg > 5).

477/ (z + 7)?

Using the expression of €2 j, rewrite the equation as:

1 1 1 1 Qo2(Aa,2)
2:Q , / 1 - E = — —_—
H02(7) ( Ty 2A4(22 —xg)) 27 (z 4 2)? TN Xa: 2—A2

a

1 Z 1 d 1
N 27 d7 224z + L)@ + M)z + 7))

a

To the lowest degrees we get

1 1 1 1
Q , / — R
02(2:2) 477(z+7)*> N 2 427/ (2 + 2)? 24a(22 — A2)

a

1 1
+]T/ Xa: SZZIAa(ZI + Aa)2 (Z2 - Ag)

1 1 d 1
+_ -
N Xa: 4z7' d7' 2X,(z 4+ Ao) (@ + A)(z+ 2)

+...

Theorem 6.4.3 The solution is

1

Qo2(z,7) = = = z — "
42+ HVP+H (V2 +h + V2 + 1)

In particular, if t; = 0 we have

1 —1dd 22—
Q02(2.7) = Aol (e V2 drd dody N
477(z+7) 4z7 dz dz 7—7
Proof One can easily check that the expression above does satisfy Tutte’s equation,
with the correct highest lowest degree term, i.e. it is the unique solution. O

It is remarkable that for €2 », contributions of all graphs of higher degrees exactly
cancel when ¢ = 0!



6.4 Combinatorics of Graphs and Recursions 299
6.4.4 The Pair of Pants (0,3)

From now on, we shall assume
Hh = 0.
For 2 3, the Tutte’s equation is

0 =2 Q0,1(z) R03(z,21,22) + 2 RLo2(z,21) Ro2(z, 22)

1 d Q02(2.22) = Qo2(21.22) n 1 d Qoa(z,21) — Qo2(21,22)
221 dz 2-2z 2z dz 2-7

_lZN: Qo3(z,21,22) — 903(&1,21,12)
N 2?2 —A2

a=1
Using that 0,(z,7") = 1/4z7/(z + Z')?, one computes that:

2 Qo2(z,21) Ro2(2, 22)

1 d Qo2(z,22) — Qo2(z1, Zz) 1 d Qoa(z,21) — Qoal(z1,22)
to - —— o T 3
2z) dz 2-7 222 dz 2-2

1

92,33
82 1%

and thus Tutte’s equation for €2¢ 3 can be rewritten

_Z Q03(z, 21, Zz) Q03(Aa» 21, 22)

0 =2 R0.1(2) Ro3(z.21.22) + P —5

i.e.

1 1 1 903(A’as ZlyZz)
2z (1+ Zm) QO3(Z,Z1722) 82 3 3 —ZW
(6.4.3)

This equation determines uniquely Q3 as a formal series in powers of A~ and z;™!
For instance to leading order we have:

1
Qos(z,21,22) = 163— + O(deg>1z)
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Proposition 6.4.2 We have:

1
Q03(z,21,22) = ——————=—
0B = g A
Proof First, notice that Tutte equation (6.4.3) determines a unique solution which is
a formal series in powers of A~! and z; 1. Therefore, if we can exhibit a solution of
Eq. (6.4.3) which is a formal series in powers of A~ and zi_l, then it will be €2 3.
One can try €23 in the form

o
Q03(z.21,22) = 333
252

and insert this into Eq. (6.4.3), that gives:

1
20 = — +ar
g

ie.a =1/8(2—1). O
Using Eq.(6.4.1)

1
8 (2 — l3) Z? Zg Zg

1 _ 2d; + 1!
25(2—&) lZ l_[‘Cd eli0 i 5 1_[( MH)

{dy =1

Qo3(z1,22,23) =

this gives (which we already knew):

< rg >o= 1.

6.4.5 The Lid (1,1)
For €2 1, the Tutte’s equation is

Q11(2) —Q1,1(Aa)
22— A2

0=2Q0.1(z) 21.1(2) + Qo2(z, Z)_NZ

a=1



6.4 Combinatorics of Graphs and Recursions 301
and using that Qo (z,7) = 1/4z7(z + 7)?

1 Qll(z) Qll(ka)

ie.
1 1 1L Q1)
1,L1\Aa
2z (1 — | Q —
(+ sz(z Ag)) 1@ = 164+Na2=:1 Fre
and thus to leading order:

1
11() = 755 + O(degy).

Proposition 6.4.3 We have (we assume t; = 0):

1 i ts
16(2—1)2° 16 2—1)2 73

Q1(2) =

Proof 1t is easy to see that this expression satisfies the Tutte equation, and has
the correct leading degree behavior, therefore it is the unique solution of Tutte’s
equation which is a formal series in powers of A~' and z7'. O

Using Eq.(6.4.1)

1 ts

Q =
11(2) 6C-1n)7 " 162—n7 2

| _ . 2d + D!
E (2 - t3) ! Z < T4 eZk>0 ek >0 w

{d}

where we had #; = 3#5/(2 — t3) in Theorem 6.3.8, this gives (which we already
knew):

< >1= —.
n== oy
1 3t , 1

Jie. < > 1= —.
24 2—1, e ok == oy

21 < Tok1 >1=
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6.4.6 Stable Topologies

We have so far computed 291 €202, £21,1 and £2¢ 3, now we shall compute €2, , for
alln>0and2—-2g—n <0.

First, let us rewrite Tutte’s equations Eq.(6.4.2) for 2 — 2g —n < 0 as (with
J={z1,...,}):

1 1
2z 1+ — —— | Q. J
z ( + N; 2/\¢,(z2—13)) gnt1(2,J)
= Qg 14+2(z,2,J)

stable

+ Z Quir+1@ D Qu 41 1)
ht W =g, 161’ =J

N

1 S-zg,n+l(kaa -])
+]T/ ; 22—A2
42> Q02(:.5) Qen(z T\ {5}

z€J
1 d Qun(z,J\{z}) — Qgn))

* Z 2z dz 2-z

ZjE] J J J

(6.4.4)

which shows that there is a unique solution which is a formal large A,z power
series. In fact, since Tutte’s equation is a recursion on the number of edges, which
expresses the generating function of graphs with n edges in terms of those with n—1
edges, it necessarily determines uniquely all the generating functions.

Lemma 6.4.2 (Symmetry) Ifn > 0 and 2 —2g —n < 0, the functions Qg , are
odd:

Qg,n(_zv 22y 0nns Zn) = - Qg,n(zv 22y 0nes Zﬂ)

Proof We know that it is true for €23 and €2y, i.e. for 2g + n — 2 = 1. We shall
proceed by recursion.

Assume that it is already proved for all (g’,n’) such that 0 < 2¢’ +n' —2 <
2g + n — 2, we shall prove it for (g,n + 1).
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Rewrite Eq. (6.4.4) as

1 1
2z (1 + ]T] Z m) Qg,n-{-l(zv J)

a

= Qg—l,n+2(z7 Z, -])
stable

+ Z Quir+1@ D Qw41 1)
ht W =g, 161 =J

N
1 S-Zg,n+l(kaa -])
+IT/Z 22—A2

a=1

2 2
7+ z;
+ E — Q.. I\ {z

z€J
1 d Qg.(J))
z€J 22]' de 2 _Zj2

where in the RHS, the symbol Zsmble means that we sum only over (h, 7', 1,I') such
that 2 — 2h — |I| < 0 and 2 — 2K’ — |I'| < 0. In particular, by recursion hypothesis,
all terms in the RHS are even functions of z, and thus Qg , 1 is odd. O

Before going further, let us define:

Definition 6.4.2 We define:

n

8 8}’[
i=1 @ -2)
and
1 & 1
=Qu() =2+ 5 o
¥(2) = Qo.1(=2) ”N;zxa(z—ka)
and

x(z) = 2.

For example we have:

N
1 1
wo1(z) = =272 + — Z = 2zy(—2)
N a=1 z + Aa
1

wop(21.22) = ————
02(z1,22) @ —2)?
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1
(2 — l3) Z% Z% Z%
1 ts
+
8(2—1n) z* 8(2 —13)2 72

wo3(21,22,23) =

w1,1(z) =

Proposition 6.4.4 Using the symmetry lemma, Tutte’s equation (6.4.2) for 2g —2 +
n > 1 becomes:

/

0= wg 1120z, —2,J) + Z oni+1@ D oy ri41(=2,1')
ht W =g, 161’ =]

+2z2(y(2) — y(—2)) Wgnt1(z.J)

422 N Wg n+l(kas*,) 2 a)g"(‘l)
+— — — 6.4.5
N ; 2X,(2> = A2) Z «dyj 7 (22 — 7)) (04>

Proof When 2g —2 4+ n > 0, the left hand side of Tutte’s equation is vanishing, and
Tutte’s equation (6.4.2) is:

0=Qp 1n12(z,2,J) + Z Qun+1@ D Q41 1)
htl =g, WI' =]

1 ZN: Qen+1(z,J) — Qg ut1(Aa, J)

N = 22— A2
L i Qg,n(za-] \ {Zj}) - S-Zg.,n(-])
= 27 dz 2-z

after multiplying by 42> [,(2z;) we get:

0 = wg—14+2(z,2.J) + Z oni+1@ D o 1z 1)
Wt =g, 16T =]

2z N wg,n+l(zv J) - ﬁwg,n-f—l(lav J)
N Z 22— A2

d ©enl(z, J\{zj})— - Wgn(J)

+2z Z

ze]

=5 &z)zwn(z,f\ ).

zi€J (Z
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In this equation, all wy_, with (h,m) # (0, 1), (0,2) are even and z can be changed
to —z. Only the factors containing wy | or wp» require some attention.
The factors containing w, ,+1 come with wy 1, they are:

2z Z wg,n-l'l(zv J)— flwg,lﬂ-l(kaw])

2 n J)——
a)Ol(Z) a)g +1(Z ) N Zz —/\%

a=1

which we would like to compare with

42 L\ gt (Aan )
'g.n+ as
@0,1(2) Wgnt1(=2.J) + @0, (— Z)wg”“(Z’J)JFWZ:I 20a(2 = 22)

The difference is

ZZ Z Wg n+1 (Zv J)

2w0,1(2) Wgny1(z,J) — N 2 )2

a=1

—wo,1 (2) W n+1 (—=z,J) — wo,1 (=2) W n+1 (z,J)

2 1
= (wo,l(Z) wo,1(—2) — ;Z m) Wgnt1(2,J)

a=1

=0.

We also need to compare terms involving wy 5, i.e. factors of w, ,. We thus need
to compare

d wgﬂ(zv']\{zj}) - _wgn(J)

Zng; 2w02(z, zj)wgn(z, I\ {zj}) + ZZd—Z] 2o ng
SZZ/'
—m (Ug,n(Zs J\ {Zj})
j
with
3 02 a2 I\ 5 ) (2 (e N\ ()22 3 %
/ 1 -

zj€J zj€J

The difference is

d 82z
> (a)o,z(z, zj) — 02(=2,%)) + 22— ! Z @ _Zzég)z ) Wen(z,J\{z}) = 0.

dzj 72 — 72
€l Yz i

This concludes the proof. |
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Theorem 6.4.4 Foranyn > 0and2g—2+n > 0, we have that we (21, . .., 24) IS
an even rational function of the z;’s, with poles only at z; = 0, and which satisfies
the “topological recursion”:

Wen+1(20.J) = Re(S) K(z0,2) dz [a)g—l,n+z(z, -z,J)
7>

!

+ Z on1+1(Ex: 2, 1) Wgp1 1 (Exs =2, \ I)]
htW =g, 161 =]

(6.4.6)

where Y"" means that (h,I) = (0,9) and (h,1) = (g,J) are excluded from the sum,
where K is the kernel

Lo @02(20.7)

2(y(z2) = y(=2)) ¥'(—2)

K(z9,2) == —
and y(z) is the formal power series in powers of A:

1 1 &S
@) =z+ — Zmz _E; k+2Zk , x(z)=22

and we have:

s 2d; + 1)!!
Wgn(@r . z) = 2—1)77% Z<H td; eZk>0tkKk> l_[( 2d,+2)

{d;} gzl z

Proof The proof proceeds more or less like in Chap. 3. We shall replace the 1-cut
Brown’s lemma by the following observation:

Tutte equations have a unique solution which is a formal power series in inverse
powers of A and z;’z. Therefore, exhibiting a solution is enough to claim that it is
the solution.

We proceed by recursion. The theorem holds true for wy 3 and w; ;. Choose (g, n)
such that 2¢ — 2 + n > 0, and define @ ,11(20. 21, - - . , z,) as the right hand side of
Eq.(6.4.6) with J = {z1,...,z,}

Dgn+1(20.J) = Re(S) K(z0,2) dz [a)g—l,n+z(z, -z,J)
7>

/

+ Z on1+41(Ex: 2, 1) wg—h,l+n—#](gl(; —z,J\ I)]
hth =g, 1WI'=J
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with
K(z.) 1
20,%) = .
2(55 —22) (=) —y(=2))
By recursion hypothesis, we see that &g ,+1(20,21,...,2,) is an even rational

function of the z;’s with i > 1, and with poles only at z; = 0. It is also an even
function of zp because K(zo, z) is, and since K(z,z) has a pole at z% = 72, it can
diverge only if zyp or —z¢ pinches the integration contour for z, i.e. only if zo — 0.

At zg — 0, the singularity is a pole, so that @, ,+1(z0, 21, . . ., Z,) is an even rational
function of zy with poles only at zg = 0.
Moreover, &g n+1(20, 215 - - - , 2) is clearly a power series in inverse powers of A

and of the z;’s.
It remains to prove that it satisfies Tutte’s equation, i.e. Eq. (6.4.4).
Consider the following even function of z:

/

f@) = wg1p12(z,—2,J) + Z oni+1@ D oy ri1(=2,1')
Wt =g, 161 =]

+2z2(y(—2) — ¥(2)) Dgn+1(z,J)

42 N Qg1 (Rard) o d - @)
+-—> = :

Zentlifa’) 5 _Len)
= 2Aa(@ = A0 gel dzj 3 (@ =)

We have f(z) = f(—z). It seems that f(z) may have poles at z = £1,, z = £z and
z = 0. The only possible poles at z = A, are simple poles and their residue is

47 Ognt1(Aas J)
Res —22y(2) @gn41(2,J) + — Z:l 222 — 12)

Res f(z)

2> Aa 7—>Aa

4A§ d\)g,n-l—l (Aaa -])
N 4

= _N d\)g,n-l—l(kaa
= O’

i.e.f(z) hasno pole at z = A, and since f(—z) = f(z) italso hasnopoleatz = —A,,.
The only possible pole of f(z) at z = z; are at most double poles and

Wgn(J)

f(2) ~emssy 002(2.2) Wgn (2. \ {z}) — 227 A _Gpald) +0(1)
dzj 3 (2 — 2 2)
~ i 1 2 wg,n( )
9 2z ((Z S Cenled \ (5D — 2 ,(zz—z})) +0(1)
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d N N2 M
>y d_zj FZJ) ((l)g,n(ZsJ \ {Z]}) 2Z Zj (Z + Zj)) + 0(1)
'\’z—>Zj 0(1)

i.e. there is no pole at z = *£z;.
For the pole at z = 0, let us compute Res .o K(zo, z) f(2), for that notice that
the definition of 65g,n+1 amounts to:

Gea1 (0. ) = Res K(z0.2) (f2) = 220(=2) = y@)dgr1 . )

_4_22 al c,L\)g,n+l(/\av J) + 222 i a)gn(J) )
N = 22, (2 = A) Lo dzy (2~ 7))
] .

and the last two terms have no pole at z = 0 so don’t contribute to the residue. This
implies that

Res K(20.2)f(2) = Dgnt1(20.J) — Res K(z20,2) 22(y(z) — ¥(=2)) Ogn+1(z,J)

~ Z ~
= 20,J) — Res ———— o z,J).
eat1(20.J) — Res @2—-2) gn+1(2J)

In the last term, @ ,+1(z, J) is a rational function of z whose only poles are at z = 0,
and thus we can move the integration contour:

B_e;(s) K(20.2) f(2) = @gn+1(20.J)

Z N N
+ Res —2) a)g,n+1(z, J) + Res a)g,n+1(z, J)

Z
=20 (z% — 7 —>—20 (z% )
which implies

Y2, Res K(z0,2)f(z) =0
z—)O

The fact that this residue vanishes for every zp, means (by expanding around
70 = 00), that f(z) must have no pole at 7 = 0.

Finally, we have found that f(z) is a rational function with no pole at all, it must
be a constant, and it vanishes at z — oo, so that:

f(z) =0.
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This implies that @ ,41 satisfies the Tutte’s equation. And since @ ,+1(z0, 21,
...,Zpn) is a power series in inverse powers of A and of the z;’s, we must have

a/\)g,n-i-l(ZOv le o0y Zn) = wg,n-l—l(ZOs Zlv L] 7ZVI)'

Then, since we now know that w, ,(z1, ... ,2,) is a rational function of the z;’s
with poles only at z; = 0, we can say that Proposition 6.4.1 holds not only at z; =
Aq;, but holds for every z;.

This concludes our proof. |

Remark 6.4.3 1t is quite remarkable, that w, , which is a sum of graphs weighted
with denominators of the form 1/(z; + A,) or 1/(z; + zj), ends up having no pole at
Zi = —Aq Or at z; = —z;, and eventually it has poles only at z; = 0.

This shows that there are lots of cancellations among graphs. This also means that
g, 18 NOt a proper “generating function of graphs”, it is only a sum of weighted
graphs, but it looses information about the graphs, it does not even encode the
number of graphs.

However, w, , is a good generating function of intersection numbers, it encodes
them completely without any loss of information, it was in fact designed for that
purpose.

6.4.7 Topological Recursion for Intersection Numbers

The topological recursion translates for intersection numbers (by expanding at
AqS— 00) into:

2dy + DN (‘L’d0 T4, ...‘(dn>
8

1
=3 Y @d+ nued + [(wd/ T, ...rdn> .
d+d'=dy—2 8
stable

+ Z <td 1_[ Tdi>h <td/ 1_[ td’> —h ]

htl =g, 1L ={1,...n} iel ierr 8
. (2d; + 2dy — 1!

> (2¢;— D! <’d°+d-f—1 D”“L‘

J=1 i7j

Remark 6.4.4 Those equations can be interpreted as a set of Virasoro constraint, as
in Sect. 2.6 in Chap. 2. We shall not elaborate on this, and refer the interested reader
to the works of [67].
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6.4.8 Examples

We assume #; = 0. Let us show application of Theorem 6.4.4 for the first few values

of nand g:
We have
K(z0.2) :
20,2) =
2(z5 — 22) (¥(z) — ¥(=2))
1 z 6 )
= — ([1+5+% +0¢
22(2 — 13) 22 ( z z @)

1522 nzt 2zt 6
1+ + + +0
( 2-1nn 2-15 (2—-mn)? @)

Theorem 6.4.4 easily gives
1 1

2-1673373

1 1 15
011 = g5 - )( (2—r3>z)

1 315
w0,4(21,22,23,24) = (2 —13)2 2222 ( 2—t +3 Z )

21252524

®03(21,22,23) =

dzi ® dz
C{)LZ(ZI, ZZ) = m [(2 — t3)2 (521 + 522 + 31122
P62 + (2 — 1) (6152022 + 615232 + 5t7z‘1‘z§)]
dz
w1 (z) = — ma— [252t§z8 + 12622°(2 — 13)(50172% + 2115)

+74(2 — 13)%(2522% + 34815172 + 145127* + 30813102%)
122 — 13)(20315 + 145227 + 105z*19 4+ 1057%11,) + 105(2 — t3)4].
The topological recursion for computing the w, ,’s can easily be implemented on

a computer, and gives tables of intersection numbers. For the lowest values of g and
n we get:
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GenusO :

< ‘L'S‘L’zlq >0=

< rgrllclz >0= 26

< ‘L’S‘L'IZKl >0= 12

311
n= 3 4 5 6

<g>=ll<igu>=1| <gjn>=1| <31 >0=1

< ‘L'g‘L'l2 >o=2 | < ‘Eg‘fl‘L’z >0=13

3.3 —

< TT] >0= 6

< ‘L'glq >o= 1| < ‘L'gICZ >o=1 < ‘L'gKg, >o=1
< ‘1,'3‘1,'1/(1 >o0= 3| < T(?K]KZ >0=9

K's <5k >0=5| < t8ki >o= 61
< ‘L’gl’le >0= 4

6

In fact for genus zero, all intersection numbers are known by a general formula:

Genus 1:
n= 1 2 3 4
<O>=4 | <nh>I=a | <PB>I=4 | <n>1= A
1 1 24 0t2 1 124 0 3 1 241 0 4 1 241
2 — — 2 —
<‘L'l >1_ﬁ <‘L’0‘L'13‘L'2 >1—lﬁ <‘L’0;’1‘§3 >1—l§
<‘L'l >l:ﬁ <‘L'0'C2 >1:€
< ‘1,'()‘1712‘1,'2 >1= Al—‘
<tl>=1
— 2 1 3 — 4 _ 1
< ToK1 >1—ﬁ < Tpk2 >1_ﬂ < TpK3 >1_ﬂ < Tpks >1_ﬂ
2,2 _ 1 3 — 4 _ 5
< ToKki{ >1= §1 < ‘L'OI3€1I§2 >l_7Z < ‘L'Oifll;:; >1—1??
< TpT1K1 >1=E < 75K >1:5 < Tyk; >1:ﬂ
< ‘Cg‘[le >1= % < Tgl(lzlcz >1= %
2 2 __ 13 4,4 __ 529
<TOT1K1 >1—21—4 <TOK1 >1_ﬁ
2 — 3 —
< Ty T2K1 >1= § < Ty T1K3 >1= 631
2 _ 3 —
< TTiK1 >1= 7 [< [hTIKIK2 >1= 53
’ 3 3 __ 187
K'S <7:07:1K1 >1—ﬁ
< ‘Eg‘L’sz >1= %
3 2 _ 41
< Tk >1= 274
3 —
< TpT3K1 >1= 3
2.2 _ 1
< TTiK2 >1= 3
22,2 _ 17
< THTi K| >1= 62
2 —
< THTIT2K >1= 3
<‘L’0‘L'13K1 >1:1
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In fact for genus 1, all intersection numbers are known by a general formula:

n!

< > = .
[Tw 1= 5 I,

i=1

n= 1 2 3
_ 1 _ 1 2 _ 1
< Ty >p= 152 < TpT5 >p= 152 < TyTe >2= 152
1 1
< TIT4 >p= 334 < ToT1T5 >2= 788
29 11
< DU >2= 75,5 |< T0N2T4 >2= 1
. 5760 1440
Genus2 : 3 i
< T T4 >2= 9%
2 — 29
< T3 >2= 5550
29
< TITT3 >p= 1440
3 —
< ‘L'2 >o= 540
n= 1 2 3
25889

— _1 — _1 2 — 25889
<17 >3= gz | < ToTs >3= 52974 < THTo >3= 19153302080
< TT7 >3= o33 |< T0T1T8 >3= 50818432
77 7
< T2T6 >3= gz |< 107277 >3= 153562400
_ 03 2 — 20
< 7355 >3= Tgs1500| < T U 3= 593049
< Ty 3= 1151520 | < T0T3T6 >3= 138378240

Genus 3 : < TT2T6 >3= o810

3
< T0T4T5 >3~ Zg7040
< T1T3T5 >3= Tog3340

%3

2 —
DGR
<hT >3= 725760

< TpT3T4 >3= 135152

3 _ 317
< T3 >3= oo

6.4.9 Computation of F, = wg

The previous theorem computes g, with n > 1. It remains to compute Fy = wgo
given by

Fg = (2 — t3)2_2g <eZk>° ;kkk>
8

Theorem 6.4.5 F, is determined by

OF,

| |
008 1) 80 (222 =
o, et 00| 24+ et o

and by the fact that it vanishes at large A.
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More generally we have:

aa)gn(zlv---yzn) 5 1 1
L n A’as v e kN 8 8}1 _2A - .
o Wgnt+1(Aa, 21 Zn) + 84,00m0 a+NZb:la+Ab

Proof We have:
n+k n+k
o0 = (1N Z— 5 ng.n+k<1‘[fdi> IT @di— Dt
di+-Fdptr=dg n+x i=1 g i=n+l

(2d; + D!
ﬂ

Zd +2

Then notice that 7, = + >, A, ¥ satisfies

atd _ —d
Aaddg  AdH2

that immediately gives

0w n(z1,. .- 20) , 1 1
— (wg,n+l(kav s Zn) = 8g.0800(—2A, + N Xb: m))

|

Remark 6.4.5 (Heuristic Derivation from the Matrix Integral) Observe from Theo-
rem 6.3.6, that Kontsevich’s integral

/ 2 ~ 2 3
ZKomseViCh(A) = l—[ A'i + A'j(jT/N)N /2 /dM (S NTrA“M eNTr 3
iy

18 such that:

l d In ZKonlsevich _

1
—_2Aa Maa N7
N di, =M >+N;Aa+kb

and thus, using that

wg1(Aa)

<My >= Y N'7 (R1(ha) + 8g0ha) = NAa + Y N7 —— T
4

4
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we get that

IF, 1 1
= w1 (ha) + 8e0 [ 202+ =3
o, et g*(’( TN At N

) |

Before going further, observe that most often, the solution of Tutte equations
involve 7, instead of #;, and they reduce to #; only when #; = 0, thus most often
we like to work with the constraint #; = 0 = )__1/A,, but then the A,’s are not

independent, so it is better to work with #; 7 0, and come back to )vLa’s. So we shall

first need the lemma:

Lemma 6.4.3 fork # 0

N a;k _ ;k+2 1
k daOha  (5—2)A3  Ak+2

< 0L 1
PRy S ¥ S ——
0Aq N(t; —2) Ag

In particular when we take t| = 0 after evaluating the derivative:

N 3
k dq0A,

_ 21
n=o (=2)A3 Akt

Proof From A} = A7 —7; we have

ak, oF
b + i = 25a,bkav

24 FY TS

then multiplying by )V\,jk and summing over b gives

2 o ., Oh _ 2A,
2—k A

t = .
Yo, NIk

In particular with k = 3 we get:

oh 2,

Ma N (i3 —2) A3

and thus

Oy y Aa Aa
W2 -2y (5 — Mt
0a N(i—2)A3 NAk
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Theorem 6.4.6 (Genus 1)
F ! In(1—13/2)
= — In —_
1= 3
Proof Recall that

_ 1 1 ts
011@) = g5 - r3>( (2—r3>z)

Using Lemma 6.4.3 we have

o 3 ts 1

— == |—=-—"7)=242 -1t Aa).

A, N ((t3 o)A xg) @~ 5)o11(a)
This shows that F; — 5; In(1 —1#3/2) is a constant independent of A, which is 0
because F is a sum of welghted graphs whose weight goes to zero as A — o0, i.e.
ast; — 0. O

Theorem 6.4.7 (Genus 0) When t, is arbitrary
1 1 L+i) 2. -
— Fy=— 1 J — (3 —1— ht—
N 0 2N212J:n<kl+kj)+3( 3 3)+ 11-1

And in particular, if t; = 0 we find

Fy

Il
e

Proof Recall that

wo.1(z) =2280.1(2) = —2zvV2 —1 — — Z

L(Vz2 —t1+x)'

i.e. we want to solve

doFy 1 1 1
—2/\ o)+ =
Tk, = 2R Y T T Rt

Recall from Lemma 6.4.3:

T 1
A =2 =2, Sap ————| -
g N(t; —2) Ag
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This gives

0 v v 1 8;\,
22 Ay Z/: nit4) Z/: ot b 2ka 0k

1
“223, 1 % ( ’i+N(2—?3)/V13)
—Z

1
I\ Ao

1 1 1 1
+ Z 7 7 —+ | —
- Ai + Aj 21,‘ 2/1/ N(2 — t3)lz
1 1 N2 1
= Z S — ~— + ! —
~Jat i ke 2 NQ-—iy)i3

1 N2 1
e+ A h 2 N@-R)A

This implies that

i 7 1
=20la—A) + — + =+ .
a 2 (2 — l‘3)l3
2N 8(¥_3 — l_3) 2;_1 ;1 \t/% 1

3 AadA, -2 T 2 @—ipkd
Notice that
Ao, P Dhi

To (=21 (-2 Al

i.e.

9 1 di A
Fo+— Y 1 L
%00y ( 0t 2N%: n(k,~+/\j))
_ 2N a(;_g, — t_3) 3;1;_1
T3 00, Ay
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and thus
1 1 A+ 4
— Fo=— 1 ! “(f—t fi-
N 0 ZNZ%:H<A%+AJ)+ ( 3 3)+l 1
|
Theorem 6.4.8 (Higher Genus) For g > 2 we have
1
F, = 7 B_e;(s) wg.1(2) D(2) dz
where d® = wq |, i.e. when t; = 0:
1 1
D(z) = -2 + v ;m 4+ A1) =2+ ~ Indet(z + A)
and more generally if2g—2 +n >0
g —2+n) wgn(z1,...,22) = Res wgnt1 (@15 2nn 2) D(2) dz. (6.4.7)
Z—>

Proof We shall first prove Eq.(6.4.7) for n > 0 by recursion on k = —y,, =
2¢—2+n.
For k = 0 the only case is (g, n) = (0, 2), and we have:
1 1

22—t

wo3(21,22,23) =

which means that

1 1 ®(2)
R ,22,2) () dz = Res — ——
Res w03(21.22,2) P(2) dz 1 n % 22 2
1 1
= (0
2-13742 ©
1 1
= — y(0) X' (0
2—t3z%z§y() (0)
=0.

For k > 0, and n > 1, we have from Theorem 6.4.4

J
e e
a)g,n-l-l(ZO, ZlsevesZn)

!

= Res K(z0,2) (wg—l.,n+2(z, z,J) + E o 1+#1(2, Doy 1440 (2, 1/))
z—)O
heh =g, WD =]
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and thus

J

S —
Rgso D(21) Wgn+1(20,21, 225 - - -+ Zn)
21

= Res Res K(z9,2) (a)g_l,n“(z, zz1,J)

z21—>0 z—>0
1

+ Z On2#1(z, 21, Do 1441 (2. 1)
ht W =g, 161’ =J

/

+ Z op,1+41 (2, Dow 2487 (2, 11,1/)) D (z1).
hi =g 16’ =]

Except for the term with a wy»(z, z1) factor, there is no pole at z = z; and we can
exchange the order of residues. Then by the recursion hypothesis we have:

J
— N——
Rgs0 D(21) Wgnt1(20,21,22, -+, 2n)
21

= Res K(20.9) (25 = 1) =24 (1 + 1) 011 (2.2.0)

/

+ Z (2]’1 —_ 2 + 1 —+ #I)C()h’1+#1(z, I)C()h/’1+#1/ (Z, I/)
h+h =g, I9I'=]
!

+ Z (2]’1/ —-24+1+ #I/)C()h’1+#1(z, I)a)h/,l+#]/ (Z, I/))
hti =g, 16l =J

+2 Res Re(s) K(z0,2) (a)(),z(Z, 21)Wg n+1(2, J)) ®(z1).
7>

71—>0

The first three lines add up to make (using Theorem 6.4.4)
(2g — 3 + Mg u(zo0,J).

In the last line, we move the integration contour of zj, i.e. a small circle around 0,
through that of z, and thus we pick a residue at z = z;:

Res Res = Res Res + Res Res .

z21—>0 z—0 z—0 z1—>0 z—>0 721>z

Notice that wg 2 (z, z1)P(z1) has no pole at z; = 0, and we have:

leigsz w02(z,21)P(z1) = dP(z)/dz = y(2)xX'(2)
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so it remains

Res Res K(20.2) (@020 21)0gn1 (2:) ) (1) = Res K(20.2) @1 (2:0) Y@ @):

721—>0 z—0

and, using the parity of w,,(—z,J) =

We have that K(z9,7) = 3 3 m

Wen(z,J), we have

Res Res K(z,2) (a)o 2(2,21) Wg n+1(2, J)) ®(z1)

71—>0 z—0

1
= 5 Res K(20.2) 0gn1(2.9) 0Q) —y(=2) X' (2)
1 Z
= 5 Res —— wgnt1(2.))
0 —Z

the integrand’s only poles are z = 0 and z = =%z, so we can move the integration
contour:

Res Res K(z,2) (a)o 2(2,21) Wg n+1(2, J)) ®(z1)

z1—>0 z—>0

-1 b4
= Res wg,n-l—l(Z’ J)
2 z—20,—20 z — 72

1 1
= ng,n+l(ZOaJ) + 7 Wgn+1(—20,J)

1
= Ewg,n+l (ZOa -])

i.e. it remains, as announced for everyn > 1 and2g —2 + n > 0:
Res ®(z1) wgnt1(z0.21,22,- -+, 2n)
zl—>0

Wy nt1(20,J)

= (2g_3+n)wg,n(Z07227---7Zn) +2 b

= (28 =2+ n)wg (20,225 - - -+ 2n)-

We have thus proved Eq. (6.4.7) for n > 0.
Then it remains to prove the case n = 0. Let us define for g > 2:

Fy =

2 2g Res @(2) wg1(2)
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and let us compute oF ¢/ 04, we have:

90(2) wg1(2)
g _ g
on, ~ Res g, @@+ Res @
From Theorem 6.4.5 we have
0w, 1(z
ag/\l @ _ —wy2(2, Aa)
and
9P(2) : /
= — /’\,a / =
o, / @022 Aa) d2 ;
Therefore
oF 1
(2-2¢) 5 - = Res — T g.1(2) = Res wg2(z.4a) @ ().

In the first term, the poles of the integrand are at z = 0 or at z = A,, thus moving
the integration contour we trade the residue at z = 0 to a residue at z = A,

1
Res wg1(z) = — Res 7 Wg1(2) = —wg1(A4),

=0 Z— A4 =>ka T— Ag

and meanwhile for the second term, we use Eq. (6.4.7) for wg»
Re(s) Wg2(2,Aa) P(2) = (2 —28 — Dw, 1(Aa).
7>

This gives

oF d
(2-28) 515 =~y (ha) — (1= 20)001 (1) = ~ (=205 (k) = (2-2) 5

in other words it implies that F, — F ¢ is independent of A, and since it should vanish
at large A, it must be identically zero:

- 1
Fo=F,= ﬁ Bes D(2) wg,1(2).
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As an example of application, let us compute some intersection numbers. The
topological recursion computation of F, gives

. 21 l‘g 29 t7t5 n 351y
1602 —13)°5  128(2—13)* 3842 —13)3°

F>

We write it as
~3
-2 _ 5 ho3
F, = (2 — 1) < 3k3 + HhKi1ky + gl(l > Mao
with
22 3

~ ~ t ~ ~n A 1
3t5=02-n)t1 , 15t7=(2—l‘3)(f2—51) , 105f9=(2—l‘3)(f3—f1t2+gl)

this gives that

1 1 3 43
Tw o SRS ag s SR M

< K3 > My o=
Proposition 6.4.5 (Link with Symplectic Invariants) Theorems 6.4.4 and 6.4.8
mean that Fy and the w, (21, . .., 2,)dz1 . . . dz, are the symplectic invariants (in the
sense of Chap. 7) of the spectral curve:

x(z) = 2+ f
1 v
Y@ =z+y5 2, B (i_;a) == % dreo it

i.e. whent; = 0:

{ x(2) =22

— 1 1 _ 1 oo k-
y@) =z+5 D, e =i D im0 li42

An important remark is the following: the topological recursion Theorem 6.4.4,
shows that only y(z) — y(—z) appears in the computations, this is a special case of
the general symplectic invariance of Chap. 7,and thus:

Corollary 6.4.1 F, and the w,,(z1,...,2,)dz1 . .. dz, are the symplectic invariants

(in the sense of Chap. 7) of the spectral curve (we assume t; = 0):

x(2) =722
y(@) =z2— 5 Y o tuga !
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6.5 Large Maps, Liouville Gravity and Topological Gravity

We assume #; = 0. From their recursive definition as residues, the symplectic
invariants F, depend only on a finite number of terms of the Taylor expansion of
¥(z) near the branchpoint z = 0, namely, F, depends only on:

]:g = ]:g(l‘3, cee t6g_3).
This can also be seen from the definition of F, in terms of intersection numbers

Fp = (2 —13)>72%8 (eXwolr),

Therefore, for each g, one can compute F, with only a finite number of #;’s non-
vanishing. Choose

t =0 when k> 2m + 3.

The spectral curve is then (symplectic invariance allows to add an arbitrary constant
to x without changing the F,’s, and we may ignore the even powers of z for y(z)):

x(2) = 22 — 2ug

£ = {
@) =z % Zfzo br+32

2k+1

We can identify it with the spectral curve of Sect. 5.4, upon the identification

m—1 m
1 -
y@2) =z— 3 E topg3 24T = E 1 0i(z).
k=0 i=0

Using the expression of the polynomial Q;(z) in Eq. (5.2.3) this gives

(—ug)’™ (2j + D!

farts = k0 229 G-0! Ck+ I

For example
bnt+3 = -2 ;m s bnt+1 = 2 (Zm + 1) Uo ;m - 2‘l:m—l s

The generating function of the times #;’s is:

eZk?k“ ko =1 _f(l/ ) —1— Z (2k+ 1)”[2k—|—3 Z (2j+ 1)"tj Z ( MQM)
k
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thus

1—f(1/u) = (f(u) e")_

where the subscript ()— means that we keep only negative powers of u in the Laurent
series expansion at u — 0, and where

@i+ DN
t T

fw) =

J

Finally, we see that the spectral curve Ex is identical to the spectral curve
Eom+1,2) (see Eq. (5.4.30) in Sect. 5.4) of the minimal model (2m+1, 2) encountered
in the asymptotics of large maps in Sect. 5.4.

Theorem 6.5.1 The asymptotic generating function of large maps F, ¢ near an mth
order critical point, coincides with the topological expansion of the Tau-function
of the minimal model (2m + 1,2), and with the generating function of intersection
numbers:

Fy@) = Fol€onin) = Fylly) = (200
g,

provided that we identify the Kontsevich times t’s and 2m+ 1, 2)-model times 1; as:

(o)™ @2j+ DN

s = 2800 =2 " e T

j=k

In other words “the limit partition function of large maps, agrees with Liouville
conformal field theory coupled to the minimal model (2m + 1, 2), and agrees with
topological gravity”.

6.6 Weil-Petersson Volumes

Here, we come back to the description of moduli spaces in terms of hyperbolic
geometry, which we evoked in Sect. 6.3.1.

It turns out, that Mumford’s class ki, is closely related to the Weil-Petersson
2-form on M, ,, by Wolpert’s relation [88]:

Z dl; A df; = 27%k,.



324 6 Counting Riemann Surfaces

The Weil-Petersson volume form is

(Zﬂzkl)dg‘”.

1 J 1
]7[d1md9i = m(;dli/\dei) br = —

g.n

Thus, the idea is to choose a spectral curve which will lead to intersection numbers
of x| only.
Let us chose 1; = 0 and:

(=D* @m)*

t =28;0—2 ,
2k+3 k.0 (2k+ 1)!

It induces:

1 2k+1
7)) =2— = t Z
y(@) 2; 2k+3

00
(27r)k12k+1

=z—z+ ) (D
;( ) (2k + 1)!

1 .
= — sin2nz

or in other words the spectral curve fK is (we denote it Eyp):

1

P %x(z) =z
" () = 5= sin (27 2).

The Schur transformed times #; are obtained from Theorem 6.3.8 (or also
Theorem 6.3.9), and are such that:

1 — (_l)k (271,)21( — =27 u
Fjuy =3 Zk:(szr D typqzu ™ =1— ;Tu k=] — e 2w
and
FA/uwy =Y "t =—In(1 —f(1/u)) = 227 u"".
k
This implies

ik = ZJTZ 8/(,1
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and therefore

(27T z)d‘) i

eliieke — Q2mt k1 _ § :

do=

We thus have:

L, (2n2)d0 (2d; + D!
0B (Ewpizi, ... 20) = (=2)%e" Z <’<f0 szd> ]_[ 22
Mg.n

do,dy,....dn i=1 i=1 l

Notice that the intersection number is non-vanishing only if dy+dy 4 - -+d, = dg .
Then, observe that

(2d + 1)!

oo 2d —zL
/0 LdL L*e™*" = it

This allows to rewrite:
w,(lg) Ewpizty -y 20)

oo o0
= (—2)%" / LidLie " . / LydL,e "
0 0

d i @r?)h - LiZdi
> < ’ 1_[‘” >M ! Ezdfd,-!
g,n

do+dy ++A-dy=dg i=1

_2 Agn oo o0
-2 / LydLie " .. / LydLye "
0 0

dgn!
dy! <
S L P PR ]_[( : 1/fl)">
!
do+dy ot dy=dg dold,!.

_2 Xg.n oo oS}
_ 2 / LidLie 5k / LydL,e L
dg,n! 0 0

Mg.n

1 n
2 2 d”
<(27T K1+ > ;Li Pi)e >

Mg

The right hand side

1 1 &
VO](Mg,n(Lls ey Ln)) = d <(27t2/{1 + E Z Lz‘zwi)dg’">
i=1

g.n-
Mg

is the Weil-Petersson volume of M, ,(Li, ..., L,), see Sect. 6.3.1 for more details.
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We thus get the theorem:

Theorem 6.6.1 The symplectic invariant correlators of the spectral curve

P {x(z) =7
T () = 5= sin (27 2)

are the Laplace transforms of Weil-Petersson volumes:

(8) oo o
on (Ewp; At, ..., Ay) / AL /‘ AL
= LidL Ll L,dL, e Vol(Mg (L, ..., Ly)).

(—2)){g.n l—L, dAt 0 1 1€ o € 0( & ( 1 ))

It is an immediate corollary, by performing the Laplace transform of the
topological recursion, that:

Corollary 6.6.1 The Weil-Petersson volumes satisfy Mirzakhani’s topological
recursion:

ZLVg,n-I—l (La LK)
L [ele] [ele]
= [ar [ “aax [ skt 0 Veeasater. L)
0 0 0
+ 200 2sek Vi 6 L) Ve pnt1-10 (v, LK/J)]

n L o)
+y /0 dt /0 xdx(Ku (%, + L) + Kpr(x, t = L)) Vet (%, L \ {Ln})

m=1
with Mirzakhani’s recursion kernel given by:

1 1
KM(X, t) = e + -

M. Mirzakhani, fields medalist 2014, first discovered that recursion relation in
2004 [65] from the Mac-Shane identity on geodesic lengths in hyperbolic geometry.
Here, we rederived the same recursion from the combinatorics of intersection
numbers, or more precisely, from the fact that Kontsevich’s matrix integral can be
written in terms of symplectic invariants.

6.7 Summary: Riemann Surfaces and Topological Gravity

We have seen that

* The space (moduli space) of genus g Riemann surfaces with n labeled marked
points M, ,, is of dimension 2(3g — 3 + n) = 2d,,. My, is not a manifold,
it is an orbifold, with singular points quotiented by a group of automorphisms.
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M, , is not compact, and can be compactified by adding nodal surfaces. M gn 18
the Deligne-Mumford compactification of M, ,. M ¢n 18 not a manifold neither
an orbifold, it is a stack, it contains pieces of different dimensions, and singular
points quotiented by some group.

o My, isstableiff y,, = 2—2g—n < 0 and unstable otherwise. The only unstable
cases are (g, n) = (0,0), (0, 1), (0,2), (1,0).

» Using Strebel’s theorem, we have a bijection (an orbifold homeomorphism)
between Mg, x R’} with a combinatorial set of metric ribbon graphs:

Men xRy~ U RS/ AutG.
g.n

The lengths [, of the 6g — 6 + 3n edges of G provide a set of coordinates on
M, x R’ . This is an orbifold bijection, it respects the symmetries.

¢ The Chern class c1(£~,-) of the cotangent line bundle Li — M, x R’y whose
fibre is the cotangent plane at the ith marked point, can be written explicitly in
the edge lengths coordinates:

vi=ally= Y d(%)/\d(%) where Li = » L.

. 1 1 .
¢/ <ealong face i e>i

Intersection numbers are integrals of product of Chern classes:

<T4..-Tg, >

n

dif fﬂg.n 1_[:'1=1 wld‘ 1f Zi di = dgv” = 3g - 3 +n
& 0 otherwise.

 The Mumford’s kappa classes i are push-forwards of Chern classes ™! under
the forgetful projection Mg 1, — M, ,, forgetting m marked points.
An easy way to relate intersection numbers of kappa classes to those of
classes, is by writing generating functions:

n n
<eZk ?kKk 1_[ ,Cidi> — <eé Zk(2k+l)!!t2k+3tk+l 1_[ ,Cidi>
i=1 gn g

i=1

with the times 7 related to the #;’s by writing that:

A 1 M3/2 u
— > itk ]‘_1__ 2d n —d __ / —5x
S = + DNtpgasu™ @ = dx e .
2;( )tz s Y
For example the first few are
R 13 R 315 . 15t 912
h=—In(l1-=) , = , h=
0 (=3 T2 2= s T ey
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 the generating functions of intersection numbers can be written as a sum over
weighted graphs (Theorem 6.3.5):

2 en Z Qd,— D" (@2d,— D!

<Tq..-Td, >g

2d1+1 t Azd,l+l
dy+-+dy=dg, 1 n
> a1 5
a . #Aut . Ai + Aj
ribbon graphs (ij)=edges

where the sum is over all labeled ribbon graphs of genus g with n faces, and to
the ith face is associated the variable A;.

e The sum of weighted graphs can be obtained from a Wick theorem, and can be
written as a formal matrix integral, the Kontsevich integral:

1 3
Z(A) = / dMeN TN 7 = (/N T+ AT
ZO formal ij )

where A = diag(Ay, ..., An).
In the sense of formal series (of )Li_l) we have

o0
1
InZ(A) =D N*%2F,(t) . tk:ﬁTrA_" . t= (b))
g=0

where

Fy(t) = 222 <e% S kD) 13 rk+1>

- (o
8

222gn
=2

8

Z l_[(2d —1)"l2d+1 <74 ..-Tg, >g -

*  We define the following weighted sums of graphs:

N—#unmarked faces

Qen@tseez) = =8gobuaz+ ) #Aut (G)

Gegg.n(zl ,...,Zn)

l_[ 1
(iyj)=edges label(l) + 1abel(])

summed over all ribbon graphs of genus g, with n labeled faces having a 1-valent
vertex with respective label z;, i = 1, ..., n, and an arbitrary number of unmarked



6.7 Summary: Riemann Surfaces and Topological Gravity 329

faces having labels € [Ay, ..., An]. They are worth:
Qg,n(Zl, ey Zn) + 88,08,1,121

n
— p22%n Z (le .. 1g e} ZaCd-Dt t2d+1rd> l—[ (2d; + D!
8

2d;+3
di oy i=1 %
N
48,0001 —
2,00n,1 2Z] ;Zl +Aa
1 1
+8g,08n,2_

47120 (z1 + 22)?

They are equal to the expectation values of diagonal entries of M, if ay, ..., a,
are all distinct:

QenPays-oosday) + 80801k = N'2" <My gy ... My, o > .

» Tutte’s recursion and Virasoro constraints.
By recursively removing edges from the ribbon graphs, we get the identities:
Ifn>0and2¢g -2+ (m+1) > 0,andJ = {z1,...,2,}, we have the Tutte’s
equations:

8008007 = Qo—ini2(z.2.J) + Z Qu+1@ D Qu rj+1. 1)
he i =g, WD =]

1 XN: Qen+1(z,J) — Qg pt1(Aa, J)

2 — A2
a=1 “
1 d Qa(zJ \{z}) = Qe
1 d Qi \Z{ZJ})Z enl) (6.7.1)
vy 2z; dz; =z

This translates into Virasoro constraints for intersection numbers

2dy + D! <‘L'd0 Tdy « - ‘L'd”>
8

1
=5 > @d+oned+ D {uw w.w)
d+d'=dy—2
stable
SR I 0 0 I
h+n =g, ILI'={1,....n} i€l el
"\ (2d; + 2dy — 1)!!
2 2d;,— DI ("’"”f‘l HT"’)g'
=1 ! i#j
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The disc amplitude is (we assume #; = 0)

N
1 1 1
Q = = — —_ [E— N A _1 kt k'
01(2) =y Z+Na§=1 ) z 2§ (=) " trg2z

k
The cylinder amplitude is (r; = 0 assumed)

1

/
Qo2(z,7) = PPeTERT

It is independent of the #;’s.
Topological recursion (¢#; = 0 assumed)
We define the amplitudes

3
Ogn(r. . 2) = 2" (Qg,n(zl,...,zm L ) l_[z,

—)?

If 2¢ — 2 4+ n > 0, they are odd rational functions of each z;, with poles only at
z; = 0, and they satisfy the topological recursion

Wy n+1(20,J) = Reg K(z0,2) dz [wg—l,n+2(z, —z,J)
7>

+ Z n1+41(Ek: 2. 1) o 1441 (Ek: =2, 1/)]-
It =g. 191 =J

(6.7.2)

where 3" means that (i,1) = (0,9) and (h,1) = (g,J) are excluded from the
sum, and where K is the kernel

. S ®02(20, 7))
K(z0,2) := T ER T EYyerm

Fy’s (11 = 0 assumed)

Fy

Il
=

1 13
Fi=—In(1—=
1 24 n ( 2)
and forg > 2

1
Fy = ﬁ Bes wg.1(2) D(2) dz , d®/dz = wo,1(2).
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* Comparison between topological gravity, (2m + 1,2) minimal model and large
maps:

The asymptotic generating function of large maps F o near an mth order
critical point, coincides with the topological expansion of the Tau-function of
the minimal model (2m + 1, 2), and with the generating function of intersection
numbers:

Foi) = FoEomiray) = Folfx) = (ezk?k,ck>M
2.0

provided that we identify the Kontsevich times #;’s and (2m + 1, 2)-model times
1; as:

" (Cug)it @+ D
g3 = 28,0 —2 Z i — .
257G @kt

¢ Weil-Petersson volumes

The choice
(=D* @m)*
t =260—2——7—"—
2k+3 k.0 2k + 1)1
gives y(z) = % sin2mz, and it computes the Laplace transforms of Weil-

Petersson volumes

o o0
Wen(Z1s .oy zn) = (—2)%en / LidLie™#b / LydL,e b
0 0
Vol(Mgu(Ly, . .., L,)).
where

1 2 U o v
o] <(27T it ;Li Vi) >

The fact that w,, satisfy the topological recursion, implies the Mirzakhani’s
recursion for Weil-Petersson volumes.

Vol(M,,(Li, ..., L)) =

Mg

6.8 Exercises

Exercise 1 (Moduli Space of Genus 1 Surfaces) Consider a torus 7, of modulus
7, with Im7t > 0, i.e. a parallelogram in the complex plane with opposite sides
identified:

T. =C/(Z + tZ).
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Prove that two Torus 7, and T, are in conformal bijection if and only if 7/ =
tmod Sh(Z), i.e.

b
t/:ar—i— , ad —bc =1 , (a.b,c,d) € 7.
ct+d

Hint:

— sufficient condition: prove that it is possible to find a piecewise affine function
f: C— C, of the form f(z) = @z + B, such thatf(z + 1) = f(z) modZ + 7'Z
and f(z + ) = f(z) modZ + t'Z. In other words determine o and §.

— converse, necessary condition: assume that there exists a conformal bijection f :
T, — T . It can be lifted to a piecewise analytic function f : C — C, which has
to satisfy f(z+ 1) = f(z) modZ + t'Z and f (z + 7) = f(z) modZ + t'Z. Show
that this implies that f’(z) has to be bi-periodic. Since any bi-periodic function
without pole must be a constant, deduce that f'(z) has to be a constant, and thus
f is piecewise affine. Then by studying f(0),f(1),f(z),f (1 + ), show that 7’ =
(at + b)/(ct + d).

Exercise 2 (The Strebel Differential on M, 4) Let p € C \ {0,1,00} and let
Ly, L1, Lso, L, be four positive real numbers.

Find the general form of a quadratic differential on C with double poles at 7 =
0, 1, 00, p and respective residues —L2, —L3, —L% , —L*.

Answer:

Q) = 1 ) (L?,oz+pL% (1-p i} p(p—l)Lz_a) 2

2(z—D(z—p T+ (z—1) (z—p)

where ¢ € C is an arbitrary constant. 2 has four zeroes a, b, ¢, d, we have « =
a + b + ¢ + d. Then chose « such that

Im/ab\/mzo , Im[mzo

Exercise 3 (Number of Triangulations in Terms of Intersection Numbers)
Choose the matrix A = A Idy, i.e. , = A7*, and relate Kontsevich’s matrix integral
to the cubic formal matrix integral which enumerates triangulations. Then show that
the number of rooted triangulations (where all faces including the marked one are
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triangles) of genus g with v vertices is

#{rooted triangulations, genus g, #vertices = v}

24g—4+2v
:6(2g—2+1})T Z <Td1...TdU >g,U
: dy++dy=3g—3+v

Exercise 4 For M, there is only one Strebel graph. Write the Chern class in

terms of edge lengths, and compute directly the integral of the Chern class. Recover
1

<717 >1= 34+

Exercise 5 Prove that all intersection numbers of genus 0 are given by:

(n—3)!

<T.---T 0= =7 52-(1-)1—37
]_[' d' i Qi
i=1 i+

Hint: use the fact that if g = 0, necessarily some d; = 0, and one can use
equation Eq. (6.3.2).

Exercise 6 Prove that all intersection numbers of genus 1 are given by:

- 1 n! 5
Tdy « - Td, 1= — —7 d:n-
dl dn 1 24 l—[:l:l dl' Zldh

Hint: Use the fact thatif g = 1, then either some d; = 0 and one can use equation
Eq. (6.3.2), or some d; = 1, and the forgetful pushforward of 7 is xy, and « is the
Euler class kg = 2¢g — 2 + n.



Chapter 7
Topological Recursion and Symplectic
Invariants

We have seen, in almost all previous chapters, that symplectic invariants and
topological recursion play an important role. They give the solution to Tutte’s
recursion equation for maps, they give the formal expansion of various matrix
integrals, including Kontsevich integral, and they also give the asymptotics of large
maps.

The goal of this chapter is to give their general definition, which is an algebraic
geometry notion, and exists beyond the context of combinatorics, and beyond matrix
models.

7.1 Symplectic Invariants of Spectral Curves

Building on works in matrix models, an axiomatic definition of the symplectic
invariants was first introduced in [34]. At that time, the goal was to have a common
framework for the solution of loop equations of several matrix models: 1-matrix,
2-matrix, matrix with external field (in particular Kontsevich integral), chain of
matrices,.. ., as well as their scaling limits. Then it was discovered that they have
many nice properties, in particular symplectic invariance (whence their name), and
that they appear in other problems of enumerative geometry.

Here we only briefly summarize the construction of [34], and we refer the reader
to the original article for more details.

7.1.1 Spectral Curves

Definition 7.1.1 A spectral curve & = (L, x, y, B), is the data of a Riemann surface
L (not necessarily compact nor connected), and two analytic functions x and y from

© Springer International Publishing Switzerland 2016 335
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some open domain of £ to C, and a symmetric meromorphic 2-form B on £ x £
having a double pole on the diagonal (in any choice of local coordinates):

dp®d
&Z + analytic.
(p—9)

Remark 7.1.1 In fact, the most general definition of symplectic invariants needs
only that £ be a collection of formal neighborhoods of some points, and y and
B be germs of analytic functions on those formal neighborhoods.! However, the
symplectic invariants will obey more properties when L is compact, connected, and
y and B are globally meromorphic. This is the case for all spectral curves considered
in this book, related to maps.

B(p,q) ~

The mapsx: L — Candy : £ — C provide an immersion of £L — C x C. If £
is compact, and x and y are both meromorphic, they must be related by an algebraic
equation E(x,y) = 0. The locus in C x C of the solutions of an algebraic equation,
is called a plane curve.

x and y thus provide a parametric representation of a plane curve of some

equation E(x,y) = 0, where the space of the parameter z is a Riemann surface
L, ie.

{(x(2).y(2) | z € L} = {(x,y) | E(x,y) = 0}

A
()

Definition 7.1.2 If £ is a compact Riemann surface of genus g, and x and y are
meromorphic functions on £, we say that the spectral curve is algebraic. If £ =
C = C U {oo} is the Riemann sphere (thus g = 0), we say that the spectral curve is
rational.

Indeed, for a compact Riemann surface L, it is always possible to find a
polynomial relationship between any two meromorphic functions x and y, and there

'Roughly speaking, y and B are defined as formal series, whose radius of convergency can be
vanishing, i.e. any truncation of the formal series is defined in some disk around a point, called a
“formal neighbourhood” of the point. We shall not go further, as this notion is beyond the scope of
this book.
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always exists a polynomial E such that
Vze L,  E(x(z).y()=0.

Moreover, on the Riemann sphere, meromorphic functions are rational functions,
i.e. for a rational spectral curve we can chose x,y € C(z).

Definition 7.1.3 A spectral curve (L, x, y, B) is called regular if:

« the differential form dx has a finite number (non vanishing) of zeros dx(a;) = 0,
and all zeros of dx are simple zeros.
* The differential form dy does not vanish at the zeros of dx, i.e. dy(a;) # 0.

This means that near x(a;), x(z) — x(a;) has a double zero, and thus /x(z) — x(«;) is
a good local coordinate. If dy doesn’t vanish it means that

¥(@) ~ y(a) +y' (@) V(@) = x(a) + 0Gx(2) —=x(a)) . Y(a) #0,

in other words y behaves locally like a square-root, or also the curve x — y has a
vertical tangent at a;.

From now on, we assume that we are considering only regular spectral curves
(the symplectic invariants for non-regular spectral curves can be defined in a similar
manner, see [18]). Symplectic invariants defined for regular spectral curves, may
diverge when the curve becomes singular. Examples of singular spectral curves
appeared in Chap. 5, where they play a central role in the double scaling limit, i.e.
the limit of large maps.

Definition 7.1.4 We say that two spectral curves £ = (L,x,y,B) and E =
(L£.%.3,B) are symplectically equivalent if there exists a symplectomorphism ¢ :
CxC—CxC,suchthat L=¢*L,B=¢ «B,and¥ =@ xxand 5 = ¢ * y,

And where the group of symplectomorphisms is defined to be generated by the
maps:

e ¢:(x,y) > (x,y + R(x)), where R(x) € C(x) is a rational function of x.
c ¢:(x,y) (gis,(cx+d)2y),withad—bc =1,
* ¢:(x,y)!—>(y,—x).

all those transformations conserve the symplectic form

dx A dy.

The main property of the F,’s that we are going to define, is that they are
symplectic invariants, i.e. two regular spectral curves which are symplectically
equivalent, have the same F’s.
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7.1.2 Geometry of the Spectral Curve
7.1.2.1 Topology

Consider a compact Riemann surface £, of genus g. If it is simply connected, the
genus is g = 0, and £ is the Riemann sphere C, i.e. the complex plane compactified
with a point at co. If it is of genus g > 1, it is not simply connected, and one can
find a basis of 2g non-contractible cycles, that can be normalized in order that their
intersections (the sign of the intersection corresponds to the orientation of contours,
positive if A;, B; is direct) are:

AiﬂBjZSiJ s AiﬂAjZO , BiﬂBj:O‘

This choice of basis of non-contractible cycles is called “symplectic”, and it is not
unique.

If we chose some representants A;’s and B;’s of the cycles, then £ = £\ U;.A; U;
B; is simply connected. It is called a “fundamental domain” .

The universal covering of £ is a (non-compact) Riemann surface, obtained
by gluing an infinite number of copies of the fundamental domain £, along the
corresponding boundaries. It is also the set of all homotopy classes of paths between
a given base point, and arbitrary points of £. The universal covering is simply
connected, but non-compact.

7.1.2.2 Bergman Kernel = Fundamental Form of the Second Kind

When a symplectic basis of cycles is chosen, one defines the fundamental form of
second kind (sometimes called Bergman kernel [12, 13, 37, 56]):

B(Zl, Zz)

as the unique bilinear differential having one double pole at z; = z, (it is called
“second kind”) and no other pole, and such that:

dz; ® dz . ) _
B(z1,22) ~ l—§+analytlc , Vi=1,...,g, ¢ B(z1,72) = 0.
222 (Zl - ZZ) Z2IEA;
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One should keep in mind that B depends only on £, and not on the functions x
and y.

We encountered it in Chaps. 3, 4, and 6. In each case, the cylinder amplitude was
(up to trivial terms) the fundamental form of the second kind.

Intuitively, the fundamental second kind form can be viewed as the electric
field on £ measured in z; generated by a small unit dipole located at z,. Or said
differently, the integral

InE(z1,22) —/ / B(z),25)
f=01 V=0,

(where 01, 0, are arbitrary base points), is the electric potential measured at z;,
created by a unit charge located at z,, it satisfies the Poisson equation

Ay In|E(z1,22)| = 27 8(z1 — 22).

Examples

« if L = C = C U {oo} =the Riemann Sphere (genus g = 0), the fundamental
second kind form is

dz1 ® dzp
(1 —2)?

e if L = C/(Z+tZ) =Torus (genus g = 1) of modulus 7, the fundamental second
kind form is

B(z1.22) = =d,d,In(z1 — 22)

Be12) = (9 —20.1) — D

where g is the Weierstrass elliptical function, and E, the second Eisenstein’s
series.

« if £ is a compact Riemann surface of genus g > 1, of Riemann matrix of periods
T = [7ij]ij=1... 5> the fundamental second kind form is

B(z1,22) = d; d;, In (0(u(z1) — u(z2) — ¢, 7))

where u(z) is the Abel map, c is an odd characteristic, and 0 is the Riemann theta
function of genus g (cf [36, 37] for theta-functions).
7.1.2.3 Branchpoints

Branchpoints are the points with a vertical tangent, they are the zeros of dx. Let us
write them a;, i = 1, ..., #branchpoints.

Vi, dx(a;) =0.
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Since we consider a regular spectral curve, all branchpoints are simple zeros of dx,
the map x : £ — Cislocally 2 : 1, and thus there are exactly two points z and z in
the vicinity of a; such that:

x(z) = x(z)

the involution z — Z is called the local Galois conjugate of z. It is defined locally
near each branchpoint a;, and it is not necessarily defined globally.

Locally, the map z + y(z) behaves like a square root as a function of x(z), near a
branchpoint a;:

(@) ~ y(@) + ¥ (@) vx(2) —x(a;) + 0(x(z) — x(ap)).

).c(z) X

Examples of Spectral Curves

e maps =1-matrix model, 1-cut. In Chap.3 we have seen that maps’ spec-
tral curves are parametrized by the Zhukovsky variable z. In that case z €

L =Riemann sphere= C, and x(z) and y(z) are rational functions of z. In
particular we have

x)=a+y@+1/2) , dx(z) = ¥ (2)dz = y(1 — 7 ?) dz.
The zeros of dx(z) are z = +1, and we clearly have 7 = 1/z:
alzl, a2:—1 R ZZI/Z
In that case the local Galois involution z — 1/z is defined globally on L. The
spectral curves of maps, are examples of algebraic rational spectral curve.
e pure gravity (3, 2). In Chap. 5, we have seen that the pure gravity (3, 2) minimal

model, is related to the spectral curve

x(z) =25 =2 . Yo =7-3z z € £ = Riemann sphere.
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We have
dx(z) = X' (2)dz = 2zdz
whose only zero is z = 0, and we have 7 = —z:
a=0 , 7= -z
In that case the local Galois involution z — —z is defined globally on L.

* Ising model (4, 3). The minimal model (4, 3) (not studied in this book) with
central charge ¢ = 1/2, is also called “Ising model”. It has the rational spectral
curve
x(z)=22-3z ., y@=z'-42+2 |  ze€ L =Riemannsphere,
and thus

dx(z) = X (z2)dz = 3(> — 1) dz

whose zeros are a; = +1, and near a; = £1 we have 7 = —% 7—a;v/ 12— 37%):

1
a; = £1 , Z:—E(z—ai\/ 12 — 322).

In this case, the local Galois involution z > Z is not defined globally, it is defined
only in the vicinity of each a; (the two Galois involutions near a; = %1, differ
by the choice of sign of the square—root).

7.1.2.4 Recursion Kernel

Definition 7.1.5 We define the recursion kernel with z in a vicinity of a branch
point a:

1 LZ/ZZB(ZOs Z/)
2 (y(z) = y(2)) dx(2)
where z = 7 is the local Galois involution at g, and the integration path z — 7 is

chosen in the vicinity of a, in particular it doesn’t intersect the .4;—cycles or B;—
cycles.

Ki(z0,2) =

K, (20, z) is a meromorphic 1-form in the variable 7y, globally defined on zy € L,
it has a simple pole at zp = zand at zp = Z.

On the contrary, with respect to the variable z, K,(zo, z) is defined only locally
near the branchpoint a, and it is a 1-form raised to the power —1. As we shall see
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below, K,(zo,z) will always be multiplied by a quadratic differential, so that the
product will be a 1-form. It is symmetric under the involution

K. (20,2) = KG(ZOa 2).
K.(z0, z) has a simple pole at z = a, and near z = « it behaves like:

1 B(z,2)

Ka(z0,2) ~ 3 m

+ analytic.

Remember that dx(z) has a simple zero at z = a and dy(a) # 0.

7.1.2.5 Correlators

Definition 7.1.6 We define recursively the following meromorphic forms:

0" (z1) = y(z1) dx(z1)

0
a)é )(z1.22) = B(21,22)

andif2¢g—2+n>0,andJ = {z1,...,z:}:

/
(8 _ (&=D = (h) ") = p
w7 (20,J) = Zzliggi Kq; (20, 2) [a)n+2 (z.z, J)+h+h X;U; le+m(z,l)wl+‘,/‘(z,l )]
i =g, W] =
(7.1.1)

where Y’ in the right hand side means that we exclude the terms (h,1) =
0.9). (g.9).

This definition is indeed a recursive one, because all the terms in the right hand
side have a strictly smaller 2g — 2 + n than the left hand side.

An important property proved in [34], is that:

Proposition 7.1.1 a),(f") (z15...,20) is a meromorphic n-form on L", it is a tensor
product of meromorphic forms on L of each variables z;. It can be proved by
recursion, that it is always a symmetric form. Moreover, if 2¢ —2 +n > 0, its
only poles are at branchpoints z; — a;, and have no residues.

Those properties can be proved by recursion on 2g — 2 + n, and we refer the reader
to [34].
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7.1.2.6 Symplectic Invariants

The previous definition, defines a),(lg) with n > 1. Now, we define F, = a)(()g) by the

following:

7127 e F,forg=>2

Definition 7.1.7 (Symplectic Invariants)
We define for g > 2:

1
8 2-2g

Y Res 2 o’(x) . d®=ydx
. —>a;

(7.1.2)

(Fg is independent of a choice of integration constant for ®, indeed due to

(8)
1

Proposition 7.1.1, Res 4 w;> = 0, so the contribution of a constant in ¢ vanishes).

7128 e Fyforg=1

Definition 7.1.8 For g = 1 we define

Fi1=- % In (TB({X(CH)})IZ Uy’(ai))

where

V(@) = lim y(2) — y(ai)

= aD) — (@)

and tp is the Bergman t-function of Kokotov—Korotkin [56], it depends only on the
values of x at branch points x; = x(a;), it is defined by:

Onzp(tx)}) _ oo BE
ox; T o dx(z)

» For example, for maps, we have a rational spectral curve with B(z,7/) =
dzd?7 /(z—7')? and with two branchpoints a, b, parametrized by Zhukovsky map
x(z) = (@a+b)/2+ y (z + 1/z) where y = (a — b)/4, and thus the local Galois
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involution 7 = 1/z. In that case we have

dntg(a,b) R —dz? |7 1 1 1

da 1 (z—1/2?> y(1 —1/?) dz - 16y - 4(a—b)

dlntp(ab) __ 1

b = = Which leads to

and similarly
w5(a, b) o y'/*.
ie.
Fi=— 5 (7 Yia) Y 0).

Then, notice that y'(a) = lim,—, % = ﬁ %

¥ (D), i.e. finally:

, and similarly for
z=1

z=—1) ,
which is what we found in Chap. 3.
* For example, If we have a rational spectral curve with only one branchpoint a,
parametrized by x(z) = a + z2, we have

dy

1 d
]:1 = In ()/2 —y dz

24 dz

z=1

d1n tp(a) —d7? 1
T — Res — =0
da =0 (z+2)? 2zdz

and thus
tg(a) x 1,

and

1 dy
Fi=——m (2
! 24n(dz

z=0)

which is what we found for (p, g) minimal models and Kontsevich integral in
Chaps. 5 and 6.

7129 e F,forg=0

Here we assume that we have an algebraic spectral curve.
Leta;, i = 1,...,npoles be the poles of ydx.
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— If a; is a pole of degree d; of x(z), we define the local coordinate £;(z) = x(z)~!/4
— If o; is not a pole of x(z) [it is thus a pole of y(z)], we define the local coordinate

§i(2) = x(z) — x()

We define the potentials V; and times #;:

_&@E@)
£i(2)

t; = Res y(z) dx(z) , Vi(z) = Res In (1
> /

T

) y() dx(@).
Notice that ), 7; = 0. They are such that

y(z2)dx(z) — dVi(z) — 1; d&(z)/€i(z) = analyticatz — «;.

Then, given an arbitrary generic base point o € £, we define:

i = / - O@dx(@) = dVi(d) — 1:d5i(2)/§(2) + Vi(0) + 1 In§i(o)

Then, we define

Definition 7.1.9

g
N S T
i ; i=1 i '

One may check that this quantity is independent of the choice of base point o (this
is because ) ;; = 0).

Notice, that contrarily to all F, with g > 2, which depend only on the local
behavior of x and y near branchpoints, F, depends on the full spectral curve, and in
particular on its local behavior near the poles.

7.2 Main Properties

So, for every spectral curve £ = (L, x,y, B), we have defined some meromorphic

forms ¥ and some complex numbers F, = wég). They have some remarkable

properties (proved in [34]):

. a),(f") is symmetric in its n variables (this is proved by recursion).
e If2—-2g—n <0,then a),(lg) is a meromorphic form in each variable, with poles
only at the branch-points, of degree at most 6g — 6 4 2n + 2, and with vanishing

residue.
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(8)

e If2—-2¢g—n<0,w,” is homogeneous of degree 2 — 2g — n:

o (L.x, Ay, B):21... . z) = P75 0 (Lox.y. Bz, ),
and in particular for n = 0
Fo(L,x, Ay, B) = A% F,(L,x,,B).

In particular, if A = —1, we see that 7 is invariant under y — —y.

« If two spectral curves & = (£, x,y,B) and & = (L., 7, B) are symplectically
equivalent in the sense of Definition 7.1.4,i.e. dx Ady = dx A dYy, or alternatively
ydx—ydx = exact form, then they have the same F, = F, — 55 ity 0®s
for g > 2:

dx Ady = dx Ady = Vg=2 F&) = Fd).

This property justifies the name “symplectic invariants” for the ﬁg’s.
In general they do not have the same a),(f") ’s, but we have that:

w§8) (E:z21) — wi*’) (£:z1) = exact form,

i.e. the cohomology class of wfg) is a symplectic invariant.

This property has been proved (at the time this book is being written) only for
algebraic spectral curves, where £ is compact, and x and y are meromorphic. It
is believed to hold in a more general setting.

* Out of the Fg’s, one can construct a formal tau function, which is believed to
obey Hirota’s equation. It is of the form = exp (3_g2, N*"*¢F,) ©, where we
refer the reader to [17] for more details.

 Dilaton equation, for 2g —2 +n > 0:

Z Res _CD(Zn+1)0),(1ﬁzl(Zl, e ,Zn,Zn_H) = (2 — 2g — n) a),(lg)(zl, e ,Zn)

—~ 1740
1

where d® = a)fo) = ydx.

e Their derivatives with respect to any parameter of the spectral curve, are
computed below in Sect. 7.3.

* They have many other properties, for instance their modular behaviour satisfies
the “holomorphic anomaly equation”, known as “BCOV equation”. See [15, 35].
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7.3 Deformations of Symplectic Invariants

Consider a spectral curve £ = (L, x,y, B).

Embed it within a C! 1-parameter family of algebraic spectral curves & =
(L, x¢, y1, By), defined for ¢ in a small vicinity of # = 0, and such that at r = 0
it is the spectral curve &:

Eo=¢& , (Lo, x0,¥0,Bo) = (L, x,y,B).
Our goal is to compute derivatives of the symplectic invariants at t = 0:

V' Fo (&) o (&)
T am and o

o =0 or —o
Here and in all the following sections, we assume that we have an algebraic regular
spectral curve for almost each ¢, and that £, is compact and B = B, is the

fundamental 2-form on it.

7.3.1 Spectral Curve Deformation

ox(z) *

We would like to compute derivatives like x,(z) = dx;(z)/9t=lim.—¢ Trpe@7u()

However, this doesn’t make sense, because in the term x4 (z) we have z € L4, and
in the second term x,(z) we have z € £, and L,1 # L;, are two different Riemann
surfaces.

In other words, we first need to chose a common local coordinate on both curves,
a common atlas of charts.

We thus locally chose a smooth family of open domains U, C L, and a smooth
C' family of charts, i.e. a C' family of coordinates ¢, : U, — U C C. The maps
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x;0¢ tandy, o0& ! form two C! families of meromorphic functions U — C. We
can then use the local coordinate ¢y at + = 0, to identify U C C, with the domain
UyC Ly=L.

By abuse of notation, we identify (locally in an open set Uy C L):

%@ =x08"0l@ . @ =yof ol

Now, it makes sense to derive with respect to z.
We write the beginning of the Taylor expansion near t = 0

x 08N 2) =x085(2) + 1x(z) + O(F)
yiot (@) =yo T (2) +13(2) + O(?).

Here, x and y are analytic (meromorphic) functions on £ = L

There is some arbitrariness in this writing. The meromorphic functions x and y
depend on the choice of coordinates ¢; and {p. _

In particular, one may change the parameter ¢, to ¢, = f;({;) with f; any analytic
bijection U — U. This means that the parameter {; is not intrinsic, and thus x and y
are not intrinsically defined.

Instead, what is intrinsic is the following 1-form:

Proposition 7.3.1 The meromorphic 1-form on L

Q(z) = (2) dy(z) — y(z) dx(2)

is independent of a choice of a family of coordinates {; on L,.

Proof Let&, : Uy — U, defined by & = ¢! o . If we change the local coordinates
¢ — fi/(&,), this changes & — g,(&,) where g, = {7 of ! o fy 0 ;. This changes the
time derivative:

X—>ktgde . yo>Jtgdy
and thus it changes Q — Q, i.e. Q2 is independent of a choice of coordinate. a

Remark 7.3.1 An easy choice, is that away from branch—points, we may use {;(z) =
x:(2) as a local coordinate on £;. In that case we have x = 0, and we have

»@

Q(z) = —y(2) dx(z) = — Y

dx(z).

x(z)=constant

Another way to state this proposition is that:

Proposition 7.3.2 The tangent space to the space of spectral curves {(L,x,y)}
(here we don’t consider B for the moment), is homeomorphic to the space of
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meromorphic 1-forms on L:
T (LX) H (£ oxy) ™~ M (L) = {Q = meromorphic 1 — forms on £}.
In other words the Lie derivative of a flow 9,, is equivalent to a meromorphic 1-form

Qon L.

One may notice that the location of branchpoints a; may be a function of ¢. Let
X; = x(a;) be the x—projection of the ith branchpoint a;. Since dx(a;) = 0 by
definition, we have:

0X; — X = Q(a;)
a1 dy(a)

In particular, the projection of a branchpoint in the x-plane is constant only if €2(a;)
vanishes.

If Q(a;) # 0, we have X; # 0, and the conformal structure of the curve £
changes.

A classical result in algebraic geometry of Riemann surfaces, is the Rauch
variational formula [37, 56, 68, 78], which tells how the fundamental second kind
form B changes under a change of conformal structure:

Proposition 7.3.3 (Rauch Formula)

0B(z1,22)

i B . B(z,21) B(z, 22)
o =B(z1,) = Zi:Xl Res

7—>a; dx(z)

x¢(21).x;(z2) constant

Moreover, since X; = Z,((Z’_;,
1

may rewrite

and dx(z) is assumed to have a simple zero at a;, we

. B Q(z) B(z,21) B(z, 22)
Bz, 2) = Z Res ey Te (7.3.1)

Since we now know the variation of the spectral curve, and the variation of the
fundamental second kind form B, we may deduce the variation of the recursion
kernel K(z9, z), and by recursion, the variation of every w,(lg). This can be understood

in a geometrical way as follows.

7.3.2 Form-Cycle Duality

Let us assume that Q2 € M!(L) is a meromorphic 1-form on £. It may have poles «;
of some degrees d;. It is customary to classify meromorphic forms into four kinds:
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* Exact forms. Q2(z) is an exact form if and only if, for any closed contour y on C
avoiding the poles, we have _(ﬁy 2 = 0. In that case, there exists a meromorphic

function f(z) such that 2(z) = df(z). Notice that, since B(z, 7’) has a double pole
at z = 7/, we have:

df(z) = Res f()B(z,7) = —Z Res f(7)B(z,7).
7=z - 7—a;
* First kind differential. Q(z) is said to be 1st kind, if it has no pole. On

a Riemann surface £ of genus g, the vector space of 1st kind forms, is of
dimension g:

MUt — glc ) dim H'(L,C) = 3.

A basis is given by:
1 , ; -
vi(2) = 5= B(z,7) ., i=1,...,8.
2mi Jyep,
This choice of basis is dual to the basis of A; cycles:
¢ Uj(Z)ZSiJ s i,j=1,...,g.
zEA;

» Third kind differentials. ©2(z) is said to be third kind, if it has only simple poles.
We may add any first kind form without changing that property, so, up to adding a
first kind form, we will assume that 2 can be normalized on .A-cycles: _(ﬁ A, Q=0
for every for every i = 1,...,g. Since the sum of all residues of a differential
form must vanish, a third kind differential must have at least two poles. Let us
denote by {p;} the set of poles of 2, and #; = Res , 2 the corresponding residues
(and thus ) _;#; = 0). The following formal sum of points of £

DZZti[pi] , degD:ZtizO,

is called a divisor on L. The set of divisors of degree zero is denoted
Divo(L).
We thus have:

ME¥(L)/HY (L, C) ~ Divo(L).
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A basis of Divy(L), is the set of 2-points divisors with residues +1 and —1:
basis of Divo(L) = { [z1] — [z2] | (z1,22) € LX L, 71 # 22 }.

The corresponding basis of third kind differentials is:
0@ = [ BED).
Yo —z1

where the integration path y,,—,,, is the unique homology chain such that:
o>z = [21] —[z2] ) Vi=1....8 VoouyNA=0=y,-,NB:.

dS;, -, (z) clearly has a simple pole at z = z;, with residue +1, and a simple pole
at 7 = zp with residue —1:

Res dS;, .,(z) =1 = — Res dS;, ;,(2) , ¢ ds; ., =0.
fangdl 22 A

* Second kind differentials. They are everything remaining, i.e. (z) is said to be
second kind, if it has poles of degrees > 2, with vanishing residues, and vanishing
integrals around A; cycles:

o

Res 2 =0 , ¢Q=O.
A

One can prove that if €2(z) is second kind, there always exist an analytic function
f(2), locally defined near the poles «; (not necessary defined globally on £), such
that, Vz € L:

Q@) =) Res Bz.)f().

In the end, we see, that for any meromorphic form Q € MU(L), there exists an
integration contour Yo+ C L, and a function f(z), such that

20 = [ BaDaE),
7 E€yq*

The linear map M (L) — C, that associates to any 1-form o its integral on ygx
with integrand fo«:

a)»—>/ for w
Yax
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is an element of the dual M'(L£)*, it is a generalized cycle on L, it is also called a
“current”.

Definition 7.3.1 A generalized cycle Q* = (yq=,fq*), is the data of small circle
yg+ around a point, and a complex valued function fo+ analytic on a vicinity of yqx*.
The set of generalized cycles is called

Mi(£)

There is a pairing to the space of meromorphic 1-forms M (L), by:

(Qy, w) =/ 0¥ Jar o.
Q*

Ya*
Mi(L) € M'(L)*, ie. generalized cycles belong to the dual of meromorphic
forms, but the dual may be bigger.

Remark 7.3.2 One may get rid of the function fq, by changing the variable z —
£ (z), whose jacobian cancels the fq; (z), and then write Q(z) = fz req+ B(z.7') in the
new variable £. This is why (2%, fo) is indeed a cycle.

This leads to the notion of form-cycle duality:

Definition 7.3.2 (Form-Cycle Duality)
The map

Mi(L) - ML)
Q* = (Q%,B) = [gu) B(z,2)

o>

realizes an isomorphism
Mi(L)/Ker B ~ M'(L).

that we call “form cycle duality”.

For any meromorphic 1-form Q € M (L), we call Q* = B(Q) €
M (£) modulo Ker B, its dual cycle.

A vector 9, of the tangent space of the space of spectral curves, is thus dual to a
meromorphic 1-form © and to a cycle Q*:

& € T{(L,x,y.B)} < QeM\(L) < QFeM(L)/KerB.

Remark 7.3.3 There are two notions of form-cycle dualities here. The Poincarré
duality induced by the integration pairing, and the one introduced here, induced by
B. Those 2 dualities define a “mixed Hodge structure”, this is beyond the scope of
this book.
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7.3.3 Variation of w,(;g)

Using the Rauch formula Eq. (7.3.1) for the variation of the fundamental second
kind form B, we find that:

arB(Zl ’ Zz) _ Z Res B(Z, Zl) B(Z, ZZ) B(Z, Z/)

- 7—>a; dx(Z) dy(Z) 7eQ*

/ B(z,7) B(z,21) B(z, 22)
= Z Res
7EQ* ; —>a;

dx(z) dy(2)

0
- //EQ* w; )(Z/,Z1,Zz)
z

(we recall that the derivative 0, is taken with x(z;) kept constant, i.e. using x(z;)’s as
common local coordinates for all 7.
We thus get:

Theorem 7.3.1 The variation of wéo) , is the integral of w§0) on the dual cycle to 0;:
0 0
3rw§ ) (21,22) = / a)i (.21, 22).
Z/GQ*

We shall generalize this theorem to any a),(f"). First, let us rewrite:

0:B(z1,22) = / G);O) (Z,z21,22)

Z/GQ*
_ / " Res K(z1.2) (B(z. 7) BG. %) + B(z. ) BE.2)).
7eQ* ; ai
(7.3.2)

Then, since

Jo—:B(20.7)
2(y(2) = y(2)) dx(z)’

and since we know the derivatives of B and y and x, we find (we leave it to the
reader, or otherwise look in [34]), that for any quadratic differential Q(z, r) defined

K(z0,2) =
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in the vicinity of branchpoints a; and such that Q(z, t) = Q(z, t), that
d Res K(z, ) = Res K(z9,72) 0 1
(D Res K(20,2) 0(z0) = ) Res K(20,2) 3,0(z.1)
1 1

+Z Res Res K(z0.7)K(Z.,z) O(z,1) Q).

z=>a; /—a;
(7.3.3)

The topological recursion takes that form with

/

=D, = o™
00 = @20 2) + > oLy @ Doy G 1),
hA- =g, U ={z3....2n}

and then, by an easy recursion on 2g — 2 + n, we find:

Theorem 7.3.2 (Form-Cycle Duality Variation) The variation of o® is the
integral of w,+1(g) on the dual cycle to 0;:

at(l)y(,g)(Zla---sZn) :/ (g)l(z Zl7“'7Zn)7
7€Q*

where we recall that derivatives are taken with x(z;)’s kept constant.
In particular, for n = 0:

8,7, = / 0¥ ().
7/eQ*

Notice that the casen = 1,g =0

3,0\” = / B = B(Q"Y),
Q*

is true by definition of Q*.
The case n = 0, g = 0 amounts to

0, Fo = / ydx.
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Application: Prepotential

Let us specialize this theorem further.
Let us denote

1
€ = — dx.
2mi _Aiyx

If we want to vary ¢;, while keeping all other ¢;s unchanged, and all poles of ydx

(and all the negative part of their Laurent series expansion near poles) unchanged,
we find that €2(z) must have no pole, and that

1 d 1 d
- Q:__.¢ydx:_6j:5i‘j
271 Sy de; 2mi A d€;

thus, Q(z) = 2imv;(z) is a first kind differential, and is dual to the cycle B;

Q(z) = 27ivi(z) = 95 B(z,7).

7eB;

Theorem 7.3.2 thus gives

30 (21 .. 2 9F
szg 0O oz _8295 0.
aE[ 7€B; Bi

And in particular:

OF 1
el ¢ ydx , where ¢ = — ydx.
aEi B; 2im A

This property of Fy is the characterization of the prepotential in Seiberg-Witten
theory. This is why, we claim that F is the prepotential.

Remark 7.3.4 Theorem 7.3.2 is often referred to as “special geometry” in the
context of string theory. As we have just seen, it is a generalization of the Seiberg—
Witten equation when we restrict to €2 being first kind forms.

If we restrict to 2 being second kind forms, we would find that it is also a
generalization of the Miwa-Jimbo tau function, but all this is beyond the scope of
this book.
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7.4 Diagrammatic Representation

The recursive definitions of a),ig) and F, can be represented graphically.

We represent the multilinear form w,ig) (p1, ..., px) as ablob-like “surface” with
g holes and k legs (or punctures) labeled with the variables p1, ..., pi, and F, = a)(()g)
with 0 legs and g holes.

Py
P <
-
wlgle(pvpla“wpk:) = P , ]_'g =
(© P (@

We represent the fundamental second kind form B( p, ¢) (which is also wﬁo), ie.

a blob with two legs and no hole) as a straight non-oriented line between p and ¢

B(p.q):=p q.

We represent the recursion kernel K(p, g) as a straight arrowed line with the
arrow from p towards ¢, and with a planar tri-valent vertex whose left leg is ¢ and
rightleg is ¢

K(p.g)i=p—>—< .

q

7.4.1 Graphs

Definition 7.4.1 For any kK > 0 and g > O such that k + 2g > 3, we define:
Let g,ﬁf’ﬁl( p,p1,-..,pk) be the set of connected trivalent graphs defined as
follows:

there are 2g + k — 1 tri-valent vertices called vertices.

there is one 1-valent vertex labelled by p, called the root.

there are k 1-valent vertices labelled with p1, ..., pi called the leaves.

There are 3g + 2k — 1 edges.

Edges can be arrowed or non-arrowed. There are k 4+ g non-arrowed edges and
2g + k — 1 arrowed edges.

The edge starting at p has an arrow leaving from the root p.

The k edges ending at the leaves py, .. ., py are non-arrowed.

Al .

n o



7.4 Diagrammatic Representation 357

8. The arrowed edges form a “spanning” planar® binary skeleton* tree” with root
p. The arrows are oriented from root towards leaves. In particular, this induces
a partial ordering of all vertices.

9. There are k non-arrowed edges going from a vertex to a leaf, and g non arrowed
edges joining two inner vertices. Two inner vertices can be connected by a non
arrowed edge only if one is the parent of the other along the tree.

10. If an arrowed edge and a non-arrowed inner edge come out of a vertex, then
the arrowed edge is the left child. This rule only applies when the non-arrowed
edge links this vertex to one of its descendants (not one of its parents).

7.4.2 Example of gfz)( p)

As an example, let us build step by step all the graphs of g{” (p),ie. g = 2 and
k=0.

We first draw all planar binary skeleton trees with one rootp and 2g +k—1 =3
arrowed edges:

P4>—< , P

Then, we draw g + k = 2 non-arrowed edges in all possible ways such that every
vertex is trivalent, also satisfying rule 9) of Definition 7.4.1. There is only one
possibility for the first graph and two for the second one:

It just remains to specify the left and right children for each vertex. The only
possibilities in accordance with rule 10) of Definition 7.4.1 are’:

21t goes through all vertices.

3planar tree means that the left child and right child are not equivalent. The right child is marked
by a black disk on the outgoing edge.

“a binary skeleton tree is a binary tree from which we have removed the leaves, i.e. a tree with
vertices of valence 1, 2 or 3.

3 Note that the graphs are not necessarily planar.
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e O

In order to simplify the drawing, we can draw a black dot to specify the right
child. This way one gets only planar graphs.

Remark that without the prescriptions 9) and 10), one would get 13 different graphs
whereas we only have five.

7.4.3 Weight of a Graph

Consider a graph G € g,i‘ifl(p,pl, ...,pk). Then,toeach vertexi = 1,...,2g+k—1
of G, we associate a label g;, and we associate g; to the beginning of the left child
edge, and g; to the right child edge. Thus, each edge (arrowed or not), links two
labels which are points on the spectral curve L.

» To an arrowed edge going from ¢’ towards g, we associate a factor K(¢', q).

» To anon arrowed edge going between ¢’ and g we associate a factor B(¢/, q).

* Following the arrows backwards (i.e. from leaves to root), for each vertex g, we
take the sum over all branchpoints a; of residues at ¢ — a;.

After taking all the residues, we get the weight of the graph:
w(G)

which is a k-form of (p,p1,...,px) € LFFL,
Similarly, we define weights of linear combinations of graphs by linearity:

w(aG) + BGr) = aw(Gy) + Bw(Gr)
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and for a disconnected graph, i.e. a product of two graphs:
w(Gi U G2) = w(G1) w(G2).

Theorem 7.4.1 We have:

w,i‘ifl(p,pl,...,pk)z Z w(G) =w Z G

( (
Gegkﬂl(p,m sePk) Gegk’il(nm ----- Pk)

Proof This is a mere rewriting of the definition. This encodes precisely what the
recursion equations (7.1.1) of Definition 7.1.6 are doing. Indeed, one can represent
them diagrammatically by

GRES:

Such graphical notations are very convenient, and are a good support for intuition
and even help proving some relationships. It was immediately noticed after [30] that
those diagrams look very much like Feynman graphs, and there was a hope that they
could be the Feynman’s graphs for the Kodaira—Spencer quantum field theory. But
they ARE NOT Feynman graphs, because Feynman graphs can’t have non-local
restrictions like the fact that non oriented lines can join only a vertex and one of its
descendent.

Those graphs are merely a notation for the recursive definition (7.1.1).

|

Lemma 7.4.1 (Symmetry Factor) The weight of two graphs differing by the
exchange of the right and left children of a vertex are the same. Indeed, the
distinction between right and left child is just a way of encoding symmetry factors.
We could restrict ourselves to only topologically different graphs, weighted with a
symmetry factor which would be a power of 2.

Proof This property follows directly from the fact that K(zo,z) = K(z0, 2). O
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7.4.4 Examples

Let us present some examples of computations of a),ig) and F, for low values of
(g. k).

7.4.4.1 Correlators

* (8.0 =1(0.2).
oy (p.q) = B(p.q).
* (8.k)=1(0.3).
pl pl
W (p.prp2) = P + P
p2 p2

= ggg K(p.q) [B(g,p1)B(G,p2) + B(q.p1)B(q,p>)]
=-2 ngg K(p.q) [B(q.p1)B(q,p2)]

B(q.p) B(q,p1) B(q,p2)

= Res

g—>a dx(q) dy(q)
B Z B(a;, p) B(ai, p1) B(ai, p2)
o 2 dy(a;) dz;(a;)?

_ Z 1 B(ai,p) B(ai,p1) B(ai,p2)
~ 2y/(a;) dzi(ai) dzi(a)  dzi(a)

where z;(z) = +/x(z) — z(a;) is the canonical local coordinate near «;.
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© (8.0 =1(0.4).

0
wé(l )(papl>p27p3) =

* (& =(11).

361

Ps
p + perm. (1,2,3)
pl pz
P;
+ p + perm. (1,2,3)
p pz

1

Res Res K(p,q) K(q.r) [B(q.p1)B(r.p2)B(7, p3)

g—>a r—

+B(q. p1)B(7, p2)B(r, p3) + B(q. p2)B(r, p1)B(F, p3)
+B(q. p2)B(r, p1)B(r, p3) + B(q. p3)B(r, p2) B(F, p1)
+B(q. p3)B(7, p2)B(r, p1)]

+ qR_fgg Res K(p,q) K(q.7) [B(q.p)B(r, p2)B(7, p3)
+B(q.p1)B(F. p2)B(r, p3) + B(q, p2)B(r, p1)B(7. p3)
+B(q.p2)B(F. p1)B(r,p3) + B(q, p3)B(r, p2)B(F. p1)
+B(q,p3)B(F. p2)B(r. p1)]

wlp) = P

= Res K(p,q)B(q,9)
q—>a
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= Res Res Res K(p,q)K(q,r)K(q,s) B(r,7)B(s,5)

g—>a r—a s—

+ Res Res Res K(p,q)K(q,r)K(r,s) B(r,q)B(s,5)

g—a r—a s—a

(8.k) = (2.1).

(2)

+ Res Res Res K(p,q)K(q,K(r,s) [B(g,7)B(s,5)

g—>a r—a s—

+B(s,9)B(s,7) 4+ B(s,q)B(5,7)]

) -

where the last expression is obtained using Lemma 7.4.1.
(8.5) = (2,0).

—2F, = Res Res Res Res ®(p)K(p,q)K(q,r)K(q,s) B(r,7)B(s,s)

p—a g—a r—a s—

+ Res Res Res Res d(p)K(p,q)K(q,r)K(r,s) B(r,q)B(s,5)

p—a g—a r—>a s—

+ Res Res Res Res ©(p)K(p,q)K(q,r)K(r,s) [B(g,7)B(s,53)

p—>a g—a r—a s—a

+B(5,9)B(s,7) + B(s,q)B(5, 7)]

where d® = ydx.
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7.4.5 Remark: Pants Gluings

Every Riemann surface of genus g with k boundaries can be decomposed into
2g — 2+ k pants whose boundaries are 3g — 3 + k closed geodesics (in the Poincarré
metric with constant negative curvature —1). The number of ways of gluing 2g—2+k
pants by their boundaries is clearly the same as the number of diagrams of g;g’ ,and
each diagram corresponds to one pant decomposition.

Indeed, consider the first boundary labelled by z;, and attach a pair of pant to this
boundary. Draw an arrowed propagator from the boundary to the first pant. Then,
choose one of the other boundaries of the pair of pants (there are thus two choices),
it must be glued to another pair of pants (possibly not distinct from the first one). If
this pair of pants was never visited, draw an arrowed propagator, and if it was already

visited, draw a non-arrowed propagator. In the end, you get a diagram of g,ﬁg). This

procedure is bijective, and to a diagram of g;g’

Example with k = 1 and g = 2:

, one may associate a gluing of pants.

7.5 Exercises

Exercise 1 Compute F for the Kontsevich’s spectral curve:

Ek . N 1

~ x(z) :ZZ
Y@ =2+ 37 Xin AG—A)"

Hint: there are N + 1 poles: a9 = oo, and o; = A; fori = 1,...,N. The
potentials are Vy(z) = %23 = %x(z)%, and Vi(z) =0fori=1,...,N.

Exercise 2 Compute Fy and F; for the (2m + 1, 2) curve:

G %x(z)zzz—ZM
e Y@ = Yo kO (2)

where Qi (z) = (% — 2u)ﬁ_+1/2, defined in Eq. (5.2.3).



Chapter 8
Ising Model

In statistical physics, the Ising model represents a simplified model for mag-
netization. Each piece of the surface (here each face of a map) carries a unit
of magnetization, pointing either upward 4 or downward —. This can also be
represented as a map with bicolored faces black/white, or +/—, or any other
convenient choice. The color is also called the spin, worth + or —.

Our goal is to put the Ising model on a random map, i.e. study the generating
functions counting bi-colored maps.

In this chapter, we extend the previous method of Tutte’s equations and its
solution by topological recursion, to bicolored maps, i.e. Ising model maps. The
method is more or less the same: define generating functions as formal series in
t’ where v is the number of vertices, then write loop equations (generalization of
Tutte’s equations), and then solve loop equations.

The loop equation for the disc, is an algebraic equation, and thus the disc
amplitude is an algebraic function, called the “spectral curve”.

Then, once we know the spectral curve, all the other generating functions (called
amplitudes) can be computed by the topological recursion of Chap. 7. It may look
surprising that the same topological recursion which solves the loop equations for
non-colored maps, also solves the more intricated loop equations of the Ising model.

© Springer International Publishing Switzerland 2016 365
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In fact, this same topological recursion also solves the loop equations of many other
enumerative geometry problems, like O(n)-model on random maps, or Potts model
on random maps.

In this chapter, we don’t present all computations in details, we just give the
definitions of the model, and the Tutte-like equations, and then the solution without
detailed proof.

The main new feature compared to maps, is that we also compute generating
functions for maps having multi-coloured boundaries. For such boundary generating
functions, we merely state the main results, without proofs (proofs are found in the
literature).

8.1 Bicolored Maps

The Ising model is a model of maps carrying two possible “colors” or two possible
“spins” 4 or —. The unmarked faces can carry a spin + or —. Here, spin means
color, the spin can take two values + or —.

Our maps are constructed by gluing the following sorts of oriented polygonal
pieces, marked on unmarked:

A A A

n4 @@ pEd
clolo
A A A
N @Q =
" OO0

ZIG 120 L@ ... sz

W
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Unmarked faces are required to have degree at least 3. And for the moment, we
consider that marked faces carry only spin 4+, and as usual, marked faces may have
any degree, and must have a marked edge.

Definition 8.1.1 The set M,(f) (v) is defined to be the set of connected oriented Ising
maps of given genus g, with given number of marked faces k, and given number of
vertices v, which are obtained by gluing those (oriented) pieces together.

Like for uncolored maps, one easily proves, by computing the Euler characteristics,
that this is a finite set.

Example of a typical map contributing to M, itis a planar triangulation, with
only one marked face of perimeter /; = 8:

We wish to enumerate those maps, recording numbers of all kinds of faces, and
also recording the numbers of edges gluing faces of the same color ++ or ——, or
of different colors +—.

Definition 8.1.2 We define the generating function

W (. X Bt B T e 0 Cpi )
_ t8k,18g,0
X1
0 135 () £14(D) 713(2) 7a(Z) ;ﬁa(ﬁ)
N Z o Z 3 4 RO 3 4 e b
1+0(2) 1+h(2) 1+i(2)
V=1 ey ® () X X2 s M
x
1 b)) (s
n4( )cn__(E) C’j:*_ (%)

#Aut(x) T
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where n,;;(X) is the number of edges separating two faces of colors i and j.

W,Eg)(xl, ce XS, B, T3y oo T Cpq, c——, c4—3 1) s a formal power series
in powers of ¢:

W € QU1 /xib At (i ey e ey (M),
As usual, we write only the x; dependence explicitly, and for short we shall write:
W,Eg)(xl, e X B B B T G coCq i ) = W,Eg)(xl, CeX0)
and
Fo =W,

Notice, that since a face can be glued to itself, the two faces on both sides of an
edge, may be not distinct.

It is not so easy to write directly some Tutte-like equations for W,gg) , by removing
the marked edge recursively on those maps. In fact, it is much easier to first consider
a slightly different set of maps.

8.1.1 Reformulation

Instead of the previous Ising model, let us introduce another model. Consider maps,
whose unmarked pieces can be of spin + or —, and also with some bicolored pieces
of degree 2. We add the constraint that edges can be glued together along an edge
only if the spin is the same on both sides of the edge.



A A A
clolo
A A A
OO

OO0

@ 9 - B

Definition 8.1.3 We define a generating function, with a weight ¢ for that new
piece, as well as a weight 1/a per number of ++ edges, and 1/b per number of ——
edges:

+

o)

a.

=
I
|
I
I

S

=
e

Vf/,((g)(xl, e Xk 3, .., td,;3, Ce ,f;l,a,b, C; t)
_ l‘8k!18g!0
X1
00 tﬂs(E) tm(z) tnd(E) ;ﬁs(E) ;ﬁ4(2) ;ﬁB(E)
) 3 4 R 3 4 e
+ Z ' Z 1+0(2) _1+h() 1+(3)
V=1 e () X1 X cre Ky
k
1

4+ (D) fyn——(Z) (D)
#Au(z) ¢ ¢

where 71(X) is the number of bicolored pieces.
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In this definition, the coefficient of 7’ is a formal power series in ¢ (indeed
M,(f) (v) is not a finite set, because we can glue together as many bicolored pieces as
we wish without changing the number of vertices, but for each power of c, there is
a finite number of maps):

W e QU1/x. {ut. (T} 1/a. 1/B][[N[[A).

The reason why we have introduced this model, is because it coincides with the
Ising model:

Theorem 8.1.1 The generating function Wwio of this model coincides with the
generating function W,(lg) of the Ising model,

W,Eg)(xl, ey Xk 13, .. ,ld,;3, - ,;ZZ,C++,C__,C+_;I)

= W,((g)(xl,...,xk;t&...,td,f3,...,f;1,a,b,c;t).

with the identification:
-1
Cp4 Co— _ a —c
C4— Cc—— —c b))’

b a c

ab — c2 ab—c?’

ie.

9 C__ = 9 c+_ -

C =
o ab — c2

Proof The sum over powers of ¢, is a geometrical series and can be performed

explicitly.
We may glue several bicolored pieces so that both external sides have spin +:

R

c/ab c/ab

that corresponds to an effective +4 edge gluing weight:

1 c*k b
= a zk:akbk T ab—c?
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Similarly we may glue such pieces so that both external sides have spin —:

- B @

c/ba c/ba

which corresponds to an effective —— edge gluing weight:

1 c2k a
“—= b Xk:akbk T ab—c?

And Similarly we may glue such pieces so that external sides have spin + and —:

c/ab ¢ b ¢/ ab

which corresponds to an effective +— edge gluing weight:

c o0
_:_bz ab—c2

k=0

Finally we recognize the matrix relationship

-1

Cqy Cop— _ a —c
ci—c—) \=cb)’

8.2 Tutte-Like Equations

Definition 8.2.1 We define the generating function of maps of genus g with n
marked faces of given perimeters:

’T(g) = (—1)" Res xll1 ool W,gg)(xl, Xy dxy . dx,
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We have:
~~~~~ Zn
W (x1, ..., x,) = Z m, (8.2.1)
X7

as usual this equality is an equality of formal power series in ¢, and for each power
of ¢, the sum over [y, ..., 1, is a finite sum.

Definition 8.2.2 Let us also define ’f;(,f)h ;, to be the generating function of maps
of genus g, and n + 1 marked faces. n of the marked faces are usual marked faces
carrying spin +, they have degrees /;, i = 1,...,n, and one marked face, is of
degree / 4k, so that there are / consecutive edges gluing to spin +, and k consecutive
edges gluing to spin —. If k£ > 1, the marked edge on that marked face can always
be assumed to be the first + edge on the right side of a — edge.

Similarly, we define fo,z (x;x1,...,x,) to be the generating series where we sum

over perimeter of marked faces weighted by xi_l"_1 and x~ =1, We have:

Al,(li)ll,...,l = (=1)"t! Res ¥’ )cll1 ooxh fo,i(x; Xty ..., Xp) dxdxy ... dx,

(notice that we don’t sum over k), and

~(8)

©(x; = Z L.y
Caa01 o) = 1 it ESE (8.2.2)
Liyody ¥ Xy ..o Xn

Also, if k = 0, we recover:

~(8) (8)
7;,0;11 vl Liy.ody

and

Gif())(x; XlyuuosXp) = W,(fﬁl(x, XlyorosXn).

For example, here is a typical map contributing to 7;(2):
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Consider a map contributing to ﬁf; kiy....q,- On the other side of the marked edge
(which is a + edge), there can be either:

* an unmarked spin + face of degree j, with 3 < j < d, and removing the marked

edge gives a map of ’7',%’}_1,,(;,1,___’1” weighted by #;/a.

VAVAND =N VA

* abicolored face (+—), and removing the marked edge gives a map of 77,%4)-1; ol
weighted by c¢/a.

ATAY = LAY
R T e

* the ith marked face of degree /;, and removing the marked edge gives a map of
Zfl)i—l,k;ll,...,lx,...,ln weighted by /;/a.
+

_ AN = I AN

* the same marked face. In that case, removing the marked edge either disconnects
the map into two maps, or if there was a handle relating the two sides, it gives a
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map of lower genus g — 1 and one more boundary.

Finally, we see that bijectively removing the marked edge implies the following
relationships among generating functions:

d
7-(g) _ 7-(8)
a0 = § :thl+j—1,/<;11,...,zn
Jj=3

n
7-(g)
+ Z LT 1 ket
i=1
-1
(g—1)
+ 2 T,
=1

-1 g
+Y0 Y TETE

J=1 h=0Jc{i....1,}

Since those equations may increase k by 1, they can’t be closed, and thus we
need another equation. For that purpose, consider a map contributing to 7;%?)11 oy
with k = 1. It has a unique — edge, and on the other side of the — edge, there can

be either:

* an unmarked spin — face of degree j, with 3 < j < d, and removing the — edge
gives a map of ﬁ;g_) 1., Weighted by 7;/b.
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* a bicolored face (+—), and removing the — edge gives a map of ﬁfi,o;ll,...,z
weighted by ¢/b.

375

n

There cannot be another marked face, neither the same marked face, because

there is no other — edge to glue to.
Finally, in terms of generating functions we have

d

7(8) _ <) 7(g)

b TNty = thﬁj—l;ll,...,ln + T o,
j=3

8.2.1 Equation for Generating Functions

As for uncolored maps, we introduce the following series:

d
Vi(x) = ax— thxj_l , bh=—a
=3

d
Vi) =by—Y Gy h=-b
j=3

cY(x) = Vi) - w2,

and:
d j2
UP (oyixt. .. oxn) = (—eV50) + 08n08e0 — 3 952K GE (i,
j=2 k=0
) d d j-2 j-2 77(5)1
PE (. yix1. ... %) =>y TR U e
J=25= 1=0 k=0 I....I, x
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Notice that U (x,¥;x1,...,%,) is a polynomial in y, and P,(f")(x, ViXl, ..., X,) is
polynomial in both x and y.
In terms of these, the loop equations become:

Theorem 8.2.1 The generating functions of the Ising model satisfy the following
set of equations (called “loop equations” or “Tutte—like equations”):

cly—Y(x) U,(lg)(x,y;xl,...,xn) + W(g)l(x XlyensXp) U(()O)(x,y)
+U,(ff{__ll)(x, VX, X1yt Xn)

h h
+Z Z ()(x )’71) W(il)w(xa-]\l)

h=0 IC{xi,....xn}

0 U ey \ ) = U Gy o) \ )
ox; X —X;

=c ((V{ (x) — ey)(V5(y) — ex) + tc) 81,080 — P,(lg) (X, y;x1,...,x).  (8.2.5)

8.3 Solution of Loop Equations

Loop equation (8.2.5) look substantially more intricated than Tutte’s equations for
maps without Ising spins, however, as we shall see, the symplectic invariants of
Chap. 7 still give the solution.

8.3.1 The Disc: Spectral Curve

The disc corresponds to n = 0 and g = 0, for which the loop equation reads

¢ =Y) Ug"(x.3) = e(Vi(x) = en) (V3 (0) = ex) = P () + 16
The right hand side is a polynomial of both x and y, and we call it E(x, y):
E(x,y) = (V{(x) = ) (V3() — ex) — P“”(x » +1e.
Notice that (V{(x) — cy)(V5(y) — cx) is a polynomial of x of degree d and of y of

degree d, whereas P(()O) (x,y) is a polynomial of x of degree d — 2 and of y of degree
d—2.
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The loop equation for the disc can thus be written
0= Y@) Uy () = E(x.). (83.1)

Since U(()O) (x,y) is a polynomial in y, it has no pole at y = Y(x), and thus, by
substituting y — Y (x) we get

E(x, Y(x)) = 0.

This equation shows that Y(x) is an algebraic function of x, and therefore Wfo) x) =
Vi(x) — ¢Y(x) is an algebraic function of x. Moreover, we leave to the reader
a straightforward generalization of the 1-cut Brown’s Lemma (see Sect.3.1.2 in
Chap. 3) , which shows that this algebraic equation must be of genus 0, and thus the
solution can be parametrized by rational functions. Like Zhukowski variable, we
define:

XD) = yz+ i gzt
Y(x(2) = (@) = y ' + Yiso Bid.

Writing that this parametrization is solution of E(x(z),y(z)) = 0, determines all
the coefficients y, oy, Bx, as well as all coefficients of the polynomial Pg)o) (x,y), as
algebraic functions of ¢, a, b, c, t;, fj, (they are thus algebraic power series in f).

Theorem 8.3.1 The disc amplitude Y(x) = %(V{ (x) — Wfo) (x)) is determined as
follows: Let

@) = yz+ Yoy met
Y(2) =y@) =y + Y2y B

where y, ay, i are the unique solutions of the system of equations
t
V(@) —ey@) ~  —+0(1/2)
=00 Y7
% 1z 2
Va(0(2)) = ex(z) ~ — + 0(")
=0 y
such that

t
e 5+ 0(%) = cp—t 4 0(F).
ab—c

Then the disc amplitude Y (x) is:

Y(x(2)) = y(2).
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Proof First, notice that there is a unique solution of loop equations which is a power
series in ¢ (other solutions would have negative or fractional powers of 7), indeed,
those equations correspond to recursively adding edges, and they uniquely allow
to construct every Ising map). One can check that this parametric curve is indeed
solution of loop equations, and it is a power series of ¢, therefore it is the solution
needed. O

Definition 8.3.1 The spectral curve £ = (x, y) is the pair of rational functions x(z)
and y(2):

x(2) =yz+ X;lf;lé iz
y(@) =L 4+ 355 B

where oy, By, y are determined by
t t
Vi) = @) + o+ 0z . Vi) =cx@) + f + 0P

and we choose the unique solution such that y> = O(t) at small z.

Theorem 8.3.2 (Algebraic Equation) The functions x(z) and y(z) are related by
the algebraic equation E(x(z),y(z)) = 0, where E(x,y) is the polynomial of two
variables given by the resultant:

Y do—Xx 0O (Xa_l
Y oo —Xx o] o7
_—y'e
E(x,y) = m det Yy ao—xap ... o
Bi-1 ... Bi Bo—y v
Ba—1 .- Br Bo—y vy
Ba—1 .- BrBo—y v

Proof The resultant vanishes if and only if there is a z which is a common zero of
x(z) —x = 0 and y(z) —y = 0, indeed observe that the vector (1,z7',z72,z73,...) is
an eigenvector of that matrix, for the eigenvalue 0. The resultant is thus a polynomial
of x and y of the correct degree, which vanishes exactly when E(x, y) vanishes, it
is thus proportional to E(x, y). The prefactor is determined by matching the large x
behavior of E(x,y) ~ —cxV{(x). O
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Theorem 8.3.3 (Variational Principle)
One can determine the coefficients oy, By, y by extremizing the functional:

1(y. o Br) = Res (Vi(x(2)) + V200(2)) = cx(2)y(2)) % +2tIny

Proof
au , dz
Yy Res (Vi (x(2)) = e¥(2)) s
= Zlieoso(y + O(l/zz)) i_l
=0
o = Res (V;(v(2)) —exz2)) 1 dz
0B« =00
= R_e)g (Vy(0(2)) — cx2)) &7 dz
= — Res (t—z 4+ O(Zz)) Zldz
z—0 Y
=0
g—';f = Res (Vl x(2)) — cy(z)) dz + Res (Vz(y(z)) — cx(z)) — + %
dz 2t
= Res (V1 (x(2)) — cy(z)) dz — Res Vy((2)) — cx(z)) — + ?
t 2t
= Res (— + 0(1/12)) dz — Res ( +0(z 2)) -5+ =
=00 \ Yz =0 \ Y Y
t t 2t
= __ 4+ =
Yy v Y

Reciprocally, if dp/day, = 0 for all k that means

zligoso(vi(X(Z)) Cy(Z)) k+1 =

and thus V{(x(z)) — ¢y(z) = O(1/z). Similarly, dp/dp; = 0 for all k implies that
Vi(¥(z)) — ex(z) = O(z). And then, du/dy = 0 implies that Vi (x(z)) — cy(z) ~
t/x(z) and V}(y(z)) — cx(z) ~ t/y(z). O



380 8 Ising Model
8.3.2 Example: Ising Model on Quadrangulations

We chose only #4 and 74, non-vanishing.

We have V| (x) = ax — t,x° and V5(y) = by — isy*.

Theorem 8.3.1 says that we should look for two rational functions x(z) and y(z)
of the form (we exploit the parity of V; and V5):

x@=yztaz "tz . y@) =y/z+ Piz+ B
We need to compute:

Vi(x(z)) = a(yz + 01z ) — (2 + 3a1y’ 2 + 3azy’s + 30512)/1_1) + 0

and thus:

cBi=-uy? . cPi=ay-3nwy’ . ao =3ty +ely)—cy =

and similarly by computing V}(y(z)) — cx(2):

cay = —igy? , cay = by —3i381y> , by —3t4(B3y* + Biy) —cy =

Let us consider for simplicity the symmetric case, where a = b and t;, = 7. In
that case we shall find o; = B;, and thus:

coz = —t4y° . cay = ay =3ty y? , aoy —3t4(a3y® +afy)—cy =
That gives an algebraic equation of degree 5 for y?:

2
(c 4+ 3tyH)?> (t + cy? — 3;4 v®) —ca*y* = 0.

and we chose the unique solution which behaves at small ¢ like

2 ct 2
= o(r7).
vi=a—at ()

We then have
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8.3.3 All Topologies Generating Functions

Then, knowing this spectral curve we have for Ising maps the equivalent of
Theorem 3.3.1 :

Theorem 8.3.4 The generating functions counting Ising maps, are given by the
symplectic invariants of Chap. 7:

Fo = F,(&).

For the spectral curve € = (C,x,y,B(z,7) = dzd?/(z — 7)?). The 0¥ (€)’s of
Chap. 7 give the generating functions of maps with n marked faces of spin +:
W (x(z1), ..., x(z0)) dx(z1) ... dx(z,) = 0¥ (21, ..., 2,)
+8,1 850 Vi (x(z1)) dx(z1)

dx(zy) dx(z2)

(x(z1) — x(z2))*
(8.3.2)

+8n,2 5g,0

We skip the proof of this theorem, the interested reader can read the proof in [73].
We just mention that the proof is much more technical than for uncolored maps, it
is not at all a straightforward extension of Chap. 3.

8.4 Mixed Boundary Conditions

So far, we have been considering marked faces, as well as unmarked faces carrying
one spin in their center.

Now, let us also consider marked faces having different spins on their sides
(unmarked faces will always have only one spin, either 4+ or —). A typical marked
face can then be:

Let us construct a good set of generating functions for counting maps with such
marked faces with spin boundary conditions.
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8.4.1 Maps with Mixed Boundaries

First, consider maps having » marked faces, of respective perimeters /y, ..., [,, such
that the ith marked face has 2k; changes of boundary conditions:

marked face i = /;; spin —|—,7,»,1 spin —, /; » spin +, 7,;2 spin—, ...,k spin +, Zi,k, spin — .

ki
=Y Lij+1.
j=1

Our goal is to compute the generating function which enumerates such configu-
rations:

© t;s(m tﬁ“(z) tZd(X) ;gﬁ) ;ﬁuz) ;Z;AE)
t =
Z Z n ki 1+1;(2)  1+1i(%)
=1 zeM® o) [Tizi T2 %y Yij
1

a3 (D) (D)
#Aut(X)

This generating function depends on k parameters of type x;; (associated to spin
+ boundaries of length [;;) and k parameters of type y;; (associated to spin —
boundaries of length I; j)» where 2k is the total number of boundary condition
changes:

k= 2": k;.
i=1

8.4.1.1 Fixedk

From now on, it will be better to compute at once all generating functions with a
given k, i.e. with an arbitrary number of marked faces, provided that the total number
of boundary condition changes is 2k.

For instance for k = 2, we have either two marked faces with ky = k, = 1, or 1
marked face with k; = 2.
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For example the following maps both correspond to k = 2. The first one has two
marked faces, one with /;; = 5,/;;; = 3 and one vxiith by =31, = 4, and the
second map has only one marked face with /1 ; = 3,1;; = 1,11, =2,11, = 2:

For that purpose, let us consider k parameters x;, i = 1,..., k associated to spin
+ pieces of boundaries of respective lengths /;, and k parameters y;, i = 1,...,k
associated to spin — pieces of boundaries of respective lengths 7;. Let us consider all
possible boundary conditions which can be encoded by those 2k parameters.

Consider x1, it is associated to a piece of 4+ boundary of length /; of some marked
face. Going around the marked face (in the direction defined by the map orientation),
it must be followed by a — piece of boundary y,(1y of length Z,(1,, where 7 is some
permutation of indices. Then, the — piece of boundary y,(;) must be followed by a
+ piece of boundary, let us call it x,/—1(,(1)), Where 7’ is another permutation. We
proceed until we have completed a cycle around a marked face, i.e. until we have
completed a cycle of the permutation 77/~ o 7. Then we repeat the same procedure
for all cycles of 7'~ o 7.

X.

:l !
T X
o TN /17 )

o o ’71
. ( ) , -

( ECR0) n
Js :

(o]
L
I 1

T

a

AN

y

-1
5

Considering all pairs of permutations (7, 7’) exhausts all possible boundary
conditions with 2k changes of boundary spins.
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Definition 8.4.1 Let us define the following generating function:

i7(8) .
Hﬂqn/(-xls---s-xkvyls--'syk)

= —C 8500k,

+it” >

v=1 (®)
ZeM?”,(v)

~71 ~n n5(2
t;ts(E) IZM(Z) tZd(E) t;ts(E) IZM(Z) ’“fd( )

k 1+4(2)  14+(2
l—[ 5 ()Yi )

i=1 "

L ey e
#Aut(X)
where we sum over the set of maps whose boundary corresponds to the permutations
w7
We also define the generating functions summed over the genus:

o0

~ e t( 1o

Ho o/ (X1s ooy Xk V1 e V1) = E (N/1)> 2=t em @;/(Xl,---,xk;)’h---,yk)
g=0

(8.4.1)

—1 1

where £(7r'~! o ) is the number of cycles of 7/~! o 7. As usual, this equality is to
be understood as an equality of formal series in ¢, and for each power of ¢, the sum
over g is finite.

ﬁff;,(xl, e s XK V15 - - - Vi) counts maps drawn on surfaces of genus g, with
£(r'~! o 7r) boundaries, and whose boundaries are labeled by a sequence of x and y
variables according to the cycles of 7/~ o 7.

Example of a surface of genus 2, with k = 8, and such that 7'~ o 7 has three
cycles:
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8.4.1.2 Non Connected Generating Functions

The formulae that will follow are better written using generating function for non-
necessarily connected maps. But we require that connected pieces contain at least
one boundary.

We define generating functions of non-connected maps, as the product of
connected ones.

For example for k = 1 there is only one boundary, and the map must be
connected, we define

HId],Id] (-xv )’) = ﬁld],[d] (.X, }’)

For k = 2, if (7, n’) = (Idy, Id,), we see that 7w o 7'~! has two cycles, so the maps
can either be connected with two boundaries, or disconnected, thus we define:

Hig, 1a, (1, %2531, y2) = Hidy 10, (X1, %23 1, ¥2) + Hia, 1a, (13 y1) Hig, 1, (023 y2)

and if (77, 7') = (Id,, (1,2)), we see that 7'~ o 7 has only one cycle, so it must be
connected and thus we define

Hig,,(12) (1, X2; ¥1,¥2) = Hig,, (1.2 (X1, %23 Y1, ¥2)-

And so on.
In general,

Definition 8.4.2 H, ./ is defined as the sum of products of I:I\ﬂhnl_/ for all possible

ways of decomposing the permutation 77"~

[1,7 " om.

o 7 into a product disjoint permutations

8.4.1.3 The Matrix Generating Function

For every pair of permutations of k variables (7, 7’), we have defined a generating
function H, /. Let us now collect them all together into a k! x k! matrix:

Definition 8.4.3 The matrix generating function H(xy, ..., X V1, - - -, yx) 1S the k! x
k! matrix, whose lines and columns are indexed by permutations , 7’ and whose
entries are the Hy 7 (X1, ..., Xk V15« - - » Vi)'

H(xl,...,xk;yl,...,yk) = {Hn,,,/(xl,...,xk;yl,...,yk)}mn,egk .
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Example with k£ = 3, we have the 6 x 6 matrix

Id; (12) (13) (23) (123) (132)
O ¥, v, Yo Y, v,
CoCE | CEE G CHE|CHE
Id, O QO O O G e
A ()= Y, A Vi Yz
C&CE | CHE| G GG
(12) ¥ (¥ < ¥s [0 O
Vs A (O Vs Vs Vo
( 1 3) v, Y, ¥, Yo v, A
A v, v, (O v, v,
( 23 ) O Vs i A A v,
v, A A A (O A
CHE| G CER C R C
(123) *s (2 12 FA Oy, ¥,
A A v, v, A (O
G
(132) e i (02 A < A

here the pictures mean that we sum over all surfaces of all genus, and possibly
disconnected, with the corresponding boundaries.

Theorem 8.4.1 The matrix H(xy, ..., X V1, ..., Yk) IS symmetric:

Hn,,,/(xl, e s Xk Y1 e e ,yk) = H,,/,n(xl, e s Xk Y1 e e ,yk) (842)
Proof Tt just consists in remarking that reversing the orientation of a map, gives
another map, with the same number k of boundary conditions, and reversing the
boundary just exchanges 7 and 7’ O
Theorem 8.4.2 (Commutation Relations) We have
[HX1, .o X5 Y15 90), A =0
Vi=1,...,k, Hxi, ..oy, .00, Al =0

where A; is the following k! x k! matrix with lines and columns indexed by
permutations

Yr(i) ifJT/ =7
(A = N;Z x,-lxj ifr’ = 7o (ij).

0 otherwise
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and A = Zix,-A,-:
doixyrey ifn'=mw
Avn =\ 7= if 7~! o 7/ = transposition.
0 otherwise
Example with k = 3:
N
YU NeFmm Ne n 0 0 0 1
—1 —t
Newm 02 0 0 0 | NeEm
—1 —
Al i m X1—X3 0 y3 0 IW X1—X2 O
= - 1 = 1
0 0 01 M Newm Ne i
—1 —1
0 01 Ne i Neq—n %2 0
—1 —t
0 N¢ xi—x; 0 Ne¢ x1—x; 0 V3
And we have the corollary.
Theorem 8.4.3 For every £, € C, the matrix H(xy, ..., Xk Y1, ..., Yr) commutes

with the k! x k! matrix M(xy, ..., X1, - -, Y& &, n) defined by:

k
t 1
Moy (Xi, o Xy, Y6 ) = l_[ (Sn(i),n’(i) TN DO e '7))

i=1

(8.4.3)
(it is a symmetric matrix).
We have
VEn . [H(xt, .o Xy, ), MG, xs yn. ., e €.m)] = 0.
(8.4.4)

Proof We first prove Theorem 8.4.2. We use again some Tutte—like equations. '
Consider the boundary containing x;, and consider the first edge of that boundary,

it has a sign +.
When we erase this edge, several situations may occur:

* on the other side of the removed edge, we have a j gon of sign +, then the
corresponding term in Tutte equation will be:

—1
alen,n/(xl,.--,xk;yl,.--,yk)=(thx{ Hy (Xt oo X6V 0 V) —
j

+ other possibilities

I'The proof of these two theorems was done in [72]. The proof presented here, is much simpler, and
is due to Luigi Cantini in 2007. It was never published and we thank L. Cantini for that proof.
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where the subscript ()— means that we keep only negative powers of x;.

 on the other side of the removed edge, we have a bicolored (+—) face, i.e. after
removing the edge, we get an edge of sign —, which thus enters the boundary
Yx/(1), then the corresponding term in Tutte equation will be:

axiHy o (xe, . x5 91,0090 = ¢ Oy Her (X1 oo XY -0 00) =

+ other possibilities

and the subscript ()— means that we keep only negative powers of y,/(j).

* on the other side of the removed edge, we have an edge of the same face or of
another marked face, let us say it is x; for some j # 1. Erasing the edge either
disconnects the boundary into two pieces (and reduces the genus by 1), or on the
contrary merges two boundaries. In both cases, the boundary (57, 7’) becomes
(mr, 7’ (1j)). Then the corresponding term in Tutte equation will be:

t —1
alen,n/(xl,...,xk:yl,...,yk)=IT/ pr—
1%

(Hn,n’(l.j)(xh XYL e YE)

—Hy 2 j) (X, X2, oo XKV - ,yk))

+-other possibilities
* on the other side of the removed edge, we have an edge of the x; component of
the same boundary. Erasing the edge either disconnects the boundary into two

pieces, which either disconnects the surface, or decreases the genus by 1. Then
the corresponding term in Tutte equation will be:

axiHy o (e, oo x5 91,0910 = W) Hy (X1, oo XS Y1 -2, V)

(D . .
+H7'[,7f/(xl7 . s-xksyls LR sykv-xl)
+-other possibilities

1) . . el .
where Hmr, (X15 oo XK Y15 - - -, i x1) gathers all the possibilities of disconnect-

ing the surface or decreasing the genus by 1.
Finally, writing that ax — Y, ;¥ ™' = V] (x), that gives

(Vi) = WD) H o (1o o X553 V100 0))

1
_H,(Tjr/(xla---sxk;}’la«u,}’k;xl)
t 1 o ( )
—— ran i Xo, oo Xk Ve
N “ X —x; a7’ (1) Ajs A2 ks Y1 Yk
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t
= CyJT/(l)HJT,JT/(xlv"' sxk;yls--~7yk) - ]V Z
#1

c ZHH,H”(xla«H,xk;yl,---eyk)rr”,rr’ (Al)n”,rr’ .
"

Hy oy X1s oo s Xi3 V1, e, V1)
X1 — Xj

The key is to observe that all the terms in the left hand side are symmetric under
transposition 7 <> 7/, and thus, taking the difference of that equation with its
transpose gives:

0=HA —(HA) =HA — AH = [H, A].

The proof is similar for the other .4;’s. This ends the proof of Theorem 8.4.2.

We shall not prove Theorem 8.4.3 here. We just give an argument towards it. The
full proof is very involved and relies on group theory, so is beyond the scope of this
book (more on the properties of matrices M can be found in [33, 77]).

The argument, is that the algebra of k! x k! matrices which commute with all 4;’s
is generated by the matrices M.

Just observe that all those matrices commute together:

VEE T, M@, XY s E ), MO XY s )] =

(this commutation relation is not trivial, it relies on group theory of the unitary group
U(k) [33]).
Then, expanding M at large £ and 7, one has

—Nc k(k—1) ¢
A=—— Res R M- ——)1d
rRes Ry SnM = T ) 1)
which implies that [A4, M] = 0.
Similarly, expanding at n — oo and § — x; we have
t 1 Nc .
A = v ; o Idy + - stfi lim,—00n (M — Idy),
J# ‘

which implies that [4;, M] = 0.
There are also matrices M, ; defined as

M, XY, Yk = Res Res M(x1,...,x:Y1,.- 5V 6.1)

_>xr n—>yj
which also commute with all the others

[M;j, M]=0.
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8.4.1.4 Examplek =2

Let us see what this theorem tells us for k = 2:

We have
—t
A= (lel '_"tx2y2 Nc ) = XIAI +-x2~’42’
= X1y2 + X2y1
—t 1 =+
4 = jyll Ne Y- , Ay, = ijI Ne x—xi )
o V2 Nc xp—x1 Y

and we find that the matrix M is

S . _ _L2§U—§(yl+y2)—77(x1+x2)—ﬁ)

Mg = (1 g SE g 1,
o ! )
Ne (xi — &)1 — 2 — &) 02 —n)

and

—t (10 2 1 11
M= Nc (O O) tve (x1 = x2) (1 — »2) (1 1)

t X2+ Xy + t A
= — 7 — — .
Nc (x1 —x2)(y1 —¥2) Nc (xi —x2)(1 —y2)

One easily verifies that they all commute together.
The eigenvalues of A are:

(X1 +x2)(1 +y2) 1 _t2
A= 5 :IZE (xl_XZ)z(yl_yZ)2+4N262’

and the eigenvalues of 4, and A, are

2

i+ 1 t
M= + C ) (1 — )+ b ——
1 > 20 —x) \/(xl xX2)% (y1 —y2)* + NI

2

Y1 +y2 1 )
o= T ) 0y —ya) b
2 2 2(X1 —Xz) \/(xl XZ) ()’1 yZ) N2 2
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The common vectors of all these matrices, normalized so that ) °_(—1)"v, = 1 are:

2t 2 .2 2
_ 1 Ne T Xy + xlz)’12+4w

v _ —_—,—,—,—,—
2 x 2t 2 .2 2
1212 Ne — X2y + x12y12+4w

where we have denoted x;; = x; — x; and y; = y; — y; to shorten the notations.
The matrix V with entries V;; = 3 _.(=1)" v, that we shall consider in

the next section is:
2
| (1 1) N Mo T Xk Ha g (1 —1)

2 \11 2 X1y 11

V=

Then write

H(x x2: y1. y2) = (Hldz,ldz(xlaxz;).’layz) Hldz,(1.2)(x1,x2:).71,yz) )
H1.2)10, (X1, X2; 1, ¥2) Ha2)..2) (%1, %25 1, ¥2)

That gives

[Mx1, x5 91, ¥2; €, 1), H(xr, %25 y1, 2)]

t
= ((xl —x2)(y2 — y1)Hiay,(1.2) (X1, %23 y1, y2) + ]W(Hldz,ldz(xl,xz;yl,yz)

01
—H(1,2),(1.2)(x1,Xz:yl,YZ))) (1 0)

and therefore Theorem 8.4.3 implies

t Hugy 1, (01, %23 ¥1,¥2) — Ha2).01.2) (61, %25 y1, 2)
Higy,(1.2) (X1, X2;¥1,2) = e 22 o — )

This can be rewritten in terms of connected H. , and also written for fixed genus:

CHﬁEgii,(m) (x1,X%2:y1,¥2)

-1 ~(g—1
_ ﬁﬁz,m)z (X1, %21 y1,y2) — Hﬁg),)(l,z) (X1, X2:y1,¥2)
(x1 —x2) (1 —y2)
o~ —h ~(h ~(g—h
n Xg: H§d3,1d1 (x1;:y1) I:I\gl Jd)l (x2;¥2) — H§d3,1d1 (x13y2) H%&gl,ld)l (x2:y1)
(x1 —x2) (1 —y2)

h=0
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In particular, for the planar case g = 0, that gives:

Corollary 8.4.1

75(0
CHﬁd;(l,z) (1, x2;y1,¥2)

0 0 77(0 77(0
__ﬁﬁhm@uyoﬁﬁhm@zyﬁ—Jﬁgﬁxm;m)Hﬁhm@xyo
(x1 —x2) (01 —y2) '

(8.4.5)

Graphically it says that:

SRNCOCYS
- e (=% ) (% ¥y ) = -
x, @XZ @

At the time of writing of this book, there is no known combinatorial interpretation
to that remarkable relationship.

x>

8.4.1.5 Eigenvalues and Eigenvectors of the Commuting Matrices
»Ai’ »As Ma Mi,j

The k! x k! matrices 4; all commute [A;, A;] = 0, and they also commute with M,
and thus they have a common basis of eigenvectors.

Finding the eigenvalues of a k! x k! matrix is not easy, and fortunately, the
following theorem allows to find these eigenvalues, only in terms of k X k matrices,
which is much easier:

Theorem 8.4.4 Let Y = diag(yi,...,yx) and E the k x k antisymmetric matrix
Eij= % L_ifi#j and B;; = 0. Let A = diag(Ay, ..., Ax) be a solution (there

Xi—Xj
are k! solutions to this algebraic equation) of

v, det(nldy — A — E) = det(nld; — Y),
i.e. find A such that the eigenvalues of A + B are yy, ...,
sp(A + E) = {y1..... -
Then, let V;; be the k X k matrix of eigenvectors of A + &

A+E=vVYV!
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normalized such that it is a stochastic matrix (it is proved below that this is indeed
possible):

dovip=) vij=1.
i J

Then:
o eigenvalue of A; : A;
o cigenvalue of A: A =) . xiA;
. Vl.
s eigenvalue of M : p=1— 3 3, m
s eigenvalue of M : ij = —+- Vi

where M;; = Res ¢, Res s, M.

Proof Letv = (vy) be a common eigenvector. Let us define the k x k matrix

Vij = Z (=17 vx.

m|w()=j

It satisfies:
Zvi‘j = Zvi‘j = Z(—l)n Vg = er.v
i J e

where e is the vector e, = (—1)7, and ¢’ is its transposition.

Notice that when N is large, or equivalently, when the x;’s and y;’s are large
compared to 7/Nc, the matrices A and A;’s are almost diagonal, with distinct
eigenvalues. In this regime, the eigenvectors v tend to the basis vectors, i.e. only
one component v, is non-vanishing, i.e. ¢’.v — (—1)"v, # 0.

Moreover, the eigenvectors are algebraic functions of the x;’s and y;’s, and thus
¢'.v is an algebraic function, and it doesn’t vanish in this regime, so it doesn’t vanish
for generic values of x;’s and y;’s.

We can thus chose to normalize our eigenvector v, for generic values of x;’s and
¥i’s, so that the matrix V is not identically vanishing, and so that:

ev=1.

The equation .A; v = A;v implies:

.. t
Yij, AiVij+ Z Ne(r—x) Vij =y Vij
Z# 1
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If we define A = diag(A1,...,Ax) and ¥ = diag(y,...,y), and E;; =

t
Ne(xi—x;)
and E;; = 0 we have

(A+E)V=VY.

If V would be invertible that would mean that the y;’s are the eigenvalues of A + E:

k

dety — A —E) = [ o -,

i=1

or
Vi, detyi—A—E)=0.

In other words, we have the y;’s as functions of the A;’s and x;’s. We can invert those
relations and deduce the A;’s as algebraic functions of the y;’s and x;’s.

Let Y = (§1.....%) be the eigenvalues of A + &, and let V be a matrix
whose columns are a basis of eigenvectors of A + E. By definition the matrix V
of eigenvectors is invertible. The eigenvectors are defined up to a scalar factor, i.e.
V is defined up to right multiplication by an invertible diagonal matrix. For generic
choices of x;’s and y;’s, we may normalize V so that:

Vi. D Vy=L

We thus have, by definition:

and Y and Y are both diagonal matrices. Let C = vyl V, we have:
Vij, Cij i —y) =0.

This implies that either C;; = 0, or y; = y;. Moreover we have, by our choices of
normalization, that

Vi, ) Gj=1
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so that for each j there must exist some i with C;; # 0, and thus there must exist
some i with y; = y;. If the y;’s are all distinct, then there is at most one y; equal to y;
for each j, and thus C;; = 0 for all the others. Up to reordering the eigenvalues of
f/, we may chose that y; = y;, and C must be diagonal, and since Zi Cij =1, we
must have C = Id

Y=y , v=V.
This proves in particular that V is invertible (for generic values of x;’s and y;’s).
So we have proved that V is the matrix of eigenvectors of A 4+ E, and can be

chosen to be stochastic.
Then, if we write

1
M@y g =AY M XY )
T o)

where

Mij(xt, ... x5yt ..., ) = Res Res M(xq, ..., x5 y1, ..., €,1).
E—>x; N>

Let us call u the eigenvalue of M and p;; the eigenvalues of M ; for the eigenvector
v.

M, XY LY E DY = . Mi(Xr, XY V) U = v

we have:

Mij
=1
* Z E—x)n—y)

Let us multiply on the left by the vector e of components e, = (—1)", we get
éMuv=pev.

Let us compute e’ M:

t ! d :
(e M)n = Z(—l) l_[ (Sﬂ/(i),ﬂ(i) - ]W (S _xi)(n —y”/(i)))

t 1
= det (§p) — — —
et("’ O Ne (s—xi)(n—y,-))

T t 1
= (=1)" det (SiJ " Nc (E—x)(n —yn(j))) '




396 8 Ising Model

Notice that the matrix inside the determinant is of the form Id — AB’, where A and
B are vectors, we have:

det(I—AB") = 1 — BA,

and thus

; 1
e’ = (-1 " === ’
(€ M)z = (=1 ( Ne 2 G —xi)(n—yn(i)))

and then, taking the residue at £ = x; and n = y; gives
t ! 4
(€' Mij)z = Ve (=D 8xa),-
Multiplying M; jv = p;jv by €' on the left thus gives

t
t
—— Vij= i e.v=p;;.

Nc
In that case, we have that the eigenvalue of M, is p;j = —+- Vi
M;jv = L Vijv.
Nc
This ends the proof of the theorem. [
Corollary 8.4.2 Since the matrices H(x1, ..., X y1,...,Yr) commute with M’s,

they must have the same basis of eigenvectors. Let Vy , be a matrix whose columns
are eigenvectors normalized so that:

V'V =1d
(which is possible since all our matrices are symmetric), and so that
Ve=c¢ , ey =eé

where e is the vector e; = (—1)".
We thus may write:

Hoygr (X1, o s X5V 00) = ZVn,an/,p Hpo(X1s oo s X5V o5 k)
P

where the H,(x1,...,x;¥1,...,y)’s are the eigenvalues of H(xi,...,x;y1,
.., Yk), indexed by a permutation p.
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This can also be written as:

H=V'HV  isdiagonal

8.4.2 Planar Discs

Here we restrict ourselves to the g = 0 planar case, and also to the case where we
have only one boundary, i.e. 7/~! o 7 has only one cycle, and up to renaming the
variables, we can always choose 7 = Id; and 7’ as the shift 7/({) = i — 1 modk,
ieex’'=01—->k—>k—1—->k—2—---—2— 1). Our goal in this section is to
compute explicitly all the generating functions

(0) .
Hldk,(1—>2—>-~-—>k—>l)(x1’ e XK Y e VE)-

This is achieved by the following theorem, and it uses the knowledge of the
spectral curve E(x,y) = 0, which we have written parametrically in Sect. 8.3 above
as x = x(z),y = y(z), or in Theorem 8.3.2:

Theorem 8.4.5 fork =1
-1 E(x(2),y(2))

(0) ]
Hyg| 14, (x(2);3(2)) = — , (8.4.6)
i ¢ (x(2) = x(2)) ((2) = ¥(2))
and for k > 1:
0
H[(dk)’(l_>2_>..._>k_>1)('xla s XK Vs s VE)
k
0
=3 Colrreee iy ) [ Hig aa, (i Vo) (8.4.7)
o i=1
where the coefficients Cy(x1, ..., X V1, ..., Yk) are some universal rational func-

tions (defined further below) of the x;’s and y;’s, they are independent of the
parameters t.’s and ¢+ +.

Again, the proof of this theorem is very technical and far from straightforward,
and we refer the motivated reader to [72]. Equation (8.4.7) can also be derived from
Theorem 8.4.3.

Proof Let us first prove Eq. (8.4.6) by using Tutte’s method again.
Recall that we have computed the generating function (see Definition 8.2.2)

d j—2—k

U (y) = =Vs(o) +ex =Y Y GR)

j=2 k=0
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which counts planar maps with 1 mixed boundary, made of a — boundary of length
k and a + boundary of arbitrary length weighted by x~!71"¢ "and in Eq. (8.3.1) we
have found:

(0) __Exy
Y = vy

Then, consider a planar Ising map with a unique marked face with (4, —) boundary
with arbitrary lengths.

Chose the first — edge on the boundary, and we shall erase it. Several possibilities
may occur:

* on the other side of the removed edge, we have a j gon of sign —

then the corresponding term in Tutte equation will be:

by(c + H{?l) (x;y) = Z iy e+ Hﬁ) (x;¥)) + other possibilities.
J

Notice that erasing the edge can be done only if the length is positive, i.e. if the
power of y is strictly negative, which we can write

b (yHi?l) (x; y)) = Z iy’ _lHif)l) (x;¥) | 4+ other possibilities.
J

Recall that by definition of V)

by— Y Ty = Vi),
J

and observe that the positive powers of y in Vé(y)Hi?l) (x;y) is precisely the
definition Eq. (8.2.3) in Sect. 8.2.1 of U (x, y) 4 ¢V} (y) — ¢x:

(Mo +HG ) | = U () + V30 -
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and thus the equation is

V,()(c + H{?l) (x;y) = U(()O) (x,y) + ¢V5(y) — ¢*x + other possibilities

 on the other side of the removed edge, we have a bicolored (+—) face, i.e. after
removing the edge, we get an edge of sign +,

the corresponding term in Tutte equation will be:
b (y(c +HO (x; y))) —c (x (c + HO)(x; y))) + other possibilities
where in the right hand side we need to keep only strictly negative powers of x.

Notice that the positive powers of x in xH;f)l) (x1y) give W(y) = Vi(y) — cX(),
and thus we get

(by(c + Hﬁ) (x; y))) =cx (c—i—Hﬁ) (x; ¥))—c(V5(y)—cX (y))+other possibilities

 on the other side of the removed edge, we have the same face

then the corresponding term in Tutte equation will be:
(by(c + Hif)l) (x; y)))_ = W) (c+ H{?l) (x;y)) + other possibilities
= (Vi(y) — cX(y) (c + Hi?l) (x;¥)) + other possibilities.
Finally, putting all possibilities together we get
Vi) (e + Hj () = Uy (x.y) + cV5(y) —

+ex (e + Hij () — c(V50) — eX ()

+(V3() — X)) (e + HO (x: )
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many terms cancel and it remains

() = ) i) = U = O

This proves the first part of the theorem.

Then we use:

[H, Al]n,n’ =0

with 7 = Id; and =’ = Si. This gives:

Nc
—(yl —yi) Hup s, (X1, oo X6 Y1, -0 0%)

S Xy ) — Hidsi g (1 - XV - )
and keep only planar terms:

N
Hig, 5. (X1, oo XK V1,00 Yk) = Hldksk(xl,---,xk;yl,---,yk)

and
. 7(0) .
Hajyse (X1, oo X5 Y1, o0 0) — 2 Hld, LSt (K X2 X Y Yjm)

7(0) .

W 1 ey O Xk L oo Xk Vo o2 Vi)
and

N -0

Hig 5,001 (15 - s X3 Y10 -3 Vi) = t_ZHIdJ'fLSffl(x2’ XY, )

7(0) .
HIdk+1—, Sk+l_j(xlaxj+lv XYL Vi e V)

(0
¢ (k —yl)HﬁdZ‘Sk(xl,...,xk;yl,...,yk)

(0) . y(0) .
= le—x ( 1dj— lsj_l(xl,---,Xj—1,y1,--.,y,'—1) Hldk+l_jsk+l_j(x,,...,xk,y_,-,...,yk)

73(0) . y(0) .
_Hldj—lsj—l (-xjsXZs s Xji—15 V1, 7)’/'—1) Hldk+1_j‘Sk+1_j(xl’xj+l’ e Xy Yjs s ’)’k)
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This can be illustrated as:

- 7 - Y
y—x Yk _ yoox

s e
(f(yk yl) N—x—" = E - -
—~ 1 — X
j J

We see that at each step we split the set of variables {x;}’s and {y;}’s into disjoint
subsets, by drawing two arcs, which split the circle into two circles. The two arcs
can never Cross.

By an easy recursion, we shall eventually split the circle by a set of arcs, in order
to reach only circles of length 2, i.e. a product of H (loi (i3 Yo (i) with o a permutation.
Moreover, 0 must be a “planar” permutation, i.e. it draws a link pattern on the circle,
which can never cross itself.

Therefore there exists some coefficients C,’s which are rational functions of the
x;’s and of the y;’s, such that

k
(0 (0
Hﬁdi’sk(xl,...,xk;yl,...,yk) = Z Co(X1, o Xk V15 -3 YE) ]_[Hﬁ,{(xi;yam)-

geS, i=1

where C, = 0 if o is not planar.
By inserting this expression into the equation for HId 5,» one finds that the
coefficients C, have to satisfy the recursion:

Co(X1y ey Xk Vs e -5 VE) = Z Z Z

C(x (k) _xl) J=1 1€6(1,...J) pES(j+1,...4)

5 Ct(xl,...,xj;yl,...,yj) Cp(xj.H,...,xk;yj+1,...,yk)
o Yk =i '
J

This recursion determines all the coefficients C,. We shall write them explicitly
below.
This ends the proof. O

e Example k = 2:

H(i(xls)’l) H( 1(x2532) — H(l(xl,yz) Hl(xz,yl)

CY21X12

A (0
Hﬁdi,sz(xlsxz;)’hyz) =
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e Example k = 3:

0
Hfdz sy (X1, X2, X331, ¥2, y3)

0
( )(-xlsyl) HIdz sz(x27x3§)’27y3) _H(l (x27yl) H1d2 Sz(-xls-x3;y25y3)

CX12 Y31

210 (0 (0 (0
Hﬁdi,sz(xl,xz;yl,yz) H;,i(x3;)’3) - Hidi,sz (3, 221 y1.y2) HY) (x1:93)
CX13Y31

which gives:

(0
S HLY g, (41,62, X35 V1, 2. ¥3)

. . . 1 1 1
0 0 0
= H(l,i(xl;yl) Hﬁ,i(Xz;yz) H(l,i(xxya) ( + )
X12Y31 \X23Y32 X13Y21

. 1 1 1
(0)(xl,y3) AY (Xz;yl) H(l(,)i(xyyz) ( + )

X13Y31 \X12Y32  X32)21
o 1
0 0
()(xl,yl) av (xz;y3) A% (x5yy) ————
’ X12X23Y23Y31
N o A~ 1
0 0 0
+H; ;(xl;yS) H(li(xz;yz) H; ;(x?)?)’l) T
’ ’ ’ X13X32)21)13
N 1
0 0
()(xl,yz) H (xz;yl) H;{(X3:y3) —_—.
’ X21X13Y32)21

8.4.2.1 The Planar Link Patterns and the Coefficients C,

In the planar case, the boundary generating functions are thus of the form:

k
A0 A0
Hﬁdi’sk(xl,...,xk;yl,...,yk) = Z Co(X1s oo s X V1 ooy Vi) HH(Li(xi;yg(,-)).

cEG i=1

The coefficients C, satisfy a recursion relation. The explicit solution of this
recursion was found in [72], and we just mention the result.

The coefficients C, are determined as follows (we recall that w = Id; and 7’ =
Sk is the shift 7/({) = i — 1 modk, and £(0) denotes the number of cycles of a
permutation 0):

s C, vanishesif £(c" o) +L(0c ' on') —U(n' " om) # k:

C, 20 = Lo 'om)+ Lo on)—l(xon) =k (8.4.8)
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This means that o must be a planar link pattern drawn on the cycles of 7/~! o 7:

Y,

X0

« If condition Eq.(8.4.8) is satisfied, we decompose the cycles of 0! o 7 and
o~ o 1’ as follows:

m
-1 _ -1 r_ =
o o = O; s o om = O;.
i=1

In other words, each o; or 0; is a face of the link pattern.
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If jis in a cycle o; of 6! o 7, the face is
Xj = Ya(j) = Xoi(j) = Yr(oi(j) = Xoi(ai(j)) = *** > Vo=l(j) %
and we prefer to write o; as the ordered set of variables:
0i = (Xj, Yu(j)s Xoy(j)s Ya(0i(1)s Xoi(oi(7)» - - -+ Vo=1(j))-
Similarly for 6;, we write
0i = (Xj Y/ ()2 X)) V' Gi(i) X5: G (1) - - - » Yo ()
With those notations, we shall write C, as a product of faces:
m m/
Co = [[Feon(0) []Fer(0)-
i=1 i=1

The “face” functions Fy(xy,yi,Xx2,¥2,...,Xk, yx) are defined by the following
recursion:

Fi(x,y) =1

and

k=1
Fijen, yus - oo X5, 97) Fr—j (X415 Vit 15 -+ > X, Vi)
Fy(x1,y1, .,xk,yk):Z J > Jj (X1, V) .

¢ (x1 —xx) Ok — )

J=1

They have the property to be cyclically invariant.
For instance for k = 2 we get

1
c(xrr—x) (2 —y1)’

In fact, it is possible to write the functions F}’s as sums over trees, this was done
in [72], and we refer the interested reader to that article.

Far(x1,y1, %2, ¥2) =

8.5 Summary: Ising Model

Let us summarize the concepts introduced in this chapter:

e The Ising model is the combinatorics of bi-colored maps (colors = + and —,
also called spin), conditioned on the number of edges separating faces of same
or different colors.
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We introduce Boltzman weights 7, for the number of k—gons of color +, 7; for
the number of k—gons of color —, and ¢+ 4 for ++ edges, c—_ for —— edges, and
c4— for +— edges. We define c = c¢4—/(c44c—— — cﬁ__), a=c__/(cyyc———

A )b =cii/(crye— =)
These define the potentials:

X2 1y
V](X) = 617 - ; E)Ck

5 ~
V() = b2 = Ay

k
k>3

* One can write Tutte equations by recursively erasing the marked edge of the first
marked face.
* The disc amplitude Wfo) (x) is an algebraic function, we define Y (x) = %(V{ (x)—

Wl(o) (x)). It satisfies an algebraic equation:
E(x,Y)=0

where E(x, y) is a bivariate polynomial, of degree deg, E = d — 1 = deg V; and
deg,E = d — 1 = deg V. It can be written

1
E(.y) = (Vi) =) (V;0) —ex) = P’ () +1c

where P(()O) (x,y) is a polynomial of degree at most deg V' in x and deg V) in y.
The polynomial Pgo) (x,y) is uniquely determined by requiring that the
algebraic equation E(x,y) = 0 defines a Riemann surface of genus 0, and by
P (x,y) = U0 4 o),
Since the algebraic equation has genus zero, one can find a parametric solution
with rational functions:

deg V} _
x=x(2) = Y2+ Y ey’ Uz

_ deg V/
Y=y() =yz ' + 3,5 Bid

k

and the coefficients y, oy, Bi’s are uniquely determined by requiring that
¢ _
Vi@) —ey@ ~ —+0E)
=00 Y7

Vi) —ex@) ~, 7+ 0.

v =cyi_t+ 0.
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The disc amplitude is then:
W (@) = Vi) — o).

* The cylinder amplitude Wéo) .
In the z variables (i.e. writing x; = x(z;)), we have:

1 1

@ —2)?X@)¥(@) (@ —x0)?

0
Wé ) (x1,x2) =

The differential form:

dxidx dzidz
©) 14Xy 16442
B s e N d d =

(z1,22) = Wy (x1, x2)dx1dp + (x1—x)? (21 —2)?

is the fundamental second kind differential.
The cylinder amplitude is thus universal, in the z variables it is always the
fundamental second kind differential.
» Higher topology amplitudes are given by the topological recursion.
e There are also algebraic formulae for enumerating maps with multi-colored
boundaries.

8.6 Exercises

Exercise 1 For Ising quadrangulations (only 74 and 7; non vanishing), count ele-
ments of M§0) (2) and M§0) (3), i.e. planar Ising quadrangulations with one boundary
(of color +), and with two and three vertices.

Answer:

2 C++
3

t
wo =44
X X

203 26063 .+ 20k e
TE MR ST o
X X

Exercise 2 For Ising quadrangulations (only #4 and 74 non vanishing), find the disc
amplitude. Write the parametrization:

x(2) = yz+ a7 4 a3z,

Y@ =y 4 Biz+ Baz.
Find that the algebraic equation satisfied by R = y? is of degree 7:

E R (bc — 3a?4R)(ac — 3bt4R) l4;4

R = _ 3R,
c (¢ — 91414R?)? + c?
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Consider the special case where ty = 74 = 1,a = b and ¢ = 1. In that case we
shall have @; = B and a3 = Bs. Find the equation of degree 5 for R = y?:

t+ @R
(1 +3R)?

+ 3R%.

Exercise 3 For the same Ising model on quadrangulations with 74, =7, = 1,a = b
and ¢ = 1, find the critical points, i.e. the values of a and #; such that Wfo) (x) has
non-square root singularities. This is obtained by requiring that x’(z) and y’(z) have
a common Zero.

Find the critical lines at which there is a 3/2 singularity:

9 3
Zt=1-24
2 8

and
9
1= —1 + 3a F 2a+/a.

If furthermore we require that x'(z), y'(z), x” (z), y” (z) have a common zero, then
find a = 4 and r = —10/9. This corresponds to a (p, g) = (4, 3) critical point as in
Chap. 5.
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