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ABSTRACT

The 2D Ising model has played an important role in the theory of phase transitions, as one of only a
handful of exactly solvable models in statistical mechanics. The original model, introduced in the 1920s, has
a rich mathematical structure. It thus came as a pleasant surprise when physicists studying matrix models of
2D gravity found that, coupled to quantum gravity, the planar Ising model still had an elegant solution. The
methods used by V. Kazakov and his collaborators involved the method of orthogonal polynomials. However,
these methods were formal, and no direct analytic derivation of the phase transition has been described in
the literature since the original paper of V. Kazakov in 1986. In this work, we present a rigorous proof of
Kazakov’s results, using steepest descent analysis for biorthogonal polynomials. We are able to calculate the
genus 0 partition function, and we also find that the phase transition is described by the string equation of
a 3rd order reduction of the KP hierarchy, in agreement with the predictions of G. Moore, M. Douglas, and

their collaborators. This is part of a forthcoming paper with Maurice Duits and Seung-Yeop Lee.
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CHAPTER 1
INTRODUCTION

Havwamos ¢ camozo nauasa.
Start from the beginning.

— Evguenii Rakhmanov

1.1 The History of Phase Transitions.

The theory of phase transitions is one of the cornerstones of statistical mechanics. The second order
phase transitions, or continuous phase transitions, are of particular interest, due in part to their wide
range of applications. Examples of such transitions include the spontaneous magnetization of ferromagnetic
materials below the Curie temperature, the percolation phase transition in polymer physics and geology, and
the superconducting phase transition in condensed matter theory. The structure of these transitions have
been intensively studied for almost a century, starting with Paul Eherenfest’s classification scheme in the 30’s
[41]. Soon after, Lev Landau developed his phenomenological theory of continuous phase transitions [76],
which characterizes the transition in terms of its critical exponents. The next major breakthrough in the
theory of general continuous phase transitions came in the 60’s, when Leo Kadanoff applied quantum field
theoretic techniques (the renormalization group, or RG) to describe the Ising phase transition [65]; these
ideas were developed further by Kenneth Wilson [105, 106]. The renormalization group approach to phase
transitions describes the transition as a non-trivial fixed point of RG. One of the features of this approach
was the ability to explain the phenomenon of universality: seemingly very different physical systems end
up having identical critical exponents. Fixed points of the RG flow exhibit scale invariance; furthermore,
many of the statistical systems of interest also enjoy translation invariance. These observations led the
physicists A.A. Belavin, A.M. Polyakov, and A.B. Zamolodchikov (1984) to postulate that there should be
manifest conformal invariance at these critical points [8]. In two dimensions, the group of local conformal
transformations has a rich structure not present in other dimensions, which allowed for the exact solution of
the field theories introduced in [8], and thus the exact prediction of the critical exponents of a whole series

of universality classes. These are the celebrated minimal models of conformal field theory. The minimal



models program was quite successful in its characterization of 2-dimensional continuous phase transitions,

but left many open questions.

1.2 The History of the 2-Dimensional Ising Model.

The history of phase transitions is intimately linked with the history of the Ising model. Introduced by
Ernst Ising at the suggestion of his doctoral advisor Wilhelm Lenz [60] in 1925, it was meant as a simplistic
model of a ferromagnet. Ising himself only studied the 1-dimensional version of the model, which does not
exhibit the spontaneous magnetization phase transition, and he incorrectly conjectured that the model does
not admit a phase transition in any dimension. It was subsequently noted by Rudolph Peierls that higher-
dimensional versions of the model likely did exhibit a phase transition [87] (the spontaneous magnetization
transition). It took over 20 years for an exact solution to the 2D version of the model (the Ising model on
7?) to be announced by Lars Onsager [86] (1944), with credit due in part to his postdoc Bruria Kaufmann.
However, Onsager’s solution was not completely mathematically sound, and it took an additional decade for a
fully rigorous solution to be provided by Chen-Ning Yang [108] in 1952. Since, the model has been celebrated
as one of the most important models of a phase transition, and the model’s surprisingly rich mathematical
structure has been picked apart. The universality of the critical exponents appearing in the 2-dimensional
model were verified for various lattices (cf. R.J. Baxter’s book [7], Chapter 11, and references therein), but
these considerations were markedly limited by the fact that computations could be performed explicitly only
for choices of fairly regular lattices (e.g. square lattice, triangular lattice, etc.). The breakthrough of Leo
Kadanoff [65] (1966) in applying renormalization group techniques to the Ising model shed further light on
the phenomenon of universality in the Ising model. The advent of conformal field theory (CFT) techniques
to describe 2-dimensional critical phenomena by A.A. Belavin, A.M. Polyakov, and A.B. Zamolodchikov [8]
in 1984 continued the interest in universality in the 2D Ising model, and prompted Vladimir Kazakov in
1986 [70] to consider the Ising model coupled to 2-dimensional gravity; that is, the Ising model on a random

lattice.

1.3 The History of 2-Dimensional Quantum Gravity.

A working theory of quantized gravity is one of the most fundamental open problems in theoretical
physics, and has eluded physicists for the past several decades. One place where progress was successfully
made was in the theory of 2-dimensional quantum gravity, as degrees of freedom present in the higher
dimensional theories are absent in the 2-dimensional one. Part of the hope of the program was that that

the exact solution to a theory of 2D gravity would shed light on how higher-dimensional versions might



work; another major motivating factor was the first superstring revolution, in which the techniques of 2D
gravity played an integral role. One of the first major works on the subject was Alexander Polyakov’s 1981
paper on bosonic string theory [91], which demonstrated that the so-called Liouville (also called continuum)
approach to 2D quantum gravity could be exactly solved. The drawback of the theory was that performing
exact calculations proved difficult, and hindered the theory for the next decade or so. Indeed, the seminal
paper of A.A. Belavin, A.M. Polyakov, and A.B. Zamolodchikov [8] in 1984 was described by Polyakov as
“an unsuccessful attempt to solve the Liouville theory” [89]. A major development came in the works of
Douglas and Shenker [35], Brézin and Kazakov [20], and Gross and Migdal [58, 59]. The ideas implicit in
these works was to replace the integral over geometries in the continuum theory with a sum over discretized
surfaces; in this way, many calculations that were previously inaccessible were now in sight. This technique
was made possible by the advances made by the Saclay school of theoretical physics (Itzykson, Zuber, Parisi,
Brézin, Kazakov, to name a few) in random matrix theory. It was realized in [19, 62] that random matrices
could be used to perform a sum over discretized surfaces. Subsequent works by Vladimir Kazakov and
collaborators [17, 70] showed that it might be possible to exactly solve a coupled theory of the minimal
models of conformal field theory and gravity, and calculated the first result in this direction: the shift of the
critical exponents of the (4, 3) minimal model (corresponding to the critical 2D Ising model) when coupled to
gravity. This work was later complemented by a corresponding continuum result, due to Kniznik, Polyakov,
and Zamolodchikov [72]: their result became known as the KPZ formula. These results are what motivated
the Douglas-Shenker, Brézin-Kazakov, and Gross-Migdal program. Their goal in part was to construct a
unified theory of all 2D critical phenomena, with renormalization group flows between all of the critical
points. As it turned out, the 2-matrix model was precisely the setting required to achieve this; the theory
ended up being completely integrable, and the renormalization group flows between critical points were given

by flows of the KP hierarchy.

1.4 The Subject of This Thesis.

From the standpoint of theoretical physics, the results described above describe one of the most out-
standing achievements of the last few decades: an exact model of all 2D critical phenomena. However, from
the mathematical standpoint, these works left much to the imagination. Many of the techniques used in the
works of the 1980s and 1990s on random matrices related to 2D critical phenomena were non-rigorous, from
the use of non-convergent matrix integrals to the ill-defined renormalization group flow. It thus became the
task of a group of mathematical physicists to try and put these works on solid mathematical footing. The

first few works in this direction were due to A. Fokas, A. Its, and A. Kitaev [47, 48], who were able to make



a step in the right direction by providing a description of the first nontrivial critical point of the 1-matrix
model (corresponding to a “pure” theory of gravity) in terms of orthogonal polynomials and Painlevé type
equations. The next decade saw the birth of the method of steepest descent of Deift and Zhou [31], which
opened the doors to the rigorous analysis of the more general families of orthogonal polynomials appearing
in the 1-matrix model. These works built on pre-existing works of a number of mathematicians working in
approximation theory (see [78, 93, 94, 102|, among many others, as well as [13, 29, 30] for applications of the
method of steepest descent to orthogonal polynomials), and finally culminated in the rigorous description of
the critical point investigated by Fokas, Its and Kitaev by Maurice Duits and Arno Kuijlaars in [38] (2006),
and by Pavel Bleher and Alfredo Deafio in [10]. Nowadays, the critical phenomenon in the 1-matrix model
are widely accepted to be well-understood. However, the same cannot be said about the 2-matrix model,
which has a much richer mathematical structure. Part of the reason for this deficit in knowledge was a lack of
tools: the 1-matrix model could be studied using techniques of orthogonal polynomials, whereas the 2-matrix
model was characterized by the more mysterious biorthogonal polynomials. The steepest descent analysis
available for orthogonal polynomials did not apply directly to biorthogonal polynomials, which meant a fully
rigorous analysis of their asymptotics (and thus a description of the Ising critical point, which only appears
in the 2-matrix model) remained out of reach. This changed with a publication of Arno Kuijlaars and Ken
McLaughlin [75] (2005), which characterized biorthogonal polynomials in terms of multiple orthogonal poly-
nomials. Since there was already an extensive literature in approximation theory for the analysis of multiple
orthogonal polynomials [1, 4, 85], including a Riemann-Hilbert formulation [5] amenable to steepest descent
analysis, this allowed finally for the possibility of analysis of critical phenomenon in the 2- matrix model.
Kuijlaars, Duits, and their collaborators began a program of analyzing critical phenomena in the 2-matrix
model [36, 37, 39, 40], which took place in the early 2010’s. However, the problem of providing a rigorous
analysis of the Ising phase transition coupled to gravity remained open.

Finally, we arrive at the present day, and the subject of this thesis. In this thesis, we present two main
results: first, we calculate rigorously the genus zero partition function of the 2D Ising model on a random
4-regular graph. We also for the first time give a rigorous description of the Ising critical point when coupled
to gravity; this amounts to expressing the partition function in terms of a special solution of a higher-order
Painlevé type equation (the “string equation” for the KdV-3 hierarchy). These results are based on steepest
descent analysis for biorthogonal polynomials. This is the first rigorous work on the analysis of physically
relevant critical points of the 2-matrix model, and we hope that it is the beginning of a program that will

shed more light on universality in 2D critical phenomena.



1.5 Organization of the Thesis and Notations.

The rest of this thesis is organized as follows. In Chapter 2, we define the Ising model on a general
graph, and discuss some of the general properties that Ising-type models enjoy. We then provide an exact
solution to the 2D Ising model on Z2. In Chapter 3, we introduce random matrices, and define the 1
(respectively, 2)-matrix models. We show how these models relate to orthogonal (respectively, biorthogonal)
polynomials, and show how biorthogonality may be reduced to multiple orthogonality. Finally, we discuss
the combinatorial aspects of both matrix models, and discuss the connections to quantum gravity in 2
dimensions. In Chapter 4, we discuss some of the general techniques involved in steepest descent analysis for
Riemann-Hilbert problems. We then demonstrate in the case of orthogonal polynomials how the machinery
works. In this chapter, we also introduce the Riemann-Hilbert problem for multiple orthogonal polynomials,
and show how it applies to the special case of biorthogonality. In Chapter 5, we prove the main results of
the thesis: an explicit formula for the genus zero partition function of the quartic 2-matrix model, as well
as a rigorous analysis of the multicritical point originally studied by Kazakov [70]. Finally, we conclude in
Chapter 6 with some calculations related to the spectral curve of the cubic 2-matrix model. We also present
some further open problems of interest, which will be the subject of future work.

We will frequently use a number of notations without comment; we list these here.
e We use the following asymptotic notations:

— f(x) = O(g(x)) as © — xq if ‘%

< M for |x — x| sufficiently small (if g = oo, then this is
interpreted as |z| sufficiently large).

f(z)
g(z)

— f(z) =o(g(x)) as © — xq if —0as z — x0.

— f(z) ~ g(x) asac—xmﬂf%—)lasx—nvg.

e Throughout, w := 5 = f% + z§ is the principal third root of unity,

e We denote the n x n matrix with a 1 in the (4, 7)*" entry and zeros elsewhere by E;;,

e We denote the diagonal matrix D with entries dy, ds, ...,d, by D = diag (dy,ds, ...,d,). In other words,

the below have the same meaning:

oo

dlag (dla d27 7dn) =



e The third Pauli matrix o3 := ((1) _01). We will often write expressions such as 2673, or ef(*)9s. These

expressions are defined to be
,Cos . 2¢ 0 ef(Z)US —(e® 0
) 0 279) ) 0 e f&®)°

e The matrix &;; is defined to be the 4 x 4 matrix which permutes the it" and j*" row/column. For

s = (§111)

The matrix 6;; permutes the i'" and j row and column of a given matrix A by conjugation; again

example, the matrix o4 would be

0
0
0
1

[elelald
oo O
QOO

using our example of Ga4,

ail ai2 ai13 aiq ail aiq4 @13 @12
~ ~ — A a21 a22 @23 a24 jal — a41 Q44 Q43 Q42
024 A024 =G24 a31 a3z a3z azs ) 024 = | a31 ass azz az2 |-
aA41 42 @43 Q44 a1 a4 a23 a22
e For readability purposes, blocks of zeros in matrices will be denoted simply by zero, where there is no

cause for ambiguity. For example, the if A is a 3 x 3 matrix, then the expressions

1000 1 0O3x: 10
0 O1x3 A 0 A

all have identical meaning.

e If Aisan n xn matrix and B is an m X m matrix, we define the matrix A& B to be the block diagonal

matrix

A® B :=
0 B
o If X(z) is the solution to a Riemann Hilbert problem defined on the contour v, we write Jx(z) : v = C
as its jump matrix: i.e.,

Xi(2) =X_(2)Jx(2), z€7.

We will also sometimes write yx or I'x to denote the contour v corresponding to the Riemann-Hilbert

problem for X (z).



CHAPTER 2
THE ISING MODEL

In this section, we discuss probably the first lattice model to be intensively studied: the Ising model.
Historically, the model was suggested to E. Ising by his advisor, W. Lenz, as a simplistic model of ferro-
magnetism. As part of his thesis, Ising solved the 1-dimensional version of the model [60] (what we will
call “the Ising model on Z”), and incorrectly predicted that the model did not exhibit a finite-temperature
phase transition. However, it was subsequently noted that higher-dimensional versions of the model likely
did exhibit a phase transition [87] (the spontaneous magnetization transition). It was not until over 20
years later that an exact solution to the 2-D version of the model (the Ising model on Z?) was announced
by L. Onsager [86], with credit due in part to his postdoc B. Kaufmann. However, Onsager’s solution was
not completely mathematically sound, and it took an additional decade for a fully rigorous solution to be
provided by C. Yang [108]. Since, the model has been celebrated as one of the most important models of a
phase transition, and the model’s surprisingly rich mathematical structure has been picked apart.

In what follows, we will first define the Ising model on generic graphs, discuss the Kramers-Wannier
duality, and then study the solution of the 2-dimensional Ising model first introduced by M. Kac and J.C.
Ward [92]. We indicate the universal nature of the phase transition. Essentially all of what is stated in this
chapter is now part of the classical literature on statistical mechanics. For further details, one should consult

[7], for example.

2.1 Definition of the Model and Basic Properties.

Most of the graph-theoretic notions we introduce are fairly standard; we refer to [15] for further details

on the relevant graph theory topics.

Definition 2.1. Let G = (V, E) be a finite graph®, and consider the collection of maps

Yi={c:V = {£1}}. (2.1)

LOur notion of graph is actually a multigraph; in other words, we allow multiple edges between vertices and loops (an edge
between a vertex and itself) in our definition. We will continue to refer to these as simply graphs, for ease of exposition.



We define a probability measure P on X (with the power set 2% as a o-algebra), dependent on two parameters,
B > 0, the inverse temperature, and h € R, the external field strength. We call this measure the Boltzmann
distribution. The measure is defined to be

P(o: 8,h) i= e P, (22)

where

Hioih) == 3 o@oly) —hY o) (23)

(z,y)EE zEV
is the Ising Hamiltonian, and

Z=Z(B,h) =) e PH) (2.4)

cEX
is a normalization constant, called the partition function. We will sometimes simply write P(c), H(o)
when the dependence on the other variables is clear. We will also sometimes write Z = Zg, to denote the

dependence of the partition function on the particular graph we are working on.

We refer to the elements o € ¥ as configurations, and the values of o(z) as spins. We define expected

values of quantities like X (o) : ¥ — R as

(X) = % > X(o)e 1@ (2.5)
ceY

For most of our considerations, we will set h = 0; unless otherwise stated, we will assume from here on
that h = 0. Let us make a few elementary remarks about this model. First, we see that the model favors
configurations where all of the spins are aligned, i.e., configurations in which all the values of o(x) are the
same are more probable. This is because such configurations have a smaller (more negative) energy, and
thus their probability is larger, according to the definition (2.2). Another important property of the model
is its Zo symmetry: if h = 0, then

(o) = 0. (2.6)

This follows from the fact that, for every configuration o € X, there exists a configuration ¢’ such that
o' = —o; furthermore, H(c) = H(—o). So, the collective contribution of these two configurations in the
sum (2.5) is

ge—BH() 4 olo—BH(0") _ 5o=BH(@) _ ,o—FH(o) _ .

Since we can pair up the entire set of configurations ¥ in the same manner, we find that (o) = 0.



The main object of interest in what follows will be the free energy, which is defined as

F(B) = —% log Z(B). (27)

If the graph G = (V, E) is infinite in size, i.e., |V|= 400, then the partition function Z(8) may diverge, and

thus F(5) is ill-defined as well. In such a situation, we will be interested in the free energy per unit site:

f(B) = - log Ze (8), (2.8)

lim
[V]—o00 ﬁIVI

where the limit is taken over an appropriate finite-size cutoff of the graph of interest. For example, one
situation we shall meet is G = Z™, where the points of Z™ are treated as vertices, and two elements of Z" are
connected by an edge if their coordinates differ by 41 in only one place. A common regularization procedure
is to take the sequence of graphs G := Z" N ([—N, N|"), the cutoff of Z™ inside the cube of size 2N + 1.

Then, one defines the free energy per unit site as

1
fzn (B) == — ngnoo 5|GN| log Zay (B) = — ngﬂoo m log Za  (B)- (2.9)

Let us briefly explain why the free energy is of such fundamental importance. We begin by re-expressing

the free energy as
1

FB)=U -3, (2.10)

where U is the average internal energy of the system, defined to be U := (H), and S is the entropy of the

system, defined as

==Y P(0)logP(c) = —(logP). (2.11)
ceY

We state this as a proposition:

Proposition 2.2. The two expressions (2.7), (2.10) are equivalent.



Proof. Let us start with the second expression, (2.10). We have that

F(8)=U - %s = (H(0) + %bgp((,»
_ Z {H 1 10g (eBZH(U))] e*ﬁ;(a)

o~ BH(o)

:Z[H )—;logZ]Z

e—BH (o) 1
) —Z "3 log Z.

Il
M

O

The reason we consider the free energy is this: when the system is in thermal equilibrium with a heat
bath at temperature T = $~!, the free energy is minimized. In other words, it is not the energy of the
system itself that is minimized, but rather the energy of the system available to do work: some of the energy
is tangled up in the entropy, and is inaccessible to the system.

We make this idea a little more precise as follows. Let Q(o) be an arbitrary probability distribution on
the space of configurations 3 (note that, since |X|< oo, the space of all such measures is a finite-dimensional
submanifold of RI*!), and denote the space of all such distributions as P(X). For such distributions Q € P(%),

we can define a notion of free energy of Q as

Lse, (2.12)

F(5;,Q) == (H)q — 3

where (H)g denotes the mathematical expectation of H (o) with respect to the measure Q, and Sg is the

entropy of the distribution Q, that is,

~ 3" Q(0) log Qo). (2.13)
oEX
Then, we have the following proposition:
Proposition 2.3. For any fized § > 0,
F(B)=F(B;P F 2.14
(B) = F(B;P) = olin (8;Q), (2.14)

where P(o) = P(0, 8) is the measure defined in (2.2). In other words, among all probability distributions on

3, the one which minimizes the free energy is the Boltzmann distribution (2.2).

10



Proof. Let Q* be an extremum of the functional (2.12); we will show that Q* is the Boltzmann distribution
(2.2). Let ¢t > 0 be sufficiently small, and let §Q be a signed measure on %, such that the measure Q;(o) :=
Q* + t0Q(o) belongs to the class P(X). Since Q" was extremal, we must have that the first variation

7‘1“5;@’5) must vanish on the space P(X). We have that:
t=0

F(B:@) - FB:@) =t Y [H(0) + 1105 Q"(0) + 1] 60(0) + 02

Since @*(0) is extremal, we must have that the first variation vanishes identically. Considered along with a

Lagrange multiplier which fixes Q; as a probability measure, we find that, for each o € ¥,
H(o)+ %(log(@*(a) +1) =),
for some constant A. Solving for Q*(¢), we obtain that
Q*(0) = const. x e~ P, (2.15)
The requirement that Q* be a probability measure uniquely determines the constant of proportionality to

be Z(); thus, Q* is the Boltzmann distribution. O

This proposition justifies why the free energy is fundamental to equilibrium thermodynamics. There are
also several more practical reasons the free energy is important to us. Many other thermodynamic quantities
of interest, such as the average energy U = (H), and the average magnetization (at non-zero h, of course)
M () := (o), can be computed as derived quantities from the free energy. In the two examples we have

given, it is easy to check from Equation (2.7) that (and here we assume h # 0)

U = () = 5 [5F(B)]. (2.16)
M = o) = - (F(B)]. (2.17)

Let us now define what we mean by phase transition.

Definition 2.4. Let X be a thermodynamic system (such as the above), with free energy F(8,z1,...,2n),
dependent on temperature, and possibly some other macroscopic variables x1,...,xx. X is said to have an

th

nt" order phase transition if one of its n** order derivatives with respect to 3,1, ..., xx has a discontinuity

for some fixed 0 < 8 < co.

11



If the system in question is infinite in size, the above definition is modified to a discontinuity in the
free energy per unit site. In our situation, the Ising free energy on a fixed graph depends in general on
two parameters, the inverse temperature 8 and external field strength h. There is a very simple argument,
which dates back to Peierls, that demonstrates that the Ising model on a finite graph never exhibits a phase

transition:

Proposition 2.5. Let G = (V, E) be a finite graph, and F(B, h) the free energy of the Ising model in external

field h on G. Then, the Ising model on this graph does not exhibit a phase transition.

Proof. Note that this is equivalent to showing that the partition function is an analytic function of 3, h.
Indeed, each Boltzmann factor e®# is an analytic function of 3, h, since H is a linear function of these
parameters. Since G is finite, the sum over Boltzmann factors is finite as well, and so the partition function

is a finite sum of analytic functions. It follows that Z is analytic. O

Thus, if we are interested in describing phase transitions, we need to look to infinite-size graphs. What
we shall see in the following sections is that the Ising model on Z? (and, more generally, on the triangular
and hexagonal lattices) exhibits a second-order phase transition in the magnetization parameter h at finite

temperature 0 < . < oo.

2.2 High and Low Temperature Expansions: Kramers-Wannier Duality

We shall see that there is a duality between the high and low temperature expansions of the Ising model;
these expansions will in fact allow us to predict the phase transition for the square-lattice Ising model.
Formally speaking, these expansions are essentially obtained by “integrating out” the spin degrees of freedom
in two different ways, to obtain an expression which depends only on the properties of the underlying graph.
These results will show that the high temperature expansion of Z¢(8) for the graph G is the same (up to a
multiplicative factor) as the low-temperature expansion of Zg«(f3), where G* is the dual graph to G. This
relation is known as Kramers- Wannier duality, named after its discoverers Hendrik Kramers and Gregory
Wannier [73].

Let us begin by searching for a high temperature (8 — 0) expansion of the partition function. For infinite
graphs, this expansion should be interpreted as an asymptotic one; however, for finite graphs, we are lucky
enough to be able to derive an exact expression in a small parameter t := tanh 8 for the partition function.

First, we need a few graph-theoretic definitions.

12



Figure 2.1. Three examples of closed curves on a given graph G, shown in red. The leftmost closed curve
contributes a factor of 3 to the partition function, and the central closed curve contributes a factor of t7.
Finally, the rightmost closed curve contributes a factor of ¢°.

Definition 2.6. Let G = (V, E) be a finite graph. A subcollection of edges A C F in which every vertex in
the graph (V, A) has even degree is called a closed curve? in G. The set of closed curves is written as C(G).

If ¢ € C(G), then |c| denotes the cardinality of the set of edges corresponding to c.

Such subgraphs are sometimes called even subgraphs in graph theory; however, we prefer the terminology
closed curve, as it is more intuition-friendly. Some examples of closed curves on a graph G are shown in

Figure (2.1); the naming “closed curve” is apparent from here.

Theorem 2.7. Let G = (V, E) be a finite graph, and Z(3) be the partition function for the Ising model on
G. Set t =tanh 3. Then

||

Z(B) =2Vl [coshﬁ]lE‘ Z tlel = 2lVI [coshﬁ]lE‘ chtk, (2.18)
k=0

ceC(G)

where ci is the number of closed curves of size k in G (the number of closed curves of size 0 is defined to be
1).

The above is called the high temperature expansion of the partition function, since S small is equivalent

to t small, which follows from the asymptotic x ~ tanh z.

Proof. Note that, since a product of spins can only take on one of two values, o(x)o(y) = £1, we can rewrite

the expression

eP7@W) — cosh B + sinh fo(z)o(y) = cosh B [1 + to(z)o(y)]

2Colloquially, such subsets are often referred to as loops in the physics literature. However, this notation is rather vague, as
there are many other things that are often referred to as loops in physics; even within graph theory, there is already another
object going by the name “loop”. For this reason, we avoid this terminology, and prefer to use closed curve.

13



where we have introduced a new parameter ¢ = tanh 8. Then, the partition function can be rewritten as

Z = Z eﬁz(w,y)eE o(z)o(y)

cEX
— Z H eBPo(@)a(y)
o€X (z,y)€EE
= [cosh ﬂ]lEl Z H [1+to(z)o(y)].

oeX (z,y)€E

We may further expand the product inside the sum:

NI tte@e@)=> Y T ] o@)e(y)

€S (z,y)eE CEX E'CE (z,y)eE’

SPOLDO W

E'CE o€ (z,y)EE’

In other words, we are summing over all possible subgraphs of G. We can actually explicitly evaluate
the contribution from each subgraph; note that if any vertex does not have even degree, when we sum
over all configurations, this particular subgraph will contribute nothing. To see this, suppose the vertex
29 € V has odd degree in (V, E’); without loss of generality, suppose it appears exactly once, say in the
edge ep = (mg,2). Partition ¥ as ¥ := ¥, UX_, where ¥ = {0 : V — {£1} | o(z0) = 1}, and
Y_:={0:V = {£1} | o(xp) = —1}. Finally, denote ¥’ to be the set of maps from V' \ {z¢} to {£1}. Then,

> I owow =3 (oot [ otwow

o€X (z,y)EE’ = (z,y)€E"\eo

Y |owox) [T o@ew) |+ D [o@)oz) [ ol@)ow)

cEX (z,y)EE"\eo cEX_ (z,y)€EE"\eo
=> (e II oe@oy)]-> o= I o@oaly)
oceY! (z,y)EE'\eo oceY! (z,y)€E" \eo
=0.

On the other hand, if every vertex has even degree, since ()% = 1 for any 2 € V, we get that

> I atontn =S 1-2"

oc€X (z,y)ER’ oED

The set of subgraphs with this property is precisely C(G); a few examples of closed curves and their corre-

sponding contributions to the partition function are shown in Figure (2.1). This concludes the proof. O
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Figure 2.2. A graph G, shown in black, and its dual, G*, shown in blue. The vertices of the dual graph G*
are the faces of the graph G; any two vertices of G* are connected by an edge if their corresponding faces
share an edge of G.

What we have proven is that the partition function for the Ising model on a graph G acts as a generating

function for closed curves on G. We can express the first few terms of this expansion in graphical form:

c-29) = vea{d}rea{ 44 Lomepean] AL b Vel WA #4000, 229

where C' := 271Vl [cosh B]_‘El, and the notation #{-} is interpreted as the number of subgraphs in G isomor-
phic to one of the graphs ‘-’. We remark that disconnected graphs also contribute to the above sum.

We can similarly obtain a low temperature (8 — 00) expansion. In this case, we notice the following:
if B is very large, e #H is exponentially small, and so the factors contributing the most to the sum are the
ones with the smallest energy H. At this point, we specialize to planar graphs, for which there is a simple
graphical interpretation of this expansion. A planar graph is a graph which admits an embedding into the
plane without self-intersection. Planarity is needed for the following reason: there is a clear notion of a
face of a planar graph: it is a region bounded by some collection of edges. Since none of the edges are
overlapping, this region is well-defined. In order to calculate the low-temperature expansion, we again need

another graph-theoretic notion: the dual of a planar graph.

Definition 2.8. Let G = (V, E) be a planar graph. The dual graph of G, denoted G*, is the graph formed
by the following procedure: for each face of G, we place a vertex of G*. Any two vertices of G* are connected

by an edge if their corresponding faces share an edge of G.

A depiction of a graph and its dual are shown in Figure (2.2). The use of the word dual is indeed justified;
the dual of the dual graph is isomorphic to the original graph, G** = G. Another readily apparent fact is
that the number of edges in the dual graph, |E*|, is the same as the number of edges in the original graph,
|E|. With these points in place, we can proceed to construct the low temperature expansion of the Ising

model.
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Figure 2.3. Two example configurations with one and two spins misaligned on the graph G; the dual
graph G* is shown in blue. Note that the dashed edges on the dual graph correspond to the bonds (edges)
which are frustrated, i.e. contribute a higher energy to H (o). These edges form a closed curve ¢ in G*.
Since |E*|= |E|, we have that the contribution from each of these configurations is s/°l. For the leftmost
configuration, this evaluates to s®; for the rightmost configuration, this evaluates to s7.

Theorem 2.9. Let G = (V, E) be a finite graph, and Zg(8) be the partition function for the Ising model on
G. Set s =e28. Then,
|E"|
Z(B) =2eP1F1 N " sl = 2eP1E1 Y "y s, (2.20)
k=0

ceC(G*)
where ¢ is the number of closed curves of size k in G* (the number of closed curves of size 0 is defined to

be 1).

Proof. We again note that, if 3 is very large, then e=## is exponentially small, and so the factors contributing
the most to the sum are the ones with the smallest energy H. Obviously, the largest contribution to the sum
comes from those configurations ¢ which minimize H(o); there are two of these, o(v) = 1 and o(v) = —1.
These contribute a factor of €’I¥l. What about the next-lowest contribution? Consider a configuration with
one (two) spin(s) misaligned on the graph G, as shown in Figure 2.3. Note that the dashed edges on the
dual graph correspond to the bonds (edges) which have frustration, i.e. contribute a higher energy to H (o).
These edges form a closed curve ¢ in G*. Now, since |E*|= |E|, we have that the contribution from this

|Bl—2]el).

configuration is ef For each closed curve in the dual graph, there are precisely two configurations

o which correspond to this curve, one of which is minus the other. We therefore see that we can write the

partition function as a sum over closed curves in the dual graph:

Za(B) = Z 2e8UEI=2lc]) — 9,B81E] Z leI’ (2.21)

cEC(G*) c€C(G*)

where we have set s = e~2#. This concludes the proof. O
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Thus, we have obtained two expansions of the Ising partition function, at high and low temperature. Both

expressions are in terms of a sum over closed curves, either in G or G*; we see that, identifying parameters
tanh Bpigh =t =s = e~ 2Bow
the high temperature expansion on G is equivalent to the low temperature expansion on the dual graph G*.

This is the essence of the Kramers- Wannier duality:

Theorem 2.10. Let G = (V, E) be a planar graph, and G* its dual graph. Let Z¢(B), Za+(8) denote the

partition function for the Ising model on G and G*, respectively. Then,
Zg-(8) = 277121V [eosh(8)] ) Za(5), (2.22)

where B = — 3 log [tanh 3].
Proof. On one hand, we can express Zg+(3) using the high-temperature expansion:
|E|

27V feosh(8)] 17! Zg- (8) = D ént”,
k=0

where ¢ = tanh 8, and ¢ is the number of closed curves of size k in G*. On the other hand, we can write
the low-temperature expansion of the Ising model on G as
|E]

2e 11 26 (B) = 3 st (2.23)
k=0

where s = E_QB, and ¢ again counts the number of closed curves of size k in G*. Thus, if we set B =
—% log [tanh (] in the above expression, the right hand sides of both expressions we have derived become

identical, and so we find that
2~ V7l [coshﬁ}flEl Zo-(B) = 2€_B|E|ZG(B)7

when B = —% log [tanh 3]. Rearranging yields the desired result. O

Remark 2.11. This duality allows us to predict the temperature at which the phase transition occurs
in the case of the square lattice Ising model. We shall later prove that this is indeed the case, but it is
still instructive to note the argument made originally by Kramers and Wannier [73]. As we have previously

mentioned, since Z? is of infinite size, we are interested in the free energy per unit site, f(3). It is also apparent
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that, since the graph is indeed of infinite size, it is possible for a phase transition to occur. Assuming that
there are indeed only two phases, a high-temperature and low-temperature one, we see that the two phases
must meet at some point of non-analyticity of f(8), say S = .. This means that the high-temperature
expansion of f(5) (respectively, low temperature expansion) should converge all the way up to this critical
temperature. Moreover, since Z? is self-dual, the high-temperature and low-temperature expansions should

be proportional, and we must have the equality

B. = f% log [tanh §.] . (2.24)

Solving this equation for 5., we obtain that

IBC = %log(l + \/5)7 (2'25)

which is indeed the critical temperature of the Ising model on Z2.

2.3 Exact Solution of the 2D Ising Model: Combinatorial Method

We now discuss the combinatorial approach to the solution to the 2D Ising model; this technique was first
introduced by Kac and Ward in [64], and later refined by Potts and Ward in [92]. See also the expository
article [24], which revisits some of these methods with more detail.

Recall that the partition function for the Ising model on a graph G = (V, E) admits the (high-temperature)

expansion

Z(B3) = 2Vl[cosh g]*! Z [tanh B]1°/; (2.26)

ceC(G)
here, C(G) denotes the set of all closed curves (possibly disconnected) in G. We make use of the combinatorial
fact that the logarithm of a generating function counting the number of objects of a given kind produces
the generating function for the number of connected objects of the same kind (cf. R.P. Stanley’s book [98],
Chapter 5). Furthermore, if the graph in question is vertex transitive 2, this sum reduces to a sum over loops

based at a fixed vertex vg:

B-F(B) = —log Z(B) = —|V|log 2 — | E|log(cosh 8) — [V| Y [tanh 3]'“l; (2.27)
ceCy(G)

here, Cy(G) denotes the set of all loops in G based at vy € V.

3Intuitively, one can think a vertex transitive graph is one which ‘looks the same’ from the point of view of every vertex v.
The proper definition is as follows (cf. [15]): G is vertex-transitive if any two vertices can be mapped into each other by an
automorphism of the graph.
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Let us now further specialize to the case of a specific graph: the square lattice Ising model (i.e., the Ising
model on Z?). In this case, if we take a finite cutoff, then take the limit as N — oo, dividing by |E|, we

obtain that (note that the handshaking lemma gives us that 4|V|= 2|E|):

Bf(B):= lim B log Z(B) = f% log 2 — log(cosh 8) — % Z [tanh g]'°]

|E|—oo | F| ccontz)

)

= 7% log 2 — log(cosh 8) — % Z Ry t", (2.28)

k=0

where Ry is the number of loops in Z? based at the origin, and we have again abbreviated ¢ = tanh 3.
Thus, the problem of computing the free energy has been reduced to a combinatorial one: we have only to
count the number of loops (closed curves) based at the origin appearing in the lattice. We remark that the
same technique applies to any vertex transitive graph, and so in particular this method also applies to the
triangular and hexagonal lattices. For now, we shall stick with G = Z2. With this technique in mind, we

state the following theorem:

Theorem 2.12. Let f(3) denote the free energy per unit site for the Ising model on Z*. Then,

d6,d0

1 1
B = —glo2+ 5 [ 10w A(E:01.0) . (229)
where the function A(SB;61,02) is given by
A(B;61,65) := cosh?(28) — sinh [28(cos(61) + cos(6:)] . (2.30)

Proof. We give a sketch of the proof found in [64, 92]; for further details, one should consult these works.

The main idea is to calculate the generating function
> Ryt (2.31)
k=0

where R), is the number of closed curves based at the origin in Z?2, and ¢ is a parameter. It is clear that, if we
can accomplish this, we are done. For each path «y in Z? starting at the origin (closed or not), we introduce
a weight p(7), or, as we shall sometimes refer to it, an amplitude, thought of as a weight on the vertices.
The identity path o (where we remain at the origin) is assigned weight p(79) = 1, and the weights of the
other paths are defined iteratively. If the path ~, continues into the next vertex in a straight line, as shown
in the leftmost picture of Figure (2.4), then the weight of the path 7,11 is given as p(vn+1) = tp(7n). If the

path ~, approaches the next vertex from the left (respectively, right), then the weight of 7,41 is set to be
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p(Yns1) = atp(yn) (respectively, p(yni1) = atp(vy,)), where o = e™/4, and accounts for the turning of the
path. We again refer to Figure (2.4). Obviously, any path v of length n satisfies |p(v)|= t™; if the path ~
returns to the origin, it is also clear that the weight p(vy) is real-valued.

For each (z,y) € Z?, and every n > 0, we define the function U, (z,y), Dy(z,y), Ly(z,y) and R, (z,y)
as the amplitudes that a path - reaches the position (z,y) in exactly n steps from above, below, the left,

and the right, respectively. In other words, U, (z,y) is, for example,

Un(z,y)= Y. p(v),
v:0—(z,y)
where the sum is taken over all paths v of length n whose terminal vertex is (z,y), and reach this vertex by
approaching at the final step (z,y) from (z,y + 1). All other amplitudes are defined in a similar manner.
Since paths cannot double back on the place they came from, we obtain the following recursive formulae

for the amplitudes Uy, (z,y), Dn(z,y), Ln(z,y) and R, (z,y):

Un(z,y) = tUp—1(x,y—1) +0 +taL,—1(z,y—1) +taR,—1(z,y — 1),
Dy(z,y) = 0 +tDp_1(z,y+1) +taLp,—1(z,y+1) +taRn_1(z,y+1),
Ly(z,y) = taUnp_1(x+1,y) +taD,_1(x+1,y) +tLp_1(z+1,y) +0,

R, (z,y) = taUp_1(z—1,y) +taD,_1(z—1,y) +0 +tR,—1(x — 1,y).

Now, suppose F,, € {U,, D,,, L., R,,}, and define the function

Bu(uv)i= 3 Fule,y)us,

x,y€L?
for |u|= |v|= 1. It follows by Fourier inversion that

- du dv
F, = F, “ryTY .
= [ [ o

The recursions on the amplitudes U, (x,y), Dn(z,y), Lo(z,y) and R,(x,y) in turn imply recursions for the

functions Un(u, v), Dn(u7 v), f/n(u, v), Rn(u, v):

Un(u,v) = toUn_1(u,v) +0 +tavLy_1(u,v) +tawR,_1(u,v),
Dy (u,v) = 0 +t0Dy 1 (u,v)  Ftavly,_1(u,v) +tavR,_q(u,v),
f/n(u, v) = t@ﬂf]n_l(u,v) —|—tozaf)n_1(u, v) +t12f/n_1(u,v) +0,

An(u,v) = tauUn_l(u,v) —I—tduf)n_l(u,v) 40 —l—tuRn_l(u,v).
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Alternatively, defining the column vector ¢y, (u, v) := (Up (w, v), Dy (1, 0), L (u,v), Ry (u,v))T, one can write

the above system of equations compactly as the matrix equation
Pn (’LL, ”U) = tK(uv V3 04)¢n-1(% ’U),

where

K(u,v; @) :=

It follows that
172;?1 (uv U) = t"K" (uv v; a)QZJO(uv U)a

and, by the Fourier inversion formula, we see that the total number of oriented closed curves of size n

(unbased, but passing through zero) is given by

du d
= —f/ / tr K" (u, v; a) —— v v
lu|=1 J|v]=1 2miu 2miv

If we only want to count the closed curves based at 0, we have only to divide by the combinatorial factor of

du d
:_7/ / —trK”uva) -
lul=1 JJv|=1 T 2miu 2miv

Thus, the generating function we were looking for is

n:

S du d
Z R,t" = / / ftrK” (u,v; ) v v
n=0 n—olul=1Jv|=1 n 2miu 2miv
du dv
=—c logdet [I — tK : i
2 /|u_1 /v|_1 o det | (w05 0)] S Bt
Evaluation of this determinant yields the desired result. O

Remark 2.13. This is not the only solution method for calculating the exact free energy of the two-
dimensional Ising model, and in fact is not even the original method employed by Onsager to derive the
free energy. Onsager and Kaufman used the so-called transfer matriz method to calculate the free energy,
correlation functions, and spontaneous magnetization [68, 69, 86]. This method makes a very important

aspect of this model much more transparent: its quantum group symmetry, and connection to quantum
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Figure 2.4. The loop ‘building blocks’. Each vertex is assigned a weight ¢, ta, ta&, which depends on the
direction the path turns in Z2.

Figure 2.5. (Left). An average configuration of the Ising model below the critical temperature (8 > f.).
Note the appearance of large-scale features, and the absence of most “noise”. (Middle). The critical Ising
model (8 = 8.). Here, the correlation length diverges, and we see features of every scale. (Right). The high
temperature Ising model (8 < S.). There is an absence of any large-scale features, the model is mostly noise.

integrable systems. Confer with [7] for a general introduction to the transfer matrix method, and [63] for

details on the quantum integrability of the 2D Ising model and related lattice models.

From this result, Onsager was able to infer the formula for the spontaneous magnetization of the Ising
model, as well as obtain a formula for the correlation length. We state the following propositions without

proof:

Proposition 2.14. (C.N. Yang, [108]). The spontaneous magnetization of the Ising model, defined as

o _ . Of(B,h)
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is given by the explicit expression

[1—sinh~(28)]"%, B> 8.,
M(B) = (2.33)

0 B < Be.

Proposition 2.15. Let (cooonn) denote the diagonal correlation of the spins at sites (0,0) and (N, N), on
the square [0, N] x [0, N]. Then,

= det n—m, 2.34
(o000 ) 1gn<em§Ns(J (2.34)
where pg = % 027r ®(0)e~*0d is the k" Fourier coefficient of the function

1/2

sinh? — e
o) = (Mﬂ))—ew) . (2.35)

Furthermore, as N — oo, putting t := [sinh(23)] 2,

-t 1+ON)], B> B
(Co0oNN) = ﬁ [1+O(N2)], B = Be, (2.36)

IN/2

ey [LHOWN )] B < B

where the constant C' = 21/12634,(1), and ((s) is Riemann’s zeta function.

One often writes ¢tV as exp{ N¢}, where ¢ := logt is called the correlation length. It is apparent that,
at low temperatures, the Ising model has residual magnetization, and the correlation length is finite. This
is apparent even in simulations of the Ising model, as Figure (2.5) shows: the leftmost panel of this figure
depicts the typical configuration of the Ising model at some fixed temperature 8 > . (i.e., below the
critical temperature). The large-scale features indicate that the correlation length is finite and positive:
approximately speaking, the average size of the magnetic domains (the large patches of white or black)
should be on the order of the correlation length. At the critical temperature 8 = f., the correlation length

diverges logarithmically; this is visible in the appearance of magnetic domains of arbitrary scales.

Remark 2.16. We additionally remark on the fact that the correlations of the Ising model can be represented
as a Toeplitz-type determinant. We do not give a full account of the theory of Toeplitz determinants here, as
it will take us too far from the topic of the current work. However, we feel it is important to acknowledge this
connection, as most of the modern theory of Toeplitz determinants was developed to study the correlations

of the Ising and other exactly solvable lattice models. Most of the modern interest in the Ising model comes
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from the rigorous calculation of its correlation functions, and is intimately tied to the Riemann-Hilbert
analysis and Painlevé equations we shall meet in the subsequent chapters of this thesis.

The connection of Toeplitz matrices and correlations in the Ising model was first noted in [107], and
would rely on Szégo’s famous limit formula for Toeplitz determinants [99] to compute the large N limit.
However, Szégo’s formula required the symbol ®(6) to be strictly positive, whereas the symbol coming from
the correlations of the Ising model has an apparent algebraic singularity (2.35). This led M. E. Fisher and
R. E. Hartwig to formulate a conjecture for the form of the limiting determinant of a Toeplitz matrix with
algebraic singularities [46], which allowed one to write down the formulas given in the proposition above. This
became the famous Fisher—Hartwig conjecture. Some partial results were obtained by various authors in [6,
16, 42, 104]. The full resolution to the conjecture came in the work of P. Deift, A. Its, and I. Krasovsky [2§],

who used Riemann-Hilbert techniques for orthogonal polynomials on the unit circle to verify the conjecture.
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CHAPTER 3
MATRIX MODELS & 2D QUANTUM GRAVITY.

In this chapter, we introduce matrix models, and explain their connection to 2D quantum gravity. We
begin introducing some basic matrix models, and discuss the connection to orthogonal and (for the 2-matrix
model) biorthogonal polynomials. We discuss the combinatorial interpretation of matrix integrals, and show
how certain matrix integrals can be interpreted as models of D < 1 matter theories coupled to topological

quantum gravity.

3.1 The 1-Matrix Model: Invariant Ensembles.

Let n > 1 be a fixed integer, and X an n x n Hermitian matrix, i.e. X = X, where “t” denotes the
conjugate transpose. We let H,, denote the space of all such matrices. We denote the entries of this matrix
in terms of its real and imaginary components: X;; = x;; + iy;;. Note that the Hermitian constraint implies
that the diagonal entries X;; are purely real. The space of Hermitian matrices forms an n2-dimensional

vector space over R; as such, it is naturally equipped with an invariant (Haar) measure:

i=1

1<i<j<n
This is, of course, just the product measure on all of the entries of the matrix. Now, let V(z) be a monic
polynomial of even degree. We define the following probability measure on H,,,:
dP(X) = dPy(X) := Z texp {-ntr V(X)} dX. (3.2)
Here, Z is a constant which makes dP a probability measure: Z = [exp{—ntrV(X)}dX. We often call Z
the partition function.

Definition 3.1. A Hermitian I-matriz model is a probability measure of the form (3.2) equipped on the

space of Hermitian matrices H,,.
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Remark 3.2. Note that we took V' to be a monic polynomial of even degree so as to guarantee the conver-
gence of the partition function Z. However, we will often allow for an extension of this definition to arbitrary
polynomials, with the interpretation that we are taking the integral not over the space of Hermitian matrices
any longer, but rather over some suitably chosen contours in the complex plane. We think of the resulting

object as being an “analytic continuation” of what appeared in the case where the integral was well-defined.

If f:H, — C, we denote its expected value, if defined, by

/f JAP(X /f Jexp {—ntr V(X)} dX. (3.3)

Of particular interest are expected values of class functions, i.e., functions such that, for any fixed X € H,,

and any unitary transformation U € U(n),
FUTXU) = £(X), (3.4)

Consequentially, we can think of f as a function of only the eigenvalues of the matrix X.
There are many celebrated examples of matrix models. One of the oldest is the Gaussian Unitary

ensemble (GUE):

Example 3.3. The Gaussian Unitary ensemble (GUE). This is the ensemble of n x n matrices equipped

with the “Gaussian” probability measure
. N 9
dP(X)=2Z exp{—2 tr X }dX. (3.5)

(Here N > 0 is a parameter). Indeed, the descriptor “Gaussian” is correct: if we write out this measure in

terms of the entries of the matrix X, we find that

dP(X) = Z texp ——Zx” N Z Jclj—l—yu Hdm“ H dx;;dyij, (3.6)

1<i<j<n 1<i<j<n

i.e., the matrix X is constructed out of Gaussian random variables:

Xij ~N(0,N) +iN(0,N), i<}, Xis NN(O,%N). (3.7)
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Additionally, Equation (3.6) allows us to compute the normalization constant explicitly, since we know how
to integrate Gaussians:

Z = Zgyp = 2"/*x" AN (3.8)
We shall discuss the GUE in more detail later on.

An important observation is that the density of the probability measures above are invariant with respect

to unitary conjugation: this follows immediately from the fact that tr V/(X) is a class function:
tr V(UTXU) = tr V(X), (3.9)

for any U € U(n). Since we are typically only interested in expected values of class functions, one may
wonder if the measure dX admits a decomposition dX = h(A1,...,A\n) [],, dAig(U)dU, where dU is the Haar
measure on the unitary group, and [],, d); is the product measure on the eigenvalues of X. If this were the

case, then, for any class function f,

U= [ 1) exp{—nurv(x)}yix

:% f()\l,...,)\n)exp{—n’;V()\i)}h()\h...,)\n)kl:[ld)\k/[] g(U)dU

Rn (n)

1 n n
=i [ FOu e An) exp {nz V(Ai)} h(AL, o An) T dAws
k=1 k=1

R™

where we have absorbed the integral over the unitary group (the volume of the unitary group, in fact) into

2

the partition function. Thus, we would be able to reduce the integral over n® variables to an integral over n

variables. This is indeed possible to do:

Proposition 3.4. Write X € H,, as X = U DU, where U is a unitary matriz, and D = diag(A1, ..., \,).

Then, the Haar measure on H,, can be decomposed as
dX = [AA, o M) [ [ dNig(U)aU, (3.10)
where g(U) is a function only of the ‘angular’ variables of X, and

A, d) = J[ =) (3.11)

1<i<j<n

18 called the Vandermonde determinant.
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Proof. The factor (3.11) appears as the Jacobian of the transformation from the matrix variables {z;;, y;;}
to the eigenvalue-angular variables {\;, u;;}. This is most easily seen by considering the induced Riemannian

metric on the space of Hermitian matrices, canonically given by

tr(6X16X) = de“m > (daf +dyl) (3.12)

1<i<j<n

where here 6 X denotes the Hermitian matrix of covectors

d:L'ij + idyij, 1< j,
(6X)ij =
dx;, 1=

Consider new coordinates on the space of matrices, induced by the diagonalization X = U'DU, where
U € U(n) is defined up to multiplication on the left by a diagonal unitary matrix, and D = diag (A1, ..., An).

Since U is a unitary matrix, we have that
0=01=6[UU'] =USU + sUUT,

so the matrix of covectors du := UU' is anti-Hermitian, and independent of the representative we chose for

U € U(n). We can rewrite the matrix of covectors §X in these new coordinates:
§X =U'" (6uD + 6D + Déu') U = UT (6D — [D, 6u]) U.

so that

=tr(6X76X) = tr(6D)? — 2tr(6D[D, du]) + tr([D, du)?).

By cyclicity of trace, we have that tr(6D[D, du]) = 0; by definition of 6D, tr(§D)? = >""" | d\?. It remains

to compute tr([D, du)?). Using the fact that D;; = \;d;;, we have that

([D,6ul)ij = (Dixdunj — SuixDi;)

£l
Il
-

M:

()\ 51k5uk] 5Uik>\k§kj)

e
Il

1

Il
—
g

— )\J)(SU”
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It follows that

([D,6ul?) =23 (A = Aj)?[0us; |,

1<j

so that

g=1tr(6XT6X) = Zwmxxm )2 |62

1<j
Now, the volume form corresponding to this metric is invariant under translations in the space of Hermi-
tian matrices, since the metric is; thus, the volume form here is the Haar measure, up to some irrelevant

normalization constant. Since the Riemannian volume element is given by (cf. [22]):
g = dX = /detg HdA I dwi;.
i<j

we obtain that

dX =2"""DETT(N = A)) 2HdA 11 dui;.

1<J 1<J

which is precisely the form of (3.10). O

The fact that the Jacobian factors into a product of eigenvalue and angular components indicates that
the eigenvalues of the above matrix ensembles, considered as random variables, are independent from the
eigenvectors, which are represented by the angular component of the integration. Since we are eventually
only interested in spectral properties of these matrices (i.e., expected values of functions of the eigenvalues),
we can ‘integrate out’ angular variables and work with the remaining measure, as we had hoped for. Indeed,

we have the following corollary:

Corollary 3.5. If f: H,, — C is a class function, then

PNt [ ) exp{=nV (X)}ax

1 - n
— 7 f(>\17 ) [TOw = A2 [T e == VW an, (3.13)
=1

i<j

where the constants Z, Z' are related by a constant independent of V(X):

Z = Z'vol[U(n)/Ugiag(n)] 27"~ D/2, (3.14)
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In fact, one can determine the partition function Z’ even more explicitly. One of the most useful relations
in random matrix theory is the connection to the theory of orthogonal polynomials. For this reason, we will

briefly digress into the theory of orthogonal polynomials.

3.2 Orthogonal Polynomials.

Many canonical objects in random matrix theory can be computed explicitly in terms of quantities
related to orthogonal polynomials. For the invariant ensembles, it will suffice to consider the family of

(monic) orthogonal polynomials defined by the relation

(P, pj) == /]R NP (Ve VAN = h;dj, (3.15)

where V(\) is again a monic polynomial of even degree. Here, we will review some of the properties of such
orthogonal polynomials. The first fact that we shall recall is that the above family of polynomials always

satisfies a 3-term recursion relation.

Proposition 3.6. Suppose {pi(\)} satisfy the orthogonality relation (3.15). Then, there exist constants ay,
b, such that

Prt1(A) = (A + an)pn(A) + bpn-1(N), (3.16)
for each n > 1.

Proof. Fix n > 1, and consider the polynomial Ap,, (A\) = A"*! +.... As a polynomial of degree n + 1, we can

express Ap, () as a linear combination of the first n + 1 monic orthogonal polynomials:
Aa(N) = prpr (V) + S afpr(A).
k=0

Note that we have taken p,,11(\) with coefficient 1, so that Ap,(\) is indeed monic. Now, for any 0 < k < n,

we have that

(APn»Dr) = (Pns APK) = (Pns Piog1 + -1,

which can only be nonzero if k = n, or k =n — 1. We thus have that

An(A) = st (V) + @l pa(N) + ol p, 1 (V)
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(n)

taking a, = —an ', b, = oW

n—1 yields the desired result. We can also use the orthogonality relation to

explicitly evaluate the coefficients a,, b,; taking inner products of (3.16) with p,,—1(\), we have that

<pn+1,pn71> = <)\p"’p"*1> + an<pnvpn71> + bn<pn717pn71>
= 0= <p‘n7 )‘pn—1> + bnhn—l

< 0= (pn,on + ) + bph_1 = hp + bphy—1,

so that b,, = 7hh7:1' O

Of course, when n = 0, the same argumentation as above holds, and we have the alternate expression
Apo(A) = A = pi(A) + aopo(N), (3.17)

for some constant ag.
The 3-term recursion relation leads to another useful identity for the projector onto the first n orthogonal

polynomials, called the Christoffel-Darbouz kernel:
n—1
pr(N)pr (1)
Ko\ p) = —_ 1
()= = (3.18)
k=0
This kernel has the following reproducing property; for any polynomial () of degree at most n — 1,
o) = [ KaOmatwe " P (3.19)
R
In particular, the kernel itself is a degree n — 1 polynomial in A\, and so we have that
KaOp) = [ KaO )™ . (3.20)
R

The 3-term recursion relation (3.16) allows us to provide a simpler expression for the kernel K, (), p).

Proposition 3.7. For anyn > 1,

L pu(N)pa—1(k) = Pu1(N)palp) (3.21)

Kn(\ p) =
(A, 1) - py-—
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Proof. Using the recursion relation (3.16), we have that

A=K\ p) = Z /\p’“ Z Pe(A upk
k=0
= Z ;Tkpk(ﬂ)(inkﬂ()\) — agpr(\) — brpr—1(N))

_ Z 7pk Y(prr1(p) — appr(p) — bppr—1(1))

= Z *pk )(Pr+1(A) = brpr—1( Z *pk )(Pr+1 (1) = brpe—1(1))-

Now, using the fact that b, =

A =) Kn(A 1) = hn X [Pn(AN)pn—1(1) = Pn—1(A)pn ()] -

This concludes the proof. O
We now have a number of useful lemmas involving determinants.

Lemma 3.8. Suppose f(\, 1) is a function satisfying the reproducing property
fOun) = [ O e V. (3.22)
R
and consider the n x n matriz M,, with entries (M,); ; = f(\i, ;). Then,

/ det(M,)e=Y ) dr, = (C — n+1) det(M,, 1), (3.23)
R

where C = [ f(A\,A)e VNdA,
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Proof. Denote by S,, the set of permutations of {1,2,...,n} and by S, _; to be the set of bijective maps

o :{1,2,...,n}— {1,2,...,n} with ¢/(j) = n. By Leibniz formula for determinants, we have that

/det(M”)ei‘/(An)dAn H/f a(z); —ve /\")d)‘n

O’ESn

DD INETES | / o e i,

j=1lo’ ESn —j

—Z Z G+1 H f o’ 1)7 /f o’'(n)» (/\na)‘j)e_vo\n)d/\n
j=lo’€Sn,—; i#j,0=1
n—1
+ > 07 ] Qo) /f Ans An)e VAN,
0ESH_1 i=1

By the reproducing property (3.22) for f, and the definition of C, we find that

n—1 n—1
/det(Mn)e_V(A")dAnZZ S (=07 T FOer) A Qorny Ag)

j=10'€Sn,_; i#5,i=1

+C Y (-1 Hf o/ (3)> A

0'ESn,—n

n—1

*i >, 1 Hf o/ (n)s Aj) + C det(My 1)

j=1lo0'€Sn —;

n—1 n—1
=3 3 (-1 Hf (s Aj) + Cdet(M,,_1)
j=1l0€S,-1

=(C —n+1)det(M,_1).

O
Proposition 3.9. Let {px(\)} be the orthogonal polynomials defined by (3.15), and consider the matriz
po(A1) pi(A) oo pao1(Ma)
P, Po(‘)\2) P1(‘)\2) Pnf1‘()\2) . (3.24)
pO()\n) b1 ()\n) R pn—l()\n)
Then,
n n—1
/ [det(P,))2e~ St VOO T s = nt [T b (3.25)
i=1 i=0
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Proof. Define H,, := diag(hg, ..., h,_1). Then, since [det(P,,)]? = det(H,,) - det[P,,H,, 'P1], we have that
[det(P,,)]? = det(H,,) - det[P,,H, ' PL] = det[K,,(\;, \;)],

where K, (A, 1) is the reproducing kernel (3.18). This kernel satisfies the hypotheses of Lemma (3.8), with

norming constant [, K, (A, A\)dA = n. Thus, we find that

n n—1
/ [det(P,,)]%e™ izt V(Ai)Hd/\i = det(H / / det [K,, (i, Aj)]dA, H dX;
n Rr—1 R’I’LXTL

i=1 =1

— det(H,, / det 2O A TT dh
( ) Rn—1 (n—l)x(n—l) H

proceeding inductively using Lemma (3.8), we obtain finally that

/ [det(P,)|2e St VOO T dAs = nl det(H,,).

i=1
Since det(H,,) =[]/~ hi, we are done. O
Consequentially, we see that
Corollary 3.10. The partition function Z' in (3.13) is
n—1
Z'=n! I hs, (3.26)
i=0

where h; are the norming constants for the monic orthogonal polynomials with respect to the weight eV ™)

Proof. This follows immediately from the fact that the determinant of the matrix (called the Vandermonde

matrix)
D VERURD Vi
1A ..o A
det | | .2 2, =TI =2) = A0, a0, (3.27)
: . '.' . i<j
1 /\n PN 1
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and from the fact that the matrix P,, can be obtained from

D VISR U
IR VRN Vi
/D VD

by adding scalar multiples of the columns to the left of any given one, an operation which does not change

the determinant of the matrix. O

The partition function is one of the most fundamental objects in random matrix theory; the above shows
that this function can be computed explicitly in terms of quantities related to the orthogonal polynomials.
The next theorem shows that many other quantities of interest can be computed in terms of the orthogonal

polynomials.

Proposition 3.11. (Heine Formula). Fix n > 1, and consider the invariant ensemble defined in (3.2).
Then,

Pn(A) = (det(AI — X)) (3.28)

n’

Ko (1) = {det(AI — X) det(ul — X)) (3.29)

n—1-"

Proof. Let us begin with the first identity; obviously, the right hand side (det(Al — X)) is a degree n

n

polynomial in A, and so it suffices to prove that
/ (det(A\I — X)), \ee™VNdx =0,  k=0,..,n—1. (3.30)
R
By integrating out angular variables, we have that

1 - -
(det(\l - X)), = /n [T = XA, . A)2e 2 VOO TT d,
=1 =1

1 —n > V(XN .
=7 RnA(/\h~~~,>\n)A()\1,...7)\n;)\)e 2 V( )il;[ld)\i’
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where A(Aq, ..., Ap; A) denotes the Vandermonde determinant in the variables A1, ..., A, and A. Thus, for any

fixed 0 < k <n—1, labelling A = A\, 11:

1 . "
/(det()\HfX»n)\ke*"V(’\)d)\ = ?/ /A(Al,...,An;A)A’“A(Al,---,An)e’”zizlV(*")dAHdAi
R n

=1

n+1 nt1
= A ALy ooy Ay At 1 ) A (A, oy A Aye—n 2it V(A d)\
n+1 Z — 1oy ; +1) ( JRREES) ) @)8 1 H k
= ! / A()\l "'7)\n7>\n+1)det P()\l )\n+1)67n Z?:l V(xi) nli[ld/\;€
n+1 Rnt1 ) PREES) P )
where P is the matrix
R S P
R D VY
P(At, s Ans1) ,
D S D S S L

which vanishes identically when 0 < k& < n — 1. This uniquely fixes (det(Al — X)), as the monic orthogonal

polynomial with respect to the weight eV (M. A similar calculation yields that K, (X, u) = (det(Al —

X)det(ul — X)), _,. O

n—1
3.3 The 2-Matrix Model and Other Generalizations

In this section, we consider the 2-matrix model, and its connection to the theory of biorthogonal poly-
nomials. Let n > 1, and suppose V(X), W (Y) are monic polynomials of even degree. The 2-matrix model

is defined by the following probability measure on H,, X H,:
dP(X,Y) = Z texp{ntr [tXY — V(X) — W(Y)]}dXdY, (3.31)

where 0 < 7 < 1, and dX, dY denote the Haar measures on the space of n x n Hermitian matrices. The

normalization constant Z is again called the partition function, and is given by the integral

Z = // exp{ntr [t XY — V(X) - W(Y)]}dXdY. (3.32)
Expected values in this matrix ensemble of functions f(X,Y) : H,, x H,, — C are defined by

(F(X,Y)n / F(X,Y)exp{ntr [rXY — V(X) — W(Y)|}dXdY (3.33)
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We will again be interested in expected values of class functions, i.e., functions which are invariant under
unitary conjugations:

FUIXULUSY Uy) = f(X,Y), (3.34)

for any Uy, Uy € U(n). Consequentially, the function f depends only on the eigenvalues of X and Y, which
we will denote by {z;}, {y;}, respectively. We will use the same sort of abuse of notation as in the previous
section, and write f(X,Y) = f(z1,...,%n, Y1, ..., Yn) for class functions. From our previous discussion on the

1-matrix model, it is clear that the measures dX, dY factorize into eigenvalue and angular components:

n

dXdy = [[(z: — 2;)* [ [(vi — v;)* [ [ dwidysdUrdUs, (3.35)

i<j i<j i=1

where U, U, are invariant measures on independent copies of the unitary group. However, it is now far
less obvious that the measure on the eigenvalues is still independent of the measure on the eigenvectors,
due to the presence of the term tr(XY') in the exponent. Let us try to write the expected value of a class
function f(X,Y) as an integral only on eigenvalue variables. Set X = U{fDXUl7 Y = UQTDYUQ, where
Dx = diag (z1,...,x,), and Dy = diag (y1,...,yn). We abbreviate the Vandermonde factors A(zq, ..., ),

A(y1, ..., yn) as Ax and Ay, respectively. We then have that
1 n n
(fXY )= // frexp{—nY_ V(x:) + W(y:)}AXAY exp{ns tr XV} [ [ daidy;dUrdUs, — (3.36)
i=1 i=1

where dU; here are invariant measures on the unitary group U(n)/Ugiag(n). Now, we can rewrite
exp{nTtr XY} = exp{nr tr(U] Dx Uy ) (U Dy Us)} = exp{nr tr(UsU{ Dx U UJ Dy )} (3.37)

Making the change of variables (in Uy, say) to U= UlUg, and using the invariance of the Haar measure

(i.e., dU; = dU), we have that

1 n r7 F7 ~ n
(FEY = / / f e SV @RV @0l A% AR T O DXODY) gt T desdy

=1

_ %// f.e—n2?=1[vm>+w<yi>1A§(A§//enrtr(LNfTDxUDy)dUdeidyi. (3.38)
xR i=1

From here, we see that the only obstruction to computing expected values in eigenvalue variables is the

integral over the unitary group

/ enm u(UTDxUDY) g7, (3.39)
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In its current form, the dependence on the eigenvalue coordinates {x;}, {y;} is unclear. However, we are
in luck: this integral is well-studied in the random matrix community, and has been explicitly evaluated
for us by a number of sources [62, 80, 112]. It is called the ltzykson-Zuber or Harish-Chandra integral; we

reproduce its evaluation in the following proposition:

Proposition 3.12. (Itzykson-Zuber integral over the unitary group). Set
I(Dx,Dy;T) = /e”Ttr(ﬁTDXUDY)dU. (3.40)

Then,
—n(n—1)/2 det(en”ciyi)

I(Dx,Dy;1) = 3.41
(Dx. Dyi7) = (n7) — (3.41)
Proof. Consider the heat equation on the space of n x n Hermitian matrices H,,:
0 1| & 1 9? 9?
Z — 4+ X;t)=0.
at 2 ; oxz T3 < (8Re(Xij)2 + 6Im(Xij)2> F(X:1)
Since H,, = R”Q, we can easily write down the heat kernel for the above equation:
K(X,Y;t) = (i)WQ/2 xp [~ 20 tr(X = V)
Y \ont P Ty '
In other words, K(X,Y;t) satisfies the PDE (3.3), subject to the boundary condition
K(X,)Y;t) - 6(X -Y) (3.42)

Let us consider a solution to (3.3) with class-function initial data f(X) = f(UTXU), for any U € U(n).
By the convolution theorem, u(X,t) = (f * u)(X,t), where * here denotes convolution. Evaluating this

convolution, and switching over to eigenvalue variables, X = UlT DxU;, YT = U2T Dy Us, we obtain that

_ 1 2 n 2 2\ T
1
X / dW exp (-trXWYWT), (3.43)
U(n)/Uaiag(n) t
where W = U; UQT . Note that the inner integral is the object we want to compute. Furthermore, the above

formula implies that if the initial data satisfies f(X) = f(UTXU), for any U € U(n), then u(X) = w(Ut XU, t)

for all ¢ > 0 as well. Let us see examine the above equation in eigenvalue coordinates. Now, a classical formula
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from Riemannian Geometry (cf. [22], for example) tells us that, on a Riemannian manifold M with metric

g, the Laplace-Beltrami operator is given in local coordinates (2%, ..., 2™) by the formula

. m = Of
vy 4
Dunf = Jo= ; \/detgj;g o2,

With the help of this formula, and our formula for the metric on H,, in eigenvalue coordinates (3.12), we
can derive a formula satisfied by u(X,t) in the eigenvalue coordinates:

1 . o 1.
0= (at — 2DH"> ’U,(X, t) = (81& - 2Deigem/alues> ’U,(X, t)

u 11 < 8 ou
= — = — —F A2
ot 2A§(28xi( Xaxi)

Multiplying the above equation by the Vandermonde determinant Ax, and using the fact that Y., ; 8;?5 =

0, the above equation becomes

INxu 1« O0Ax 8u 8%u

0= 2§3< Xax>
aAXu 1 — 32AX 3AX ou &%u
752 Y €T 8301 + X@Tzf

i=1

(é)t 2 & 8 AXU(Xt)

and so Axu(X,t) satisfies a heat equation of a different form. The generic solution for initial data g(x1, ..., ;)

to the above heat equation is

n

1 1 ) n
'U(xl,...,l'n,t) - /" Wexp <_2t Z(l‘l - yl) ) g(y177yn)gdyla

=1

In particular, for initial data g(X) = Ax f(X), which depends only on the eigenvalues of X, we obtain the

formula
n

Axu(X,t) = /n W exp (21t Z(azl Yi ) Ay f(Y :l_[dyZ (3.44)

=1

39



multiplying the previous equation by Ax, we see that we have two expressions for the same function

Axu(X,t), given by equations (3.43) and (3.44). Equating these expressions yields
1 1
AX ey / dY AL f(Y)exp | ——tr(X? +Y?) / dW exp (~trXWYWT)
(2mf) /2 2t U(n)/Uaiag(n) t

1 n
/Rn @)z € <_%;($i— Yi )Ayf dez

Setting f(Y) =[], 8(Y — Y;), we obtain that

1 1 1
AxA2 ——exp <—tr(X2 + Y2)) / dW exp (-trXWY,WT)
Yo (2rt)n?/2 2t 0 U(n)/ Uiy (n) t

1 1 )
= W exp (—Qttr(X - Y()) > AYO.

Rearranging, and relabelling Yy =Y, we get

! L Xy
/ dW exp (5 trXWYWT) = (27t)~ n<n71>/2w;
(n)/Udiag(n) AyAx
finally,
! TTiY
/ AW exp (- tr XWYWT) = (2rt)~"(n= pjadetersn
(n)/Udiag(n) t AxAy
as desired. )

With the explicit evaluation of this integral completed, we see that the expected value of the class function

f(X,Y) can now be expressed explicitly in eigenvalue coordinates:

Corollary 3.13. For any class function f: H, X H, — C,

(f(X, == / / [+ AxAyen 2imalreyi=Vi@) =Wiw)] Hdm dy;, (3.45)

where Z" is related to Z by the equation
Z = Z"vol (U(n)/Udiag(n)) - (nr/2)""(n=1/2 (3.46)

Just as the 1-matrix model was intimately connected with orthogonal polynomials, we shall see that the

2-matrix model is intimately connected with biorthogonal polynomials.
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3.4 Biorthogonal Polynomials: A Special Case of Multiple Orthogonality

Let V, W be monic polynomials of even degree, 0 < 7 < 1. The monic biorthogonal polynomials {px(z)},

{qx(y)} with respect to the weights V, W are defined by the relation

//Pk(fﬁ)%(y)emy_v(w)_w(y)dxdy = h;j0p;. (3.47)
R JR

Biorthogonal polynomials enjoy many of the properties that classical orthogonal polynomials satisfy, such
as finite-term recursion relations, possession of a closed-form expression for the Christoffel-Darboux kernel,
moment-determinant formulas for the partition function, and so on (see [44] and references therein, for
example). However, the tools available to study the asymptotics of orthogonal polynomials, in particular, a
Riemann-Hilbert formulation for the polynomials (which we shall discuss in Chapter 4), is not immediately
present. Suppose degV = v, degW = ¢q. Then we have the following theorem realizing biorthogonal

polynomials as a special case of multiple orthogonality [75]:

Theorem 3.14. (A.B.J. Kuijlaars and K.T-R. McLaughlin) Set D := degW —1=q— 1. Let k > 1, and
consider the monic biorthogonal polynomial py(x) of degree k. Let ny, = [’%J} , 7 =0,..,D, where [-] denotes

the integral part. Then, we have that
/Rpk(ac)xiwj(x)dx =0, fori=0,..,n; -1, j=0,...,D, (3.48)
where the weights w;(x) are defined to be
w;(z) == /Ryjemyfv(m)fw(y)dy. (3.49)

Moreover, these conditions uniquely determine pr(x) among all monic polynomials of degree k.

There is of course an equivalent proposition characterizing the polynomials g (y). This theorem is the
key that allows us to analyze the asymptotics of biorthogonal polynomials, as there is a well-established
literature on the asymptotics of multiple orthogonal polynomials [1, 4, 85|, as well as a Riemann-Hilbert
formulation of such polynomials [5], which we will discuss in Chapter 4. We now proceed to the proof of the

theorem.
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Proof. The proof essentially follows from an integration by parts argument. Since deg W = ¢, we have that,

for any fixed j =0,...,q — 1, setting D :=q — 1,

o [yjefW(y)] =mpiy; (e "W, (3.50)

where mp;4,(y) is a polynomial of degree exactly Di+ j. Now, for any function g(z), integrating by parts k

times (and using the fact that boundary terms cancel), we find:

[[st@rmoneswerv @y
d -
= V@) [ 2 |ie=WW) | Ty
/g(x)e /dyi {y e }e dydzx
= (1) [ gla)e V) [y WO e dys
Y
= (fT)i/g(x)xie*V(‘”)/yje*W(yH”ydydx

= (—T)i/g(x)xiwj(x)dx.

Now, taking g to be the monic biorthogonal polynomial py(z), we see that the left hand side of the above
equation is zero provided Di 4 j < k. This implies the integral is zero for ¢ < n; — 1, for j = 0,...,¢ — 1,

where n; are as defined in the theorem; thus, this implies that the biorthogonal polynomial py(z) satisfies
0= /pk(x)xiwj(x)dx, fori=0,.,n;—1, j=0,...,¢—1.

Conversely, suppose that g is a monic polynomial of degree k, satisfying the relations (3.48). Then, the left
hand side of the equation for g vanishes for ¢ <n; —1, j =0,...,¢ — 1. On the other hand, the polynomials
Tpit; for i <nj; —1, 7 =0,...,¢ — 1 form a basis for the space of polynomials of degree < k — 1; it follows

that g must be the monic biorthogonal polynomial py(x). O

3.5 Matrix Models and Graph Combinatorics.

We now discuss the elegant connection between the Hermitian matrix models and the combinatorics of
planar graphs. Most of what we will say here is not new; we refer to the excellent surveys [49, 113] for
further details about these connections. We begin with the more widely known connection of the 1-matrix
model to the combinatorics of planar (more generally, genus g) graphs. We will then proceed to discuss the
2-matrix model, and its relation to counting the number of 2-colored graphs. This connection allows us to

link the discussion of the 2-matrix model to the Ising model on random graphs.
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3.5.1 Combinatorics of the 1-Matrix Model.

Our starting point will be the Gaussian Unitary ensemble: we will compute a generating function for its

moments.

Proposition 3.15. Let J € H,, be a fixred Hermitian matriz, and consider the quantity
F(J) == (exp(tr JX)). (3.51)
Then,
1 2
f(J) =exp {QN trJ } . (3.52)

Proof. The proof of this proposition is a direct computation, which follows by “completing the square”, and

utilizing the cyclicity of trace:

1 N , 2
(exp(tr JX)),, = Z/Hn exp{ itr (X NJX)} dX

exp(g5 tr J?) / N 1 \°
= —= ——tr (X — — dX
7 » exp 5 tr NJ

exp(ﬁ\,trJQ)/ N 1 2 1
=— Hnexp 2tr X NJ d(X NJ)

1
= exp [2]\7 tr JQ] ,

where in the last line we have used the translation invariance of the Haar measure on H,,. O

Tt follows at once that we can compute any moment of the GUE, as f(J) acts as a generating function.

This is made precise by the following corollary:

Corollary 3.16. For any 1 <1,5,k, £ < n, if X;;, Xpe are entries of a GUE matriz, then

1
(Xij)n =0, (Xij Xne)n = 570ie0jk- (3.53)
Proof. Notice that
af 0*f
aJJl J—o < .7> aJJ'LaJZk J—o < J k[>

Calculating the derivatives explicitly yields the result. Note that the factor of two is accounted for because

the matrix J is Hermitian. O
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We could have already guessed the formulae (3.53) from the fact that the GUE measure (3.6) is made
up of Gaussians. Indeed, this is essentially the trick that we have used: we have calculated the moment
generating function of a collection of Gaussian variables. In fact, since the entries are Gaussian, we actually

have enough information here to calculate any higher order moment as a polynomial in the moments (3.53).

This result is known as Wick’s theorem *:

Theorem 3.17. Let ¢1,..., N be a collection of centered normal random variables. Then,

N
<H¢i>: IR (350

m€lln (a,b)em
where Iy denotes the set of all pairings of the set 1,...,2N.
Some remarks are in order.

Remark 3.18. It is worth developing some intuition for the set of all pairings, IIy. If N = 4, for example,

then we have that

m, = { (1.2, (343} ({14}, 2.3} . ({13}, {2.4}} } (3.55)

So, for example, if ¢1, P2, P3, ¢4 are centered normal random variables, then

(P1020304) = (P102) (P3P4) + (P1Pa){(P23) + (P1P3) (P2a). (3.56)

In fact, the theorem is still valid if we consider repetitions of the random variables ¢y: in this case, we treat

the set of indices as a multiset, and apply Wick’s theorem. As an example of this, we have that

($1d20b3) = (67)(Dadhs) + (p103) (D12) + (D12)(P163)
= (¢7)(h203) + 2(P102) (P163)- (3.57)

Furthermore, if N = 2M +1 is odd, then it is apparent that Iy is empty, and the expected value <HZV:1 q5i> =

0. In general, there are % possible pairings of the set {1,...,N}.

The above theorem is useful in that it shows us that, in order to compute any moment of a collection
of Gaussian variables, {¢,}, it is enough to know their covariances (¢,¢p). In our situation, the collection
of Gaussian variables of interest are the matrix variables {X;;}, which, by our previous observations, satisfy

the hypotheses of Wick’s theorem. We can therefore compute any expected value of moments of interest.

IThe theorem is named after its popularizer, the Italian physicist Gian Carlo Wick, who rediscovered and popularized the
theorem in theoretical physics [103]. The theorem in fact dates back to a 1918 paper of the Russian probabilist Leon Isserlis
[61].
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We will sometimes call the process of rewriting of an expected value of products of centered Gaussians in
terms of pairings Wick expansion.

Our main focus will be on expected values of products of traces of the matrix variables, for example
{tr X*),,, or ((tr X?3)2),,. From here on, we will take the parameter N in the GUE to be N := n, the size of
the matrix.

As a first example let us compute (tr X*),, using Wick’s theorem, and Equations (3.53).

Example 3.19. (tr X*),,. First, we have that

n
(XY= Y (X Xigig Xigiu Xisiy);

01,12,13,14=1

using Wick’s theorem on the index set {i1,i2,43,%4}, we find that

<tr X4>n = Z <Xi1i2Xi2i3Xi3i4Xi4i1>

11,12,13,84=1

n

= Z (<Xi1i2Xi2i3><Xi3i4Xi4i1> + <Xi1i2Xi4i1><Xi2i3Xi3i4> + <Xi1i2Xi3i4><Xi2i3Xi4i1>> :

11,%2,13,14=1

Using Equation (3.53), we obtain that

- 1 - 1 - 1
(r X = Y 30y > 3 0sis > —20i2ia 04134 Oiais Oi iy

11,12,13,14=1 11,12,13,14=1 11,%2,13,14=1

1 1
=n+n+—=2n+ —.
n n

So, two of the pairings from the Wick formula contributed a factor of n, whereas the remaining term

contributed a factor of % Before trying to calculate things in general, let’s consider another example:

((tr X2)2),.

Example 3.20. {(tr X3)?2),,. In this case, we can write

2

<(trX3)2>n = < Z XiliQXizigXisil >

i1,%2,i3=1 n

Z Z <Xz‘1i2Xi2i3Xi3i1Xj1j2Xj2j3Xj3j1>7L'

11,%2,43=1 j1,j2,J3=1
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Wick’s theorem tells us that there are 2?—:!3! = 15 contributing pairings to the expected value; let us compute

a few of these pairings. For example, the pairing

. {{(il,m, (i)} {(insi0). (G J2)} { (G o), (jg,m}}

contributes a factor of
n

Z Z <Xi1i2Xi2i3>n<Xi3i1Xj1j2>7’L<Xj2j3Xj3j1>n

41,%2,43=1 j1,j2,j3=1

n n 1 1 1
= Z Z <n6i1i3> <n6i3j26i1j1> <n6j2j1> =1

i1,12,13=1 j1,j2,j3=1

to the sum; on the other hand the pairing

. {{(il,m, (s o) b {izs i), (G o)} (i 1), (jgnjl)}}

contributes a factor of

> (X0 X g I (Xiig 2 X g ) m (Xig i X g1 I

i1,12,43=1j1,j2,j3=1
- Z Z (n6i1j25i2j1> <n5i2j35i3j2> <n5isj1§i1j3) = R

11,12,i3=1 j1,j2,j3=1

Carefully calculating the contributions from the remaining pairings, we find that

((tr X3)?),, =12+ % (3.58)

With the above examples worked out, a pattern starts to emerge. We now develop a diagrammatic

approach to calculating expected values of the form

.
<H tr Xiv> (3.59)

n

By Wick’s theorem, we can decompose the above expected value into a sum over D := 21‘;1 ip pairings of

the indices of the trace, with each pairing 7 contributing a factor of

Z H (XKoo Xjcja)ns (3.60)

I {(ja:gv)s(Gerda) YEm
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where the summation I runs over all of the index sets of the traces tr X%, p=1,...,V, and i= (i1, ey i)

is a V-tuple of positive integers. To each such pairing m, we associate the following diagram R.:

1. Draw V vertices, each with degree i1, ...,4y, with half-edges labelled by the indices of the trace of the

corresponding vertex.
2. Pair the edges according to the pairing prescribed by 7.

The resulting diagram is called a ribbon graph or fat graph. To each such ribbon graph R, we can associate
a quantity known as the genus of the graph. The genus of a ribbon graph R is the smallest genus g such
that the ribbon graph R can be embedded onto this surface without self-intersection. If the ribbon graph is
disjoint, its genus is the sum of the genera of its connected components.

The ribbon graph associated to the pairing © will by construction have V vertices, and % edges, by the
handshaking lemma (note that, if D is not even, then the full expected value is automatically zero). Each
face in the resulting ribbon graph corresponds to a collection of indices which will be identified by Wick’s
theorem, since (XupXcd)n = %&ldébc. Thus, the number of independent summation indices I’ left over after
accounting for the identified indices is the same as the number of faces, which we shall denote by F. The

result is that
1 1 _
Z H (Xjuis Xjejaln = Z D2 H 0jajalivje = Z D3 nf=P2 o (3.61)
I {(Jasjv)(Jesda)}E™ I {(Jasdb),(Jerja) Yem I

Now, since the number of edges is E := D/2, and the total number of vertices is V, we see that the

contribution of the pairing = (equivalently, the ribbon graph R) is
nX(Bx) =V (3.62)

where x(R;) :=V — E + F is the Euler characteristic of the surface on which R, embeds. If we now sum

over all such ribbon graphs, we obtain the following theorem:

Theorem 3.21. Let X be an n x n GUE matriz, and let V > 1, i = (i1,...,iv) a V-tuple of positive

integers. Then,

n‘/<ﬁtrx%> = (1) (3.63)
] n29-2’ :

n 920

where eg(f) counts the number of genus g ribbon graphs on V wertices, with degrees (i1, ...,iv ).
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{t61202). G i) (G20 i). Gav i)
iol |5

19 13

11 14

..

i1lli4 {t61252). Gav i)Y G20 i). G310}

..

| ‘
}
{t61.52). G i)¥ (G i0), Gavin}

Figure 3.1. (Left). The “bare” diagram contributing to (tr X4),,; there are four outgoing half-edges from
the vertex, corresponding to the four matrix indices of tr X* that need to be paired. (Right). The three
possible pairings of the half-edges, and the corresponding surfaces they embed onto. There are two genus 0
contributions, and one genus 1 contribution.

Proof. As before, let D := Zp ip; without loss of generality, assume D is even. The diagrammatic interpre-

tation of Wick’s theorem yields that the left hand side of Equation (3.63) is
v
’[’LV <H trXiIJ> :nVZnX(RW)_V — an(Rw),
p=1 n R R,

where the sum runs over all W possible ribbon graphs (pairings) of the half edges. The result then

follows immediately, due to the relation y = 2 — 2g. O

Corollary 3.22. With the notations of the previous theorem,

- D!

One may go back and re-perform the calculations in Examples 3.19 and 3.20, using the diagrammatic
techniques explained above. The “bare” diagram for the calculation of (tr X4),,, as well as the set of pairings
(diagrams), are shown in Figure (3.1). The “bare” diagram for the calculation of ((tr X3)2),, is shown in

Figure (3.2); the 15 contributing diagrams are shown in Table (1).
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W2 J2/,.
1 J3

19 J2

13 J1

Figure 3.2. The “bare” diagram contributing to ((tr X*)2),,. There are two cubic vertices, one for each
copy of tr X3. A pairing of the indices 7 results in a corresponding pairing of the edges. The 15 possible
pairings of the edges are shown in Table (1).

&
g

Table 1. The 15 contributing diagrams for the expected value ((tr X?)?),, = 12+ -3 Note that all diagrams
are planar, except for the first three: these contribute a factor of # each, instead of a factor of 1 (as in the
planar case).
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The above expansion is often called the genus expansion or topological expansion, for obvious reasons.
Often, one is interested in the genus expansion for a particular class of graphs, which admit some “regularity”.

We will consider the following generating integral:

1 1
(exp [-Nttr X*]), = / expq —Ntr|-X2+tX*| {dX, (3.65)
" Zoug Ju, 2

where t > 0 is some parameter. Since Zgy g is some explicit constant which we have already calculated, we
will drop it from further considerations and consider the integral in (3.65) alone. Historically, this integral
is what led to many of the intriguing connections between random matrices and the combinatorics of ribbon
graphs [19, 62]. The integral acts as a generating function for 4-regular graphs, in the following sense.
Making the change of variables X = N'/2X, and relabelling X to X, the integral (3.65) becomes (up to an

overall factor of an7 which we absorb into Zgpg):

Z(t;N) := / | exp {—tr [;XQ + ;X“} } dX (3.66)

If we expand exp [—% tr X 4} as a perturbation series, we obtain

exp [—]f]trx‘l} = i % (—;[)m (tr X4H)™. (3.67)

m=0

Upon taking the expected value, we obtain

Z(t;N) = i - (—;)m ((rX*)™),

= m!
T 21)) = —(-= N™FX
(Theorem (3.21)) mz_om!( N) Z
=1
m
m=0

where the internal sum runs over all ribbon graphs (pairings) contributing to the term ((tr X*)™),, i.e.
all 4-regular ribbon graphs with n vertices. The above object is almost what we want, but there is one
remaining calculation which must be performed. Note that there was no assumption on the connectedness
of the diagrams in question. Indeed, in general, the diagrams contributing to {(tr X*)™), need not be
connected; this is first apparent at m = 2. In principle, we would like to consider only connected diagrams.
We are in luck: it is a commonly known fact in combinatorics that taking logarithms achieves this goal. The

general principle is this: if we have an exponential generating function which counts the number of labelled
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objects, then its logarithm counts the number of connected objects of the same kind. We again refer to R.P.
Stanley’s book [98], Chapter 5, for further details on this fact. Using this, the result we are interested in is

the following:

log Z(t; N) = f: (_Tfl)!m >N, (3.68)

where the inner sum 3. now runs over all connected ribbons graphs contributing to the term ((tr X*4)™),,.
Now, the largest Euler characteristic that can appear is x = 2, coming from the planar or spherical diagrams;
these diagrams contribute a factor of N2 each. If we divide Equation (3.68) by N2, then the planar diagrams
contribute a factor of 1 each, and all other diagrams contribute a factor subleading in V. Interchanging the

order of summation, what we have shown is the following:

Theorem 3.23. Consider the function

1 1 t
F(t;N) := ~z log Z(t; N) = el log <exp [N trX4]> , (3.69)

n

where the average (-),, is taken in the n x n GUE with parameter N set to 1. Then,
oo
F(t;N) =) fo(t), (3.70)
g=0

where the function fq(t) is given by

f =3 SN m), (3.71)

where Ny(m) is the number of 4-regular, connected ribbon graphs of genus g on m vertices.

The above should be interpreted as an asymptotic expansion, not an actual convergent series. Theorem
(3.23) first appeared (without mathematical proof, albeit) in the mid-1970s work of the Saclay school of
theoretical physics [19, 62]. Since this time, there has been much work in the mathematical physics commu-
nity making the above result fully rigorous (cf. [11, 12, 44, 45|, and references therein), as well as related
results, such as for the “cubic” model, involving powers of tr X3, which very apparently needs some care in
its definition. The tools used to make such results rigorous are tools we have already met: the method of
orthogonal polynomials. For instance, for the above model, one would consider the family of polynomials

orthogonal with respect to the weight w(z;t) := exp [%22 + tz4]:

1
/pn(z; Hpm(z;t) exp {222 + tz4] dz = dpm - (3.72)
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We have been intentionally vague in defining the contour of integration; in principle, it should be taken to
be the real line. However, if ¢ < 0, the integral is divergent for any choice of polynomials anyways, and so
one must make sense of the above by defining an appropriate analytic continuation of the polynomials in
the variable ¢. This amounts to redefining the contour of orthogonality. The analysis of these polynomials
has been the subject of extensive research [10, 12, 38, 47, 48|. This analysis in turn informs us about
the combinatorics of the associated ribbon diagrams. Here, we list some selected results regarding these
enumerative problems; the original ideas can likely be attributed to [19]; rigorous proofs of these results can

be found in the aforementioned mathematical physics literature.

Theorem 3.24. 1. Define the function £(t) as

-1+ VT4 48

E=¢&(t): YT (3.73)
For g =0,1,2, with the notations of Theorem (3.23),
t) = 1 1)(9 L 1 3.74
fo()*ﬂ(ff)( *f)*§0g€7 (3.74)
1
fi(t) = 5 log(2 =€), (3.75)
_ 1 2, (1-¢)°
fa(t) = 5(82 +21€ — 3¢ )m (3.76)
2. The numbers Ny(m) have the following asymptotics

N,y(m) = K A8™mlm ™ [1+0(m™2)],  m — oo, (3.77)

For some explicit constants K, (cf. [12]).

3.5.2 Combinatorics of the 2-Matrix Model

Just as the 1-matrix model is connected to the combinatorics of genus g graphs, the 2-matrix model is
connected to the combinatorics of colored or labelled graphs. This connection is what allows us to make a
link between the 2-matrix model and the Ising model on random graphs. This idea was introduced in [70].
Subsequently, these ideas were expanded upon in the theoretical physics literature [17, 18, 25, 26, 34, 56],
but no real mathematical treatment of this model has appeared in the literature to date. In this subsection,
we discuss some of the basic combinatorial interpretations of the 2-matrix model, in analogy to the previous
section. With the right parameter identification, we show that the logarithm of the partition function of the

2-matrix model acts as a generating function for the Ising model on random graphs of a certain kind.
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Similarly to before, we begin by considering the Gaussian 2-matrix model, which is defined as the following

probability measure on H,, X H:

dP(X,Y) := Z; ' exp {Ntr [TXY - %XQ - ;Yﬂ } dXdy, (3.78)

where Z,, := Z, (1, N) is a normalization constant, chosen so that dP(X,Y") is indeed a probability measure.
By writing out the above measure in the matrix variables, we again see that all of the entries Re X;;, Im X;,
Re Yj;, Im Y;; are centered Gaussian random variables. What makes the 2-matrix model more interesting
structurally than the 1-matrix model is the fact that the X and Y entries have nontrivial covariance. We
summarize this idea in the next proposition, in which we compute the moment generating function for the

measure (3.78).

Proposition 3.25. Let J, K € H, be a fired Hermitian matrices, and consider the quantity
LK) = (exp(tr JX + KY)),, (3.79)
where the expected value is taken with respect to the measure (3.78). Then,

f(J,K) = exp { 3) tr EJQ + L2 TJK] } . (3.80)

-
N(l-71 2

Proof. The proof is similar in technique to Proposition (3.15), so we only sketch the proof here, and omit
further details. The essence of the proof is to again “complete the square”, except that now we deal with a

‘vector’ of Hermitian matrices, X := (X,Y)T, and write the measure (3.78) as
1 N & =
dP(X,Y) = Z_ " exp 5 tr(X,QX) » dXdY,

where the matrix @ := Q(7) is

The problem of calculating f(J, K) is thus reduced to making an appropriate change of variables; since the

measures dX, dY are translation invariant, this is an achievable task. The solution is

7)o { g w707}

where J := (J, K)T. Rewriting the inner product in terms of its components yields the result. O
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Corollary 3.26. For any 1 <14,j,k, ¢ <mn,

<Xij>n = 07 <)/zy>n = 07

(Xij Xke)n = (YijYee)n = ﬁ@ﬂjk, (X3 Yie)n = (Yij Xpe)n = M=) 0itOjk-

(3.81)

Proof. Notice that

of of

= <Xi'>n7 = <Y;>na
AJji| 5 k=0 ! K|y k=0 ’
and that
92f D*f
= = (X5 Xt)n, T A = (XijYee)n,
DT 500er | ey X H) TR |y TR

and similarly for all other expected values of interest. Calculating the derivatives explicitly yields the result.

Note that the factor of two is again accounted for because the matrices J, K are Hermitian. O

The key observation to make here is that there we can now distinguish between the covariances of “alike”
matrix entries (X-X and Y-Y type covariances) and “unalike” covariances (X-Y covariances). Thus, we
expect the underlying combinatorics should reflect this difference. This is indeed the case; as before, it will

be useful to first consider a few examples; as before, we take the parameter N := n, the size of the matrix.

Example 3.27. (tr X*),,. This example is calculated in an identical manner as before (cf. Example (3.19)),

the only difference being an overall multiplicative factor:

(tr X4, = (1 _172>2 <2n + ;) . (3.82)

We remark that an identical formula for (tr Y4),, holds.

Example 3.28. {(tr X3)?2),,. This example is again essentially identical to its 1-matrix model analog, with

the exception being an overall multiplicative factor: factor:

(tr X3)?),, = (1>3 <12 + 52) : (3.83)

1—72
An identical formula for {(tr Y3)?),, holds. However, this example is slightly more instructive, as it admits
a counterpart which does not appear in the 1-matrix model, as illustrated in the next example.

Example 3.29. (tr X?trY?),,. Here, we have the possibility of both types of covariances appearing in the

Wick expansion of the expected value. We have that:

<tI‘X3 tr Yd>n = Z Z XiliQXizigXi3i1Yj1j2)/j2j3)/jsj17

1,12,13=1 j1,j2,j3=1
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Which, by Wick’s theorem, we can write as a sum over all pairings of the indices. Let us consider the

following contributing pairings:

= {40 )i i) (G 0) G ) (), i)
Tp 1= {{(i1,i2)7 (J1,92)},{(i2,43), (Js, j1) }, { (43, 71), (j23j3)}}7
= { L), o)), (G, G i)} (G ). G 30}
(Note that these three pairings correspond to the three nonisomorphic types of graphs contributing to the

Wick expansion in the 1-matrix model; the first two are planar, and the last is non-planar). The pairing 7,

contributes a factor of

1 3
<Xi1i2Xi2i3>n<Xi3i11/}1j2>n<)/}2j31/}3j1>n = (1_7_2> 75

a similar calculation shows that the pairing 7, contributes a factor of

3
1
<Xi1i2Xj1j2>TL<Xi2i3Y33j1>n<Xi3i1}/jzj3>” = (1 _ 7.2) .

Finally, the pairing 7. contributes a factor of

1\ 1
(Xiviy Xaja )n(Xinia Yiaja )n (Xigis Yiji )n = (1 — 7.2) - pox

All other pairings come from ribbon graphs which are isomorphic to the ones represented by one of the above

three; thus, summing up, we find that

3 3 1 3 3 373
(tr X°trY >n=(1_7_2> <9T+3T —|—n2>.

The last two examples show that the 2-matrix model can “detect” something the 1-matrix model could
not: colorings (or labellings, as we shall sometimes say) of the vertices 2. The factor of 7 in the last calculation

accounted for the number of edges connecting an X vertex to a Y vertex. We now develop a diagrammatic

2In fact, the 2 matrix model is able to distinguish edge colors, if we consider expected values of the form tr XY XY)n.
However, for simplicity (and because it is the situation we are interested in), we confine ourselves to consider only products of
traces of X' YJa.
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approach to calculating expected values of the form
E ot '
<H tr X J] o Y7q> : (3.84)
p=1 qg=1 n

where (i1,...,4,) and (j1,...,jp) are sequences of positive integers. Let K = 22:1 ip, L = 25:1 Jg, and
E = K + L (this will be the total number of edges in the associated ribbon graph R). As was the case
before, we can Wick expand the above into a sum over all possible pairings of the indices, with each pairing

7 contributing a factor of

> 1T (Zrory Zrera) s (3.85)

I {(ra,s),(Te,ma) YET

where the sum I runs over all of the indices of the traces tr X, p=1,....,k, and tr Y7, ¢ = 1,..., j, and

Xr,rys (ra,mp) belongs to the index set of one of the traces tr X% p=1,..k,
Zyury = (3.86)

Yi.ros (7a,7p) belongs to the index set of one of the traces tr Yie g=1,..,7.

To each such pairing 7, we associate a (colored) ribbon graph R, as follows:

1. Draw k X-colored vertices, each with degree i,, p = 1, ..., k, with half-edges labelled by the indices of

the trace of the corresponding vertex.

2. Draw (¢ Y-colored vertices, each with degree j,, ¢ = 1, ..., ¢, with half-edges labelled by the indices of

the trace of the corresponding vertex.
3. Pair the edges according to the pairing prescribed by .

The resulting diagram is called a 2-colored ribbon graph. We will sometimes denote a 2-colored ribbon graph
(associated to a pairing 7) on V := k + £ vertices, with k vertices of the first color, and j := V — k of the
second color, by R, (k,j). The size of such a ribbon graph is the number of vertices, denoted |R,(k,j)|=V.
We call such a coloring a coloring of type (k, j). The contribution of such a graph to the sum we will denote
by w[R(k,j)], or by w[R,], when the coloring type is clear. Given a pairing 7, we see that all of the factor
accounted for in the first theorem appear again (i.e., accounting for the number of edges, vertices, faces,
etc.), with one additional factor here: the contribution will be multiplied by a power of 72, where D counts
the number of edges connecting X-colored vertices to Y-colored vertices. Thus, we see that w[R,] is (upon

identifying N := n):

E E
w[R;] = N nfrP = 1 pX(Br)=V 2D (3.87)
™ pE\1-12 1— 72
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Let U denote the number of edges in R, connecting X-colored vertices to X-colored vertices and Y -colored
vertices to Y-colored vertices. Then, we have the equality D 4+ U = FE, the total number of edges in R,. If

we define S := D — U, then D = £(E + S), and we can express the weight w[R,] finally as

7_1/2 L 1g

(note that, E is always even, as the graph comes from a pairing, so there is no problem defining the square

root). What we have proven is the following theorem:

Theorem 3.30. Let X,Y be Gaussian random matrices, distributed according to the measure (3.78), with
parameter N := n. Let (i1,...,ig), (J1,.--,J¢) be a k- (respectively, £)-tuple of positive integers, and set

V :=k+1. Furthermore, put E :== % (Zp ip + quq). Then,

v 1T 6 xie TT ey 2\ e )
n HtrXPHtrqu = (1_7_2) Zrﬂg_?’ (3.89)
p=1 q=1 n 920
where e4(T) is a polynomial in T, defined by
eg(r) =Y 735 (3.90)
Ry

where the sum runs over all genus g unordered (k, j)-colored ribbon graphs, and S(Ry) is the number of edges

in R, between like-colored vertices minus the number of edges between unalike vertices.

Note that, in the case when all of the vertices are of one color (say, X-colored), the internal sum eg4(7)
reduces to its analog in Theorem (3.21).

We now consider the generating function

1 1 t t
Z,(t,7;N) = /H L exp {tr [TXY - 5X2 - 55/2 - NX‘* - NY‘*] } dXdy, (3.91)

which is the 2-matrix analog of the generating function (3.65), after a suitable rescaling. Expanding

exp [—4 tr X*], exp [~ % trY'*] as series in ¢, we obtain that

_t 4 ot el — (—t/N)M Mt ny’ ny
exp[ NtrX }exp{ NtrY } —ng:o i ng_:M i _!(trX )P (tr Y ). (3.92)



If we insert this expression into Equation (3.91), and divide by the “Gaussian” partition function Z, (0, 7; N),

we obtain that

?L((”N) -y /N 3 %«ux‘*)k(tw‘*)%. (3.93)

M=0 ’ k+j=M
It is important to notice that, provided k + 57 = M, kjv,—[]', counts the number of 2-colorings of M objects,

with & of the first color and j of the second. Expanding the expected value {(tr X*)¥(tr Y4)7),, using Wick’s

theorem and the diagrammatic rules we established, we obtain that

Zn(t,T;N) = (—t/N)M M! _
20N - 2 a2 g 2 wlRa(k)] (3.94)
M=0 k+j=M |Rr(k,j)|=M

where the innermost sum runs over all 2-colored ribbon graphs on M vertices with k edges of the first color
and j of the second, k + j = M. The colorings in this case are unlabelled, in the sense that any graph of a
fixed type with coloring (k,j) are considered to be the same. However, we can count labelled colorings by

noticing that:

1. If we color any labelled ribbon graph R, in two different ways with precisely k vertices of the first

color and j of the second, the resulting weights these diagrams contribute to the sum are identical,
2. If k4 j = M, there are precisely kj\,/[—]', possible colorings of type (k,j) on a given graph on M vertices.

Thus, we see that inner sum over k, j can be interpreted as a sum over the distinct possible colorings of the

vertices, and we have that

g(oTN ZO e Al (3.95)

|Ry|=M
where the internal sum now runs over all labelled, 2-colored ribbon graphs on N-vertices, with any coloring
scheme. For our purposes, it is useful switch the order of summation over colorings and graphs, i.e., to write

the above as

Zn( > t/N
ﬁ Z S>> wlRd, (3.96)

M=0 ribbon colorings of
graphs R,
Rr

where the sum

>

ribbon
graphs
R
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is a sum over all uncolored, labelled ribbon graphs on M vertices, and

>

colorings of

a0

runs over all possible 2-colorings of R,. Now, using the formula for the weights w[R,] of colored ribbon
graphs we derived earlier (cf. Equation (3.88)), and using the fact that £ = 2M by the handshaking lemma,

we have that (again putting N := n):

Zn( 1 Y X(Rx) 15(R)
len Y ,(1_7)2) YR YT SR, (3.97)

" 0,757 M=0 ribbon colorings of
graphs
R

™

For a fixed graph R, this sum is nothing but the partition function for the Ising model on this graph, with

the parameter identification 7 = e~2%. Thus, we have shown that

Zo(t,Tin) o~ L —tr \" X(Rx) 1

TN (T D Zn (—=1 . 3.98

Zu(0,7i7) A;OM!((lTQ)Q) 2 e g loer (395)
graphs

T

As was the case in the previous section, taking logarithms of the above expression yields instead a sum over

connected ribbon graphs:

Zn( <1 M 1
— | ——= "X (Bx) _z
lng =2 < 1_72) ) Y X zg, ( 2log7>, (3.99)

M=1 ribbon
graphs

T

where / denotes the sum only over connected diagrams. If we divide through by n2, and take the limit as

n — 0o, we obtain the following theorem.

Theorem 3.31. Define the function

Zn(t,T5m)
F, N):= —log 211~ 1
(67N = g log ZE 0TS (3.100)
where Z,(t,7; N) is as in (3.91). Set
. H 1
flit,7):= nILH;O ?F n(t, T,m). (3.101)
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Then,
[e’s} M
fit,m) =" (O:t;)?) Zun (1), (3.102)

M=0

where

Zu(r)= Y Zr, [—;logr], (3.103)
|R|=M

and the sum runs over all 4-regular, connected, planar ribbon graphs on M wvertices, and Zgr_(f) is the

partition function for the Ising model on R.

It is the result of this thesis, and a forthcoming work with Maurice Duits and Seung-Yeop Lee, to give a
rigorous analysis of the above generating function, and prove a theorem analogous to Theorem (3.23). One
such result, which has been known for quite some time (and actually predates the interpretation of f(¢,7) as

a generating function for the Ising model on random graphs) [17, 70, 80] gives an exact formula for f(t,7):

Theorem 3.32.

1 z(T,t) d 1
f(t,7) = 5 log %Tt“ - /0 ?C [k(c;T, B - K (G, t)} - logﬁ -1, (3.104)
where k(C;7,t) is defined as
k(G t) = % [(1_1302 —7'24'37'2(2} : (3.105)

and z = z(T,t) is implicitly determined as the unique solution of the fifth-order equation

1 2 2.2
which satisfies
.21 t) 1
= T -y (8.107)

In Chapter 5, we provide the first fully rigorous proof of this theorem.

3.6 Matrix Models and Quantum Gravity.

In this section, we summarize some of the progress made using matrix models in the theory of quantum
gravity coupled to conformal matter. This is a subject that was extensively studied in the 1980s through
the 1990s by various authors [17, 18, 25, 26, 34, 47, 48, 56, 58, 70, 72, 91|, with an especially well-studied
treatment of the “pure” gravity case (see in particular references [47, 48|, and further results related to the

associated Painlevé transcendent [10, 38, 66, 67]). We do not attempt to give an overarching survey of the
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aspects of the theory of 2D gravity. Here, our goal is to give a flavor of the approach some of the theoretical
physicists working in this area took during this time period. We also try to demonstrate how matrix models
became a central tool for answering a number of questions in this theory, and point out some of the results
that are known rigorously, as well as some interesting conjectures that were made that were never rigorously
proven. Most of what we write here should be taken with a grain of salt: everything is conjectural and
non-rigorous unless otherwise stated. We mainly follow some review articles on the subject, put out by P.
Ginsparg, G. Moore, and their collaborators [50, 55, 57].

Let us begin by attempting to describe a “pure” theory of quantum gravity, that is, with no external
matter fields present. In 2 dimensions, classical (relativistic) gravity on a fixed compact 2-manifold M

without boundary, with cosmological constant A, is described by the extrema of the Einstein-Hilbert action:

Slg) = /M B;R(g) - A] Vgdzdy, (3.108)

where g is a metric on M, R(g) is the scalar curvature (= twice the Gaussian curvature) of g, and \/gdxdy

is the area element on M. By the Gauss-Bonnet Theorem [21], the above can be rewritten as
Slg] = px (M) — AA(M), (3.109)

where x(M) is the Euler characteristic of M, and A(M) is the Riemannian area of M with respect to the
metric g. The above formula tells us that any classical theory of gravity is essentially trivial, because the
essential part of the action, the part involving the scalar curvature, is a topological invariant. However,
in a quantum theory of gravity, we are interested in the interpretation of the following formal generating

function, called the Feynman integral or partition function:

Z(u,A) == Z/es[g]'Dg = Z/e“X(M)_AA(M)Dg, (3.110)
h h

where the sum is taken over all possible genera of surfaces, and the integration is carried out over all
(conformal equivalence classes) of metrics on M. This sum over genera, or “sum over topologies”, as it is
commonly referred to, is what makes quantum gravity in 2 dimensions interesting. To quote Di Francesco,

Ginsparg, and Zinn-Justin [50],

In the quantum case, however, even two dimensional gravity is non-trivial because large quantum

fluctuations may change the genus of the surface and the partition function hence involves a sum
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over surfaces of all genus. In addition, on higher genus surfaces there are non-trivial topological

sectors.

In parallel to statistical physics, in quantum field theory (in our situation, quantum gravity), the main
object of interest is the partition function (3.110). However, we immediately arrive at an issue: the partition
function (3.110) is ill-defined, as the integral over the metric Dg is not properly defined. Thus, we must
try to give an appropriate interpretation of Z(u, A), and hope that any way we regularize the integral, the
results will agree. A possible approach that garnered attention in the theoretical physics community was
the so-called Liouville approach, introduced by Polyakov [91]. The method involves quantum field-theoretic
techniques, which places it on shaky mathematical footing; however, this by no means discounts the results
obtained in this direction.

Another possible approach to interpreting the partition function Z(u, A) is to discretize the surfaces we
are summing over first, and then perform a continuum limit. In this case, the true partition function is

approximated by

Zappros (11, A) =D erxM=AAm), (3.111)
h T

where the internal sum is taken over all triangulations, or perhaps quadrangulations of a surface of genus g,
depending on the context. If we assert that all triangles in our triangulation have equal area, by possible
rescaling of A, we can take A(T) to be the number of triangles in the triangulation. This puts us in a
situation very close to the one of the previous two sections: a sum over all possible graphs of a given size,
with weights given by a constant to the Euler characteristic of that graph. Since triangulations of a surface
are dual to 3-regular graphs, and quadrangulations dual to 4-valent graphs (cf. Figure (3.3)), we see that
Zapproz (b, A) and the generating function
F(t;N) = LlogZ(t;N) = Llog <exp {ttrX‘l} >
N2 N2 N n

defined in Theorem (3.23) are closely linked. In F(¢; N), graphs of all sizes participate. To match a theory of
quantum gravity, we want to take a “double scaling limit” in which we tune the coupling parameter ¢ in the
right way so that surfaces of infinite size (i.e., quadrangulations with an infinite number of vertices dominate
F(t,N). In other words, we want to consider the large M coeflicient of the series F'(¢; N) (see (3.68)), as this
is precisely the generating function we are interested in. Calculation of the radius of convergence of the series
F(t,N) (as per standard complex variables, this is equivalent to calculating the nearest singularity of F'(¢; N)

to the origin in the ¢ plane) determines the critical value of the coupling constant ¢ at which we must consider

1

F(t,N). As it turns out, F'(¢, N) is an analytic function of ¢, and there is a critical value of ¢, t. = — 5,
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Figure 3.3. The quartic graphs generated by (exp(—ttr X*)), are dual to “quadrangulations”, that is,
graphs in which every face is a quadrilateral. Thus, one can think of this generating function as a generating
function of quadrangulations.

in our current normalization, where the function F(¢, N) diverges. In the language of statistical mechanics,
this means that F(¢, N) has a phase transition occurring at ¢ = t.. This value was first calculated in [19],
and the characterization of the transition was subsequently given in [34, 47, 48, 58]. The relevant theorem is
the following (and this is indeed a theorem, in the honest mathematical sense). The statement is given for

critical point of the 1-matrix model with cubic interactions tr X3, which is located at 2 = 1/(108v/3) [19].

Theorem 3.33. (P. Bleher, A. Deaiio) Given ¢ > 0 and 6 > 0, consider the double scaling regime N*/°(t —
t) = e\, ¢ = 2712/5377/4 and fir a neighborhood in the complex plane Dp = {\ € C : [A\|< R}. Let
{)‘a,j}jzl be the set of poles of y(A\) (a special solution to the Painlevé I equation, cf. [10]) in Dr. The

partition function Zn(t) can be written in the following way:
Zn(t) = ZEZ(0) (1+ O(N9)). (3.112)
for X € Dr\ U;D()\;,6). Here the regular part is

Z5B(t) = N AFTBl—te)+C(t—te) 4D (3.113)

where the constants A, B, C and D are explicit in terms of the genus 0 partition function. The singular part
of the partition function is

ZEE () = e YOV, (3.114)
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where Y (\) solves the differential equation
Y7(3) = y(\), (3.115)

with boundary condition

_2v6

T ICPVEEE L log(=2) + O((=N)52),  (=A) = o0, (3.116)

Y(N) 15

A similar result is implicit in the earlier work of [38] for the quartic matrix model, although they make
no direct statement about the partition function, only the recursion coefficients.

It is also of great interest to calculate how different matter fields ¢(z) interact with the pure theory
of gravity. Onme class of quantum field theories relevant to statistical physics are the minimal models of
conformal field theory.

In short, a conformal field theory (CFT) can be thought of mathematically as follows. We will be
extraordinarily vague, as the full definition of a conformal field theory (more precisely, a vertex operator
algebra) will take us too far astray from our original goal. For a full treatment of conformal field theory, one
should consult [51, 54], for the relevant physical context, and [52] for the relevant mathematical treatment
of the theory. A CFT is a (possibly infinite) collection of representations of the local conformal algebra (in 2
dimensions, this is the celebrated Virasoro algebra), along with a rule for how such representations interact,
called the operator product expansion. Normally, the product of two such representations is a third, unrelated
representation, and, upon taking an any number of products, we obtain any number of new representations.

The minimal models are distinguished among in that their operator product content is finitely generated.
To the layman, this means that minimal models can be characterized by a finite set of parameters: the
central charge ¢, which is indexed by a pair of coprime integers (p, q):

(r—a)?

c=c(p,q)  =1—-6——""—, 3.117
(P, q) o (3.117)

and the conformal dimensions of its primary fields:

A, = Pr=a? - (0 —9)”

, 3.118
Ipd (3.118)

for 1 <r <g—1,1< s < p—1. These models were introduced originally in [8] as some of the very
first examples of exactly solvable quantum field theories; their introduction was for the primary purpose of

describing universality classes of phase transitions in 2 dimensions. The general theory was this: each minimal
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model corresponded to the universality class of some 2D phase transition. The first few correspondences

were:
1. The (4,3) minimal model describes the critical Ising universality class,
2. The (5,2) minimal model describes the Yang-Lee edge singularity (cf. [51, 109, 110])
3. The (6,5) minimal model describes the critical 3-Potts model universality class (cf. [7, 51]),

and so on. The word “describe” here is intentionally vague; with the techniques allowed by CFT, physicists
were only able to compute the critical exponents and a few very basic correlation functions of these theories.
This being said, one should not discount their achievements: it took a great deal of effort and ingenuity
to calculate this, and it was already apparent to them that much heavier machinery would be needed to
compute more.

One direction of interest which would add more significance to the idea of universality was to see how
CFTs (in particular, the minimal models) reacted when coupled to 2D gravity. Let us describe what is
meant by coupling to gravity in this context. Suppose we are given a classical (scalar) field theory on a fized

Riemannian manifold (M, g), described by the action

Somatten]d] = / L£(6,0,0) Vodx, (3.119)

where L(¢,0,¢) is some coordinate-invariant density on M (note that this means in general that £ has
an implicit dependence on the metric g). As a bare quantum field theory, one is then interested in the

calculation of

Zmatter(h) — /e—%SmatterW]’D(b. (3_120)

By coupling to quantum gravity, we mean that we now consider the quantity
Zeouptea(ps A B) = / eSll= i Smarer 91Dy Dg. (3.121)
h

The above (formal) integral does not in general split into a product of two integrals, as Spatter[@] often
depends on the metric in a non-trivial way. The problem of describing how a given field theory ‘“reacts”
when coupled to gravity was one of the most important problems in the original theory of 2D gravity, as
free theories (i.e., theories of gravity in the absence of any matter) could only provide a limited amount of
information. One of the first results in this direction was the result of Vladimir Kazakov [70], who predicted

how the critical exponents of the Ising model should react when coupled to gravity. His prediction led was
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based purely on matrix model techniques: one could couple the Ising field to gravity by appropriately tuning
the parameters of the generating function F,(t,7; N), defined in (3.100), so that infinite-size graphs again
dominate, as in the l-matrix case. Kazakov’s result led to progress in the continuum theory of quantum
gravity: after some preliminary work of Polyakov [90], A. Knizhnik, A. Polyakov, and A. Zamolodchikov
(KPZ) derived a general formula for how the critical exponents of the (p,¢) minimal model change when
coupled to 2d gravity [72]. Their result was as follows: the coupled primary field dimensions A, ¢ are related

to the gravitationally-coupled primary field dimensions AT,S by the relation

N . . Ar,s(l - Ar,s)

s = 3.122
’ c+2 ’ ( )

where ¢ is the central charge (3.117) of the theory. This formula, along with the groundbreaking work of
Kazakov and company, motivated the Douglas-Shenker [35], Brézin-Kazakov [20], and Gross-Migdal [58,
59] program. Their goal in part was to construct a unified theory of all 2D critical phenomena, with
renormalization group flows between all of the critical points. The key insight that allowed these groups to
perform computations previously inaccessible in the continuum theory was the observation that the 2-matrix
model contained all of the (p, ¢)-minimal models coupled to gravity as critical points. This was an completion
of the 1-matrix model, which contained only the series of minimal models indexed by (2,2p+1), forp > 1. In
the works [50, 55, 57], the general program is outlined, and many explicit computations are performed, but
these computations are still lacking in that they rely on non- convergent matrix integrals to describe phase
transitions in the 2-matrix model. In Chapter 5, we shall prove a result about the partition function of the
2-matrix model at the Ising critical point, analogous to Theorem (3.33). In the language of this section, this
gives a rigorous description of the (4, 3)-minimal model (corresponding to the critical Ising model) coupled

to 2D gravity.
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CHAPTER 4
STEEPEST DESCENT ANALYSIS: AN OVERVIEW

In this chapter, we outline the basic ideas of steepest descent analysis for Riemann-Hilbert problems,
focusing in particular on the application to orthogonal polynomial ensembles. By now, these ideas are well-
established in the literature (cf. [29, 30], for example). Nothing we present here is new; the purpose is this
chapter is to introduce the main methods of steepest descent, and to provide a “simplest” example of the
problem, so that the ideas in the next chapter (where the application of this method is less straightforward)

is more palatable.

4.1 The Riemann-Hilbert Problem: Existence and Uniqueness Theorems

4.1.1 Preliminaries

In this section, we establish some notations, and the relevant background information about Cauchy-type
integrals. This material is by now well-established in the literature (see for example [53, 84]). In the interest
of brevity, we only state the relevant results, and omit the proofs. The interested reader should consult the
aforementioned references for full details.

We call a family of contours I' C C complete if it divides C into two complementary regions, say, D,

and D_. Examples of such systems of contours are shown in Figure (4.1). We will always assume that the

Figure 4.1. A complete system of contours, dividing the plane into regions D, and D_.
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contours I' are piecewise smooth; this is overkill, but in what follows we will not meet any situation where
this is not the case.

Then, if f(z) is any function defined in C\ T, and z € I", we set

f+(2) == lim f(C), (4.1)

(—z
¢eDy

f-(2) = Jim f(©)- (4.2)
ceD_

Since we are often interested in limits of functions defined in terms of Cauchy-type integrals, we assert that
the above limits are actually non-tangential limits, i.e., { approaches z from within an angle from within D
(respectively, D_). By a slight abuse of notation (which is mainly made for ease of notation), we will often
just write “lim”, and the prefix non-tangential will be implied. This being said, we shall continue through
this section to emphasize that the limits taken are nontangential.

Suppose ¢ : I' = C is Holder-a continuous on I'. We define a function C[g](z), holomorphic in C\ T, via

the Cauchy-type integral
1 ¢(¢
Clel(e) = )

7277'” FC_Z

d. (4.3)

A well-known theorem in complex analysis which is attributed to mathematicians J. Sokhotski and J. Plemelj,

asserts that C[p](z) has well-defined (non-tangential!) boundary values, which are given by, for z € T,

Clels(2) = 30 + 54 2, (1.4
Cll-(2) =~ ot + 5o, 2 ac, (45)

An important observation is that we can rearrange (4.4), (4.5) to obtain

Clieli () ~ Clgl-(2) = (2), (4.6
Clils(2) + Clel-(2) = - 2L, (4.7

An important generalization of the above theorems is to the case of square-integrable functions, i.e., the case
when ¢ € L*(T):
1/2
B@%{ﬂF%CMﬂmm:(/V@QWO <a}. (4.8)
r
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In this situation, it happens that the boundary values of C[p](z) exist pointwise almost everywhere (a.e.),
and moreover belong to L?(T") themselves'. Consequentially, the operators

Cilel(z) == lim Clel(¢), (4.9)

(—z
¢eDy

C_[¢l(2) := lim Clg](C) (4.10)

(—z
¢eD_

are well-defined bounded operators from L?(T') to L?(T). These operators satisfy several important relations.
Proposition 4.1. The operators Cy : L?(I') — L?(T") have the following properties:

1. Cy — C_ =1, where 1 is the identity operator on L(F),

2. CLoC_=C_0oC, =0, and finally

3. C4o0Cy =Cy, and similarly (—C_) o (—C_) = —-C_.

This proposition follows essentially from Cauchy’s theorem, combined with the Plemelj formulae. Indeed,
1. is just a rewriting of (4.6). The above proposition establishes that the operators +C_ are orthogonal

projections on L?(T"), whose sum is the identity operator.

4.1.2 Riemann-Hilbert Problems and ‘“Small-Norm” Theory

We will now apply the technology of the previous section to an important class of boundary value problems
known as Riemann-Hilbert problems (RHPs). The standard version of a RHP we shall meet is formulated

as follows:

Problem 4.2. Suppose we are given a complete system of contours ', and an n X n matriz-valued function
J : T — C with entries J;;(z) € L*(T), 4,5 = 1,...,n, with det J(2) = 1. We must construct a matriz-valued

function X(z), with entries holomorphic X;;(z) in C\ T, such that

(4.11)
X(z)=1+0(:z71), 2— o0

Here, the interpretation of +/— is that the boundary values are taken entrywise. If the system of contours

contains an arc which goes off to infinity, the limit in the second equation meant to be taken off of this arc.

IThis result is non-trivial; the fact that the Holder-a functions remain Holder-a can be traced back to Plemelj and Privalov.
However, the corresponding result for LQ(F) functions did not appear for some time in the literature; the result is nowadays
often attributed to Coifman, McIntosh, and Meyer [23].
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We call J(z) the jump matriz for X(z); consequentially, the first condition is called the jump condition.
Condition 2 regarding the asymptotics of X(z) is called the normalization condition.

RHPs such as (4.2) appear commonly in mathematics and mathematical physics, and it is of vital impor-
tance to establish the existence and uniqueness of solutions to such problems. As it turns out, uniqueness is

almost a triviality, as the following proposition will show.

Proposition 4.3. If Problem (4.2) has a solution, it is unique.

Proof. First, suppose X(z) is a solution to the Riemann-Hilbert problem (4.2), and set f(z) := det X(2).
Then, the f(2) is a holomorphic function in C\ T', with boundary values

fr(z) =det Xy (2) =det [X_(2)J(2)] =det X_(2) = f_(2), zel,

by virtue of the fact that det J(z) = 1. Thus, f(z) extends to a continuous function in C, which is holomorphic
off of I". By Morera’s theorem, it follows that f(z) is entire. Furthermore, the normalization condition
X(z) =1+ O(27!) implies that

fz)=14+00:1), z — 00.

Thus, by Liouville’s theorem, f(z) = 1. It follows that solutions to Problem (4.2) are invertible.

Now, suppose X(z), X(z) are solutions to Problem (4.2), and set

The entries of E(z) are holomorphic in C\T', since X(z) is invertible. Furthermore, E(%) is continuous across

T, since, for z € T,

Thus, the entries of E(z) extend to entire functions. The normalization condition X(z) = I+ O(z~ 1) can

then be used entrywise to determine the entries E;;(z). On the diagonal, we have that, for i =1, ..., n,

Eiu(z) =1+ 0(z71), z — 00,

and so Liouville’s theorem implies that E;;(z) = 1. Similarly, for i # j, i, =1,...,n,



and so Liouville’s theorem implies that E;;(z) = 0. Thus, we have shown that E(z) = I; equivalently,

X(z) = X(2).

O

This sort of argumentation is standard in Riemann-Hilbert analysis, and we shall meet it frequently in
practice. Now, the previous proposition indeed establishes the uniqueness for the RHPs we will be interested
in. However, we need additionally to show that a solution actually exists. As is typical in existence-type
results, this is not an easy task. We will find that this is possible to do, provided that the jump matrix
is “close” (in a sense that we will establish below) to the identity matrix I. Formally speaking, the general
principle is as follows: if ||.J(z) —1I|| is small (in some appropriately chosen sense), then a solution to Problem
X(z) exists, and satisfies ||X(z) —I|| is small (again, in some appropriately chosen sense). Such a Riemann-
Hilbert problem will be called a small norm Riemann-Hilbert problem. We now prove existence of small
norm RHPs; this is done by establishing an equivalence of the RHP (4.2) and a certain singular integral
equation.

In the interest of generality, suppose the jump matrix J(z) admits a factorization into a pair of invertible
matrices:

J(2) = 07 () (2), (4.12)

where v (z) are defined on I'. Of course, we always have the trivial factorization vy (z) := J(z), v_(2) = I;
however, in practice, other factorizations can be more convenient. Additionally, this factorization makes the

presentation of results more symmetric. Set

wy(z) =vy(z) =1, w_(z) =1—v_(2). (4.13)

We define the singular integral operator

Cu[X](z) := CL[Xw_](2) + C_[Xw4](2), (4.14)

where here Cy are defined as the Cauchy operators (4.9),(4.10), applied element-wise to the quantity in
square brackets (we express these operators in an identical manner, by a slight abuse of notation). Then, we

have the following proposition.
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Proposition 4.4. Consider the singular integral equation

R(z) - Cu[R](z) =1, z€T (4.15)

Then, both problem the Riemann-Hilbert problem (4.2) and Equation (4.15) simultaneously have solutions,

or not.

Proof. Suppose R(z) is the solution to the singular integral equation (4.15). We claim that

X(z) =1+ C[Rwy](z) + C[Rw_](2). (4.16)

is the solution to the Riemann-Hilbert problem (4.2). To see that this is the case, we must check that the
jump condition and normalization condition are satisfied; the fact that the solution is holomorphic off of I'
is obvious, by properties of the Cauchy integral. Let us calculate the jump condition first. On one hand, we

have that

X (z) =1+ Cy[Rwi](z) + C[Rw_](2)
=R(z) + C+[Rwy](2) — C_[Rw](2)
=R(z) + (C4 — C_) [Rw](2)

= R(:)(I+ wy (=) = R(=)us (2),

where the second line comes directly from rearrangement of the singular integral equation, and we have used

the fact that C; — C_ = 1. On the other hand, we have that

X () =1+ C_[Ru)() + C_[Rw_|(2)
=R(z) - C4[Rw_](z) + C_[Rw_](2)
_R() - (Cy — C)[Ru_|(2)

=R(z)(I—w-_(2)) = R(z)v_(2).

Thus, since J(z) = v_*(2)vy (2), we see that
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and so X(z) satisfies the jump condition of (4.2). The normalization condition is much easier to check, since,

as z — 0o, the Cauchy transform of an integrable function behaves like O(27!). In other words,
CRw.](2) = O(z™1), 2 — o0, ClRw_](2) = O(z™1), 2 — 0.
Thus, we have that
X(z)=T+0(:1), z — 00.

We have therefore shown that solvability of the singular integral equation (4.15) implies solvability of the
RHP (4.2).
Conversely, suppose the Riemann-Hilbert problem (4.2) has a solution. Without loss of generality, let us

take vy (z) = J(2), v_(z) = L. Then, since (4.2) has a solution, we can write

X (2) = X_(2)J(2) = X_(2)(J(2) = I) + X_(2),

or, rearranging,

X, (2) — X_(2) = X_(2)(J(2) — )

since X _(z) exists, the above additive Riemann-Hilbert problem can be resolved using the Plemelj formulae:

X(z) = I+ C[X_(J — D))(2);

note that the addition of the identity matrix is due to the identity normalization of the Riemann-Hilbert
problem for X(z). If we take the limit as z — I' from the — side of the contour, we find that X_(z) solves
the singular integral equation

X_(2) =1+ C[X_(J — D)](2).

Comparison with (4.15) in the case where v (z) = J(z), v_(z) = I shows that the singular integral equation

has a solution; namely, X_(z). O

We have now reduced the problem of existence of a solution to Problem (4.2) to the existence of the

solution to the singular integral equation (4.15). Note that this equation is of the form

(1-Cu)R(z) =T, (4.17)
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thus, we see that if the norm of the operator C,, is sufficiently small (less than one), the operator (1 — C,,)

will be invertible, with the inverse given explicitly by the Neumann series
oo
(1-C,) '=14Cu+CuoCy+..=1+ Z(Cw)k,
k=1

where (C,,)¥ is interpreted as C,, composed with itself k& times. Thus, in order to guarantee the existence of
the original RHP, it is enough to guarantee that the operator C,, indeed has sufficiently small norm. Indeed,

since the Cauchy operators C4 were bounded as operators on L?(T'), we have that
ICwllL2 ()< Mr ([lwe[|ooH[w-|loo) , (4.18)

where here ||-||z2(r) is the operator norm for operators from L*(T') to L*(T), and ||-||s is the supremum
norm, taken entrywise. In practice, we have very little control over the constant Mp, but often we do
have control over the supremum norms of the matrix functions w4 (z). In particular, if there exists € > 0

sufficiently small such that ||w4|]ec, ||W||eo< then the singular integral equation (4.15), and thus the

€
2M>
Riemann-Hilbert problem (4.2) has a unique solution. In the situation we will be interested in, we will have

a family of Riemann-Hilbert problems of the form (4.2), where the jump matrix J(z) := J(z;€) satisfies
17 (z3€) = I[|oa< C, (4.19)

for some positive constant C' > 0. In this case, we have the following proposition:

Proposition 4.5. Consider a family of Riemann-Hilbert problems of the form (4.2), depending on €, whose
Jump matriz satisfies the condition (4.19). Then, this family has a solution for all € > 0, sufficiently small.

Furthermore, the solution may be expanded as a series in powers of €:
X(z) =T+ Xye + Xae? + O(e%), (4.20)

for some matriz-valued functions X1(z), Xa(z), etc., independent of e.

Proof. By what we have already established above, it is enough to show that the matrices w4 (z), w—_(2)

have sufficiently small supremum norm. Indeed, if we take the factorization of J(z,¢) = v='(2)v, (2), with
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vy (z) = J(z,€), v_(2) = I, we have that

lw—(2)lloo = [T = v—(2)[loc= 0,

[lws (2)lloo = [lv4(2) = Moo= [|J (25 €) = I|oc< Ce.

So, for sufficiently small € > 0, we can arrange for the operator norm of C,, to be less than 1, and so the
singular integral equation has a solution, and so the Riemann-Hilbert problem (4.2) has a solution. The
Neumann series expansion of the inverse operator (1 —C,,)~! yields that the solution to the singular integral
equation has an expansion in powers of ¢; since the solution of the Riemann-Hilbert problem is explicit in

terms of the solution of the integral equation, it has such an expansion as well. This proves (4.20). O

Remark 4.6. If J(z;€) furthermore has an expansion of the form

J(zy€) =T+ eJy(2) + E€J2(2) + O(e?),

where Ji(2), J2(2), - - are some uniformly bounded functions on T, then we can actually explicitly express

the corrections to the e-expansion of R(z). By writing

R(2) =T+ €Ry(2) + €2Ry(2) + O(€?),

and inserting into the small-norm Riemann Hilbert problem, we obtain additive RHPs for the R;(z)’s, which
can be immediately solved via the Plemelj formula. For example, the first few equations determining the

R;(z)’s are

R4 (2) = R1,-(2) + J1(2),

Ry 1 (2) = Ro,—(2) + J2(2) + R1,—(2)J1(2),

and so on. All Rj(z) = O(z7') as z — oo, so that R(z) is identity normalized. Thus, we have that

Ri(2) = ClN](2),

so that, to first order in €, R(z) = I+ eC[J1](z) + O(e?). This solution can then be inserted into the second
equation determining Rs(z), and so forth. In principle, one can write down a system of Riemann-Hilbert

problems that can be solved iteratively as we have shown above; however, in practice, one typically only
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Figure 4.2. The contour I', and ‘deformed’ contour :=ru 4. The solid curve connecting the points z, w
is 7y, the dotted contour connecting these points is 7.

needs the first few terms in this series expansion. What we have demonstrated above is sufficient for our

purposes.

4.1.3 Standard Riemann-Hilbert Techniques.

We will meet Riemann-Hilbert problems in later sections which characterize certain quantities of interest,
such as orthogonal polynomials or biorthogonal polynomials. However, these RHPs will not be in the form
of a small norm-type problem. The method of steepest descent is based on the following idea: we can
make a series of explicit and invertible transformations on the given Riemann-Hilbert problem, to obtain
a small-norm Riemann-Hilbert problem. By Proposition (4.19), we find that a solution exists whenever a
certain parameter is small enough; by inverting the sequence of transformations we made, we thus have also
proved existence for the original RHP. We will illustrate this idea in more detail in the forthcoming sections.
However, it will be useful to first introduce some of the transformations we will meet.

Let us suppose T is a single smooth contour. Suppose X(z) is analytic in C \ T', and satisfies the jump
condition

Xi(2) =X_(2)J(2), (4.21)

for some invertible matrix-valued function J : I' — C. The first kind of transformation we will come across

is the analog of deformation of contour in Cauchy’s integral theorem.

Proposition 4.7. (Deformation of Contour). Suppose the jump matriz J(z) extends analytically to the
closure of a bounded domain G, as shown in Figure (4.2). Sety := 0GNT, 7 := dG\T, and T := (I'\ ) U7,
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with orientations as in the Figure. Finally, define

X(z) := (4.22)

Then, X(z) is analytic in C\ T, and is the unique solution to the following Riemann-Hilbert problem.:

X, (2) =X_(2)J(z), ze€Tl,
(4.23)

X(z) =14+ 0(:z"Y), z— .

Proof. The fact that X(z) = X(z) for z sufficiently large (since G is a bounded domain) yields that X(z) is
also identity-normalized. It remains to check the jump condition. For z € T'\ 4, X(z) and X(z) have the

same boundary values, and so

X (2) = X4 (2) = X_(2)J(2) = X_(2)J ().

On the other hand, for z € 4, the function X(z) is analytic, and so

by the definition of X(z) in the region G. Finally, we must check that the jump of X(z) on 7 is eliminated.

Indeed, we have that, for z € ~,

X (2) = Xy (2) 71 (2) = X_(2)J(2)T ' (2) = X_(2) = X_(2).

It follows that X (z) extends to an analytic function in a neighborhood of v, by Morera’s theorem. O

Remark 4.8. Note that, if the region G were unbounded, the same proof as the above applies; the only
detail that changes is that there is possibly different behavior of X(z) if we approach infinity in the region G.
However, if J(2) =1+ O(z71), 2 — oo in the region G, them the same statement as the above Proposition

holds.

The next proposition is an extremely useful technique called lens opening. Often, we will meet jump

matrices which are highly oscillatory on the jump contour, however, certain components become exponentially
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Figure 4.3. The contour structure for the ‘opening of lenses’ transformation.

small if we move above or below the contour just a little. The following lensing proposition tells us how to

properly “break apart” the jump so that oscillations can be removed.
Proposition 4.9. (Lens opening). Consider the family of contours and regions depicted in Figure (4.3).
Suppose the jump matriz J(z) admits a factorization

J(z) = v_(2)D(z)v4(2), (4.24)

where v_(z) admits an analytic continuation into the closure of the region G_, and vy (z) admits an analytic
continuation into the closure of the region Gy. Then, set vo := Gy NT(= G_NT), 74 = 0G4 \ T,

v— = 0G_\T, with orientations as given in the Figure, and define

X(z)v;'(z), =€ Gy,
X(2) == { X(2)v_(2), z€q_, (4.25)

X(z), otherwise.

Then, X(z) is the unique solution to the following Riemann-Hilbert problem.:

U+(Z)7 Z €Y+,
. v_(2), z€7-,
Xy(z) = (4.26)
D(z), ze€n,
J(z),  otherwise.
X(z) =14 0O(z71h), z — 00. (4.27)
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Proof. The proof is again by direct calculation: if z € T'\ vy, then the boundary values of X(z) and X(z)

coincide, and so

X (2) = X (2) = X_(2)J(2) = X_(2)J(2).
For z € 74, we have that

X1 (2) = X(2) = X(2)vy (2)v4.(2) = X (2)v4(2),

by definition of X(z). A similar calculation shows that X (z) = X_(z)v_(2) on y_. Finally, for z € ,

X (2) = X4 (2)07 ' (2) = X_ ()T (2)v5 1 (2) = X_(2)o_(2)D(z) = X_(2)D(2).

This completes the proof. O

Remark 4.10. The region G UG _ is often called the lens. We also remark that the lens opening proposition

is actually a generalization of Proposition (4.7), by taking D(z) = v_(z) = I, and vy (2) = J(z).

Example 4.11. There is a particularly important example of lens opening which we shall meet quite
frequently in steepest descent analysis. In this case, we specialize to the 2 x 2 situation. Suppose that the

jump matrix J(z) takes the form
e—in9+(z) 1
J(z) == ) (4.28)
0 einfd— (z)

where 6 (z) extends analytically to a region above the jump contour, §_(z) extends analytically to a region

below the contour, and 64 (z) — _(z) = 0 for z on the contour. Then, J(z) admits the factorization

1 0 0 1 1 0
J(z) = . (4.29)
eina,(z) 1 —1 0 e—inﬁbr(z) 1
In this situation, we would take
1 0 0 1
ve(z) = , D(z) = . (4.30)
eFinfx(z) 1 -1 0

Another common technique that appears in Riemann-Hilbert analysis is conjugation. We first provide a

simple example of this technique, then prove a more general version of the conjugation formula.
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Proposition 4.12. (The Effect of Conjugation, Version 1). Suppose X(z) satisfies the Riemann-Hilbert
problem (4.2), with jump matriz J(z), and let m(z) be an nxn matriz-valued invertible holomorphic function.
Define

M(z) :=m ™ (2)X(2)m(z). (4.31)

Then, M(z) is the unique solution to the following Riemann-Hilbert problem:

M;i(z) =M_(2)dm(z), z€T,

(4.32)
M(z) =1+ 0(z71), z — 00,
Here, Jp(z) = m=L(2)J(2)m(z).
Proof. The proof is a direct computation: we have that
M, () = m~ 1 (2)X 4 (2)m(z) = m~(2)X_ ()] (z)m(2)
=m H2)X_(2)m(z)m 1 (2)J(2)m(z) = M_(2)m~(2)J(2)m(z).
The asymptotic condition follows similarly, since, as z — oo,
M(z) =m™ (2)[[+ O(="Y)m(2) =L+ O(z7),
since m(z) is invertible and holomorphic. O

Remark 4.13. Note that, if we had instead only multiplied X(z) on the right by m(z), the jump matrix
J(z) would still be conjugated by m(z). However, the Riemann-Hilbert problem satisfied by X (z)m(z) would

no longer be identity-normalized: one would have the asymptotics X (z)m(z) = [+ O(z1)]m(z), as z — .

The above proposition is enough for most purposes. However, it is sometimes the case that the matrix
m(z) we are conjugating by has jumps of its own, possibly on a completely different set of contours. We

address this more general situation in the following proposition:

Proposition 4.14. (The Effect of Conjugation, Version 2). Suppose X(z) satisfies the Riemann-Hilbert
problem (4.2) with jump matriz J(z), on the system of contours I'. Suppose further that m(z) is the solution

to the following Riemann-Hilbert problem: m(z) is analytic in C\ T, and

my(z) =m_(2)K(z), z€T,
(4.33)

m(z) =1+ 0(z"1), z—o0.

80



Then, the product M(z) := X(z)m(z) is the unique solution to the following Riemann-Hilbert problem: M(z)
is analytic in C\ (TUT), and

M, (2) = M_(2)  K(=2), zel\T, (4.34)

M(z) =T+ 0(z71), z — 00. (4.35)

Proof. Although the statement of the proposition might look daunting, the proof here is just as straight-
forward as it was in Proposition (4.12). First, note that the normalization condition satisfied by M(z) is
obvious. Therefore, we have only to check that M(z) has the required jumps. Let z € '\ I; then, as ¢ — z

from the +/— sides of T', only X(z) has a discontinuity, since m(z) is analytic there. Therefore,
M, (2) = X, (2)m(z) = X_ () ()m(z) = ML_()[m~ L () (2)m(2)],

by definition of M(z). Now, suppose z € I'\ I'; only m(z) has a discontinuity there, and X(z) is analytic.
Thus,
M. (2) = X(2)m. () = X(2)m_(2)K () = M_()K(2).

Finally, suppose z € I' N T. In this case, both X(z) and m(z) have discontinuities, and so

M. (2) = X (2)me (2) = X (2) (=)o (2)

= X_(2)m_(2)mZ1 (2)J (2)me (2) = M_(2)[mZ" () (2)m (2))-

Remark 4.15. Note that the last jump can alternatively be written as
m= () (2)me (2) = m=1 (2)J (2)m- (2) K (2); (4.36)

this is sometimes a more useful presentation of this jump.
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4.2 A Riemann-Hilbert Problem For Orthogonal Polynomials

In this section, we define a Riemann-Hilbert problem related to orthogonal polynomials on the real line.
This is intended to be an illustrative first example of the method of steepest descent, from which we can
eventually approach more complicated examples (in particular, biorthogonal polynomials and the 2-matrix
model). This being said, we do not introduce any new ideas here; what follows has appeared in the literature
many times before [29, 30], and now appears in books such as P. Deift’s [27]. Although we will not follow
Deift’s book very closely, most of what we say here is contained in his text.

Let us first establish the kinds of orthogonal polynomials that are relevant to random matrix theory. Let
V(z) = 2%’ + ... be a monic of even degree 2p, and consider the family of (monic) orthogonal polynomials
defined by the relation

/]R T (2)Tm (2)e NV @ dz = by, (4.37)

Note that the requirement that the polynomials 7, (z) are monic means that we cannot additionally require
that the polynomials are orthonormal. This will not be an issue for us. Note that the polynomials also
depend on the parameter N > 0; when we look for the asymptotics of these polynomials, we will eventually

take N = n. Now consider the following Riemann-Hilbert problem:

Problem 4.16. Construct a 2 x 2 matriz-valued function Y (z), analytic in C\ R, such that

Y. 2)=Y_(2)(1e ") 2R,
(3<%) (438)
Y(2) = [[+ O(z71)]2mes, zZ — 00.
Here, by 2793, we mean the matrix
2= (% %), (4.39)

When relevant, we shall denote the dependence of the above RHP on N,n as Y(z) = Y, (z; N). Note that, if
N is large, this problem does have jumps that are close to the identity; however, this problem is not identity-
normalized, and so it is not a Riemann-Hilbert problem of small-norm type. Despite this, it is clear that
solutions to (4.16) are unique, provided that they exist. This follows from the fact that det Y (2) = 1+0O(z71)
at infinity; the rest follows from the Liouville argument from the proof of Proposition (4.3).

The first surprising result, first noted by Fokas, Its, and Kitaev in [47], is that this Riemann-Hilbert

problem is related to the orthogonal polynomials defined by the relation (4.37).
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Proposition 4.17. The solution to the Riemann-Hilbert problem (4.16) is given by

Y(z) = T (2) Clrne=NV](2) , (4.40)

- hzfjl Tn-1(2) — hQ:fI Clrpn_1e7NV](2)

where m,(2) are uniquely defined by the relation (4.37), and C[f](z) :== 5= [5 Jg(_cz) dcg.

Proof. Let us consider the first column of Y. The jump condition implies that the first column in fact is

continuous across R:
Yi1+(2) =Y11,-(2), Yi2+(2) =Yi2,_(2), z € R,
and so Y11, Y12 extend to entire functions. The normalization condition implies that
Yii(2) = 2"+ 0", Yio(2) = O(z"7h).

Therefore, by Liouville’s theorem, Y11(z) is a monic polynomial of degree n, and Yi2(2) is a polynomial of

degree at most n — 1. We now consider the second column. The 2-1 entry of Y satisfies the jump condition
Y217+(Z) = Ygl’,(z) + Y11(Z)€_NV(Z), S R,

By the Plemelj formulae, the solution to the above RHP is

1 [ Y (e NV©
Vo) = v ) = o [ YHOT 2
R _
Now, writing C%z == Z%, we see that
Y11(¢)e NV© | _
Ya(e) = YRt =503 i [ OvaQe O
k=0

But, the asymptotic condition on Ys;(2) requires that
Y21(Z) = O(Z_n_l),
i.e., that the first n terms in the summation above vanish. This amounts to the vanishing of the integrals

/ Y (e NV QA =0,k =0,1,...,n — 1.
R
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Since Yi;(z) was a monic polynomial of degree n, these uniquely determines Y11(z) as the n*® monic

orthogonal polynomial. The same analysis applied to the second row yields the desired 2-2 entry; the

constant —hz’r_il appears so that Yoo(2) = 27" + O(27 "~ 1), as opposed to Yaa(z) = cz7" + O(27"~1), for

some constant c. O

In fact, we can derive many classical identities satisfied by such orthogonal polynomials with relative ease

using the Riemann-Hilbert formulation.

Proposition 4.18. For fized N, V(z), and given n > 0, there exists a matriz polynomial A, (z) := A1z+ Ag
such that

Yot1(2) = An(2)Yn(2).

Proof. We have already noted that Y, (z) is globally invertible. Next, consider the quantity

A, (z) is holomorphic everywhere, except possibly the real axis. Since the jumps of Y, 1(z), Y, (z) across

R are the same, and given by an explicit invertible matrix J(z), we have that

At (2) = Y1t ()Y (2) = Yorr ()T ()T () Y5 1 (2) = Yoor- ()Y, 1 (2) = Au(2).

Thus, by Morera’s theorem, the A, (z) extends to an entire matrix-valued function. Since, as z — oo,
Ap(2) =Y (2)Y M (2) = I+ 0(z71)] z(nH1)os y—nos IT+0(E"N]=(§)z+0(1).
Thus, by Liouville’s theorem, A, (z) is a degree 1 polynomial of the form

1 0
Z+AO7

0 0

for some constant matrix Ag. In fact, if one is more careful with the asymptotic calculations, one can

determine the matrix Ag explicitly:

n

An41 — Qn 5.7

AO = )
o
—2mi 0
where a,, is defined to be the subleading coefficient of 7,(2), m,(2) = 2" + a,2""! + ..., and h,, are the
orthogonality coefficients of the polynomials. O
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Comparing the 1-1 entry of the equation Y, 1(2) = A,(2)Y,(2) yields the classical 3-term recurrence
relation we derived for classical orthogonal polynomials in Chapter 3. This is not the only classical formula
that can be derived from the Riemann-Hilbert formulation. In fact, one can also recover the Christoffel-

Darboux kernel, as the next proposition shows.

Proposition 4.19. The Christoffel-Darbouzx kernel, as defined in Equation (3.18), admits the expression

1Y Y (0],

Ky (A p) = “omi N4 (4.41)

Proof. Let us calculate the 2 — 1 entry of the matrix [Y,'(A)Y,(1)],,. We have that

_ . . Ta(n)  x | . .
Yn 1()\)Yn(u) = ( th' Trn—1(A) Tn(A) ) ( — h2ﬂ1 Tn—1(p) *) = ( hiﬂ_zl [T () Tn—1(A) =T (M) mr—1(n)] * ) .

n—1 -

Dividing through by 27i(px — A), and comparing with the result of Proposition (3.7), yields the result. [

However, despite all of the useful identities we can derive directly from the Riemann-Hilbert formulation,
we cannot say much about the asymptotics of the polynomials. For this, we shall need to employ the method

of steepest descent.

4.3 The Method of Steepest Descent Applied to Orthogonal Polynomials

In order to study the asymptotics of the polynomials, we must employ the method of steepest descent, a
technique first introduced in [31] to study a similar asymptotic problem in the theory of integrable systems.
The idea here is the following: we will consider % =: € as a small parameter, and try to convert the Riemann-
Hilbert problem (4.16) to a small-norm problem. This will be achieved by applying a sequence of explicit
and invertible transformations

Y —T —Si— R,

where R is a small-norm RHP. Each of the above transformations accomplishes a particular goal. Let us
formally outline them here. The first task is to remove ‘growing part’ of the asymptotics, i.e., to remove 273,
This is the essence of the first transformation Y +— T, and is often called the “g-function” transformation,
due to the appearance of a function common to all such transformations in the steepest descent method.
Upon removing the ‘growing part’ of the asymptotics, we will find that the first transformation has left some
highly oscillatory jumps on the real line. In order to get rid of these oscillations, we will need to “push”
the jump off the real line and onto “lenses”; this constitutes the second transformation T 1— S. After

performing this transformation, we will be left with only exponentially small, or constant jumps. From here
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on, we must try our best to find a solution to the remaining constant jump Riemann-Hilbert problem, this
“parametrix” solution must match the jumps of S, while staying identity-normalized at infinity. If we are
successful in finding such a parametrix, then “dividing out” this parametrix from S will yield a small-norm
Riemann-Hilbert problem, for which we have established existence and uniqueness. Tracing back the steps
above yields a large-n asymptotic formula for the polynomials 7, (z).

Note that the jump matrix for Y depends on a parameter N. From here on, we shall take this parameter

N = n, for reasons that shall soon become clear.

4.3.1 The First Transformation

The goal of the first transformation is to bring the asymptotics of the RHP (4.16) to an identity-normalized
form. Seemingly, if we just multiply Y by 27793 on the right, we have solved the problem. However, this
transformation causes problems of its own; a pole is then introduced at the origin, of order n. We therefore
need some alternative to this. One possibility is to (as it is put by P. Miller [83]) “smear out” the pole into

a branch cut, which Riemann-Hilbert analysis is better equipped to deal with. We put

g(z) = /Rlog(z —x)p(z)dz, (4.42)

for some unit Borel measure p(z)dz, with compact support. Then, since g(z) = logz + O(27 1), 2 — oo, the
function

e™m9()s — ;o5 L O(z7Y)), 2 — oo, (4.43)

and so multiplication by this function will properly normalize the Riemann-Hilbert problem for Y. Notice

further that det e="9(*)% = 1, and so we can always invert this transformation. We therefore set
U(z) := Y(z)e 903, (4.44)

This is sort of a preliminary transformation; the full first transformation will come later. We then have that

U(z) satisfies a Riemann-Hilbert problem of its own, which is identity-normalized:
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Problem 4.20. The function U(z) is holomorphic in C\ R, and is the solution to the following Riemann-

Hilbert problem:

e+ (2)=g- ()] o—nlV(2)—g+(2)—g- ()]
0 enlg+(2)—g-(2)] (4.45)

U(z) =1+ 0(z71), z — 0.

Here, g1 (z) denote the boundary values from above and below the real azis.

Proof. As we have already observed, the asymptotic condition for U(z) is met by how we defined the

transformation. As for the jump condition, we have that

Ul (=) = Yo (2)e 0+ (007 = Y_(2)(

1 e V() ) o—ngy(2)os
0 1 Je

- Y_ (Z)e—ngf(z)oa eng—(2)os ((1) e—n1v<z) )e—ng+(z)03

= U_(Z)engf(z)as(

1 e~V () ) o—ngy(2)os.
0 1 Je )

a straightforward calculation completes the result. O

We must choose p(z) in such a way that we can eventually transform our RHP into a small-norm problem.

In order to find the “right” choice of p(z), let us express the boundary values g (z) more explicitly. Since

log|z — x|, z >,
log(z — )] = (4.46)

log|z — z|tim, z <z,

we have that

g+(2) = /Rlog|z —z|p(z)dr +im /OO p(x)dx. (4.47)

In particular, we have that

g+ (2) —g_(2) = 2mi /00 p(x)dz. (4.48)

From here, we see that, when n is large, the diagonal of the jump matrix is rapidly oscillating on the support

p(z). On the other hand, the off-diagonal part of the jump is characterized by the function

2l plx)dx + V(z). (4.49)

V(2) - g4(2) — g-(2) = 2 / log

87



The key observation here is that Equation (4.49) is precisely the variational derivative of a certain energy

functional, namely,

1
E(p) := //RXRlog 7p(x)p(z)dzdm+/RV(Z),O(Z)dz. (4.50)

|z — x|
In physical terms, this energy functional describes a distribution of electrons interacting through the 2-
dimensional Coulomb potential (in 2D, this potential scales with distance r as log %), confined to the real

2. We develop some of the relevant potential theory in

line, which experience an external potential V(2)
Appendix A; for a more detailed description of the general potential theory techniques involved here, we refer
to [97]. For now, we appeal to physical intuition to proceed. Existence of the minimizer to the functional
(4.50) is guaranteed on physical grounds — the charges must go somewhere, and the fact that we have chosen
V(z) to grow at infinity sufficiently fast implies that the charges must sit on some compactly supported
set. For simplicity, from here on we will assume that V' (z) is additionally convez, so that the minimizer is
unique, and supported on a single interval [«, 8]. In equilibrium, the charges must be stationary, within the

confining potential, and the effective potential must increase off of the support of the charges. This amounts

to the following variational equations:

1
2/ log mp(m)dz + V(z) = 4o, Z € supp p, (4.51)
& _

1
2/ log mp(x)dm +V(z) > 4o, z & supp p. (4.52)
& _

These variational conditions are proven in Appendix A; let us see how the variational conditions apply to
the situation at hand. If we take p(z) to be the equilibrium measure (i.e., the measure such that the above
variational conditions are met), then g(z) is just the analytic completion of the potential of this measure.

The jump matrix for U(z) then reads, for z € supp p,

e~ o+ (2)—g-(2)] e~ o
(4.53)
0 enlg+(2)—9-(2)]

So, the diagonal part of the jump is rapidly oscillating, and term in the upper diagonal is constant; this is
almost exactly the situation we met in Example (4.11). A slight modification of the above RHP puts the

jump into the desired form; we set

T(z) := 2% U(2)e 240 = 6%50‘73Y(Z)e_"[%e“g(z)]‘”; (4.54)

2The appearance of logarithmic potentials in the asymptotic theory of orthogonal polynomials can be traced back to E.A.
Rakhmanov [93], although it is interesting to note that the earlier work of the Saclay school of theoretical physics [19] makes
implicit use of the same techniques, albeit far less rigorously, and with no reference to orthogonal polynomials.
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this is the first transformation in the steepest descent method. Since det e2%?3 = 1, we again have that the

transformation is invertible. The new function T(z) satisfies the following RHP:

Problem 4.21. The function T(z) is analytic in C\R, and is the unique solution to the following Riemann-

Hilbert problem:

e~ o+ (2)—g-(2)]  —nlV(2)=g4 (2)—g-(2)—t0]
Ti(z) =T_(2) , z€R,
0 enlg+(2)—g-(2)] (4.55)

T(z) =1+ 0(z71), z = 0.

Proof. The conjugation of U(z) by €373 does not have any impact on the asymptotics. The jump matrix
of T(z) can be calculated in a similar manner as before: one finds that the jump of T(z) is just the jump of

U(z) conjugated by ez ‘s, O

There are two key observations. The first is that the transformation Y +— T yields an identity-normalized
RHP. Secondly, let us observe the effect of this transformation on the jump matrix. If z € R \ supp p, then
9+ (%) = g—(2), as g(z) is continuous away from the support of p. Thus, the jump matrix takes the form

1 e nV(z)=g+(2)—g-(2)—to]

) z € R\ supp p. (4.56)
0 1

The variational inequality (4.52) tells us that V(z) — g4+ (2) — g—(2) — o > 0, and so for n sufficiently large,
the jump matrix is exponentially close to the identity matrix, away from the support of p. On the other

hand, if z € supp p, the jump matrix of T(z) takes the form

e~ g+ (2)—g-(2)] 1
, z € supp p, (4.57)
0 enlg+(2)—g-(2)]

which follows from the variational equality (4.51). This is precisely the form of the jump matrix of (4.11).
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4.3.2 The Second Transformation

In the second transformation, we open a lens around the support of the equilibrium measure p, as in
Example (4.11). Define 6(z) := 5% [g4(2) — g—(2)]. Then, for z € supp p, the jump matrix of T takes the

form
e—27rin0(z) 1
Jr(z) = , z € supp p. (4.58)

0 2mind(z)
Since p(z) > 0 the function (z) is decreasing along the real axis, i.e. % < 0, for any point in supp p. Write
0+ (z) := u(z)+ivL(2) to be the analytic continuation of 6(z) to regions just above and below the support of
p(z), respectively (note that vy (z) — 0 as z — a point in the support). By the Cauchy-Riemann equations,
we have that
ovy  Ou

vy _ Ou 4,
5 = oz <" (4.59)

this implies that, just above supp p, the function e=27"¢+(?) ig exponentially decreasing in n, and similarly,
just below supp p, the function e27?-(2) is exponentially decreasing in n. Letting G4, G_ be lens-shaped

regions above and below the support of p, as depicted in Figure (4.3), we define the matrix S by

1 0
T(Z) y 2 € G+a

e2mindy (2) 1

S(z) = 1 0 (4.60)
T(2) , z€G_,

2mwind_ (z) 1

(&

T(z), otherwise.

It then follows that S(z) is analytic in C\I', where I" consists of the real axis unioned with the lens boundaries,

and is the unique solution to the following Riemann-Hilbert problem:
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Problem 4.22. S(z) is analytic in C\ T, where T' consists of the real axis unioned with the lens boundaries,

and satisfies

1 0
) Z €Y,
e—27rim9+(z) 1
1 0
) ZE€ Y-,
e27\'1’7’L9_(z) 1
S+(z) =S_(2) (4.61)
0 1
: z € supp p,
-1 0
1 e nV(z)—g+(2)—g-(2)—to]
z € R\ supp p.
0 1
S(z) =14+0(z71), z = 0. (4.62)
Proof. This follows immediately from Proposition (4.9) and Example(4.11). O

From here, it seems as though we are almost done; all of the jumps of S(z) are exponentially close to the
identity matrix; the only thing left to correct is the constant jump on supp p. We stress that what remains
is a Riemann-Hilbert problem with constant jumps, and thus no longer depends on V(z) or n. Our next
task is to ignore the exponentially small jumps of S(z), and try to approximate S(z) by the solution to the

remaining constant jump RHP. This is the essence of the final transformation.

4.3.3 The Final Transformation

We again point out that we have made the ansatz that supp p = [« 8], i.e. is connected. This is really
the first place where this assertion becomes relevant. If we ignore the exponentially small jumps of S(z), we

are left with the following Riemann-Hilbert problem for a 2 x 2 matrix valued function M (z):

Problem 4.23. Global Parametric RHP. Find a 2 x 2 matriz-valued function M (z), analytic in C\ [a, f],

such that

1 0 (4.63)

M(z) =1+ 0(z71), z = 00.



This Riemann-Hilbert problem is often called the global parametriz. Our goal is to try and solve this
Riemann-Hilbert problem as explicitly as possible. This is indeed possible to do; the key observation here is
that the jump matrix is diagonalizable:

0 1 i 0

=Ut U, (4.64)
-1 0 0 —

where U := % (%;1)- Then, using the conjugation technique we learned in Proposition (4.12), the matrix

F(z) :== UM(2)U" is the solution to the Riemann-Hilbert problem

i 0
F+(Z):F—(Z) y 2 € [a’ﬂ]a

0 —i (4.65)
F(z)=1+0(z"1), z — 0.

The diagonal form of the jump matrix implies that the matrix equations “decouple” into four scalar Riemann-

Hilbert problems for the entries of F(z). The solution can readily be found by means of the Plemelj formulae:

F(z) = (Z _BYNB; (4.66)

This can be checked by direct verification. Thus, the solution to the global parametrix is

M(z)=U"? (Z_B> " U. (4.67)

Z—

We are almost done! If we multiply S(z) on the right by the matrix M ~'(z), the constant jump on the
interval [, ] cancels, and we have a good approximate solution to the Riemann-Hilbert problem, as all
remaining jumps are exponentially small. Unfortunately, this is only partially true: the global parametrix

matches S(z) well only away from the turning points z = «, 8. However, it is a bad approximation near

1

these points, as it has a ;

root singularity there. Therefore, we need to search for a better “local” model
solution near the turning points; with this idea in mind, we define small discs D,, Dg around z = a, f3,
respectively. These local models will be called local parametrices. The local parametrices must have the

following properties:

e The local parametrices must match the jumps of S(z) ezactly inside the discs Dy, D,
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e The local parametrices must agree with the global parametrix M(z) on the boundaries of the discs D,

Ds.

First, we will need to know the local behavior of the function 6(z) near the endpoints of the support. This
is a standard calculation in potential theory, and is performed in Appendix A. One finds that, generically
near the turning points,

2m0(z) = co(z — B)*?[1 + O(z — B)], z = B, (4.68)

and similarly near z = « with B replaced with a in the above formula. For now, we focus on the disc at

z = 3; the computations at z = « are similar. Then, the function

£(z) == —(3/4)72/3n2/3(210(2))?/3 (4.69)

defines a conformal mapping of the disc Dg to a neighborhood of the origin in the {-plane. Moreover, all of

the jumps of S(z) incident to z = § can be rewritten in terms of the local coordinate £&. We have that, in

the ¢-plane:
1 e 587"
) € > O’
0 1
0 1
S, =S_ ol £<0, (4.70)
1 0
) 5 € g(’V:I:)

e3€?

Because of the freedom we have in choosing the lens boundaries, we can choose v+ so that their images in
the &-plane are the rays argé = :I:%”, respectively. On the other hand, the global parametrix M (z) can also

be written locally in terms of the coordinate &:
M(z) = h(2)£573U, (4.71)

for some non-vanishing matrix-valued analytic function h(z) in a neighborhood of z = 3 (note: the function
h(z) depends on n!). Of course, left multiplication by an analytic function will not change the jumps of any

Riemann-Hilbert problem with right jumps. We therefore pose the following Riemann-Hilbert problem:
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Problem 4.24. Construct a 2 x 2 matriz-valued analytic function Pg(§), such that

T e
, £>0,
0 1
0 1
Pe©=P-©y | | £<0, (4.72)
1 0
) argfz:l:%“,
e§53/2 1
Ps(€) = [L+ O Y)eieT, £ — oo. (4.73)

If we can construct a solution to the Riemann-Hilbert problem for Pg(¢), then the function ¥g(¢§) =
h(z)Ps(€) matches the jumps of S(z) exactly near z = §, and asymptotically behaves like the global
parametrix M (z), as n — oo (equivalently, by how we defined &, as £ — o). As it turns out, a simple

2 ¢3

transformation takes the above RHP into a more familiar form: If we define Pg(€) = Pg(ﬁ)e’ﬁéﬂ‘m, we

reach the following constant-jump Riemann-Hilbert problem:

1 1
b 5 > 07
0 1
0 1
Py (§) = Fp,—(¢) Lo » £<0, (4.74)
1 0
,  arg{==£%,
1 1
Ps(€) = [I+ O(z )¢ U 58705 £ = 0. (4.75)

The asymptotic expression for ]55(5) is familiar: it looks a lot like the asymptotic expansion of the Airy

function Ai(§):

5—1/4 e_%£3/2

N [1+0E3?)],  €— . (4.76)

Ai(§) =
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And so, we can hope to write the solution to the local parametrix in terms of the Airy function Ai(¢). If

we were not so clever in recognizing this expansion, it would still have been possible to come to the same

conclusion a different way: notice that the jumps of Pg and <2 ? agree, and so the function
db, B p-1
B():=—-+P 4.77

extends to an entire function in the £ plane. The usual Liouville argument then gives us that B(§) = B1£+ By,
for some matrices B, and By. This system reduces to a first order differential equation for one of the entries,

which eventually reads

y" (&) = &y(8), (4.78)

so we would have eventually come to this conclusion anyways (albeit by a longer computation). With this

in mind, we set

wo(§) = Ai§), 1) =wAi(ws),  12(§) = w? Ai(w?e), (4.79)

where Ai() is the Airy function. It is well known that y7 (§) +y;(£) = 0, j = 1,2,3, and that yo(£) +v1(£) =

y2(&) = 0. We define a 2 x 2 matrix-valued function U4 (&) by

yo (&) — ))
Yo (€) —UQ(E)
—v1(§) - (

(
ATy (g) (e -

(

(

2
0<argé < <F

mm

2
), I <argé <,
? (4.80)
—y2(&) yl(f)) < argg < —2r

—y5(8) y1 (€

yo(8) y1(& )

2
v (&) y1(§) -5 <arg <0.

. Ai . . o 2 ..
The function WA*¥(§) is then analytic everywhere except the rays arg{ = £ and R, and is in fact the

unique solution to the following Riemann Hilbert problem:

WATY(£) is analytic off of the rays arg & = i%r and R,

T = VATO(§ ), £>0,

W) = WA (E)(19), arg€ = £, sy
WLT(E) = W) (O h), § € (~00,0),

WATY(E) = giz€ iU {H + O(f—%)} em§€ s, £ — oo,

The contours/jumps of the Airy parametrix are shown in Figure (4.4).
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Figure 4.4. The jumps and contours of the Airy parametrix.

We see from here that Ps(€) = —2i/mE273WATY(£) and therefore that
_ : Log g Airy 2¢3/245,
Pg(§) = —2iy/m€27 WY (e , (4.82)

and therefore that

Ws(z) = —2iv/mh(2)[€(2)] 27 WAV (£ (2))e 316 os, (4.83)

Nearly identical computations yield the parametrix at z = a, we do not repeat the calculations here, but

call the parametrix there ¥, (£). Finally, we can make the last transformation. Set

S(z)M~1(z), z€C\ (DyU Dpg),
R(&) = {S(2)¥;'(z), =€ Dg, (4.84)
S(z)¥,1(2), z€ D,.
Note that, by construction, the matrices M (z), ¥, (z), and ¥g(z) all have determinant identically equal to 1,

and so this transformation is invertible. We claim that R(z) is the solution to a small-norm Riemann-Hilbert

problem:

Proposition 4.25. The function R(z) is the solution to the following Riemann-Hilbert problem.:

[+0(e™),2 ¢ Dq, Dg,
R.(2) =R_(2) (4.85)
[+ O(n='),2€ D,UDg

R(z) =1+ 0(z1), z = 00. (4.86)
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Proof. The jumps of U,(z), Ug(z) were chosen so as to exactly match the jumps of S(z); thus, inside
the disc, there are no jumps, and R(z) extends to an analytic function there. Similarly, on the segment
[, 8]\ (Do U Dg), the global parametrix matches the jump of S(z) exactly, and so the jump there is the
identity matrix. The jumps of S(z) on the lens boundaries v+ and on the rest of the real line are not matched,

but are exponentially close to the identity, so that
Ri(z) =R_(:)[+0(™],  =¢Da,Ds.

All that remains to check is the jump on the boundaries of the discs D, Dg. This is tedious, but follows

from how we constructed the local parametrices: one finds that
R,(2) =R_(2)[I+0(n™"), n — 00,z € 0Dy U Dg. (4.87)

O

Thus, we have reached a small-norm RHP; by small norm theory, the solution to the Riemann-Hilbert

problem for R(z) exists, and has the expansion
R(z) =1+ 0(n™), n — 0. (4.88)

Since the sequence of transformations we found were all invertible, we can run them backwards, and obtain

an exact asymptotic expression for the original Riemann-Hilbert problem for Y (z).

4.3.4 Universality in the 1-Matrix Model.

Let us briefly discuss some of the consequences of the above analysis. In particular, we can derive a
ungversality result about the local laws of the 1-matrix model. We shall not prove any of the statements
we make below, but emphasize that they can be demonstrated by explicit use of the asymptotic formulas

derived from steepest descent analysis; we indicate how one should go about calculating these quantities.

Proposition 4.26. The limiting density of eigenvalues of the 1-matriz model in external field V(x) is given
by the measure p(x)dx, where p(x)dx is the unique minimizer among all unit Borel measures supported on

R of the functional
E(p) := //]R Rlog ;p(x)p(z)dzder/ V(z)p(z)dz. (4.89)

|z — x| R
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Proof. As stated before, we only indicate how to prove such a statement from the asymptotic formulae we
derived. Note that the density of eigenvalues can be computed at finite N using the Christoffel-Darboux
kernel:

1

pr(2) = S Kn(2,2);

since the Christoffel-Darboux kernel is explicit in terms of Y (z), we can calculate the large N limit of py ()

as

. o1 . [y W)Y~ ()],
plx) = A}gnoo pn(z) = ngnoo NKN(L T) = ]\}gnoo - Z}I_,H; 2niN(y —x)

O

For the remainder of this section, we let p(z) denote the density of eigenvalues of the 1-matrix model in

external field V' (x). We are now able to state a universality result for the 1-matrix model:

Proposition 4.27. 1. (Universality in the Bulk.) Let x be a point on the interior of the support of

p(x)dz, and £, ¢ lying in a compact subset of R. Then, the limit

Ky (@ + 55260+ 2¢
K(€.¢) = lim il G e )

N —o0 KN(.I,LL‘) (490)

exists, and is independent of the choice of potential V(x) (as long as the matriz integral is convergent).
Moreover, K(&,() is given by
sin(§ — Q)

K( Q)= : ¢ (4.91)

2. (Universality of the Edge.) Let x be a point on the boundary of the support of p(x)dz, and assume p(x)

is not critical (i.e., p(z) ~ co(z — x)Y/?[1 + 0(1)],2z = x). Let &, lie in a compact subset of R. Then,

the limit » "
Ky x+ @—x, x4+ P
K(€,¢) = lim_ ( KNN(x > <) (4.92)
exists, and is given by K (&,() is given by
K(6,¢) = Ai(§) Ai'(¢) — Ai(¢) AL (§) (4.93)

£—¢ ’
where Ai(§) is the Airy function.

Proof. Again, since the Christoffel-Darboux kernel is given explicitly in terms of the solution to the Riemann-
Hilbert problem Y (z), and we have the asymptotics of Y (z) explicitly from the steepest descent analysis,

all one must do is apply the formula we derived for the asymptotics for Y(z). We remark that the edge
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universality result is indeed universal, since (as we can see in Appendix A, the behavior of the support of
the equilibrium measure at an endpoint of the support is generically p(z) ~ co(z — z)/2[1 4+ 0(1)],z — z, as

stated in the hypothesis of the proposition. O

4.4 A Riemann-Hilbert Problem For Biorthogonal Polynomials.

Here, we formulate a Riemann-Hilbert problem for biorthogonal polynomials. We first must estab-
lish a Riemann-Hilbert problem for Type-II multiple orthogonal polynomials. As a definition (cf. [1]),
we say a polynomial pz(z) is a multiple orthogonal polynomial of type II with respect to the weights
wi (), wa(x), ..., wy(x) > 0 (supported on R, for example), of index 7 := (nq,...,ny), if the following

conditions are satisfied:

N
degpn < |ii|= an (4.94)
k=1
/pﬁ(fl;)ijk(fE)d.’E =0, J=0,..,ng k=1,..,N. (4.95)

Of course, when N = 1, we reduce back to the case of classical orthogonal polynomials with respect to the
weight wq(x). It is known that multiple orthogonal polynomials satisfy a Riemann-Hilbert problem of their

own.

Problem 4.28. Riemann-Hilbert problem for type II multiple orthogonal polynomials. Find an (N + 1) X

(N + 1) matriz-valued function Y : C — My11(C), analytic in C\ R, which satisfies the conditions

1 wi(z) wa(z) ... wn(z)
0 1 0 0
V() =Y (2) . zeR,
(4.96)
0 0 0 1
Y(z) = [I+O(z7Y)] diag (217, 27 zmm2 2TN) 2 — o0

The solution to Problem (4.28) is given in terms of multiple orthogonal polynomials, as the next Propo-

sition shows.
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Proposition 4.29. The solution to Problem (4.28) is

Pﬁ(z) éﬁ(2>
Ve leﬁ:a (2) leﬁ:H (2) 7 (4.97)
dnPr_zy(2) dyRi_zy(2)

where Pz(x) is the monic multiple orthogonal polynomial with respect to the weights wy (), wa(x), ..., wn () >
0, of inder @i := (n1,....,nN), € is the unit vector with a 1 in the k" component and 0’s otherwise, and

ém(z) = (Rm.1, R -, RmN) is the column vector function with components

d
° ’ j: ]-7"'7N7 (498)
x

z —

Ras(2) = [ Pate)us(@)

and the constants d; are defined as

(4.99)

We do not prove this proposition, as it is almost identical in style to the proof of the equivalent proposition
for orthogonal polynomials, from Problem (4.16). Now by our observations from Chapter 3, biorthogonal
polynomials have reformulation as multiple orthogonal polynomials (cf. Theorem (3.14), Chapter 3). Thus,
we also have a Riemann-Hilbert problem for biorthogonal polynomials; namely, the problem (4.28). This
RHP is our main tool in the next chapter, where we shall apply it to the 2-matrix model with quartic

interactions.
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CHAPTER 5
THE ISING MODEL COUPLED TO 2D GRAVITY.

5.1 Introduction.

This chapter is where we shall prove the main results of this thesis. In this section, we summarize what
we have learned about the Ising model and random matrices, and provide an overview of what we are going

to prove in this chapter.

5.1.1 The Ising Model Coupled to Gravity and a 2-Matrix Model.

The 2-dimensional Ising model has long been a source of interest in statistical physics, as it is an exactly
solvable lattice model which exhibits a 2% order phase transition at finite temperature. The model describes
a ferromagnet with only nearest-neighbor interactions, and can be defined on any graph G := (V, E) with
vertices V and edges F as follows. The Hamiltonian for the ferromagnetic Ising model is a functional on

maps o : V — {£1}, and is defined as

The partition function for this model is defined to be

Za(B) = e PH), (5.2)

where 8 > 0 is a parameter called the inverse temperature, and the sum is taken over all maps o : V. — {£1},
so that there are 2!V terms in the summation. In other words, we are considering the Boltzmann distribution
on the system at temperature S~1. To say we have ezxactly solved the model in this context is to say that
we have found an analytic expression for the free energy of the model, that is, an explicit expression for the
quantity

Fe(B) = —% log Za (8). (5.3)
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If the graph is of infinite size (i.e., the number of vertices is countably infinite), one is instead interested in

the free energy per unit site; that is to say,

fe(B) = lim - Fa(8), (5.4)

|Gl—oo |G|

where the limit is taken in an appropriate sense.

The model was introduced by E. Ising [60], although he only studied the 1-dimensional model, and
incorrectly conjectured that the model did not exhibit a phase transition. It was not until over 20 years later
that L. Onsager [86] announced that the 2-dimensional model indeed exhibited a phase transition'. The
universality of the critical exponents appearing in the 2-dimensional model were verified for various lattices
(cf. R.J. Baxter’s book [7], Chapter 11, and references therein), but these considerations were markedly
limited by the fact that computations could be performed explicitly only for choices of fairly regular lattices
(e.g. square lattice, triangular lattice, etc.). The advent of conformal field theory (CFT) techniques to
describe 2-dimensional critical phenomena by A.A. Belavin, A.M. Polyakov, and A.B. Zamolodchikov [8] in
1984 revived interest in the 2D Ising model, and prompted V. Kazakov to consider the Ising model coupled
to 2-dimensional gravity; that is, the Ising model on a random lattice. More precisely, he found that the
2D Ising model on a random 4-regular planar graph could be described by the large N-limit of a 2-matrix
model. Here, 4-regular means that each vertex is connected to four edges. The partition function for the

Ising model on a random 4-regular planar graph with n-vertices is defined as

Z.8)= Y. Zap), (5.5)

G:|G|=n,
G planar

where the sum is taken over all 4-regular graphs with n vertices. In [70], V. Kazakov considered the formal

generating function

200 =% (o) 20 (5.6)

neN
where 7 := e~ 2%, and t is a parameter. Kazakov then considered the partition function of the 2-matrix

model with quartic interactions:

1
Ly2 fys_ tY4]}, (5.7)

Lo
Zmatriz (T, 60, N) 1= //dXdYexp {Ntr [TXY — §X ~3 1 1

n fact, Onsager himself did not provide a proof, instead only furnishing the expression for the free energy. It took until
1952 for a fully rigorous proof to be published by C. Yang [108].
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where X,Y are an n x n matrices, N > 0 is a parameter, and dX, dY represent the Haar measure on the

space of n x n Hermitian matrices. The free energy of this matrix model is defined to be
1
F(r,t;n,N) := N2 log Zmatriz (7T, t;1n, N). (5.8)

Kazakov then demonstrated that the generating function (5.6) is equivalent to the planar (n — oo) limit of
the free energy of the 2-matrix model (5.8), up to an additive constant independent of 7, ¢:

lim F(r,t;n,n) = Z(1,t). (5.9)

n—oo

Kazakov’s description of the critical point turned out to be in direct agreement with the newly predicted
results of V.G. Kniznik, Polyakov and Zamolodchikov [25, 72| arising from coupling certain CFTs (for the
Ising model, the (4,3) minimal model) to matter; this is the so-called KPZ formula. Subsequent analysis for
this model and closely related ones was performed in [17, 18]. It was later shown [18,; 25, 34, 56| that the
phase transition was locally well described by a particular solution to the ‘string equation’ for KdVg3. These
developments happened concurrently with developments in the theory of 2D quantum gravity, in particular
descriptions of matrix models of gravity. The ‘pure gravity’ situation, in which no matter is present, was the
subject of [19], and was subsequently described rigorously in [47, 48], and more recently (in line with the
language of this work) [10, 38].

Kazakov and his collaborators from theoretical physics used formal matrix integral techniques to obtain
their results. No direct analytic derivation of this description of the Ising critical point has yet been written
down in the literature, although some closely related models [36, 37, 39, 40] have been described rigorously.
In this work, we provide a rigorous analysis of the critical point appearing in Kazakov’s work, using steepest

descent analysis for biorthogonal polynomials.

5.1.2 A Family of Biorthogonal Polynomials and Associated RHP

The 2-matrix model considered above, with partition function (5.7), can be studied using orthogonal
polynomial-type methods. Using the Itzykson-Zuber integral over the unitary group (cf. [62, 80, 112], for
example), one can convert the integral over the spaces of formal hermitian matrices to an integral over

eigenvalue coordinates; the partition function in the eigenvalue coordinates reads

n

—n(n=1) 1 1 t t 2
Zoimia (7ot N) = Az)A NS (rags — a2 -~y — ot — Ly V][ deady:
matriz(Tst;n, N) =77 2 Cn,N// (2)A(y) eXp{ (T2 5T~ 5¥i — 7% 4yl) i=1dxldyl,

= (5.10)
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where A(z), A(y) denote the usual Vandermonde determinants in the variables {z;}, {y;}, respectively, and

Cp, N is a constant independent of the parameters 7, ¢:

Oy = 2 nHl A e W S ) et (5.11)
n,N = n p: (n')2 Hn:l | . .
H —1 p' p=1 p=1 p

We are thus naturally led to consider the biorthogonal polynomials

/F/Fpk(z)qj (w) exp [n(Tzw — V(2) — Q(w))]dzdw = h;dy;, (5.12)
where
Viz)=0Q(z) = %zz + 224. (5.13)

In this language, the partition function (that is, the normalizing constant that makes (5.10) a probability

measure) can be expressed in terms of the orthogonality coefficients:

—n(n—1) n-t
Zmatriz (T, t;n, N) =nlrt™ 2 Cp N H hj(r,t) (5.14)
j=0
The critical point considered by Kazakov [18, 70] corresponds to
1 5
== t= - 5.15
=1 - (5.15)

This leads to an immediate issue: the partition function (5.14) does not converge for ¢ < 0. Thus, we must
consider an analytic continuation of the partition function in ¢t. We analytically continue each of the h; (7, t)
through the upper half plane,

hj(T,t) — hj(T,te™) (5.16)

This can be equivalently achieved by deforming the integration contour I, starting where ¢ is positive (and
so the expression is for the partition function is a convergent series, and thus analytic), and continuing by a

rotation in the z-plane of the contours so that ¢ is allowed to take negative values. The contour I is defined

as starting from €™/ . 0o, and ending at e~™/* . co. We remark that we have the freedom to later redefine
the contour I' locally, as long as we retain its asymptotic properties. We shall indeed redefine I' in a more
precise manner in the next section, in order to guarantee that certain inequalities are satisfied on it.

From here on, we thus consider the contour I' as chosen before, and t < 0, 7 > 0.
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As observed in [75], the biorthogonal polynomials defined by (5.12) admit a Riemann-Hilbert formulation,
given as follows.

Consider the following Riemann-Hilbert problem (RHP) on T

0 f(z) f’(j) £ (z)

H+eNV@><0 o ), zer, (5.17)
0
0

Yi(2) =Y _(2)

where

f(z) = /Fexp [N(tzw — V(w))]dw (5.18)

The asymptotics of Y,,(z) are chosen to be

N (5.19)
0 0 /3

where n is a multiple of 3. This restriction is taken for simplicity of exposition; the assumption is not
essential. This RHP admits a unique exact solution, with the 1-1 entry of Y(z) being the degree n monic
biorthogonal polynomial? defined by the relations (5.12).

The analytic continuation of the partition function of the matrix model (5.7) can be related to an

isomonodromic 7-function, given in terms of Y(z) [9]. The 7-function is defined to be
dlog T, := Res tr [Y 1 (2) Y'(2)dTo(2) 5" (2)] (5.20)
Z=00

where ¥ is an explicit matrix function, and the differential is in the variables of deformation ¢,7. The

differential of the partition function considered by Kazakov is proportional to this isomonodromic-7 function:

n(n_q)
dlog Zmatriz(T,t;n, N) = dlog {(;) e Tn:| . (5.21)

2Note that, in general, the relation (5.12) in fact defines two sets of polynomials {pn(2)}, {gn(w)}, which in general do not
coincide. However, in the special case that the potentials V(z) = Q(z) are the same, the sequences of polynomials are identical,

ie. pn(2) = gn(2).
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Thus, by computing the isomonodromic 7-function, we can compute all quantities of interest related to the

original partition function of the 2-matrix model. In |70, 80], it was formally shown that

1 Zoatrio(T,1; 1 t ) g 1
i log e A Doy R [T [k(C;T, ) - SKG )
0

n-—oo n? Zmatriz(T,0;n,m) 2 2t
—log =) +1, (5.22)
where k((;7,t) is defined as
k(¢ T,t) = % [(1 _1302 — 7?4 37’2C2} , (5.23)

and z = z(7,t) is implicitly determined as the unique solution of the fifth-order equation

1 2 2.2
which satisfies
.21 t) 1
= T Aoy (5:25)

The expression (5.22) may be further integrated explicitly; we prefer to leave it in this form.

One may calculate Z,,q¢ri2(7,0;n,n) explicitly (cf. [81], Appendix A.49):

—n(n—1 n(n—1 21\ n(n—1)/2
Zmatria (7,050, N) = T%Cn,NNi% (ni)1 . 2N\n2/2
1) p! (1= 72/

(5.26)

Using steepest descent analysis, we can compute the isomonodromic 7-function defined by (5.20), and
consequentially, due to Equations (5.21), (5.26), we can prove rigorously the formula derived in [70, 80],

using the below formula:

1 Zmatriz (T, t;1, 1) dt dr 1+ 72 1
lim —dlog MA@ 00 078 — 4 T dr + lim — dlogT,. 5.27
300 12 o8 Zmatriz (T, 031, 1) 3t + 67 T(1-—172) T ns00 12 08 Tn ( )

5.1.3 Notations and Overview of the Remainder of the Paper.

The rest of the paper is devoted to a Deift-Zhou steepest descent analysis [31] of Y, i.e., a sequence of

explicit invertible transformations

Y —- X —Ui—Ti—Si— R,
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with the final Riemann-Hilbert problem for R has jumps that tend to the identity matrix as n — oo,
uniformly and in L?, with normalized behavior at infinity. We thus obtain an asymptotic expansion for R,
and thus, utilizing the invertiblity of the transformations, an asymptotic expansion of Y. This can be used
to write an expression for the partition function (5.5).

The remainder of the paper is organized as follows. Section §2 is devoted to the first transformation
Y — X, the second transformation X — U is performed in §3. The transformations U — T +— S are
completed in §4. In the transformation U +— T, we open lenses off of the cut between the branch points;
in the transformation T +— S, we open lenses around the central branch cut. In §5, we construct the
parametrices, and perform the final transformation S — R.

We will make use of some notations frequently; we establish them here for the convenience of the reader.

e Throughout, w := e = —% + z? is the principal third root of unity,
e We denote the 4 x 4 matrix with a 1 in the (i, 5)*" entry and zeros elsewhere by E;;,

e The third Pauli matrix o3 := ((1) _01). We will often write expressions such as 2673, or ef(*)7s. These

expressions are defined to be

,Cos . 2¢ 0 ef (Fos . J® 0
’ 0 27°)’ ’ 0 e 7))

e The matrix &;; is defined to be the 4 X 4 matrix which permutes the it" and j*" row/column. For

o= (§404):
‘th

The matrix 6;; permutes the i'" and j* row and column of a given matrix A by conjugation; again

example, the matrix o4 would be

0
0
0
1

[eleletty
oo Oo
[l Je]

using our example of Gay,

ayl ay2 a13 aiq ail ai4 @13 a12
A A — A az1 a22 a23 a24 A — a41 Q44 Q43 Q42
024A024 = 024 a3zl a32 a33 a34 024 = a3zl as4 a33 a32 N
a41 Q42 @43 Q44 az1 @24 @23 a22

e For readability purposes, blocks of zeros in matrices will be denoted simply by zero, where there is no

cause for ambiguity. For example, the if A is a 3 x 3 matrix, then the expressions

1000 1 Osx1 1 0
0 0O1x3 A 0 A

all have identical meaning.
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e If Aisan n xn matrix and B is an m X m matrix, we define the matrix A® B to be the block diagonal

matrix

A® B :=
0 B
o If X (2) is the solution to a Riemann Hilbert problem defined on the contour v, we write Jx(z) : v — C
as its jump matrix: i.e.,

Xi(2) =X_(2)Jx(2), z€n.

We will also sometimes write yx or I'x to denote the contour v corresponding to the Riemann-Hilbert

problem for X(z).

5.2 Definition and Analysis of the Spectral Curve.

In this section, we define the spectral curve and g-functions, which we will later use in the second
transformation. We also prove a number of inequalities necessary for the later “lensing” transformations.

We begin by constructing the spectral curve, and give a basic analysis of the spectral curve for all values
of the parameters (7,t) in the region D bounded by 7/t axes, the infinite temperature line T = 1, and the

critical curve

1 2.2 1
-5+ 577, 0<7<y,
try=¢ 7 ! (5.28)

—% T(V7T - 1)2(/T+2), i<7’< 1.

We call the components of this curve the low-temperature critical curve, for 0 < 7 < i, and the high
temperature critical curve, for % < 7 < 1. This curve is depicted in Figure (5.1). These are precisely the
critical curves that appeared in Kazakov’s original work [70]. As it will turn out, we will be able to explicitly
parameterize the spectral curve for every value of the parameters on these phase transition lines, as well as
the subcritical region depicted in the figure.

We define four different regions of the parameter space as follows:

1. The generic (non-critical) case, i.e (7,t) € int(D),

2. The low-temperature critical curve, when t = f% + %TQ, 0<rT< %,

3. The high-temperature critical curve, when ¢t = —2/7(v/7 — 1)(y7+2), 1 <7 <1,

9

4. The multi-critical case, when 7 = %,t = —7—52.
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Figure 5.1. The phase portrait for the 2-matrix model with quartic interactions in the (7,t) plane. In
this paper, we study the shaded region D, along with the critical curve and multicritical point. The low-
temperature critical curve is represented by the solid red line; the high-temperature critical curve is repre-
sented by the dashed red line. Note that the critical curve intersects the 7 = 0 axis precisely at the critical
point of the 1-matrix model; this is in agreement with the intuition that the 2-matrix model decouples at 0

temperature.

(0,0) T a
(i y %)

t

(a) The (7,t) phase plane.

(0,1)

(b) The (a,b) phase plane.

Figure 5.2. The region D in the (7,t) plane, and the region R in the (a,b) plane. Note that the axis 7 =0

is mapped to infinity.
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5.2.1 Definition of the Spectral Curve.

The analysis of the spectral curve and g-function is based on the ansatz that the curve is of genus zero, and
thus rationally parameterized. Let us momentarily discuss the situation formally; once we have formulated

a workable object, we shall prove that it is the correct one. Consider the partition function

7 = A(z)A — — dus
// (@) Ay exp{ nz P+ yz +4 z+4yz TEiYi }il;[ldxzdyz
n
_ 4 s
//exp Zlog —|—Zlog nz 2331 + yZ + 4321 + 43/1 TLY;) il;[lda:tdyl

1<j i<j

In the large n limit, under the appropriate scaling, we expect the eigenvalues x;, y; should accumulate to a

continuous density; this density should be subject to the stationarity conditions

dp(<)

3 ST _
X +tX% 4 : Y =0,
dp(¢)

3
Y +tY3 + - —7X =0.

(Note that we have used the same density p here to represent the density of the X and Y eigenvalues; this
is admissible since the potentials are the same). These stationarity conditions are the analog of the ones for

the 1-matrix model. Expanding at infinity, we find that

X +tX3 % 7Y = O(X7?), (5.29)
1
Y +tY3 — voTX = oY —2). (5.30)

We expect that there should be a polynomial P in two variables such that P(X,Y) = 0; this Riemann
surface is the spectral curve. The effective potential, which is constant on the support of the eigenvalues,
and gives the dominant contribution to the partition function (i.e., it is the g-function we are seeking) can
be recovered either as TQ(X) =7 [ YdX.

We now make the ansatz that the spectral curve is genus 0, i.e. that it is rationally parameterized. We

have the following proposition:
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Proposition 5.1. A 2-parameter family of solutions to the stationarity equations (5.29),(5.30) is given by

the rational functions

X = [T gy (s R0, (5.31)
Y(u)=Xu1)=A (i + (a® + b*)u — azb2u3> , (5.32)

with A,t, 7 defined parametrically in terms of a and b as:

a?b?(a*b* + 3a* + 6ab? + 3b* — 3) = r(ab) = 1
9(a? + b2)2(a2b? + 1)2 ’ T (@4 ) (a2 + 1)

3(a? +b2)(a2b% + 1)
A= Aa,b) b,/—— 34
Ala,b) =a \/a4b4 T30t + 60202 + 30 — 3 (5.34)

Proof. By symmetry of the equations (5.29), (5.30) upon interchange of X and Y, we have (without loss

~tab) = — (5.33)

of generality) that Y (u) = X (u™!); this fixes the positions of the infinities of the X and Y-coordinates in
the uniformizing plane as u = oo, u = 0, respectively. This also makes the second stationarity equation
(5.30) redundant; if we can find a solution to (5.29) with the constraint Y (u) = X (u~!) imposed, we have

automatically also found a solution to (5.30). We can generically set

X(u)=A [u +ao+aut +asuT?+ Oé3u_3} ;

this is the most general form of a rational function with poles only at u = 0,00 which can possibly be a
solution to the stationarity equations; this is because the leading terms on the right hand side have equal
order: tX (u)? = O(u?), and Y (u) = X(u™1) = O(u?), with all other terms of order O(u?) or lower. The

free parameters A, {cy} can then be chosen appropriately so that the rational function
R(u) := X (u) +tX (u)® —

The quadratic term and constant term of the expansion of R(u) at infinity require that the coefficients

ag, g = 0. This now fixes the form of X (u) as

X(u)=Au+aoau " +azu™].

The function X (u) has four (finite) critical points X'(uj) = 0, k = 1,2,3,4. The above form of X (u) fixes

the critical points to be symmetric: X'(£u}) = 0, X'(+uj) = 0. We take these branch points as a new set
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of parameters, and write X (u) generically as

w2 2\,2 32 2, 32 272
X(u):A/ (u” = a”)(u b)du—A<u+a+b —“b),

ut U 3u3

Y(u)=Xu1)=A (i + (a® + b*)u — Cli&l)zu?’) .

Inserting this expression for X (u) into the stationarity equation (5.29), we obtain that
1
<tA3 + 37’Aa2b2> u® + (A4 3tA%(a® + b*) — TA(a® + b%)) u
A

1
+ (A(a2 + %) +tA3(—a®b? + (a® +0*)% + (a® + b?)(2a” + 20%)) — — — TA) ut = Ou?);

the requirement that the stationarity equation be satisfied up to order O(X ~2) is equivalent that the first
three coefficients in the above expansion vanish identically. This gives us a system of 3 equations, which we

can solve for ¢, 7, and A; the unique solution (up to a determination of the sign of the square root) is

— Hab) = a?b?(a*d* + 3a* + 6a?b? + 3b* — 3) = r{ab) = 1
S 9(a? + b2)2(a?b? + 1) ’ N " (@2 +62) (a2 + 1)
T 3(a? +b2)(a?b% + 1)
A= b) by ——
Ala,b) = aby \/a4b4 +3a% + 6a2b2 + 3b% — 3’
This completes the proof. O

We have now obtained a 2-parameter family of solutions to the stationarity equations up to terms of
order O(X~?). Each fixed pair (a,b) parameterizes a Riemann surface. We claim that we can parameterize

the region D of the phase plane in terms of this family of Riemann surfaces.

Proposition 5.2. Let
R:={(a,b)|0<b<1,1<a<b '} (5.35)

Then, there is a bijection between the region R and the region D of the phase plane, induced by the mapping

(a,b) — (7(a,b),t(a,b)):
D = {(r(a,b),t(a,b)) | (a,b) € R}. (5.36)

Furthermore, we have the following identifications:
1. The low-temperature critical curve given by the boundary component a = b~ !,
2. The high-temperature critical curve given by the boundary component a =1,

8. The multicritical point given by a =b = 1.
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Proof. The proofs that (7(b=1,b),t(b=1,b)) for 0 < b < 1 parameterizes the low-temperature critical curve
t=—5+272 for 0 <7 < 1, and that (7(1,b),t(1,b)) for 0 < b < 1 parameterizes the high-temperature

critical curve t = —2/7(y/7 — 1)2(y/7 + 2), for < 7 < 1, are straightforward and left to the reader. O

We point out that when (a,b) = (1,1), we obtain the multi-critical point (7,t) = (1, —=). We remark

that ¢(a, b), 7(a,b), A(a,b) defined in equations (5.33), (5.34) all have constant sign for the values of (a,b) € R:
t(a,b) <0, 7(a,b) >0, and A(a,b) > 0.

A comparison of the phase planes are depicted in Figure (5.2). One cannot in principle approach the 7 =0
axis, since the objects we are computing are essentially one collection of eigenvalues averaged over another.
The correct limit to take is to set

b— 0. (5.37)

In this limit, one can approach the 7 = 0 axis in the space of parameters. However, all of the relevant objects

(X,Y,Q, etc.) are singular in this limit.

Remark 5.3. We have actually found more than just the spectral curve for the region D; if we take a € /R
to be purely imaginary and b to be real, we obtain the correct asymptotics for the full range 0 < ¢t < oo,
0 < 7 < 1. However, the integration contours for the Riemann-Hilbert problem and the weights are different
in this case, as is the basic structure of the Riemann surface. We therefore postpone analysis of this case to

a later work.

The associated Riemann surface given by the parameterization (X (u), Y (u)) is called the spectral curve.
Let us study the structure of the spectral curve; we shall treat the parametric curve (X,Y’) as a branched
covering of the sphere over the X-coordinate; by construction, the X-coordinate has branch points (X' (u) =
0) at uw = +a, +b, and oco.

Away from the multicritical point, the spectral curve is 4-sheeted; this family of spectral curves have
generically the same structure, and are shown in Figure (5.4). There are 4 branch points, all of which lie on
the real axis: at +a := X (£a), and £0 := X (£b). We have the inequalities 0 < oo < 8 < oo. The structure
of the curve is as follows: Sheets 1 and 2 are glued along [—a, a], sheet 2 is glued to sheet 3 along the interval
(—o0, —f], and finally sheets 2 and 4 are glued along [§,00). At the multicritical point a = b = 1, the curve
further degenerates, and the branch points £8 — +«. The multicritical spectral curve is shown in Figure
(5.5). In this case, sheets 1 and 2 are glued along the interval [—a, «], sheet 2 is glued to sheet 3 along the

interval (—oo, —a], and finally sheet 2 is glued to sheet 4 along the interval [«, 00).
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Figure 5.3. The branch cuts in the uniformizing plane u = x + iy away from the multicritical point (left)
and at the multicritical point. The noncritical case has a = 1.0184,b = 0.9100. The images of each sheet
under the uniformizing map are labelled I,....IV. Note that, at criticality, the second sheet is split into two
connected components; this is consistent with the picture in the physical plane, depicted in Figures 5.4, 5.5.

In the uniformization plane, the spectral curve is shown at and away from the multicritical point (1, 1)
in Figure (5.3).

The candidate spectral curves must satisfy a number of additional properties. The curve must carry a
“g-function”, whose restrictions to each sheet must match the asymptotics of é(z) at co. The g-function
must also satisfy a certain collection of inequalities which will be necessary for the later lens-opening trans-
formations.

We introduce the candidate g-function as the “effective potential” which we formally discussed earlier:
g(X) =1Q(X) = T/YdX. (5.38)

We will not use the notation g(X) for the g-function, as we prefer to stay with the notation 7Q(X). The
function 7Q(X) is in general a multivalued function in C. The function Q(u) := [ Y (u)X’(u)du in the

uniformization coordinate is explicit:

T7Q(u) T/YdX :T/Y(U)X’(u)du

1 1 212 4 1 2 2 212 2
= — —a®b?ut + = (0% + b?) (a2 + 3)u® — 1 5.39
a4b4+3a4+6a2b2+3b43< g0 @)@ 4 3 —logu - (5.39)

- g( 24+ 0%)(a®0? — u~? — ia2b2u_4>.
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11

v

Figure 5.4. A representative example of a critical/generic surface in the physical plane; the sheets are
labelled I,...,IV. If the curve is low-temperature critical, an extra zero of {(z) accumulates at z = +« and
z = £0; if the curve is high-temperature critical, an extra zero accumulates at z = +a.

II

IT1

_— -

Figure 5.5. The (multi) critical spectral curve. Note that the branch points at z = « and z = § have
merged here.
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From here on, we shall relabel X (u) as

X(u) =: z(u), (5.40)

as the notation is more convenient and consistent later on. We also define the uniformization mappings
uj(2),7 = 1,2,3,4, as the inverse functions to z(u), such that z(u;(z)) is the identity mapping in sheet j,
away from the branch cuts.

We can expand € on each sheet of the spectral curve, by inverting the uniformization coordinate (u;(z),
j=1,2,3,4), and inserting these expansions into the expression above for Q. Since z = oo (corresponding
to u = 0 on the lower three sheets, u = oo on the first sheet) is a common branch point for all curves in the
family parameterized by R, we can write an expression for the expansion of Q;(z) := Q(u;(2)) at infinity

that holds for all (a,b) € R. We have the following proposition:

Proposition 5.4. (Ezpansion of Q;(z) at z = 00). For any fized (a,b) € R, with t(a,b), 7(a,b) defined as

in (5.33), we have the following expansions of the functions Q;(z):

t 1 C
T(2) = 724 + 527 —logz 4o + Z—;’ +0(:=Y), (5.41)
3w? /3 w 72/3 1 Re 1
7_92(2): 7TWZ4/375m22/3+§10g2+£1+7/9,1+0(24/3), Imz>0, (542)
w T3 w2 r2/3 w
S A T Koga 6+ 5+ 0 (). Imz <0,
373 s 1 T3 1 C 1
_ 3P LT a1 [ ES
TQ3(2) = 1 (_t)1/3z 5 (—t)2/3z + 3 logz + ¢ + 27 +0 (z4/3> ) (5.43)
W A8 . w2 ,2/8 . wC
TQ4(2) _ *37 (—t)1/3 243 ERENEE 2/3 + %logz + 0+ Zf_)i/é + 0O (z41/3) s Im z >0, (544)
W2 4/3 w 72/3 w2
—3 T = § T 4 Jloga i+ SR 10 (Hy), Imz <0,
Here, the constants {y := lo(a,b), l1 := £1(a,b) are defined as
9a%b? + 20a*b* + 9425 + 18a* + 36a2b? + 18b*
lo(a,b) = — log A(a,b 5.45
o(a,b) 6(a*b® + 3a* + 6a2b2 + 3b* — 3) +log A(a,b), (5:45)
3(2a%0? + 4atbt + 2a%0° + a* + 4a?b? + 1) 1 1 1 9.9
l b) =— — —log A(a,b) + = log3 — =1 b-. 5.46
1(a,0) 20262 (a*b* + 3a* + 6a2b2 + 3b* — 3) 3 logAle,b) + 3log3 — g loga (5.46)

and the constants Cp := Cy(a,b), Cy := C1(a,b) are defined as

6b2 2b6 _ 4 2b2 _ b4 2 b2 2 2b2 1
Cola.b) = 3% +a 3a* —5a 3b* + 3)(a® + b%)?(a*b* + )’ (5.47)
2 (a0 + 3a% + 6a2b% 1 301 — 3)2
(3550 + 3a5b2 + 3a%b? + 30266 — a* — 8a2b? — bY)(a® + b2) [ abA%(a, b)) "/
2b%a*(a*b* + 3a* 4 6a2b? 4 3b* — 3) 9 '

Ci(a,b) =

(5.48)
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Proof. The proof of this proposition is a straightforward calculation; as we have alluded to, one must first
expand the uniformization coordinate at z = oo on each of the sheets, then insert this expansion into
the expression for Q(u) in the uniformization coordinate (see Equation (5.39)). The expansions of the

uniformization coordinate on each sheet near the branch points are given in Appendix B. O

Thus, comparing the above expansions to the exponential part of the asymptotics of X(z) in Equation
(5.121), we see that the 2;(z)’s match exactly the terms appearing there, to order 272/3. Thus, the Q,(2)’s
have the correct asymptotics, and the g-function transformation will push through. However, we will need
to ensure we can also open lenses; for this, we will need to prove that certain inequalities on the ;(2)’s
hold. Here, we will need to break calculations up in to cases, as the structure of the contours and the ;(2)’s
near them depends more intricately on the choices of (a,b). We will have 4 cases, which we have mentioned

before, but list again here for the convenience of the reader (this time in (a,b) coordinates):
1. The generic case: 0 <b<1,1<a < b1,
2. The low-temperature critical case: 0 < b <1, a =01,
3. The high-temperature critical case: 0 < b <1, a =1,
4. The (multi)-critical case: a =b = 1.

The next section is devoted to the proof of these inequalities.

5.2.2 Definition of the Contours I', 'y, and T's.

Before we can proceed to the proof of the lensing inequalities, we first need to define a number of contour
which our Riemann-Hilbert problem will rely on. These contours will be chosen so that the functions 2;(z)
satisfy certain inequalities on them. The first such contour is I', on which the matrix-valued function Y (z)

has jumps. We redefine I' to be the contour starting at P o0, passes through z = —a, then continues

along the real axis until it reaches z = +«, then goes off again to infinity in the direction e~ . The modified
contour I' is depicted in Figure (5.6).
We also define two new contours, I'; and I's, which will appear in the first transformation. The contour
T'5 is defined to start at z = —oo, then travel along the real axis until it reaches z = —f; the contour then
goes off to infinity in the sector —% < arg(z + ) < 0. The exact direction of approach to infinity will be
established in the next section, when we will require certain inequalities to hold on I's.
3w

Similarly, we define I'; to be the contour starting at infinity in the sector 0 < arg(z — ) < =f, and

approaches the point z = (; then, I'; goes off to infinity again along the positive real axis. Again, the exact
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Figure 5.6. The contour I', which starts at e37%/4

goes off to e~ ™4 . 0.

- 00, passes through —a, +a on the real axis, and then

specifications of I'y will be established in the next section to guarantee that certain inequalities hold. The
family of contours I', T'y, and I'y are depicted in Figure (5.7). We label the regions above I'y, below I's, and

bounded between I'y and I's by Q,, Qy, an €., respectively.

5.2.3 Lensing Inequalities.

We now begin the work of proving that the function 2 we constructed indeed satisfies the inequalities
necessary for lensing. The main idea of this section is contained in this subsection; it explains how we can
extend local inequalities near the branch points to inequalities that hold on the full branch cuts. Most of the
work that remains in the subsequent subsections involves expanding €2 near the branch points, and checking
that the correct inequalities hold there. This check differs in the generic, critical, and multicritical cases, as
the expansions of {2 near the branch points are different in each case. However, we stress that the proof is

essentially the same, and relies only on the following lemma.

Lemma 5.5. Consider the normal vector to the preimages of the branch cuts in the uniformizing plane
under the mapping z(u):
Vim z(u)

n:= T Im (@) (5.49)

For any (a,b) € R={(a,b) |0 <b< 1,1 <a<b 1}, the function

VRe Qu) -1 = %Re Q(u) (5.50)

is of constant sign on each connected component of the preimages of the branch cuts.
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Figure 5.7. The contours I',T'y, and T's. Also depicted are the regions Q, and Q,, (shaded), as well as Q.
(unshaded).

Vim z(u) Vim z(u)

Im z(u) =0

Figure 5.8. The curve Im z = 0, and the curve C, which characterizes the places that VRe Q(u) and
VIm z(u) are perpendicular. At the places where C and Im z = 0 intersect, the normal vectors to these
curves are perpendicular, implying that the direction of steepest descent may change sign, as shown above.
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Proof. Let C denote the curve where E%Re Q(u) = 0. In order to prove that the direction of steepest descent
is constant on each component of the branch cuts, it is sufficient to check that the curves Im z(u) = 0 and
C intersect at most at the points such that z’(u) = 0: namely, +a, +b.

First, since (u) and z(u) are analytic functions, the Cauchy-Riemann equations yield that d[Re Q(u)] =
10Q(u), and similarly O[Im z(u)] = £9z(u) (here O denotes the holomorphic derivative in u). It follows that
the VRe Q(u) is perpendicular to VIm z(u) if and only if the quotient of these two expressions is purely

imaginary:
' (u)

12’ (u)

e iR.

It follows that the curve C is characterized by the condition

Im =0, (5.51)

which is equivalent to the condition Im g—g(u) =Im Y(u) = 0 (cf. Equation (5.39)). We thus must prove
that Im Y'(u) = 0 and Im z(u) = 0 intersect at most at the branch points. We can parameterize these curves

in the uniformizing plane in polar form with relatively simple expressions. Defining

1 4 1
re(0) = \/2(a2 +b2)+ \/3a2b2 sin? 0 4 Z(a2 - b?)2, (5.52)
we have that
. . 1
Im z(re?) =0 <= r =r.(0) Im Y(re?) =0 <= r = =) (5.53)
+

This last identity follows from the fact that ImX (v) = Y (1/4). We must check that these curves do not

intersect; the equations that determine intersection are

r+(6) = r_(0) = ry(0) = . (5.54)

Now, let us check that the first two equations have at most the branch points as solutions. We have that:

1 4 1
1=7r1(0) <=1- §(a2 +0%) = \/3a2b2 sin” 6 + Z(a2 - b?)?

4
= —a? - +1= §a2b2 sin® 6

3 1 1 1 L
<:>4<1_b2_a2+(12b2)281n 0
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Imz=0

Figure 5.9. Images of the branch cuts Im z(u) = 0 and Im % = 0 in the uniformizing plane, for a =

1.059,b = 0.880. The curves indeed do not intersect, and so the direction of steepest descent is constant
along each connected component of the branch cuts.

Since the branch points occur at § = 0,7, we need that the left hand side of the above equation to satisfy

one of the inequalities

3 1 1 1
e e tep) st o

Indeed, if 0 < b <1, then

(5.55)

= w
N
—
|
| -
@w‘,_.
@w‘
>~ —
[ &}
N———
Vv
—_

1Lo1 1 1 1
Pt epslte-a2=h

(1 11\,
4 b2 a2 a20%2) — 7

and the necessary inequality holds in the region R. On the other hand, for the other intersection equation,

so that

we have that

1 4 1
L=7r (0)r_(0) <=1= Z(a? + %)% — gaQbQ sin? 6 — Z(a2 —b?)?

4
—a?h? -1 = §a2b2 sin? 0

3 1 .9
<:>Z (1—(121)2> = sin” 0;
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Figure 5.10. The opened lenses.

thus, we need that the left hand side of the above equation satisfies one of the following inequalities:

3 1 3 1
2l1-—=)>1 °(1-—) <o. .
1 ( a2b2) > 1, or 1 ( a2b2> <0 (5.56)

We see that, provided 1 < a < b~!, the second inequality holds.

Thus, we have proven that, provided (a,b) € R = {(a,b) | 0 <b < 1,1 <a <b '}, the only intersection
points of the branch cuts and the places where the direction of steepest descent of Q(u) changes sign are
at (possibly) the branch points. The branch cuts Im z = 0 and the curves Im g—g = 0 in the uniformizing

plane are shown in Figure 5.9 for a particular choice of the parameters (a,b); one can see explicitly that

these curves do not intersect. O

These differences are precisely the functions we will need in lensing; we now proceed to check that these

differences indeed have the correct sign.
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5.2.3.1 The Generic (Noncritical) Case: 0 < b < 1, 1 < a < b~'. It remains to check that the
Q;(2) := Q(u;j(2)) have the correct sign around each of the lenses. This amounts to expanding Q(u) around
each of the branch points, and checking that locally, the signs of the quantities we will be interested are

positive. The fact that these inequalities hold globally across each component of the support follows from

the fact the intersection lemma we have just proven. We have the following proposition:
Proposition 5.6. Local expansions of Q;(z) around the branch points .

1. Around z = +a := z(+a).

T0(2) = na(2) + @1z — )*? + O((z — @)?), (5.57)
7Q(2) = 10 (2) — q1(z — a)*2 + O((z — a)?), (5.58)
and
N-a(2) +iqi(z +a)*? + O((z + @)?), Im z>0,
T (2) = (5.59)
N_o(2) —iq(z +a)*2+ O((z +a)?), Imz<0,
N-a(2) —iqi(z + a)*? + O((z + @)?), Im 2 >0,
Ts(2) = . (5.60)
N_a(2) Fig(z+)*2 + O((z 4+ )?), Imz<0,
Nta(z) = Q(+a) F a%jé;ﬁm@ F «). Note that the constant q = 2(i;72172)3(;24(;21)7(;2;5/42174) > 0.

2. Around z = £ := z(%b).

z iG1(z — B)3/2 z—B)? m z
TQQ(Z) _ 775( )+ QI< B) +O<( ﬁ) )7 I >0, (5.61)

ns(2) —igi(z — B)32 + O((z — B)?), Im=z<0,

n(z) —iqi(z — B)*2 + O((z — B)?), Imz>0,

(2) = (5.62)
ns(2) +iGi(z — B)32+ O((z — B)?), Im =z <0,
and
Ts(2) = n-p(2) + @1 (z + B)** + O((= + B)), (5.63)
mQ3(2) = n-p(2) — @u(z + B)*2 + O((= + B)?). (5.64)
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2(a*—b*)(1-b*)(1—a*b*)
b1/2 A3/2 (a2 —b2)3/2

Here, n+p(z) = Q(iﬁ)qiﬂ%jigf“*?’(zqiﬁ). Note that the constant §; =

0.
Proposition 5.7. Lensing around the cuts. Let Q;(z) = ¢;(2) +i1;(2), j = 1,2,3,4. Then, the following

inequalities hold:
1. ¢4(2) — ¢2(2) > 0 in a lens around [B,00),
2. ¢3(z) — ¢p2(2) > 0 in a lens around (—oo, —f],
3. ¢2(2) — p1(2) > 0 in a lens around [—a, a.

Proof. We have only to expand the differences ¢;(z) — ¢ (z) around the branch points; our previous lemmas
guarantee that if the correct inequality holds locally, it holds globally as well. For z sufficiently close to £,
the difference ¢4(2) — ¢2(2) = Re (4 — Q2)(2) ~ Re [—2ig(z — 8)%/?] > 0 in the sector 0 < arg(z — 3) < &
for |z — B3| small enough. Now, for any z € (3,00), uz 4 (2) = u4,_(2), where u; +(z) denote the continuous

limits of u;(¢) as ¢ — z from the upper and lower half planes, respectively. Thus, since Q(u) = Q(a), we

have that
Quz,+(2)) = Qua,—(2)),

and so Re (24 — Q2)(2) =0 for z € [5,00). Now, by definition of the sheets 2, 4, we have that

ORe QQ o _8Re Q4 ORe QQ - _aRe Q4

on on_ ' on_ ong

where 8% denote the normal derivatives in the upper/lower half planes in the z-coordinate, respectively
+

(note that these normal derivatives and the one appearing in Lemma (5.5) differ only by an overall positive

factor |z’(u)|> 0). On the other hand, by our observation that Q(u) = Q(@), we obtain the equalties

ORe Q3 ORe ORe 4 ORe Q4
ony  on_ ony  On_
We thus compute that
0 0
— Q—Q =2— Q )
7o [Re (24— 0)()] = 25— Re (24)(:)

Since this quantity is positive locally near z = 8, Lemma (5.5) allows us to conclude that % [Re (24 — Q2)(2)] >
0 for all z € [8,00). Therefore, we can open a lens around [§, c0).

Similarly, near z = —f3, again using the local expansions of Proposition (5.6), we have that ¢5(z)—¢2(z) =
Re (23 — Q2)(2) > 0 in the sector &F < arg(z + 8) < 7 for |z + | sufficiently small. Thus, Lemma (5.5)

guarantees that we can open a lens around (—oo, ).
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Finally, near z = +a« (respectively, z = —a), the difference ¢2(z) — ¢1(2) = Re (22 — Q1)(2) > 0 for
28 < argz < 7 and |z — af sufficiently small (respectively, 0 < arg(z — 8) < % and |z + «f sufficiently small).

Thus, we can also open a lens around the central cut [—«, a].

O

Proposition 5.8. Inequalities off the real azxis. Let Q;(z) = ¢;(2)+i,(2), j = 1,2,3,4. Then, the following

inequalities hold:
1. ¢2(2) — ¢u(2) > 0 for z € Ty N {Im = > 0},
2. ¢a(2) — ¢3(2) > 0 for z € Ty N {Im z < 0},
3. ¢1(2) — ¢a(2) > 0 for z € T\ {Im z = 0}.

Proof. We prove ¢a(z) — ¢a(z) > 0 for z € I'1 N {Im z > 0}; the proofs of the other inequalities follow from
similar argumentation. Using (5.6), we have that ¢2(2) — ¢4(2) > 0 for |z — G| sufliciently small in the sector
28 < |arg(z — B)|< 7. Furthermore, at infinity, using Equations (5.42),(5.44), we see that ¢2(z) — ¢a(z) > 0

for || sufficiently large in the sector 2T < |arg z|< 7. Consider the domain

E = {z] ¢2(2) — ¢a(2) > 0};

by the lensing inequalities (5.7), the boundary of this domain is bounded away from the branch cuts, and
@2(2) — d4(z) = 0 there. Since ¢o(2) — ¢p4(z) is not identically zero, the maximum principle tells us that the
domain F is necessarily unbounded, and reaches infinity in the sector %T’T < |arg z|< 7. Thus, we may freely

redefine I'; so that ¢2(z) — ¢4(2) > 0 along I'y for all z € Ty N {Im z > 0}. O

5.2.3.2 The Low-Temperature Critical Curve: 0 < b < 1,a = b~!. We repeat the calculations of
the previous section for the family of curves with @ = b1, i.e. the low-temperature critical curves. We have
already proven that if an inequality holds locally around the branch cut, it holds globally. Thus, we have
only to check that the relevant inequalities occur in the correct direction. To accomplish this, we must first

expand the function Q(u) around the branch points.
Proposition 5.9. Local expansions of Q;(z) around the branch points .

1. Around z = +a = 2(£b71).

T1(2) = 0a(2) = @2(2 — @)°/2 + O((z — @)*), (5.65)

7 (2) = 0a(2) + @2(2 — @)°/* + O((z — @)?), (5.66)



N-a(2) +iga(z + a)’? + O((z + @)?), Im 2> 0,

70 (2) (5.67)

N-a(2) —ig2(z + a)5/2 +0((z +)3), Imz<0,

2) —iga(z — a)®/? z—a)?), Imz ,
(e = N-a(z) —ig2(z —a)”* + O((z —a)®), Imz>0 (5.68)

N-al(2) +iga(z + a)®/? 4 O((z+a)?), Imz<0,

(5.69)

p—5/2 4—5/2

4
Here, nio(2) := TQ(b‘l)iT%a(z:Fa)—ﬁ(z:Fa)Q. Note that the constant qo := %W >

0.

2. Around z = £ := z(+b).

2) +iGa(z — B)°/? z2—PB)3), Imz ,
(s = np(2) +iG2(z — B)° 2 + O((z = B)7), [ >0’ (5.70)

np(2) —iGa(z — B)°/2 + O((z — B)*), Imz>0,

2) —iga(z — B)°/? z—0)%), Imz>0,
(s np(2) —ig2(z — B)°= + O((z = B)°), 1 >0’ (5.71)

ns(2) +iGa(z — B)%2 + O((z — B)?), Im z>0,

and

Ta(2) = 0-p(2) + Ga2(= + B)°/* + O((z + B)*), (5.72)

TQ3(2) = 1-p(2) = G2(2 + B)”* + O((z + B)*). (5.73)

p5/2 A—5/2
(3b3+4b%+3)\/1—b* >

Here, nyg(z) = 7Q(Lb)£7 bz(bi4:13)5(z$ﬁ)—#(2$6)2. Note that the constant g := &

0.

As before, for the lens opening procedure to work, we need certain inequalities to hold on the cuts. The

inequalities we need are summarized in the following proposition.

Proposition 5.10. Lensing around the cuts.

Let Q;(z) = ¢;(z) +ij(2), j = 1,2,3,4. Then, the following inequalities hold:
1. ¢4(2) — ¢2(2) > 0 in a lens around [B, 00),
2. ¢3(z) — ¢p2(2) > 0 in a lens around (—oo, —],

3. ¢2(2) — p1(2) > 0 in a lens around [—a, a.
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Proof. The proof technique here is identical to the proof of the lensing Proposition (5.7) in the previous

subsection; we thus do not repeat the proof here. O

Proposition 5.11. Inequalities off the real azis. Let Q;(z) = ¢;(z) + i;(z), j = 1,2,3,4. Then, the

following inequalities hold:

1. ¢pa(z) — pa(z) > 0 for z € Ty N {Im z > 0},

2. ¢2(2) — ¢3(2) > 0 for z € Ty N {Im z < 0},

3. ¢1(2) — ¢p2(2) > 0 for z € '\ {Im z = 0}.
Proof. The proof here is so similar to the generic case that we omit it. O
5.2.3.3 The High-Temperature Critical Curve: 0 < b < 1,a = 1. The high-temperature critical
curve is characterized by the condition ¢ = 1. As in the previous sections, all that is left to do is to show

that the correct inequalities hold on each of the cuts. This requires us to expand the ,;(z)’s around each of

the branch points.
Proposition 5.12. Local expansions of Q;(z) around the branch points .

1. (around z = z(£1) := ta).

T (2) = 1a(2) — gs(z — )°/? + O((z — @)®), (5.74)
705(2) = 110 (2) + gs(z — )*/* + O((z — )?), (5.75)
and

Na(2) +iga(z + @) + O((z+ ), Imz>0,
T (2) = (5.76)

N-a(z) —igs(z +@)®? + O((z + @)%), Im z<0,

z) — 1q: z 4 a)? m z

792(2) _ nfa( ) q3 +O(( + ) )7 I >0, . (5'77)

N-a(2) +igs(z + )2 + O((z+ @)?), Imz <0,

Here, nia(z) = 7Q(+a)++ra(2Fa)+ 5 (2Fa)?. Note that the constant g3 := %(1—b2)5/2(;b2+3)A5/2 > 0.
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2. (around z = z(+b) := £08).

z iGs(z — B)3/2 z— )2 m z
() = ns(2) +1igs(z — B)*= + O((z = B)*), Im z>0, (5.78)

np(2) —igs(z — B)*/2 + O((z — B)?), Imz <0,

2) —ig3(z — B)3/? z — ()2 m z
(2 np(2) —ig3(z = B)** + O((z = B)), Im 2 >0, (5.79)

ns(2) + iGs(z — B)*/2 + O((z — B)?), Im z <0,

and

Ta(2) = n-p(2) + Gz + B)*/* + O((z + B)?), (5.80)

TQs(2) = n-p(2) = Gs(2 + B)*/2 + O((= + B)?). (5.81)

Here, nyp(z) = TQ(iﬂ)iTﬂ%ﬁ;bz-’_B(z?ﬂ). Note that the constant Gz = A_3/2% >

0.

In order to open lenses, we need certain inequalities to hold on the cuts. In particular, we will need the

following proposition.

Proposition 5.13. Lensing around the cuts. Let Q;(z) = ¢,(z) +i;(2), j =1,2,3,4. Then, the following

inequalities hold:

1. ¢4(z) — ¢2(2) > 0 in a lens around [B,00),
2. ¢3(z) — p2(2) > 0 in a lens around (—oo, —f3],

3. ¢2(2) — P1(2) > 0 in a lens around [—a, a.

Proof. Again, the proof technique is identical to that appearing in the generic case of Proposition (5.7); thus,

we omit it. 0

Proposition 5.14. Inequalities off the real axis. Let Q;(z) = ¢,;(2) + i;(z), j = 1,2,3,4. Then, the

following inequalities hold:

1. ¢pa(2) — ¢pa(z) >0 for z e Ty N {Im z > 0},
2. ¢2(2) — p3(2) > 0 for z € Ta N {Im z < 0},

3. $1(2) — ¢p2(2) > 0 for z € T\ {Im z = 0}.

Proof. The proof here is again similar to the generic and high temperature cases; therefore, we omit it. [J
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5.2.3.4 The Multicritical Case: a = b = 1. In the case where (a,b) — (1,1) (equivalently, (7,¢) —
( i, —%)), the branch points +3 merge with +a. The local structure of €2 near these branch points is quite
different from that of the critical and generic cases, in that three sheets meet at +« instead of two. We begin

as in previous sections, with a proposition characterizing the local behavior of the Q;(z)’s.

Proposition 5.15. The functions Q;(z) have the following expansions about the branch points z = +a:

Near z = +a:

7/3
M) =)= g5 (2) oo (-0, (5.82)
O @ a0, e
77+(z)—4§—§’(§)7/3 (z—a)"3+0((z—a)®?), Im z <0,
() n+(z)—‘%§—g’(§)7/3 (2—a)7/3+(’)((2—a)8/3), Im z>0, (5.84)
Q@ \Z) = .
N4 (z) — 42‘;2 (%)7/3 (z—a)34+0 ((z— a)8/3) , Im z <0,

and Q3(z) is regular in a neighborhood of z = +a.

Near z = —a:

2) + 48 (278 (4 )73 z+ )83 mz
() = n-(z)+ 52 (2)"" 4+ )P+ 0 ((z+)®3),  Imz>0, (5.55)
n_(z) + 42‘;2 (%)7/3 (z4+a)2+0((z+)®?), Im 2 <0,
z M 27/32 OL7/3 z OL8/3 m z
() = n-(2)+ 8= (2) "7 E+)P+0((z+@)*3),  Imz>0, (5.36)
n-(z) + B (%)7/3 (z4+a)2+0 ((z+)®?), Im 2 <0,
7/3
Qs3(z) =n_(2) + g (2) (z+a)3+0 ((z + a)8/3> , (5.87)

and Q4(2) is regular in a neighborhood of z = —«. Here, n4(z) := g tazFa) - izFa)?

Proof. The proof of this proposition follows the same procedure as in the previous cases; however, we find it
useful to present this case separately. At the multicritical point, the uniformizing coordinate takes the form
2(u) = /& (Bu+ & — L), and Q(z(u)) = —15u* + 2u? — Zu~* — 4logu. Expanding in the uniformizing

coordinate around the images of the branch points © = £1, we obtain that

Qz(w) = (2(w) = Fox (wF DT+ O((u F 1)%).
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Expanding z(u) in the uniformizing coordinate,
) Fa= %(u F1)% +O((u+1)h).

Thus, locally, u £ 1 has the expansion (with to be determined choice of branch)
9\ 1/3
utl~ () (z 4 a)/3,
a

The choice of branch is determined by the argument of u 4 1 in the uniformzing plane lying in the correct
sheet, along with the specification that (z & a)l/ 3 is always taken with the principal branch cut. This yields

the result. O
Proposition 5.16. Let Q;(z) = ¢;(2) +iy;(2), j =1,2,3,4. Then, the following inequalities hold:

1. ¢4(2) — ¢2(z) > 0 for z in a lens around [a, 00),

2. ¢3(2) — p2(2) > 0 for z in a lens around (—oo, —a,

3. ¢a2(2) — ¢1(2) > 0 for z in a lens around [—a, a].

Proof. Again, let Q;(z) = ¢;(2) + i, (2).

Since, by the lemmas, the direction of steepest descent of Re (u) is constant along each of the connected
components of Im z = 0, we have only to check that the necessary inequalities hold near the branch points
z = *a.

Near z = 4, using Proposition (5.15), we have that

Re [48(4,,;725—“;) 2 7/3(z_a)7/3+0 (z—a)¥3)], Im z >0,
94(2) = 62(2) = Re [2(2) — 0(2)] = o ( |
Re [#45522 (2)7° (: ~ )7 4+ O (e = )¥") ], Tmz<0,

from which we can read off that ¢4(z) — ¢2(z) > 0 in the sector |arg(z — a)|< 2Z for |z — o sufficiently small;

this proves 1.

Near z = —a, again using Proposition (5.15), we have that
w?— 7/3
Re [ - 48(35 2 (2)" 4+ +0((z+a)¥?)], Im 2 >0,
¢3(2) —¢2(2) = Re [Q3(2) —Q2(2)] = a7 ,
Re[—%(%)/ (24 )2+ 0 ((z+a)®?)], Im z <0,
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from which we can read off that ¢3(z) — ¢2(2) > 0 in the sector 2T < |arg(z + a)|< 7 for |z + o sufficiently
small, so that 2. follows.
Finally, we determine the behavior of ¢2(z) — ¢1(2) around either branch point; near z = +«, say. We

have that

Re [#0520 (2)7 (: — )"+ O((: —)*) ], Imz>0,

$2(2) — ¢1(2) = Re [Qa2(z) — Q1 (2)] =
Re [48(§;w) (3)7/3 (Z _ a)7/3 +0 ((Z _ a>8/3) ]) Im z < 0;

[

this expansion tells us that ¢2(z) — ¢1(z) > 0 in particular in the sector 3F < |arg(z — o)|< m, for |z — o

sufficiently small. A similar analysis near 2 = —a shows that ¢2(z) — ¢1(2) > 0 in the sector |arg(z — a)|< 2F

for |z+«| sufficiently small. Thus, we have established locally the inequalities 1. through 3.; as a consequence

of Proposition (5.5), the inequalities hold in a neighborhood of each of the segments of the real line. O

Proposition 5.17. Inequalities off the real axis. Let Q;(z) = ¢;(z) + i;(z), j = 1,2,3,4. Then, the

following inequalities hold:
1. ¢pa(2) — da(2) > 0 for z e Ty N {Im z > 0},
2. ¢a(2) — ¢3(2) > 0 for z € To N {Im z < 0},

3. $1(2) — ¢p2(2) > 0 for z € T'\ {Im z = 0}.

5.3 The First Transformation Y — X.

5.3.1 Idea of the Transformation.

The main idea of the transformation Y — X is illustrated in [39], who refer to an unpublished manuscript
of Bertola, Harnad, and Its as the origin of the idea. The point is that the weights appearing in the jump

matrix, f(z) and its derivatives, satisfy a modified form of the Pearcey differential equation:

t
N272

f"(2) + f'(2) = Nt22f(2) = 0, (5.88)
whose solutions are the Pearcey-type integrals

w;(z) = / exp [N(Tzw —%wz - iw‘l)]dw. (5.89)
. ——————

—V(w)

J
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Figure 5.11. The contours v;, j =1,...,4.

It is also useful to notice that any solution w(z) = w(z;7,t, N) to (5.88) satisfies the partial differential

equations

ow 1 w1 @_iaﬂ_lw (5.90)
Ot AN3749z4  ANT2t 022 4t 0z 4t ’
ow ow

In the following subsection, we analyze the asymptotics of these integrals, and consider an associated

Riemann-Hilbert problem for the w;(z)’s, which we shall make use of in the first transformation Y — X.

5.3.2 RHP and Asymptotics For the Pearcey-Type Integrals

We begin by utilizing classical steepest descent analysis to determine the asymptotics of each of the

integrals

w;(z) = / exp [N (rzw — V(w))]dw, (5.92)

i
as z — oo, where v;, j = 1,...,4 are one of the contours in Figure (5.11). Making the change of variables

w = 2'/3(, the functions w;(z) can be rewritten as

2; 7 <2H dc, (5.93)

t
w;i(z) = z1/3/ exp {Nz‘i/?’ {T( — =t -
21/3.; 4

The large z saddle points of the integrand are determined by the roots of the polynomial

1 1
'T & [TC 3¢ 222/342} =Tt (594
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We label the solutions of the above equation as sp(z), k& = 1,2,3; these solutions have the asymptotic

expansion

1/3,,k—1 1-k k—1 1-k
T1/3w w ~2/3 w _9 w

_ -8/3 —4
()13 371/3(_15)2/32 8175/3(_04/32 T Suz11/37 +0(ET). (5.95)

skp(z) = —

Here, we take the principal branch of the cube root. Since we only need the large z asymptotics of the saddle
points, this definition of the sx(z)’s is sufficient for our purposes. The exponent evaluated at the saddle

points is then

t 1
. NL4/3 2 a_ 1 2
NO(z): =Nz |:TS;€(Z) - 4sk(z) 5,273 sk(2)
3wk—1 7.4/3 4 wl—k, 7.2/3 1 wk—l 1
— et VA B 2/3 , — _ -
- [ S e s -0 ()| 69

as z — 0o. We also need the quantities

Zl/3 —27T
Nz4/3 [272/3 + 3tsg(2)?]
2 1=k 1 1 1 1
S il d _— it 10 —)). (5.97)
3N \(=t)/671/321/3  6(—t)1/272 72 (—t)5/675/3;5/3 |2|7/3

We always choose the branch cuts along the negative real axis, and we have chosen principal branch of the

square root above. Now, the saddle point approximation tells us that the functions w;(z) are approximated

w;(2) = L o [N (rzw — V(w)ldw = 23 \/ R +‘3§; ] eNO- () (1 +0 (241/3» . (5.98)

z — 00, where s,.(z) represents the nearest contributing saddle point to the contour +;, which gives the

dominant contribution to the integral. For the k' saddle point, we call the dominant contribution Sy (z):

—27
Si(z) = 213 eVOk(2)
£(2) N [2%/3 4 3tz4/35(2)?]

2 1-k 1 k—1 1 1
=iy = d - _ Y +0 (5.99)
3N \(=t)/671/3,1/3 ~ 6(—t)1/272 72 (—t)5/675/3,5/3 |2[7/3
k-1 7_4/3 4 wl—Fk 7_2/3 1 wk—1 1
— /3 _ 2/3 L~ _ _—
<o | |2 e - S e~ s 0 () ||

133



From this formula, we can write the asymptotics for each of the w;(z)’s by determining the dominant

saddle point; this saddle point depends on arg z. We have the following large-z asymptotic formulae:

() = —So(2)[1 +O(z=%3)], 0<argz <,
—S3(2)[1 +O(z743)], —m <argz <.
() = S3(z)[1+0(z"43)], —-Z <argz<m,
Si(z)1+0(z"43)], —r<argz< —Z.
w3(z) = =51 (2)[1 + O(z=4/3)], larg z|< m,
S +0(E4), §<agz<m,
wa(2) =

So(2)[1+O(z"43)], —w <argz < 3.

The signs in front of the Si(z)’s are chosen to be consistent with the orientation of the contours.

Define the row vectors

32 i= (w2 2.

where ’ here denotes the derivative with respect to z. We now define a 3 x 3 matrix W(z) as

1173(2’) ’ z € Quy

W(z) = Wy (z) , 2 € Qe
wh(2)
wia(2)
@s(2) | ze Q.
i (2)

W (z) is defined so that it is the unique solution to the following Riemann-Hilbert problem:
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Theorem 5.18. W (z) is the unique solution to the Riemann-Hilbert problem

JaW_(z), zel,
Wi(z2) =

JbVNV,(z)7 z €Ty,

where the matrices J,, Jp are defined as

1 01 110
Jo=10 1 0], =10 1 0
001 001

Note that J,Jy, = JpJ, = J. Furthermore, W (z) has asymptotics

W(z) =cn - eNAEA(2)B(2) K {ngg +0 C) } z — 0.

Here, the constant cy := i,/ 2%-. The matriz A(z) is defined to be

dzag(ég(z), él(z)a é2(2)), Im z > Oa

diag(05(2), 01 (2),05(2)), Im z <0,

where the functions é](z) are defined by the exact formulas

k=1 £4/3 wl—k  2/3

1
o T LA 2/3 .
1 (B’ -

2 (023 Tt

The matrices A(z), B(z), and K are defined by

—w 1 w?
-111 |, Imz>0,

2

A =3y L
(1 1 1), Im z < 0.

—1/6_.1/3 n+27t
. (=)= /6 0 T 5a(_)18/6,173
K = 0 (—t)~1/2 0 .

0 0 —(—t)73/071/3
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Proof. The proof of this theorem is just a tedious check that the formulas we have previously derived for
the asymptotics of the w;(2)’s indeed guarantee that the W (z) solves the above Riemann-Hilbert problem.
Uniqueness follows from standard arguments with Morera’s and Liouville’s theorem. We remark that the
terms decaying in z as z — oo in the functions 6;(z) can be absorbed into the asympototic expansion

I+ O(z~1), by passing this part of the expansion to the right of the matrices A(z)B(z). More precisely, the

expansion of the Laurent series is 3
0 —N3_72N2t—891Nt2 8103 0
I 5832Nt3 7 5 ) ) 5 1 o 9
—N49t N°436N“t—81Nt~—810t z- z 7).
3x3 + 547t 0 5832N 137 T ( )
0 —N-9t 0

54Tt

O

We furthermore have the following proposition, which will be useful later in the computation of the

7-function.

Proposition 5.19. W (z) satisfies the following differential equations:

A% oW oW
=W . M? =W - Mt — =W - M’ 114
= WM (2), = WM(z), WM (5114)
where the matrices M*(z), M'(z), and M"(z) are defined by
0 0 7z/t
M*(z)=N7 |1 0 -1/t], (5.115)
0 1 0
—-1/N Tz[t -2t + 3
N
M) =3 | -2 —(1/t+2/N) 272/t : (5.116)
1 —Tz —(1/t+3/N)
0 0 7z/t
M (z)=Nz|1 0 —1/t]- (5.117)
0 1 0
Proof. This is an immediate consequence of the differential equation (5.88) and the relations %—f = fﬁ ‘?;72“,

and T%—f = z%. As a consistency check, one may verify that the compatability conditions between these

equations (i.e., the zero-curvature equations) hold trivially. O

3The regular series expansion here either by (i) calculating subleading asymptotics of the saddle point expansion to high
enough order, or (ii) using the fact that the asymptotic expansion itself should satisfy the differential equation(s) (5.114), and
determining the coefficients of the subleading expansion recursively.
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Remark 5.20. It is useful to notice that the function A(z)B(z) is a solution to the following Riemann-

Hilbert problem: A(z)B(z) is analytic in C\ R, and satisfies the jump condition

| co

A_(2)B_(z), z>0,
A4(2)B1(2) = )

Ju
OO~ OrO
—OoOO OO

olo
—

5.3.3 The Transformation Y — X

We now define the transformation Y — X. We set

By construction, X(z) is piecewise analytic on C\ (I'y UTy UT). X(z) satisfies the following RHP:

Proposition 5.21. X(z) is the unique solution to the following Riemann-Hilbert Problem.:

(éJ(?l) z eI,
1 0
Xi(z) = X_(2) < (000)  zela

1 100
(61><3 Haxz) zel,

Subject to the asymptotic condition

z" 0 0 0
]. 0 an/ii _ A P
X(z) = [11+0<Z)](331(2)A1(z))<g o < o )6 Now,
0 —n/3

0 0 z

Where ©(z) is defined as the diagonal matriz

where A(z) is the diagonal 3 x 3 matriz defined by (5.109).

(5.118)

(5.119)

(5.120)

(5.121)

(5.122)

Proof. The asymptotic condition (5.121) follows almost immediately from the definition of X(z); along with

the definition of the matrix W(z). Indeed, this is obvious in the regions 2, and €, and follows from

definition of W(z). The only detail to check is that the asymptotics of W(z) in the region Q. are correct.
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We see that W(z) in this region is obtained by adding the recessive solution —w;(z) to the first row; since
this solution is recessive in the region )., the asymptotics of —wy(z) — Wy (2)(= Ws(2) +wW4(z)) are the same
as the asymptotics of —ws(z) there. Thus, the asymptotics of X(z) from the proposition hold.

Now, we address the jump conditions of X(z). Since the matrix function

efNV(z) 0

0 W l(2)

has jumps only on I'1,T's (arising from the jumps of W(z)), and these contours do not intersect I', the first

two jump conditions are clearly satisfied. It remains to check the jump of X(z) across I'. The jump of Y (z)

onlI'is
’ 1"
0 f(=) F2 L& 0 f(2)
_ T (N _
Jy=T+e V@[, o T | = I4eNVE 900 9 9,
o9 9 98 00 0 0

—

where f(z) is the row vector

o= (s, L LB,

Now, since T is homologically equivalent to —ys — 71, we have that L(z) = — (2) — wWi(2). Thus, the jump

of X(z) across T is

NV() g 0 flz —NV() 0
e oo (B[
0 Wi(z) 00 0 0 0 W l(2)
0 Fflz)W™l(2) 0 (—Wa(z)—w1(2)) W 1(2) 1100
=T+lgs 8 8 )=T+ (48 8 8)= (3880 )
00 0 0 00 0 0 0001

Here, we have used the relations

0,0,1),  Wa(2) W (2) = (=1,0,-1),

(x) W™ (2)
"V (0,1,0), Wy (2) W(2) = (1,-1,0),

ws(2) W (2)

resulting from the fact that, in a neighborhood of T, the matrix W(z) admits the expression

along with the identity W (z) W1 (2) = Igy3.
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Remark 5.22. Note that, if we had equivalently chosen 3 474 as the homological representative for I', the

same resulting jump matrix is obtained.

5.4 The Second Transformation X — U.

Define the matrix

exp [n7Q(2)] 0 0 0
Gs) = 0 exp [nTQa(2)] 0 0 . (5.123)
0 0 exp [nTQs5(z)] 0
0 0 0 exp [n74(2)]

We now are ready to perform the transformation X — U. Set

U(z) := [[ — nCy - Byl e " X(2) G(2), (5.124)

where G(z) is defined as above, C; is the constant appearing in the z=2/3 term of the asymptotics of the

Q;(2)’s (cf. Equation (5.48)), and L is the diagonal constant matrix

1 1 1
L:=di lbo, b1 — —, 01 — —, 01 — —). 12
la’g( 0,%1 6t7 1 6t7 1 Gt) (5 5)

Clearly, U(z) is analytic in C\ (I’ UT; UTs); the goal of this subsection is to show that U(z) is the unique

solution to its own Riemann-Hilbert problem.
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Proposition 5.23. The function U(z) is the unique solution to the following Riemann-Hilbert problem:

Ui(z) =U_(2)x

[ — Eygen[22(2)—u(2)] zeTiN{Im z> 0},
; (90, ()2 ()] 0
(86 Y, o ), zeTyN{Im z =0},
o 0 0 (92— (2) =04 _(2)]
I — Eoyge 7[22(2)—2s(2)] zeTyn{Im z < 0},
1 o0 o o 0 0 (5.126)
0 e l02, - ()-93, (2 —1 0 _
0 e : el o | Z € Iy N {Im z = 0},
0 0 0 1
[ 4 Ejpen[(x)=92(2)] ze '\ {Im z =0},
e*””’[ﬂl,f(z)*ﬂzf(z)] 1 00
0 T2 g | 2 e DN {Im 2= 0).
0 0 10
0 0 01

The asymptotics of U(z) are given by

1 1 0
U(z) = []1 +0 <w> } (5 a0 ) 2= 0. (5.127)

Proof. The jump conditions satisfied by U(z) are readily verified from the definitions of X(z), G(z). Further-
more, the ‘exponential asymptotics’ of X(z) are removed by multiplication by G(z); comparison of formulas
(5.41)-(5.44) with (5.121), along with the explicit expressions for the asymptotics of the functions 0 (z) (see

equation (5.96)) shows that this is indeed the case. Indeed, we have that, as z — oo,

U(z) = [I - nCy - Bag)e "I+ 0(z7Y)] ( : i ) ((1) B i) )efn@)(z) G(2)

_ —1y (1 0 1+0(272) 0
=[I—nC1- Ea] I+ O(2 )](0 B’l(z)A’l(z)) ( 0 Loxs+nCz=2/340(z—4/3) )7
Here, C is the piecewise constant diagonal matrix

) diag (w?Cq,C1,wCy), Im z >0,
C =
diag (wCq, C1,w?Cy), Im 2z <0.
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If we interchange the order of the last two matrices, we obtain that, as z — oo,

U(2) = [[ = nCy - Baa] [+ O] [T+ 0C: - Bay + 0G| (§ 5 fais))

= [1+ 0] (4 51 pan ):

We will analyze the jumps of this new matrix after opening lenses; this is performed in the next section.

O

5.5 The Third and Fourth Transformations U — T — S.

Here, we perform the lensing transformations. The first lensing transformation will open lenses around
the unbounded branch cuts (—oo, —8] U [3, 00); this will constitute the transformation U +— T. The lens
opening around the central cut [—«, ] is performed next; this will constitute the transformation T — S. We
remark here that the choice of (a,b) (i.e., whether the spectral curve is critical, generic, or multicritical) is
irrelevant here, as all of the lensing propositions of Section 5.2.3 guarantee the same inequalities hold around

the branch points. These cases will become distinguished when we later try to find a parametrix.

5.5.1 The Third Transformation U — T

The opening of lenses here is based on the factorization of the jump matrix

e~ "9+(2) —1 1 0 {0 —1 1 0 (5.128)
0 o) e 1)1 o) | e 1) '

where g4 (z), g—(z) are the boundary values of one of the functions Q3(z) — Q3(2), Qu(z) — Q2(z) from
above/below the contour.

By the lensing propositions of the previous section, there exist lens-shaped regions such as this depicted
in Figure (5.10) around (—oo, —f] (respectively, [3, 00)) such that the differences Re [Q5 — 5] (respectively,
Re [Q4 — €9]) are positive in this region. Define I' ,,,I'1; as the boundaries of the lensing region around
[8,00) in the upper and lower half planes, and similarly define I's,,,I's; as the boundaries of the lensing

region around (—oo, —f]. The sectors enclosed by these contours are labelled as follows:
e X, is the region enclosed by I'y,, and [5, o),
e X, is the region enclosed by I'y; and [3, 00),

e 3, is the region enclosed by I's,, and (—oo, —f],
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e Y, is the region enclosed by I'y; and (—o0, —f].

These contours are depicted in Figure (5.10). Define matrices

0 ? 00 0 ? 00
Vi(z) = (0 0 1 0>, Va(z) = (0 e nT3() 022 | 0>~ (5.129)
0 —e—n7l2(x)-22(2)] 1 0 0 01

We define the transformation U — T by setting

U)Vy M 2), 2z€ %1,
U(2)V1(z2), z € Xy,
T(z) = UGV, 1(2), €S, (5.130)

U(2)Va(z2), z € Yoy,

U(z), elsewhere.

Clearly, T(z) is a piecewise analytic function off of the contours I'y, I, I', T'y 4, T'1 4, T2, , and 'y ;. In fact,

T(z) is the unique solution to the following Riemann-Hilbert problem:

Proposition 5.24. The function T(z) is the unique solution to the following RHP:

I— E4267n'r[524(z)7522(z)]’ = Fl,u U 1‘*171’
I— E32€7n7[93(z)792(z)], A ].—‘27“ U ].—‘2’[,
0001
(001_0)7 z € [,00),
010 0
00210
35 89) #e oo
T,.(2)=T_(2) (5.131)
[ — Eygen7[22(2)=Qu(2)] zeTyn{Imz> 0},
[ — Eggen7[22(2)=s(2)] zeTyn{Im z < 0},
14 Eyge—nri (=20 2eT\ [—a,al,
o TI01 _(2) =2 _(2)] 1 00
< 0 e”"’[ﬂl,—(z)*ﬂz,—(z)] 0 0) z 6 [_Oé Oé]
0 0 10 )’ P
0 0 01

Furthermore, T(z) has asymptotics

T(z) = [H + 0(21/3)} (é B,I(Z)OAA(ZJ, z — 00. (5.132)

Proof. The proof of this proposition follows immediately from the definition of T(z). O
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5.5.2 The Fourth Transformation T — S

We now open the lens around the segment [—c«, a]. This is based on the following factorization of the

jump matrix:

e~ T2, 4 (2) =21 4 (2)] 1 00 1 000 0100 1 00
0 e T2 ()= ()] g | = [ e 2", () 1 g9 —-1000 e~ T2, 4 (2)=91, 4 ()] 1

0 0 10 0 010 0010 0 01

01 0 001 0001 0 00

" ’ (5.133
By the lensing propositions of Section §3, there exists a lens-shaped region around [—c, a] such that the
difference Re [Q3 — Q1](z) > 0. Define contours T, T'; as the boundaries of this lens-shaped region in the
upper and lower half planes, respectively. Further, put X,,%; to be the regions enclosed by [—a,«a] and

T, Ty, respectively. Define the invertible matrix V5(z) in the lensed region 3, U X, by

1 000
Vo(z) = [ e &l 100 (5.134)
=T ) |

We define the piecewise analytic function S(z) by
T(Z)VJI(Z), z € Xy,
S(z) = T(2)Vo(2), z€X,, (5.135)

T(z), otherwise.

In this case, S(z) is the unique solution to the following RHP:
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Proposition 5.25. The function S(z) is the unique solution to the following Riemann-Hilbert problem: S(z)

is piecewise analytic off the contours I'y,I's, I', T'y o, 11, Do w, Ty, T, and Ty, satisfying the jump condition

[ — Egpe ()= » ey, Uy,
11— E326—n7[93(2)—92(2)]’ 2z €Dy, UTyy,
000 %
<0010>v z € [B,00),
010 0
TN
01 00 [ z € (—oo, —f],
00 0 1
0100
S.(z) =S_(2) (01 00 8) 2 € [a,al, (5.136)
0001
I— Epe 22— uE)] - e n {Im z > 0},
I- E2367"T[Q2(Z)’Q3(Z)], zeTan{Im z < 0},
[+ Ejpe (@)= 2 e T\ [~a, al,
[+ Eye 2@ 0G0 5 eT, UT,.
Furthermore, S(z) has asymptotics
_ 1 0
S(z) = {M O (= 1)] (O B_I(Z)A_l(z)), z = 0. (5.137)

Proof. Again, the proof of this proposition follows immediately from the definition of S(z). The fact that

the stronger condition

S(z) = |:I[+ 0] (Z—l)] ((1) B*I(z)OAfl(z))v z = 00, (5.138)

holds is due to the fact that the jumps of A(z)B(z) match the jumps of S(z) at infinity, as per Remark
(5.20). Thus, O(2~'/3) can be replaced with O(z~!) in the asymptotics of S(z). O

5.6 Construction of Parametrices and the Transformation S — R.

All of the jumps of S are either constant, or exponentially small. Our next task is to try and eliminate
these constant jumps. We will accomplish this task by searching for an approximate solution, called the global
parametriz to the Riemann-Hilbert problem at hand; this approximate solution will match the constant
jumps of S exactly, but the difference of jumps near the branch points will be ‘bad’, requiring us to find local

approximations to the RHP (local parametrices) there. Aside from the proofs of the lensing inequalities, this

144



Figure 5.12. The opened lenses.

5.6.1 Global Parametrix.

matrix-valued function M (z):

M is analytic in C \ R,

0

-1

0 )
0

1

0

is really the first place we will see a difference between the multicritical, critical, and generic (non-critical)

If we ignore the exponentially small jumps of S(z), we obtain the following model RHP for a 4 x 4

z € (—o0,—f],
z € [~y ql, (5.139)

z € [B,0),

In general, solutions to (5.139) will not be unique. Uniqueness can be guaranteed by imposing additionally

M(2) = O((=F @)~ /4), 2= a,

M(z) = O((= F 8)~/1),
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Figure 5.13. The jumps of the global parametrix M(z) on R. Note that, when a,b — 1, branch points
merge, and the cuts cover the whole real line.

Then, from the usual Liouville argument, it is clear that if a solution to (5.139) (with the constraint (5.140)

imposed) exists, it is unique. We show that a solution exists by direct construction.

Proposition 5.26. The solution to the global parametrix is given by

Mi(z) = vilur(z) fmz >0, (5.141)

Siktj(ur(2)), Im z <O,

where uy(z) is the restriction of the uniformizing coordinate to the k' sheet, and the functions 1;(u) are

given by
B Ve _ (_37\1/6 _2a%b*—3(a®+b°)u?
q/Jl(u) - (u2—b2)(u2—a2)’ ¢2(u) B ( t ) 18u\/(u2—b2)(u2—a2) (5142)
. 1/6 w
bylw) = — b dalw) = (~55)"

3¢/ (u2—b2)(u2—a?)’ (u2—=b2)(u2—a?)’

and S = diag (1,—1,1,1).
Proof. Let us assume we are in either the generic (noncritical) or critical case, we have that a = a(a,b) <

B(a,b) = . Following [39], we will solve find it convenient to solve this problem in the uniformizing

coordinate z = z(u):

a® +b? _ a?b?
3ud )’

Consider the general row vector

- [f*(u1(2)), 9" (u2(2)), B (u3(2)), k" (ua(2))],  Im 2z >0,
Y(z) = (5.143)

[fH(u1(2)), g' (u2(2)), b (us(2)), k' (ua(2))],  Im z <O.
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where f¥, g% h" k" (respectively, f!, ', h!, k') are analytic functions away from the real axis, to be deter-
mined. Suppose 1/7(2) satisfies the jumps of the global parametrix. Now, consider the analytic continuation of
1; through (—oo, —3]: upon continuation, us(z) and ug(z) are interchanged. On the other hand, the analytic

continuation is determined by the jump condition of the global parametrix. This leads to the constraint

[f*(u1(2)), 9" (us(2)), h" (ua(2)), k™ (ua(2))] = [f'(ur(2)), b (us(2)), —¢' (uz(2)), k' (ua(2))] , (5.144)

for z € (—oo, —f]. In particular, this implies the equalities f* = f!, k* = k!, g% = h!, and h* = —g'. Similar

analysis on the other cuts leads in particular to the further compatibility conditions
gu = kla k= _gla fu = _gl7 gu = fl' (5145)
Thus, the global parametrix depends on only on the unknown function: f* =: 1. Therefore,

. [1h(u1(2)), ¥(uz2(2)), ¥ (us(2)), ¥(ua(2))],  Imz>0,
Y(2) = (5.146)

[1h(uy(2)), —th(ua(2)), (us(2)), ¥(us(2))], Im z < 0.

We have thus shown that, in the upper half plane,

U(z) = [P (2)), ¥ (ua(2)), (ua(2)), o (ua(2))] (5.147)

where J(z) defines a (possibly multivalued) analytic function in the uniformizing plane, which is defined
by its components ¥ (u;(z)) in each of the images of the sheets j = 1,2,3,4. Suppose J(z) satisfies the
jump conditions of (5.139). Let us compute the monodromy of ¢ around each of the branch points. In the
uniformizing coordinate, the branch points are mapped on to +a and +b (Note: provided we are away from
the multi-critical point, we have that 0 < b < 1 < a < b~!). By direct computation using the Riemann-
Hilbert problem, we find that ¥ (u) has square-root singularities at each of the branch points +a, +b, and

possibly a pole singularity at v = 0. The form of ¥ (u) is then fixed to be

p3(u)

/(@ — @) (a2 — B7)

P(u) = ; (5.148)

where ps(u) is some polynomial of degree < 3, and the positive branch cut of the square root is chosen, with
branch cuts on the intervals [—a, —b] U [b, a]. The form of ¥ (u) is fixed by the following constraints. For any

choice of ps(u), ¥x(u) is analytic in C \ v, where v is the image of the cuts in the uniformizing plane, and
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satisfies the following conditions:

Vi (u) = = (u), u €7,
P(u) = O0(1), u — 00,
P(u) = O(ut), u — 0,

Y(u) = O0((uF a)’1/2), u — +a,

Y(u) = O((uFb)~1/2), u— +b.

These conditions guarantee that the entries of M(z) are O(1) as z — oo on the first sheet, and O(z'/3) on
sheets 2—4. It also guarantees that M (z) has the correct jumps. For a given row, we can use the normalization
condition of the Riemann-Hilbert problem to determine the coefficients of p3(u).

Setting ps3(u) = co + c1u + cou? + c3u?, then we have the following large z expansions of the functions

P(u;(2)):

c2A  ((a® +b%)cg + 2¢1)A? n (3(a® + b?)ca + 2¢9) A3

V() = s+ ——+ 5 2% +0(z"),

1 5 1 2,2 22 1 3 (20202 cn — (a2 Lb2 2,42
_33cq wls3 % _ 2a%b 021-&-300(11 +b°) wA3S 4+ 3 (22°b ca_ (g +b%)c1) w A3 +O(Z_1), Im z >0,
W(ua(z)) = (ab)3 A3 a 33 (ab)3 23 6a3b3 23
1 1 272 2,2 1 L5 272 2,32 2
2a°b*co+3c¢ b 2 33 (2a°b"c3— b")c —
_ 3303 wzf % _ 2a ('2;- (‘o(za +b%) w ila + (2a 035 (g +b%)c1) wAzz —l—O(Z 1)’ Im 2 < 0,
(ab)3 A3 33 (ab)3 23 6a3b3 23
1 1 1 1 2
Wus(2)) 33¢y 23 L a 2ab%cy + 3cp(a® + b2) A3 n 35(2a%b%c3 — (a® +b%)cy) A3 + oY)
3 = 5 .1 T 5 5,5 2
(ab)3 Az ab 35 (ab)s z3 6asbs Z3
1 1 2;2 2,32y 2,1 L5 2,2 2 32 2
_ 330y wad o 2a°b cz;r?)co(;z +b%) w AT 33 (2a%b s (g +b7)ca) wAS | O(z"1), Imz>0,
Ylua(z)) = (ab)3 A3 @ 33 (ab)3 23 6a3b3 23
1
B 3%00 w2z 3 c1 2a2b2co+3co(a?+b?) wAS + 33 (2a%b%cs—(a?+b%)cy) w2A3 + O(Z_l) Imz<0
5 5 2 bl ?

5 1 1 7 1
(ab)3 A3 ab 33 (ab)3 23 6a3b3 23

Since (§ 4(zyp(z) )M () has no jumps near infinity, it admits the expansion
(0 A@)B()) M(2) =1+ 0(71),2 = co. (5.149)

This fact allows us to determine the constants {¢;} for each row; the rest of the proof follows from direct
computation. A similar analysis in the lower half plane may be performed, and the same result for ¢ (z)
is obtained. The expression in the lower half plane can also be obtained by analytic continuation of the

solution in the upper half plane, in accordance with the jump conditions of the global parametrix. O

Remark 5.27. So far, we have ignored the multicritical case, when @ = b = 1. In this case, the branch

points in both the physical and uniformizing planes merge into a pair of branch points, say, +a. If we follow
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the same procedure as before, we find that any row vector ¢(u) = [)(u1(2)), ..., ¥ (ug(2))] has no monodromy,
and thus defines a meromorphic function on the spectral curve. In fact, if we complete the calculations, we
find that the solution to the global parametrix in the multicritical case is just the degeneration of the general
global parametrix as a,b — 1. Direct inspection of the general global parametrix shows us that (a,b) = (1,1)

is the only point in R where the rows of the global parametrix are single-valued in the uniformizing plane.

Remark 5.28. The final step in the steepest descent analysis is to calculate the local parametrices near the
branch points, where the global parametrix is a bad approximation to S(z). In the next section, many of

the jumps will involve differences of the €2;(z)’s. For this reason, we introduce the notation

3 (2) == () — Q(2), (5.150)

for i,5 € {1,...,4}.

We have now found an approximate solution to the Riemann-Hilbert problem for S(z). Indeed, if we
consider the matrix

Rout(2) := S(2) M~ *(2), (5.151)

we see that Ryy:(2) — I as z — oco. Furthermore, the jumps of R,,:(2) are all exponentially small (in n),
with one exception: near the branch points +«, £, the jumps are not close to the identity, as n — oo.

Therefore, we must try to find a better approximation of S(z) near the branch points.

Remark 5.29. Here is the first place where we will see explicitly that the generic, critical, and multicritical
cases differ. We are really only interested in the multicritical phase transition, as the other local parametrices
are comparatively standard. We address the generic and critical cases here. Our description of these cases

is brief, as they are closer to what appears in the established literature.

1. The Generic Case: Airy Parametrices.

For (7,t) off the critical curve, the situation is generic, and the behavior of the 0€2;;(z)’s near the

branch points is

0Qi(2) ~ (2 £ @)*? (resp. ~ (z % §)%/?). (5.152)

(cf. Proposition (5.6) ). By now, it is well-established in the literature that this behavior leads to
Airy-type parametrices at each of the branch points. Since this computation is familiar, and since our

interest lies mainly in the multicritical case, we omit the explicit calculation of the parametrices here.

2. The Low-Temperature critical case: Painlevé I.
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For (7,t) on the low-temperature critical curve (i.e., the curve defined by the equation ¢ = —1—12 + %TQ,

0<7t< i), the behavior of the §€2;;(z)’s near each of the four branch points +a, 4, is
09i(2) ~ (2 £ @)®? (resp. ~ (2% B)*/?). (5.153)

(cf. Proposition (5.9) ). It is also widely acknowledged in the literature (cf. [38], for example) that
such local behavior leads to a Painlevé I-type Riemann-Hilbert problem, which has been the subject of
intensive study [66, 67]. We expect that the same analysis applies to the situation at hand, and leads
to a description of the partition function in terms of the same solution to Painlevé I that appears in
the description of the critical 1-matrix model [38, 47, 48]. Again, since we are mainly interested in
the behavior of the partition function at the multicritical point, we omit the explicit calculation of the

parametrices here.

. The High-Temperature critical case: Painlevé I and Airy.

For (7,t) on the high-temperature critical curve (i.e., the curve defined by the equation t = —2/7(/7—
1)%(y/7+2), § <7 < 1), the behavior of the §£;;(z)’s the branch points is
35 (2) ~ (2 £ )2, 0Q45(2) ~ (2 £ 8)%/?, (5.154)

as z — *a, z — £0, respectively (cf. Proposition (5.12)). This indicates that the appropriate local
parametrices to use near z = =+ are Airy-type parametrices, by our previous commentary for the
generic situation. Similarly, we expect that near the branch points z = +a, one should use Painlevé
I parametrices. Thus, the local parametrix structure on the high-temperature critical curve is a mix
of the low-temperature critical and generic situations. On the support of the main cut, the density is
still critical, and Painlevé I parametrices are needed; however, the other cuts cease to be “critical”, as

they were in the low-temperature regime.

We again omit the explicit calculation of the parametrices here, as our main interests lie elsewhere.
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Figure 5.14. The jumps of the Riemann-Hilbert problem for S(z) in a small disc at z = a. We must match
these jumps exactly. Note that only the rows (columns) 1,2, and 4 participate nontrivially.

5.6.2 Local Parametrices: The Multicritical Case.
The multicritical case is distinguished from the other critical cases in the sense that:

e The local behavior of the functions 691 (2) = const. (z — a)"/3[1 + O((z — @)®/3))], instead of ~

(Z _ a)5/27

e The critical phenomenon is characterized by the merging of two branch points, instead of a merging of

a zero with a branch point.

The moving branch points make it difficult to analyze the behavior in a neighborhood of criticality. This
type of problem has been addressed before in the literature [14, 32, 36]. The main idea is to define a
modified spectral curve. This curve has the same asymptotic behavior as the actual spectral curve, as we
approach multicriticality, but is characterized by the condition that the branch points are fixed at +« over
the varying parameters. This gives locally the wrong behavior; however, since we are going to construct
local parametrices anyways, this is admissible. We begin this subsection with a preliminary analysis of this

modified spectral curve, and then proceed to construct local parametrices.
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5.6.2.1 The Modified Spectral Curve. We actually seek to construct a family of modified spectral

curves, which have the following properties:
1. At (multi)criticality, the modified spectral curve coincides with the multicritical spectral curve,

2. As z — oo on any of the sheets, the modified spectral curve has the exact asymptotics of the true

spectral curve, up to a certain order, i.e., equations (5.29), (5.30) hold,

3. When 7,t are away from their multicritical values, the branching structure of €;(z) near the branch
points is the same as that of the multicritical spectral curve (i.e., the branch points do not split upon

deformation); furthermore, the terms of order (z + a)*/?

appearing in the expansion of the function
;(2) at the critical points z = Fa vanish, as they correspond to an irrelevant translation in the scaling

limit.
We will only need to calculate the modified spectral curve in a small neighborhood of the multicritical
curve, i.e., to first order in the deformation parameters. We move (7,t) away from their multicritical values
(thC) = (i7_%) by
T Te —1

9
= +05 +5H . (5.155)
t te 9 1

Note that the vector (—1,9)7 is proportional to the normal vector of the critical curve at (7.,t.), and the
vector (9,1)7 is proportional to the tangent vector to the critical curve at this point. Thus, d)| describes
the displacement from multicriticality in the tangential direction, and §, describes the displacement from
multicriticality in the normal direction.

As it turns out, the above conditions uniquely fix for us a choice of modified curve:

Lemma 5.30. There exist functions
A(0y,01), B(8y,6.L), H(d),0L), K(6),0L), M(0,01), N(0,0L), (5.156)
(real) analytic in a neighborhood of (0,0) in the (8,01 ) plane, such that, if we define

z(u,éH,(h) = A 5”’5i (’LL+

@\1\9

3u3> (5.157)

1
Y(u;&H,(SL)Z 6||75L <U+H 6\\76L)U+K(5H75L) >

(SH,6J_ - )—I—N((S,(SJ_)((U11)2—(uj1)2>, (5.158)
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then, the following Conditions hold in a neighborhood of (0,0), whenever

T:Tc+95|| — 0. (5159)

t:tc+5‘|+95l. (5.160)

C1. When 6 = 61 = 0, the functions z(u;0,0), Y (u;0,0) coincide with the parameterization of the true

multicritical spectral curve,

C2. For z = z(u;6),61), Y =Y (u;8),6.), the expansions

tz(u)® + z(u) — — — 7Y (u) = O(u™?), u — 00, (5.161)

tY (u)® + Y (u) — —72(u) = O(u?), u— 0, (5.162)

L

Y (u)
hold, uniformly in a neighborhood of (8),61) = (0,0),

C3. Define Q(u;8),01) = [Y(u)2'(u)du, uniformization coordinates u;(z), j = 1,...,4 as before, and

Qj(2) == Qu;(2);6),0L). Then, putting a = (d),01) := 2(1;0),01), the expansion of Q;(z), j =

1,2,4 about z = a has vanishing coefficient of the term (z — a)*/3. Similarly, the expansion of Q;(z),

j =1,2,3 about z = —a has vanishing coefficient of the term (z + a)*/3.

Furthermore, to first order in (6),91),

A(0),01) = \/E (1 + %q, + %& + (’)(|6|2)> (5.163)
B(d),01) = \/§<1+8515H +?f£@+0(|5|2)), (5.164)
H(6),01) =2 — 120 +%6L+O(\6|2), (5.165)
K(6),01) = —% + 246 + %M +0(|6]?), (5.166)
M(6)),61) = \/§<6§65L+O(|5|2)>, (5.167)
Ny, 61) = \/E (3385L + 0(|5|2)> . (5.168)

(Here, O(|6]?) denotes terms of order 2 and higher in the Taylor expansion of the above functions in 8,0, ).

Proof. Assume the form of z(u;d),d.),Y (u;0),01) in terms of the functions A(d),d1) through N(),61).
Additionally, suppose 7,t are as in Equations (5.159), (5.160). The requirement that Condition C2 (that the

modified spectral curve has the ezact asymptotics of the true spectral curve for 7 = 7(d),01), t = £(d);,01))
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holds implies the following equations must hold:

0=1tA3 — 7BK,
0= A+6tA> — 7BH,
1

0=11tA% + 24 — 4~ T(B+2M),
0=tB3%+ A,

3
0= B+3tB3H — 3tB*(4N — 2M) — 27 A,
0= BH —2M + 4N + t[B{2B(BK — 2M + 8N) + (BH — 2M + 4N)?}

1
+2(BH — 2M + 4N)?’B + (BK — 2M + 8N)B?] — 5~ TA.

One of the above equations is redundant; the remaining 5 equations can be solved uniquely for for A, H, K,

M, and N as rational functions of ¢,7, and the function B(d),d1):

3 2
A= 3B , H= —3t€ (72 + 54B%3),
T T
e 27t B8 M 891B'2t° 4+ 18 B%t*72 + 3Bt — 74
N T4 N 674t B3 ’
4058125 4+ 9B%272 + 9BYtrt + B2rt — 74

1274 B3t

Now, Condition C3 requires that the expansion of Q;(z), j = 1,2,4 about z = a := z(1) has no term of the

form (z — a)*/3

, and similarly the expansion of Q,(z), j = 1,2,3 about z = —a := z(—1) should have no
term of the form (z + a)*?. Because of the symmetry of the coefficients of the poles in Y (u), we only need
to verify the first condition holds; the condition at z = —« will then hold automatically. The requirement
that the coefficient of the term (z — )*/3 in the expansion of the Q;(2)’s implies the equation

~ (603B*t 4 7B* + 5)7* + 1575¢°7° BS 4+ 13211145B"> 0
1536(—tB3/7)1/374tB3 -

which in particular will hold if the numerator vanishes identically. The theorem we are trying to prove has

thus been reduced to proving the existence of an implicit function B(d),01) of the equation
®(B,6),6.) := (603B*t + 7B* + 5)r* 4+ 1575¢*r°B° 4 132111t°B'* = 0, (5.169)

where 7 = 7.+ 96 — 01, t = t. + 6 +95L. When § =6, =0, B = g is a solution to the above

equation. The implicit function theorem guarantees the existence of a function B(d),d.) in a neighborhood
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of 6] = 6. = 0 satisfying Equation (5.169), provided that

0P
— # 0.
9B (0,0,/675)
Indeed, one can calculate that g%| 0.0./675) = -3 g, and so an implicit function exists. The expansion of

B(0)|,6.) to first order is

6 81 90847
B(5||,(5J_) = \/; (1 + g(su + T405J_ + O(|52)) ;

since A, H,K,M, and N all depend rationally on B, ), and d,, we can obtain Taylor expansions of
these functions as functions of |, 1 as well. One may readily check that this procedure yields Equations
(5.163)—(5.168). When &) = 01 = 0, it is immediately apparent that z(u;0,0), Y (u;0,0) coincide with the
parameterization of the true multicritical spectral curve, so that Condition C1 is satisfied. This completes

the proof of the Lemma. O

Remark 5.31. We call the family of Riemann surfaces parameterized by (Z(U§5“76L)7Y(U;5||,5L)) the
modified spectral curve, in light of our previous commentary. The previous lemma shows that this curve
exists, provided that we are close enough to the multicritical point, i.e. for d),0, sufficiently small. Note
that the branch points in the z-coordinate indeed do not split upon deformation: the branch points of the
modified spectral curve above are at z = o = +2(1;9),01). When 6] = 6 = 0, we recover the multicritical
spectral curve. We also remark that, the poles of Y only appear upon deformation in the normal direction.
This is apparent in the above Lemma, as, to first order in §;,0., the coefficients of the poles M and N

depend only on § .

Crucially, the modified spectral curve has been constructed so that, outside a sufficiently small neigh-
borhood of z = +a, the lensing inequalities we proved earlier still hold. This seemingly introduces a new
issue: the inequalities necessary to open lenses do not hold nearby the branch points. However, since we are
going to introduce local lenses around the branch points anyways, we actually do not need these inequalities
to hold here. This is the objective of introducing the modified curve: we now have a workable form for the
local parametrices discs about the branch points (to be constructed later in this section), while retaining
the required lensing inequalities outside of these discs. We now formally state a Lemma that guarantees the

lensing inequalities still hold outside of local discs about z = *a.

Lemma 5.32. For any € > 0 sufficiently small, there exist discs Dy = {z : |z—a|< €}, D_ = {z : |z+a|< €},

such that, setting A :== Dy UD_, and Q;(z) = ¢,(z) +i;(2), j = 1,2,3,4, the inequalities
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1. ¢u(2) — ¢2(2) >0 for z € (T1,UT 1)\ A,
2. ¢3(2) — ¢p2(2) >0 for z € (Ta, UT2;) \ A,
3. ¢2(2) — @1(2) >0 for z € (T, UT)) \ A,
hold. Furthermore, with the same notations as above, the inequalities
1. ¢2(2) —da(z) >0 for ze 1N ({Im z >0} \ A),
2. ¢a(2) — d3(2) >0 for zeToN ({Im z <0} \ A),
3. ¢1(2) — ¢2(2) >0 for z € (T \ {Im 2 =0}) \ A,
hold.

Proof. We shall prove the first of the above 6 inequalities, i.e. that ¢4(z) —¢2(z) > 0 for z € (I'1, UT'1 1) \ A.
The proof of the remaining inequalities follows from identical arguments.

Denote the minimum of the function ¢4(z) — ¢2(2) on (', UT1;) \ A by M = M(6),01). M is a
continuous function of ), 6. ; furthermore, since we have taken the minimum outside the discs Dy, D_,
there exists a constant ¢ > 0 such that M (0,0) > ¢ > 0, by Proposition (5.16). By continuity of M, it follows

that ¢4(2) — ¢2(z) >0 on (I'1, UT'1 ;) \ A for §), 61 sufficiently small. O
We will also need the following proposition in the next section, when we construct the local parametrices.

Proposition 5.33. There exist functions Ko(z), K1(z), Ka(2), analytic in a neighborhood of z = «, such

that

Q1(2) = co(z — @)7® 4+ Ko(2) + Ka(2)(z — )3 + K1 (2)(z — ) /3, (5.170)

w2eo(z — )73 + Ko(2) + wKy(2)(2 — )% + w2 K1 (2)(z — a)Y/3, Im z >0,
Qo(z) = (5.171)

weo(z — )73 + Ko(2) + w?Ka(2) (2 — )3 + wK(2)(z — a)Y/3,  Im 2 <0,

weo(z — )73 + Ko(2) + w?Ka(2) (2 — )% + wK(2)(z — a)Y/3,  Im 2z >0,
Qu(z) = (5.172)

wlep(z — )73 + Ko(2) + wKa(2) (2 — )3 + w2 K1 (2) (2 — a)V/3, Im 2z < 0.

Here, co = co(8)),01) has the expansion cg := 72%(30)1/6 + O(|d]), and we define ¢y := (0, 0).

Proof. The proof of this proposition is a direct computation. For simplicity, consider (z). Near z = «, we

have that



Thus, defining

Ko(2) ==Y Ca(z—a)",  Ki(2):=) Cura(z—a)f,  Ka(2):=) Chppa(z—a)F,
k=0 k=0

k=0
kA2

it follows immediately that Ky(z), K1(z), and K5(z) are holomorphic in a neighborhood of z = «, and that
Q1(2) = colz — )3 + Ko(2) + Ka(2)(z — )3 + K1 (2) (2 — ) /3.

The same functions define Qy(z), Q4(z), but with different choices of branch of (z — a)'/3. This completes

the proof of the proposition. O

Proposition 5.34. Set

25 . \—5/6 K2(2) — Ka(a)

;01,01 ) := —1(30 —_— 5.173
n(2;9),01) := £ (30) PR (5.173)
5) _

v(z;0),01) := ﬁ(?)()) V8K (2), (5.174)

p(d),01) = Ka(a). (5.175)
Then,

lim n?"n (a+ i'7”f2/777 n~ ) =g (5.176)
n—o00 n3/77 ’ ’ ’

) 6/7 § . o e\ _
nl;rgon v (a + meyiakl n,n 1/> =, (5.177)
lim 7% "p <n72/77], n76/71/> = 0. (5.178)
n—oo

The convergence is uniform in any compact subset of the £ plane.

Proof. Expanding n(z;d)|,0.) first about z = «, we have that

%(30)5/67’](2’;5||,5L) = C5(5H’5l) + 08(5”,(&)(,2 — Oz) + O((Z — 01)2).

Substituting z = o + ﬁ, we find that

54 _
%(30)5/6?7(04 + %;fﬂ\,(ﬂ) = C5(3),0.) + O(n=3/7).
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Expanding in §),0.,

54 ¢ 54 373 B
o5 (B0)*/Pm(a+ —738),01) = 5-(30)7°0) = 1=55(30)701 + O(0*) + O(n =),
where O(|0|?) denotes terms of order 2 in the parameters (8,6, ). Substituting 6 =n=2/Tn, 6. = n=%/7y,
we obtain
2 30)5/Sn(a+ 02/ Ty, n0T) = 22 (30)5/60-2/7 4 O(n=3/7)
25 n3/7’ ’ 25 ’

Finally, multiplying through by (30) 5/6p2/7,

§

2/7
n 3T

n(a+ —=sn=2 T~ T) =y + Om~7).

Taking the limit as n — oo, we obtain (5.176).
Let us now show the equality (5.177) holds. Expanding v(z;d,0.) about z = «, since Cy(d),01) =0

by the definition of the modified spectral curve (and the definition of K (z)):

1312

- ~2(30)Y%v (236,61 ) = C1(8),61) + O((z — a)®).

Substituting z = a + #, we obtain
1312 _
B2 5010 (a+ 526,61 ) = Cu(61.82) + O )

Expanding in (d)),01),

1312 13 1312 3936
- ——=(30)"%v <a 3/7,5H,5L) ==(30)"%6, + =~ : (30)1/66),0.,
1252919
- (30)1/%6% + O(lo]*) + O(n=/7),
225
where O(|6]) denotes terms of order 3 in the parameters (6),8.). Substituting 6] = n=2/Tn, 6, =n"5"y,

we obtain
1312

- (30)1/6 (Oé+ 5 n2/7777n6/777> 13512(30)1/6 76/71/+O( 78/7)'

3/77

Finally, multiplying through by ﬁ(SO)_l/ 6p0/7,

n6/7 (a + §/7 in /7777 n_6/777> =v+ O(n_2/7)'

158



Taking the limit as n — oo, we obtain (5.177).

Finally, expanding p(d),6.1) in 0),01, we find that

164
(5, 61) = 10 (30)/°5. [1+ O3],
where O(|5|) denotes terms of order 1 or higher in &),8,. Substituting 6 = n=2/Tn, 61 = n=%"v, we
therefore find that
(02,8 T) = OO,
Multiplying through by n°/7, and taking the limit as n — oo, we obtain (5.178). O

Remark 5.35. We remark that the constant C' appears in the expansion of Ky () about (9),01) = (0,0):

Expanding Ks(a) in (d)},0,1 ), we find that

164 .
Ks(a) = 7(30)1/35L +0(6]?) = €61 + O(|8]?).

5.6.2.2 Construction of the Parametrices. We now construct the local parametrices; define discs
D of sufficiently small radii (to be determined) around z = o, z = —a. Our new parametrix M(z) will be

defined as
M(2), z2e€C\ (D1),

M(z) =4 P .(2), ze Dy, (5.179)
P_,(z), z€D_.
The functions Py, (z) will be chosen to so that the following conditions are met:
1. Py, (z) matches the jumps of S(z) ezactly in the discs Dy,

2. Pro(2) = M(2)[I+ O(n~%)], as z — dD4, for some § > 0.

Before calculating the parametrices, it is useful to notice that, by the symmetry of the functions Q;(z), we
have that

P—a(z) = 634P+o¢(*z)(7347

and so it is sufficient to calculate the parametrix at z = « only, and use the above symmetry relation
as the definition of P_,(z). We therefore relabel P,(z) =: P(z). We need two auxilliary functions for the
construction of the parametrix, F'(§) and ¥(&; n, 1, v); we define these functions here. The first such function,

which we shall call F'(¢), is chosen to match the jumps of the global parametrix in a neighborhood of z = «
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We will momentarily ignore the 37¢ row and column of global parametrix for this, as the jumps only involve

the rows/columns 1,2, and 4. Let £ € C be an auxilliary variable, and set

F(&) = diag(1,¢"/2,¢71/%) - C(¢), (5.180)

where ¢¥1/3 are taken with the principal branch cut, and C(€) is a piecewise constant matrix, to be deter-

mined:
C.. Tmé>o0,
o) =4 (5.181)
C_, Im¢<O.
Set Z(€) := diag (1,£Y/3,£71/3), and note that
() =E_ () €<, (518)

27mi

where Jz = diag (1,w,w?), w = e . The matrix C(¢) is to be determined by the jump conditions. We

want F'(£) to satisfy the jump conditions

Fy(€) = F_(8) (5.183)

(Note that My, My are just the jumps of the global parametrix to the left /right of z = o with the third row

and column deleted, respectively). For £ > 0, we have that

(€0 = Fi(€) = F_(€) = Z(€)C_ M, (5.184)

and so we find the constraint

C, =C_M,. (5.185)

This determines one of the matrices C;., C_. To determine the other matrix, we impose the jump condition
for £ < O:
E_(§)J=C+ =E4(§C+ = Fou(§) = F_(§) My = E_(§)C- My, (5.186)

which yields the additional constraint equation

J=C, = C_M; (5.187)
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Figure 5.15. The jump contours of the U-Riemann Hilbert problem in the £-plane.

This equation can either be expressed as a set of linear equations of C'y or C_:

J=Cy =C My M, or J=C_M, = C_M,
For example, the general solution of the equation for C_ := (¢;;) is
C13 —C13 C13
C_ = c21 —wear wean
w2033 wCe33 €33

We choose the rest of the constants so for later convenience:

C. can be constructed by multiplying C'_ on the right by Mas:

11
C+ :CfMQ = <w2 w

wa

==

)

By construction, we have the following proposition:

(5.188)

(5.189)

(5.190)

(5.191)

Proposition 5.36. The function 634[F(§) @ 1]634 matches the jumps of the global parametriz in a neigh-

borhood of z = a.

Define contours in the £ plane L, ..., Lg as the images of the following contours in the z-plane under the

map £(z) = n?7(z — a):
e [ is the image of the contour z > a,

e [, is the image of the contour I'y ,,
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e L3 is the image of the contour I'1 N {Im z > 0},
e [, is the image of the contour I,

e L5 is the image of the contour z < a,

e [g is the image of the contour T',

e L7 is the image of the contour I' N {Im z < 0},
e Lg is the image of the contour I'y ;.

These contours are depicted in Figure (5.15). We now define the matrix valued function ¥(&;n, u, v) as the

unique solution to the following 3 x 3 Riemann-Hilbert problem:

10 0
(445): cetn
100
(8_11?>7 gELZULS’
<6?91)7 §€L37
Ui (&npv) =V_(§n, p,v) X 2201 (5.192)
(éé?)v EEL4UL67
010
(80): ¢t
110
(43h). cetr
satisfying the normalization condition
_ _ Ael/3. v
(&, p,v) = [JHO(& 1)]F(£)e HDEFimpnr), €]~ 0. (5.193)

where 9(&;n, 1, v) == 27+ ne® + p€? + v€, F(€) is as defined above, and D is the matrix

) diag (1,w? w), Im & >0,
D= (5.194)

diag (1,w,w?), Im & <O0.

Existence of the solution to this problem we postpone to a later work; for now, we will assume the existence,
and describe how the function ¥(&;n, 4, ) can be used to construct the parametrix. Define first the scaled
coordinate £(z) by

£(z) =n*"(z — a). (5.195)
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Proposition 5.37. Put Q(z) := diag (Ko(z), Ko(2),Q3(2), Ko(2)), where Ko(z) is as defined in Proposition

(5.33). Define the function
P(z) :== M(z)034 [F(clf(z))*llll(clf(z); can® " (2), esn® T, eyn® T (2)) @ 1| 63472 G(2),  (5.196)

where the constants ¢y, ca, and c3 are defined as

54

a3 1312
Cy = ——
25

= (Teo/3)"7,  eai= ——(30)/0 ey =P = (30)/%c P (5107

M (z) is the solution to the global parametriz problem (5.139), F(z), ¥(z) are as defined above, and G(z)
is the matriz appearing in the second transformation, defined by (5.123). Then, P(z) satisfies the following

conditions:
1. P(z) matches the jumps of S(z) exactly in the disc D,
2. P(z) = M(2)[T+O(n=Y7)], for = € D, as n — oo.

Proof. By construction, we see that the jumps of P(z) indeed match exactly the jumps of P(z) inside a
sufficiently small disc Dy (chosen small enough so that the series expansions defining the functions Kj(z)
converge). Indeed, if z belongs to one of the jump contours off the real axis, then M (z), F(c1£(2)), and G(z)

are analytic, so that

Pi(z) = Mé34 [F7'0, @ 1] 634 "2 G

= Mésy [F~'U_Jy ©1] 1] 634 "2 G

= M3, [F "W_ @1] 634 (634 [Jo ® 1] 634) e " G

[G 1 0'34 J\p@ ]0’34)G].

By the definition of the jumps Jy, one finds that the above coincides exactly with the jumps of S(z) there.
Now, if z belongs to one of the jump contours on the real axis, all of the functions M, ¥, F', and G have

jumps. In particular, by the definition of F', we have that

Jar = 634 [Jp @ 1) 634 (5.198)
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Thus,

Py(z) = Mi634 [F; 0, 1] 630¢"C Gy
= M_Jpnbsa [Jp ' FZ'U_Jy @ 1) G34e "2 e G- Jg
(Bquation (5.198)) = M_634 [F~"U_ @ 1] 634 (634 [Ju © 1] 634) e "I G_ Jg
= P_(2) [GZ' (634 [Ju ® 1] 634) Jg G Jg ]

=P_(2) [GZ' (634 [Jw ® 1] 634) G ] .

Again, by the definition of the jump matrices Jy, one can calculate that the jumps above again coincide
with those of S(z).
Let us now show that, as n — oo on the boundary of the disc D, that P(z) = M (2)[I4+O(n~"/7)]. Note

that 9(c1(6(2))Y3, can? ™n(2), c3n® ", c4n%/"v(2)) is given by

er eI cxn(z)can Tw(2) = ez — )7 (KLY (o gy
+ nKy(a)(z — )?? + nK (2)(z — a)/3

=n(z) —nKo(z),

uniformly in a neighborhood of z = a. Similar equalities can be verified for the other entries of the exponent

ﬁ(clﬁ[f(z)]l/g, con® " (z2), e3n® T, c4n®/"v(z)). Thus, we see that, as n — oo,

O34 [F(clé(z))_llll(clﬁ(z); 02n2/7n(z),03n5/7u, C4n6/71/(z)) & 1} Frage 23 G(z)

= 634 [F(c16(2)) " [T+ O(E(2) )] F(c1€(2))] 654

=I+0(n 7).

The last equality follows from the fact that conjugation of the O(z7!) term by F(c1£(z)) yields terms of

order n~ V7. Tt thus follows that

O

Remark 5.38. The parameters 7, u, v appearing in the model Riemann-Hilbert problem correspond to
translations in temperature, magnetic field, and gravitation/matrix model parameter, respectively (cf. the

lecture notes [50], page 57, for example). The magnetic parameter p disappears completely from our con-
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FQ,u

Iy

Figure 5.16. Opened lenses around the branch points (note: the spectral curve is at multicriticality here).
The discs D+ are bounded by the orange circles. The above depicts the system of contours ¥, on which
R(z) has jumps.

siderations, since we are considering the 2-matrix model with symmetric potentials V =W = %22 + iz‘l. If

we had instead chosen the potentials as

1 te=H
X4 W)= 5vis eT

H
Vix) = Lxz .t

- v4 1
5 1 ; (5.199)

then we would have that a multicritical point appears at (7,¢, H) = (%, —75—2, 0), and taking small variations

in u would lead to the appearance of a nontrivial scaling of the p term in the model Riemann-Hilbert problem
for W. This scaling will be the study of a future work; for now, we take p = 0 in the local parametrix, and

write ¥(&;n,0,v) := ¥(&;n,v), by a slight abuse of notation.

5.6.3 The Final Transformation S — R

Finally, we have obtained a “good” parametrix. We now set

S(z)M~1(z), z€ C\ Dy,
R(2) = { S(2)P~1(z), ze Dy, (5.200)

S(Z)6'34P_1(—Z)&34, ze€D_.
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We then have the following proposition:

Proposition 5.39. The function R(z) is the unique solution to the following Riemann-Hilbert problem:
R(z) is analytic in C\ X, where X is the system of contours consisting of the lens boundaries outside of the
discs Dy, and the contours T',T'1,T'y outside of the discs Dy, and the boundaries of the discs 0Dy (see the

Figure (5.16) for the jump contours of R(z)). Furthermore, R(z) satisfies
Ri(z) =R_(2) [I+0(e™")],n — oo, (5.201)

for z€ ¥\ 0Dy, and
R, (z) = R_(2) [H + O(n—lﬁﬂ 1 — o0, (5.202)

for z € 0D1. R(z) is also normalized as
R(z) =14+ 0E"Y%, 25 . (5.203)

Proof. By construction, the global parametrix matches the constant jumps/asymptotics of S(z) outside of
the discs Dy exactly, and so we are left only with exponentially small jumps of S(z) on the contours X\ dD.
By the definition of the local parametrices, the jumps of S(z) are matched exactly in the discs Dy. On the

boundary of these disc D, we have that
R () = S(2) P~ (2) = S(:)M 1 (2)M(2) P~ (2) = R (2)[M(2) P~ ()], (5.204)

and a similar equality holds at z = —a. Thus, we have only to show that M(z)P~(z) = I+ O(n~/7),
n — oo. Indeed, if we set N := diag(l,cl_l/?’n*l”,1,0}/3711/7), we see that NF(£) is an n-independent

function, so that

A . B
c1é(z)  (aé(2))

M(2)P™H(z) = M(2)F(c1€()) "NTIN T+ 5+ O0(E(=) )| NTINF(aif(2))M(2) 7,

as n — oco. By construction, the function H(z) := M(z)F(c1£(2))"*N~' is an n-independent function,
holomorphic in a neighborhood of z = . We also must take care to write the ¢; := ¢;(n, v) = é3/74+0(n=2/7).

The jump of R(z) across the boundary of the disc centered at z = « is then

Jr = H(z)N[[+ A&+ BE2+ O 3N H(2) ™!

n—1/7 =2/ —2/7

1/7
[H(2)EpH(2)7'] +

I+ a32C" la12H (2)EroH(2) ™" + agi H(2) Ex H(2) '] + O(n /7).

zZ—« zZ—«
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The jump across the circle of sufficiently small radius z = « is thus of order T+ O(n~1/7). O

Thus, by small norm theory, we have guaranteed a solution to the Riemann-Hilbert problem for R(z)
exists for n sufficiently large. The remaining task is to develop the first few terms in the Neumann series for

R(z), as these terms will contain the relevant recursion coefficients. Following [38, 74|, we develop R(z) as

—1/7 7.

a series in powers of n , using the fact that the jump matrix Jg(z) has an expansion in powers of n=/7.

Lemma 5.40. For n sufficiently large, the RHP for R(z) has a solution, which admits the asymptotic
expansion

R(z) =1+ i Ry (2)n™*/7, (5.205)
k=1

as n — 0o, uniformly for z € C\ T'r. Furthermore, this expansion is valid uniformly near infinity, in the

sense that, for any K > 1, there is a constant C'x > 0 such that

K-1
HR(Z) —I- Z Ri(2)n™F7|| < Cxclz| " tn=5/7, (5.206)
k=1
whenever z is sufficiently large. (Here, ||-|| denotes any matriz norm).

Proof. We have already seen that the jump matrix for R(z) is close to the identity matrix for n sufficiently

large. It is also clear that there exist constants C,e > 0 such that

_5‘z‘4/3’

[Jr(2) —I||< Ce (5.207)

for z sufficiently large, in the unbounded components of I'g. This follows directly from the form of the jump
matrices there. The lemma then follows from standard arguments, cf. [29, 38, 74]. O

We can now proceed to calculate the first few terms in the Neumann series for R.(2).

5.6.3.1 Subleading asymptotics for R(z). Following [29, 38, 74], we can compute further terms in
the Neumann series for R(z) by recursively solving the Riemann-Hilbert problems for the functions Rg(2),

which satisfy the following Riemann-Hilbert problems:

Ry, is analytic in C\ D,
Ri(2) = Re—(2) + 34y Rei,—(2)Jif (2), = € 0Dy, (5.208)

Ri(z) = O(z1), z = 00,
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with the initial condition Ry(z) = I. Here, J;f(2) are the large-n expansions of the jump matrix Jg(z) for

R(z) on the boundaries of the discs D, respectively:

For example, the first few Jgt(z) are given by

JF(2) = S [H () Bl ()]

J(2) = . i - l[a12H (2)EroH(2) ™' + az1 H(2)Ex H(2) 7],
Iy () = =2 [owH (=) BaaH(=2) ' oud]

J5 (2) = Jlr —~034H (=2) [a12 12 + 051 B H(—z)"tos

These RHPs are additive, and thus can be solved immediately by means of the Plemelj formulae. However,
the fact that the jump matrices admit analytic continuations all the way up to the branch points allows us

to compute the first few coefficients in a much more streamlined way. We have the following proposition.

Proposition 5.41. The function Ry(z) solving the Riemann-Hilbert problem above is given by

Z_agzeasJfr(z)+z+azfzigsaJ1_(z), z€ C\ Dy,
1 1
Ri(z) = P Bzeab JH(z) + Tt a zlie_zsa Jr(2) = Jf(2), z€ Dy, (5.209)

1
Res J; (2) + T a Res J; (2) —J{ (2), z€ D_.

Z— O 2=« Z=—Q

5.7 Calculation of the Partition Function.

We are now in a position where we are able to calculate the asymptotics of the partition function. As
noted in the introduction, the partition function for the 2-matrix model can be written in terms of an
isomonodromic 7 function, as per [9]. Explicitly, the 7 function is expressible in terms of the solution of the
Riemann-Hilbert problem for Y (z). Since we have succeeded in finding the asymptotics of Y(z), we in turn

can produce an asymptotic expression for the partition function. The expression for the 7-differential is

dlog T (r,t) = (Y ! Y’<8 o Sy )>d7’ +2x (Y Y'n(g aw Gy ))dt, (5.210)
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where ’ denotes the derivative with respect to the spectral variable z, and W is the matrix which appears

in the first transformation. The partition function’s differential is then

t %(%71)
dlog Zy,vys = dlog <7_) Tl - (5.211)

The derivations of the above formulae for the 7-function and partition function are sketched in Appendix
D. Combined with the asymptotic formulae of the previous sections, these formulae allow us to state the

following theorem:

Theorem 5.42. Let (,t) belong to the interior of the region D. Then, as n — oo,

1 Zmatriz t; 1 t (1) d 1
L [/f(C;T, ) - 5K )
0

n—oon? 7 Zmatriz(T,0;0,m) 2 2t
~log ﬁ ~1, (5.212)
where k(C;7,t) is defined as
k(¢ T t) = % [(1 _1302 -7+ 372C2} ; (5.213)

and z = z(7,t) is implicitly determined as the unique solution of the fifth-order equation

1 2 2.2
which satisfies
.21 t) 1
) (5.215)

Proof. The proof of this theorem follows from direct application of the above Riemann-Hilbert analysis to

the formula for the partition function:
Lmatriz (7'7 t;n, TL) dt dr 1+ 72

1 1
lim —dl =——+4+ — — ———dr+ lim —dl 5.216
nl oo n? °8 Zmatri:r(T7 O; n, n) 3t (%a T(l — ’7'2) 4 nﬁl oo N2 08 Tn; ( )

where dlog 7, is defined as in Appendix (D). We remark that the formulae in the Riemann-Hilbert analysis
must be expanded to order 272, as the definition of the tau function contains coefficients of Y at infinity of

this order. |

We are also able to prove the following theorem about the behavior of the partition function at the

multicritical point:
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Theorem 5.43. Set 7 = i +n=2/Ty— én_ﬁﬁu, andt=—5/72+ %nn‘zﬁ + %17211_4/7 +un /7 — %n3n_6/7.

Then, as n — oo,

Zmatm'x (7—, t; n, TL)

lim 1 log = </ u(o)da) dv + F(u,v)dn,

2 .
n—oo N Z’matriw (7-7 07 n, n)

where u,v are the functions appearing the string equation for KdVs.
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CHAPTER 6
FURTHER WORK AND CONCLUSION.

In this chapter, we prevent further results that build upon the previous chapter. We also present some
further open problems that are part of the larger program of this thesis, and will hopefully be the subject of

future work.

6.1 The Spectral Curve For the Cubic 2-Matrix Model.

Much like in the case of the 1-matrix model, it is also of interest to study the cubic 2-matrix model, i.e.,

the formal generating function

t st

3
st~ gy Y| dXay, (6.1)

1 1
Zn(T,t,N) := //exptr [TXY2X22Y2

where the integral is taken over the space of n x n Hermitian matrices. The above integral does not converge
for any value of ¢, and so care is needed to give an appropriate interpretation. As in the previous chapter,
we interpret the above integral in terms of a family of biorthogonal polynomials, as an analytic continuation
of their recursion coefficients. We consider the family of monic biorthogonal polynomials defined by the

relation
1 2 1 2 4 3 i 3
pr(z)qj(y)exp ( N |Tay — s2° — -y* — -a° — -y° | | dedy = hidjp, (6.2)
o Jr 2 2 3 3

where the contour I" here is taken to start from oo x e2™/3 along the real axis, and then go back off to infinity
along the positive real axis, as shown in Figure (6.1). These polynomials are well-defined, provided ¢ < 0,
7> 0.

As was the case for the biorthogonal polynomials of the previous chapter, the biorthogonal polynomials
defined by the relation (6.2) satisfy a Riemann Hilbert problem. However, since the potentials V =W =

$2% + £23 are cubic, the associated Riemann-Hilbert problem is 3 x 3. Define the function

f(z)=f(z;7,t,N):= /Fexp [N(1Tzw — V(w))]dw. (6.3)
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Figure 6.1. The contour I', marked along with some relevant points.

We then have the following RHP:

Problem 6.1. Construct a 3 x 3 function, analytic in C\ T, such that:

£1(2)
Yi(2)=Y_(2) [H+6-NV<Z>(3 72w )] . zeT, (6.4)
0

subject to the normalization condition

Y(z) = {]I—i—(’) ()} 0 2 n/2 0 , |z|—= 0. (6.5)
0 0 /2

We take n to be even here, for simplicity; this is not an essential assumption. The relation to the family
of biorthogonal polynomials (6.2) is that the solution to the above problem has 1-1 entry Y11(2) = pn(2).

From here, one should proceed to the steepest descent analysis performed in Chapter 5. In the interest
of brevity of this thesis, we shall not perform the full calculation here, instead opting to only discuss the
spectral curve. This is by far the most difficult step of the analysis; in fact, once this calculation is in
place, the rest of the steepest descent analysis is (more or less) identical to that of the previous chapter.
The only substantial difference is that one must use the Airy function in the first transformation, instead of
the Pearcey-type integrals. We shall see that the cubic 2-matrix model admits a multicritical phenomenon
identical to that of the quartic 2-matrix model. We hope to complete the full analysis of the cubic 2-matrix

model in a later work.
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6.1.1 Analysis of the Spectral Curve.

We must search for a solution to the stationarity equations

1
X +tX? — V= O(X™?), (6.6)

1
Y +tY? — v TX= oY —2). (6.7)

in terms of rational functions (the genus 0 ansatz). We have the following proposition:

Proposition 6.2. A 2-parameter family of solutions to the stationarity equations (6.6),(6.7) is given by the

rational functions

X(u) = A/u I _u?(u+a+b)du+l( — A <u+ < “;Hbz - ab(;uj b)> +E,(68)
Y(u)=Xu 1) =A (i + (a® 4+ ab + b*)u — ab(a2+b)u2) + K, (6.9)

with A,t, 7, K defined parametrically in terms of a and b as:

abla+1) (A = §(a® + ab+ 1)\~ VA) \/20(1 + VA)

t=t(a,b) = — (T ab T )N , (6.10)
VA -1
T =1(a,b) = N2t ab 10’ (6.11)
A= Aab) = @, (6.12)
(a® 4 ab+b* — VA — 1)4/20(1 + VA)
K =K(a,b) = — (6.13)

o(a+b)ab ’

where the parameters A, o, X are defined as

A = 2a50% + 6a°b® + 8a*b* + 6a®b° + 24205 + a* + 2a%b + 3a%b? + 2ab® + b* — 2a* — 2ab — 26> + 1, (6.14)
o = a*t? + 2430 + a®b* 4 2a* 4 4a®b + 6a%0? + 4b%a + 20T — 2, (6.15)

A = 24" 4 4a3® + 26%0* + a® + ab + b — 2. (6.16)

Proof. The proof of this proposition is identical to its analog in Chapter 5, so we do not present it in full

here. We only remark that, after some tedious calculation, one can check that

t(a,b) <0, 7(a,b) > 0, A(a,b) > 0, K(a,b) <0, (6.17)
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provided 0 < b<1<a< %. For example, one can show A > 0 by first demonstrating that A, o > 0. This

follows immediately from the direct application of the inequality a > 1 to A, o:

A > 2b% + 6b° 4 9b* + 8% + 3b* > 0,

o > 3b* +6b% + b2 + 4b > 0.

Proofs of the remaining formulas and inequalities are straightforward, though tedious. O

We stress that the long formulas given above are not so important; the key point is that the spectral
curve is still rationally parameterized, in a form very similar to the quartic case. Most importantly, the
branching structure of the spectral curve is closely related, and is independent of the functions A, K, t, 7.

So far, what we have obtained is a 2-parameter family of solutions to the stationarity equations, up to
terms of order O(X ~2). Each fixed pair (a,b) parameterizes a Riemann surface. Similarly to the quartic
case, we define some special curves in the (7, ¢)-plane, as well as a multicritical point. We define the critical

curves as follows:

1. Low temperature critical curve. The low temperature critical curve is defined to be the parametric

curve (7(s),t(s)), 0 < s < 1, where, setting 1(s) = v/3s8 + 656 + 10s* + 652 + 3,

T(S) — (_82 + ¢(S))52

3(s* + 52 +1)%°
_ VAST+ 252 +41/5% + (s) [8 4 255 + Lo + 252 + 1 — 2529(s)] (s* + 1)?
12(s* + s2 +1)4 '

(6.18)

t(s) (6.19)

2. High temperature critical curve. The high temperature critical curve is defined to be the parametric

curve (7(s),t(s)), 0 < s < 1, where, setting ¢(s) = (s? + s)v/2s2 + 25 + 3,

_ ¢(s) — 1
m(s) = (s2+s+1)2(2s2 +2s5—1)’ (6.20)
_ V653 + 1252 + 145 + 8/1 + ¢(s) [s® + 35° + 35t +4s° + 252 + L — ¢(s)] (s + 1)s3/2

2(s2+ s+ 1)4(2s2 + 25— 1)2

t(s)

(6.21)

3. The multicritical point. Finally, we define the multicritical point as the s — 1 limit of either of the

above parametric curves, which turns out to be

7@=2V7_1, tﬁzmﬂﬁ_2% 10+mv7' (6.22)
27 729
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Figure 6.2. The phase portrait for the 2-matrix model with cubic interactions in the (7,t) plane. The
low-temperature critical curve is represented by the solid red line; the high-temperature critical curve is
represented by the dashed red line. Note that the critical curve intersects the 7 = 0 axis precisely at the
critical point of the cubic 1-matrix model; this is in agreement with the intuition that the 2-matrix model
decouples at 0 temperature.

4. The region D. Finally, we define the region D as the region of the phase plane bounded by the ¢t = 0

and 7 = 0 axes, and the critical curves.

The critical curves, multicritical point, and region D for the cubic 2-matrix model is are shown in Figure
(6.2). Let us make a few comments about the above curves before proceeding to the next theorem. First,
although the form of the above equations is rather complicated, in computations, the explicit form of these
curves is never needed. We only present the curves in explicit form here for completeness '. Moreover, the

critical curves have the following special properties:

e As s — 0 on the low temperature critical curve, 7(s) — 0, and t(s) — —%. This is to be compared
with the critical point of the cubic 1-matrix model, cf. [19], Equation 52 (in their normalization, the

critical point is 1/3 times this one), or [10, 11] (again with the normalization of [19]).

e The critical temperature at the multicritical point, 7., is first described in the seminal work of Boulatov
and Kazakov [17] (see Equation 47). However, they do not explicitly express the critical value of ¢

where the multicritical point occurs.

1We also present them here because their form seems to never have been written down in the literature; perhaps this is for
the obvious reason that they are simply too long.
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e One can also calculate the slope of critical curve at the multicritical point. As was the case with the
quartic 2-matrix model, the expressions for the high-temperature and low-temperature critical curves
meet at the multicritical point (7., t.), and agree up to 3" order in their Taylor expansions there. For

later reference, we record the slope of the tangent line here:

(1) VI0+20V7(=5+V7) _ th (1)

(1) 90 i (1)’

(6.23)

where + denote the limits as s — 1 along the high-temperature (respectively, low temperature) critical

curves.

We now state a proposition, which characterizes the critical curves (and multicritical point) in terms of

the positions of the branch points (a,b) in the uniformizing plane.

Proposition 6.3. Let
R:={(a,b)|0<b<1,1<a<b '} (6.24)

Then, there is a bijection between the region R and the region D of the phase plane, induced by the mapping
(a,b) — (7(a,b), t(a,b)):
D = {(7(a,b),t(a,b)) | (a,b) € R}. (6.25)

Furthermore, we have the following identifications:
1. The low-temperature critical curve given by the boundary component a = b1,
2. The high-temperature critical curve given by the boundary component a =1,
8. The multicritical point given by a =b=1.

Proof. We omit the proof of this proposition, for brevity. We only remark that the identifications of the low

temperature and high temperature critical curves follows directly from their definition. O

The associated Riemann surface given by the parameterization (X (u), Y (u)) is called the spectral curve.
Let us study the structure of the spectral curve; we shall treat the parametric curve (X,Y’) as a branched
covering of the sphere over the X-coordinate; by construction, the X-coordinate has branch points (X' (u) =
0) at w = a, b, —(a + b), and co. For later convenience, we relabel X (u) =: z(u), as it is more consistent
with the Riemann-Hilbert problem at hand.

Away from the multicritical point, the spectral curve is 3-sheeted; this family of spectral curves have

generically the same structure, and are shown in Figure (6.3). There are 3 finite branch points, all of which
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Figure 6.3. A representative example of a critical/generic surface in the physical plane; the sheets are
labelled LILIIT. If the curve is low-temperature critical, an extra zero of (z) accumulates at z = « and
z = (3; if the curve is high-temperature critical, an extra zero accumulates at z = a.

lie on the real axis: at a := z(a), B := z(b), and g := z(—(a + b)). We have the inequalities
—0<p<0<a<f<oo. (6.26)

The structure of the curve is as follows: Sheets 1 and 2 are glued along the interval [, o], and sheets 2 and 3
are glued along the interval [, 00). The spectral curve for generic values of the parameters is shown in Figure
(6.3). At the multicritical point a = b = 1, the curve further degenerates, and the branch point 5 — «. The
multicritical spectral curve is shown in Figure (6.4). In this case, sheets 1 and 2 are glued along the interval
[0, @], and sheet 2 is glued to sheet 3 along the interval [, 00). The spectral curve is alternatively shown at
and away from the multicritical point in Figure (6.5). We define the uniformizing coordinates u;(z) as the
map from the j sheet of the spectral curve in the z-coordinate, so that z(u;(2)) is the identity map on the

gt sheet. We then define the function Q(u):

Qu) = /Y(U)X’(u)du, (6.27)

and set Q,(z2) := Q(u;(2)), j =1,2,3.

For the values of the parameters parametrizing the region D, we can prove that lensing is again possible.
Along with some local calculations, this amounts to showing that the sign of the g-function doesn’t change
on the branch cuts; equivalently, that the curves Im z(u) and Im Y (u) intersect at most at the branch points,

analogously to the quartic 2-matrix model. We have the following proposition.
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III/

Figure 6.4. The critical spectral curve. Note that the branch points at z = «, z = 8 have merged.

= (>

Figure 6.5. The branch cuts in the uniformizing plane u = z + iy away from the multicritical point (left)
and at the multicritical point. The noncritical case has a = 1.009,b = 0.890. The images of each sheet under
the uniformizing map are labelled LITIII. Note that, at criticality, the branch points at b, ¢ merge; this is
consistent with Figures (6.3), (6.4).
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Lemma 6.4. Consider the normal vector to the preimages of the branch cuts in the uniformizing plane
under the mapping z(u):
V Im z(u)

n:= T Im ()|’ (6.28)

For any (a,b) € R={(a,b) |0 <b< 1,1 <a<b '}, the function

V ReQ(u) - — a% ReQ(u) (6.29)

is of constant sign on each connected component of the preimages of the branch cuts.

Proof. The proof of this lemma, as was explained in Chapter 5, Lemma (5.5), reduces to showing that the
curves Im z(u) = 0, Im Y (u) = 0 intersect at most at the branch points. We sketch how the rest of the proof
should go; we leave the full calculation for a later work. One can parameterize these curves in Cartesian

coordinates v = x + iy explicitly. Setting @ := a? + ab + b2, we have that

bla+b)x3 — wa? + 1
w — ab(a + b)x

)

Imz(u)zO@y:i\/a

1 1
ImYu) =0cy= :l:\/Qw—:v2 + 5\/722 —4ab(a + b)z.

One can show that the only solutions to the equations defining the intersections of Im z(u) = 0 and Im Y (u) =

0 are

w—1 w—l—li«/(w—l—l)(w—?)).

T ab(a +b)’ 2ab(a + b)
One can then show that the corresponding solutions for y are necessarily imaginary; thus, for real x,y, the

curves do not intersect. O

With this lemma in place, all that is left is to check is that the g-function has the right sign where in lens-
shaped regions about the branch cuts. This involves a straightforward calculation of the series expansions
of the Q;(z) about the branch points, as was the case in Chapter 5. For brevity, we do not present these

expansions here, but mention some of the properties one should expect upon performing these expansions.

1. Away from the critical curves (0 < b < 1 < a < %), the expansions of Q4(z), Qa2(2) at z = g, « are
singular, and with the first singular term being (z — p)3/2 (respectively, (z —)?/2). This indicates that
the local parametrix there will be of Airy type. At z = 3, the expansions of Q2(z), Q3(z) are singular,

with the first singular term being (z — 5)3/ 2, Thus, the parametrix there is also of Airy type.
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2. On the low-temperature critical curve (0 < b < 1, a = 1), the expansions of €(z), Q2(2) at z = g are

3/2indicating the local parametrix there is of Airy

singular, with the first singular term being (z — p)
type. However, at z = «, 1(z), Q2(z) have an extra zero, and the first singular term appearing in
the expansion of these functions there is (z — a)5/ 2. This is indicative of a Painlevé I-type parametrix.
Similarly, at z = 3, the expansions of Qs(z), Q3(z) are singular, and an extra zero accumulates there:
5/2

the first singular term appearing in the expansion of these functions is (z — «))°/¢, again indicating the

appropriate local parametrix is of Painlevé I type.

3. On the high-temperature critical curve, (0 < b < 1, a = 1), the expansions of Q1(2), Q2(2) at z = g are

3/2

singular, with the first singular term being (z — p)*/<, indicating the local parametrix there is of Airy

type. At the z = «, however, Q;(z), Q2(z) have an extra zero, and the first singular term appearing in

5/2

the expansion of these functions there is (z — «)°/#. This is indicative of a Painlevé I-type parametrix.

At z = B, the expansions of 3(z), Q3(z) are singular, with the first singular term being (z — 3)%/2.

Thus, the parametrix there is also of Airy type.

4. At the multicritical point @ = b = 1, the expansions of Q4(z), Q2(2) at z = p are singular, with the

3/2

first singular term being (z — p)°/#, indicating the local parametrix there is of Airy type. On the other

hand, the branch points at z = «, z = 8 have merged, resulting in a branch point of order 2. At this
point, the first singular term in the expansions of Q;(z), Q2(2), and Q3(z) is (z — @)7/3. This is an
identical phenomenon to what occurred in the quartic 2-matrix model, and the same parametrix we

used there (involving a special solution of the KdV3 string equation) applies here.

The above remarks should be compared to the situation of the quartic 2-matrix model. The positions of the
branch points in the uniformizing plane seem to describe the transitions from the generic situation to the
different kinds of criticality in an identical manner. This suggests that these branch points might be good
local coordinates when one attempts to investigate higher-order critical phenomenon. We reserve discussions

of this, and complete proofs of all of the above remarks, for a later work.

6.2 Further Open Problems.

Here, we present a number of other problems which we have not fully addressed in this work, and plan

to make part of a later research program.

e Analysis of the Local Parametriz. The model Riemann-Hilbert problem we introduced in Chapter 5
appearing in the multicritical parametrices is stated, but we provide no analysis of the existence of

the solution, nor any asymptotic analysis of the solution. The first point is obviously important, and
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will be the subject of a future work. We hope to also investigate the second point (the asymptotic
analysis of the Riemann-Hilbert problem), as this analysis would in turn inform us about the structure
of the special solution to the KdV3 string equation which appears in the expression for the multicritical

partition function. This would be the 2-matrix analog of the works [66, 67].

Higher-genus criticality. We have only found the partition function in part of the region of the phase
plane where the spectral curve is of genus zero. In analogy to the 1-matrix model, the spectral curve
accumulates extra zeros at the branch points at criticality, and if we were to move below the critical
curves in the phase plane, these extra zeros would split off, and form their own branch points (and
new branch cuts/supports of the measure). For the quartic 2-matrix model, directly below the low-
temperature critical curve, the spectral curve immediately transitions to a curve of genus 4; directly
below the high-temperature critical curve, the spectral curve immediately transitions to a curve of
genus 2. This seems to imply the existence of another critical curve connecting these two regions of the
phase plane. As far as calculations go, the quartic case seems rather inaccessible, because the genus is

too large to say anything.

However, the situation seems to be more manageable in the cubic case: directly below the low-
temperature curve, the spectral curve transitions to a curve of genus 2, and directly below the high-
temperature curve, the spectral curve transitions to a curve of genus 1. This is likely more tractable,
and in fact, we can write the following ansatz for a solution to the stationarity equations (6.6), (6.7):

X() = Ap(uia) + Be(ui) - B¢ (-5 %a) 4. (6.30)

Y(u)=X(1/u), (6.31)

for some undetermined constants A, B, C,q, and where p(u;q) is the Weierstrass-p function, with
elliptic modulus ¢, and ((u;q) is the Weierstrass (-function (again with elliptic modulus ¢). This
choice of parametrization is consistent with the expected branching structure of the spectral curve,
and is the direct analog of the genus 0 ansatz given before, in the genus 1 case. We remark that V.
Kazakov and A. Marshakov have investigated the physical interpretations of this higher genus criticality
[71], but very little work in this direction for the 2-matrix model has been performed. This kind of
problem is of interest in the approximation theory community [2, 79], as the problem of describing the
asymptotics of multiple orthogonal polynomials in the situation where the spectral curve is of higher
genus is still a very active area of research. It is also possible that uniformization is not the correct

approach. Very similar models of multiple orthogonal polynomials on higher- genus Riemann surfaces
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t

Figure 6.6. A conjecture of the full phase portrait for the cubic 2-matrix model should look like. There
is a second high-temperature critical curve, coming from the transition of genus between the genus 1 and
genus 2 regions of the phase plane.

have been investigated before in the literature [3, 79], using a parameterization of the spectral curve

as a polynomial in X,Y":

P(X,Y) = X3 —TL(Y)X? -, (Y)X + (YY), (6.32)

where II;(Y") are polynomials in Y, ¢ = 0,1,2. In fact, one can show that we have a similar parame-

terization of the spectral curve of the cubic 2-matrix model, with the IT;(Y) given by

t 1 1
L(Y)=-Y24+-Y - = 6.33
2(Y) b = g (6.33)
1 2 1 3 2
Hl(Y) = ;Y + tTiQ(T —t +T)Y+Oéo(t,7’), (634)
1
Oy(Y) =Y3 + ¥Y2 + ao(t, 7)Y + as(t, 1), (6.35)

for parameters «;(t,7) chosen so that the stationarity equations (6.6), (6.7) hold. In general, these
functions have complicated dependence on ¢, 7. This could give an alternate approach to dealing with

the cubic 2-matrix model.

e The (p,q) Minimal Models Coupled to Gravity. As was mentioned in the introduction, it is widely
believed that all of the (p,¢) minimal models coupled to gravity are incorporated by the 2-matrix
model. In this sense, the 2-matrix model is a universal model for these kinds of phase transitions. This
being said, very little mathematically rigorous work has been done on any critical phenomenon in the

2-matrix model, aside from the (4,3) (Ising) minimal model studied in this work. This is one of the
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most interesting further directions of research. Some foundational work on the theoretical physics side
has already been examined, and in particular, various physicists have identified precisely where the
(3,5), (5,6), (4,5), and (3,8) minimal models coupled to gravity occur the 2-matrix model [100, 101].
More generally, J.-M. Daul, V.A. Kazakov, and I.LK. Kostov claim to have identified all of the minimal
models coupled to gravity within the 2-matrix model [26]. It is important to try and establish their

claims rigorously.

e The Genus Expansion. It is well known that the free energy of the 1-matrix model admits a genus
expansion in powers of 1/N?; the coefficients of this expansion count the number of connected ribbon
graphs of a given genus [43, 44]. Similarly, as discussed in Chapter 3, the partition function for the
2-matrix model should admit an analogous genus expansion, with the coefficients counting the number
of 2-colored, connected, genus g ribbon graphs. The genus expansion for the quartic 2-matrix model
is in reach from the calculations of Chapter 5; we do not prove the existence of the expansion there,
however, as the current work would really become too long. However, this expansion is still of interest,

and is something that we would like to pursue in a future work.

o Multiplicative Chaos, Log-Correlated Fields, and Liowville Gravity. For some time now, there has
been a large group of probabilists working on the same collection of conjectures related to 2D critical
phenomena coupled to Liouville quantum gravity (cf. [82, 88, 95], for example). The problems they
address are very closely related to many of the problems outlined in this thesis, such as the KPZ formula
describing the change in critical exponents of the minimal models coupled to gravity. It would be of
interest to see if the results found in this community have anything to say about critical phenomenon

in the 2-matrix model, and vice-versa.

6.3 Conclusion.

To summarize, in this thesis, we have studied the first physically relevant critical phenomenon in the
2-matrix model, corresponding to the Ising model coupled to 2-dimensional gravity. We also calculated the
genus-0 partition function of the quartic 2-matrix model, making the original results of Kazakov [70] fully
rigorous. This problem is the first step in a larger program on critical phenomenon in the 2-matrix model.
We hope to extend these results by studying the cubic 2-matrix model, and investigate the open problems

described in Section (6.2).
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APPENDIX A
POTENTIAL THEORY.

Here, we establish some of the necessary tools and techniques we shall borrow from potential theory. We
do not attempt to make a comprehensive review of all of potential theory; our aim here is only to explain
the minimal amount of theory required to follow the main text (especially Chapter 4). None of the results

we refer to in this section are new. One should consult [77, 97] and references therein for further details.

A.1 Harmonic, Superharmonic, and Subharmonic Functions.

Potential theory is intimately tied to the theory of harmonic functions. Recall that a C2-function u :

Q — R defined on a domain Q C C is called harmonic if its Laplacian

0? o2 ~

vanishes in Q (Here, df,df are the holomorphic/ antiholomorphic derivatives of a function f, respectively).

The following proposition states the relevant properties of harmonic functions:
Proposition A.1. (Properties of harmonic functions). Let u,v : Q@ — R be harmonic functions. Then:

1. (mean-value property) (M,u)(z0) = u(zo), for any disc B-(z9) C 2. Here, (M,u) represents the integral

average of u along the boundary of the disc By(zp):
1 27 .
(MTU)(ZO) = TWA ’LL(ZO + T@ze)dg. (A?)

2. (Identity principle) If u = v on a nonempty open subset of Q, then u = v everywhere in Q.
3. (Mazimum,/minimum principle) If u attains its mazimum/minimum at zo € ), then u = const.
4. (Liouville theorem) If Q = C, and u is bounded, then u = const.

We refer the reader to [77] for proofs of the above facts. We will also need the classes of superharmonic

and subharmonic functions.
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Definition A.2. (Superharmonic function). A function is called superharmonic if it is lower-semicontinuous
(liminfe. v(¢) > v(z) , for every z € ), and satisfies the super mean-value property: (M,v)(z) < v(z) for

every z € .
Likewise,

Definition A.3. A function v is called subharmonic if —v is superharmonic, or, equivalently, it is upper-
semicontinuous (limsup,_,, v(() < v(z) , for every 2z € Q) and satisfies the sub mean-value property:

(M,v)(z) > v(2) for every z € Q.

Obviously, we have that a function is harmonic if and only if it is both super- and sub-harmonic. Super-

harmonic functions enjoy the following properties:
Proposition A.4. Let u,v : Q — C be superharmonic functions. Then:
1. min{u,v} and au+ Bv are superharmonic, for o, > 0.
2. (Minimum principle) If u attains its minimum at zo € Q, then u is constant.

3. (Comparison to harmonic functions) If h is harmonic on Q, and

lim inf u(¢) > h(z)

(—z

for every z € 0%), then u(z) > h(z) in Q.

We again refer to [77] for the proofs. We state one final proposition regarding superharmonic functions

before studying potentials:

Proposition A.5. Let (X, u) be a finite measure space, & C C a domain, and v : Q x X — (—o00,] a

measurable function satisfying
1. v(z,-) is superharmonic for any fized value of the second argument;
2. infiex v(z,t) is locally bounded below on €.

Then the function

is superharmonic on Q.

Proof. Since superharmonicity is a local property, it suffices to prove the theorem on discs contained in 2.

Fix such a precompact set D C €. Property 2. implies that inf; v(z,t) is bounded below on this set, and
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thus, without loss of generality, we may assume v(z,t) > 0 on D x X. Now, if z, — z, then, by Fatou’s

lemma (and the lower semi-continuity of v), we have that

n—oo n—oo

liminf u(z,) > / lim inf v(z,, t) du(t)
X

> /Xv(z,t)d,u(t) = u(z)

therefore, we conclude that u is lower semi-continuous. Furthermore, for any disc B, (z9) C D, by Fubini’s

theorem (and the super mean-value property of v), we have that

1 2

(M,u)(20) = - ; u(zo + re“’) a6

1 2m .
:/ %/ v(zo + e 1)df dpu(t)
p's 0

g/Xv(ZO,t)du(t)ZU(Zo)a

i.e. u satisfies the super mean-value property. We conclude that u is superharmonic. [

Note the duality betweeen superharmonic and subharmonic functions: replacing ‘superharmonic’ with
‘subharmonic’, ‘inf’ with ‘sup’, and ‘locally bounded below’ with ‘locally bounded above’ yields an analogous

theorem about subharmonic functions.

A.2 Logarithmic Potentials and Capacity.

We now discuss the theory of potentials. We begin with a few remarks about the class of measures we
shall be considering from here on. The measure space in which we will usually be working is C, with the
usual o-algebra of Borel sets, unless otherwise specified. Given a measure u on this measure space, we define
its support to be

supp p = {z € C | Ve > 0, u(B(2)) > 0}. (A.4)

One can think of supp p as the set of points where the measure p doesn’t vanish identically. If K C C, we
let M1(K) denote the set of positive, unit Borel measures compactly supported in K. We now define the

logarithmic potential of a measure p.

Definition A.6. Let i be a finite Borel measure with compact support in C. We define its potential, U#(z),

to be

Ut(z) = /log du(w). (A.5)

|2 — wl
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Potentials will be the primary objects of interest in this section. We now formulate some of the basic

properties of potentials:

Proposition A.7. U*(z) is a superharmonic function, and harmonic on C\ (supp ). Moreover, at infinity,
UH(z) = —pu(C) log|z[+O(1/]2]). (A.6)

Proof. Using the fact that log ‘Zflwl is a superharmonic function locally bounded above, by Theorem A.5 we

have that U*(z) is superharmonic on C. By the same theorem, applied now to C \ (supp p), log — is

[z—w]

subharmonic here, and thus so is U*(z). Therefore U* is harmonic off of the support of p. Finally, to see

that equation (A.6) holds, write

Ut (2) = —u(C) log|z| - / log

1- l:'du(ZL

for |z| sufficiently large, since p is compactly supported, we see that the last term is O(1/|z|). O

We now introduce the notion of capacity of a set, which will act as a measure of the ability of that set to

hold charge.

Definition A.8. Let K C C be compact, and p € M (K). The logarithmic energy of p is defined as

1
1= [ [ tor —=rdutw)dn(z) = [ U7 wdntw). (A7)
We define the equilibrium energy of K to be

Iy:= _inf Iy A8
0:= nf Il (A.8)

The logarithmic capacity of K is then defined to be
cap(K) := e~ 1o, (A.9)

It is a well-known fact that (cf. [77] again), for compact subsets K C C, there is always a measure
to € My (K) satistying

Io=1 = inf [ A.10
o = I[uo] ot (1], (A.10)

and so cap(K) is well-defined. We summarize some of the properties of capacity in the following proposition.
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Proposition A.9. 1. Let ECC, and a,8 € C. Then

cap(aFE + ) = cap(E). (A.11)
2. If z0 € C, r >0, then

cap({|z — z0|< r}) = 1. (A.12)
3. If g € C, r >0, then

cap({|z — zo|=7r}) =1 (A.13)
4. if [a,b] C R is an interval, then

1
cap([a,b]) = Z(b —a). (A.14)

Proof. The first property is obvious from the definition of capacity. For sake of brevity, we omit the proofs

of the remaining three properties of capacity, and again refer the reader to [77, 97| for the details. O

The definition of capacity can be extended to any measurable set E in the usual way, by setting

cap(F) :=sup {cap(K) | K C E, K compact}. (A.15)

Capacity is always a non-negative quantity; we call sets of capacity zero polar. A property is said to hold
quasi-everywhere (q.e.) if it occurs everywhere except a polar set. We state without proving that every
polar set is of measure zero, so that a property holding quasi-everywhere also occurs almost everywhere.

Moreover, the countable union of polar sets is again polar.

A.3 The Weighted Energy Problem.

In our Riemann-Hilbert analysis of orthogonal polynomials, we wanted to minimize a functional of the

form!

1
Bl = [ [tog g du(hau(@) + 2 [ V(o) (A16)

with the minimum taken over all measures p € M;(K), for some closed set K (in the situation of Chapter

4, K = R). We now pose conditions under which this sort of minimization problem makes sense, and the

resulting variational conditions that arise for the extremizing measure.

IThe factor of 2 in front of V(2) here is inessential, and is taken for simplicity of notations of this appendix.
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Definition A.10. Let F' C C be a closed set, and w : F' — R ; we call w a weight function on F. A weight

function w(z) on F is said to be admissible if the following properties hold:
1. w is upper-semicontinuous,
2. The set of points Fy C F where w(z) > 0 has positive capacity, and finally,
3. If F is unbounded, then |z|w(z) — 0 as |z|]— oo inside F.

The last condition is take to ensure w(z) grows sufficiently fast at infinity. As an example (which, for us,
is the example of interest), if we take ' =R, and V(z) any monic polynomial of even degree d > 2, then the

weight function

w(z) = exp(—V(2)) (A.17)

is admissible, since it is clearly upper-semicontinuous, positive on the whole real line (and thus condition
2. holds), and finally trivially satisfies the last growth condition. Motivated by this example, given an
admissible weight, we define V(z) = V(z; w) := log|w(z)].

Given an admissible weight, we define the weighted energy functional

Bulu) = Elul = [ / log s du(2)du() (A18)

//log () +2/v Ydpu(2).

Given an admissible weight function w(z) on F' C C, we are interested in the following minimization problem:

inf  E,lu] = V. A.19
ot (1] 0 (A.19)

If A\ is a minimizing measure for the above problem, define

lo = Vi — / V(2)dA(z / / log — 1 dA(2)dA(C) + / V(2)dA(2). (A.20)

We have the following theorem:

Theorem A.11. 1. ¢y is finite, and moreover, there is a unique measure A\ € Mq(F) such that the

minimum s attained:
inf  E,lu|l = Eu\] = V. A.21
LEM. (F) (1] (Al 0 ( )

2. The support of X is a compact subset of F', and is of positive capacity,
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3. For quasi-every z € F,

UMz) 4+ V(z) > £, (A.22)

and for quasi-every z in the support of A,
UNz) +V(z) = 4. (A.23)

Note that, in the case w(z) := exp(—V(z)) with V(z) a monic polynomial of even degree, conditions
(A.22), (A.23) are precisely the variational conditions (4.51), (4.52) of Chapter 4. Theorem (A.11) is some-
times referred to as the Frostman theorem or Gauss-Frostman theorem; the conditions (A.22), (A.23) are
called the Frostman conditions. On physical grounds, these principles are quite clear: if we have a collection
of electrons in equilibrium with an external field V' (z), then on the support of the charges (i.e. supp A), the
effective potential U*(z) + V(2) should be constant. Moreover, if the charges are truly in equilibrium, if we
move away from the support of the charges, the effective potential should increase, otherwise the electrons
would have moved to an area of lower potential energy. Before proving Theorem (A.11), we first need a few
lemmas about weak-* convergence. Recall that a sequence of Borel measures {ux} on F is said to converge

weakly to p if, for every ¢ € C'(F'), the sequence

/ edpiy, — / edp, (A.24)
F F

as n — co. We then write y,, — . This notion of convergence induces a topology on the space of measures,
called the weak-x topology. The set M1 (F') is of course a subset of the space of all Borel measures on F', and

in fact, is compact in this topology, in the following sense:
Lemma A.12. Let {u,} be a sequence of measures in My (F). Then {un} has a convergent subsequence.

Proof. The proof of this lemma is an elementary fact from real analysis; we refer the reader to [96], for

example. [
With this in mind, we can prove the following lemma:
Lemma A.13. (Fatou Lemma for the weighted energy) Suppose fi,, 5 pin My (F), and suppose w : F — R,

is an admissible weight function on F. Then,

E,[p) <liminf Ey[p,]. (A.25)

n—oo
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Proof. For simplicity, we assume that F' is compact. The general case follows using the usual tools from real

analysis. By assumption, we have that, for any ¢, € C(F),

J[ 0@ din(©dnatz) — [[ o0 autcrantz)

The Stone-Weierstrass theorem yields that, for any f(z,() € C(F x F), there exist {p;(2),;(¢)}}—; such

that > ¢;(2)¥;(¢) is uniformly close to f. It follows that

] 1w dun @) [ [ 5.0 dutcrautz)

for any f € C(F x F). Setting f(z,¢) = min{log mﬁn} € C(F x F) for some fixed integer m > 1,

we find that

liminf B, [g,] 711m1nf//log |Z—C|w Jyule )]d,un(f)dpn(z)

n—oo

> [ mintos (g e O

) 1
= / min{log = qw(z)w(o],m}d#@)d#(z)

where the first equality follows from log m > min{log m, m}, and the second from our
previous observation. Since the functions f,, = min{log m, m} are increasing, by the monotone

convergence theorem, we have finally that

1
hnn—l>l<>%fE > / mln{log ~ w0 (0] ,midu(Q)du(z) = Eylpy].

With these lemmas in place, we are now ready to prove Theorem (A.11):

Proof. (of Theorem (A.11)). Let us begin by showing that an extremizing measure indeed exists. Set
lo = inf,e aq, (k) Bwlp], and let {u,} be a sequence of measures from M;(K) such that Ey[u,] — fo. By
Lemma (A.12), this sequence has a convergent subsequence; denote the limiting measure by fi,, LAY By

the lemma, we have that

E, [\ < likm inf Ey[pin,] = Yo, (A.26)
—00

therefore A\ extremizes F,,[u]. For the proof of finiteness of ¢y and uniqueness of A, we refer the reader to

[97], Theorem 1.3. For brevity, we also omit the proof that the support of A has positive capacity.
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It remains to prove the equality and inequality (A.22), (A.23). Let

T @+ V) (A.27)

B(2) = UMNz) + V(2) = /log
denote the “effective potential”. We will prove the following assertion:

The set E:={z € E | ®(z) < £y} is polar (of capacity 0).

From this assertion, we can immediately infer (A.22). We proceed by contradiction. Suppose, that E is of

positive capacity; then, there is an integer N > 1 such that the set

1
Br={ze BN oG <t0- 1] (A.28)

is also of positive capacity; note that E; is also compact. On the other hand, since [ ®(z)dA(z) = {o, there

must be a compact set F5 C supp A such that

1

(z) > bo - 5. (A.29)

for every z € Ey. Obviously, we must have that m := A(Es) > 0. Now, let o € M;(F}), such that F,[o] is

finite, and define the (signed) measure & by

mo, on Fy,
0=19 -\ onEj, (A.30)

0, otherwise.

We then have that, for any ¢ > 0, sufficiently small, the measure A\; := A + t6 € M;(F'). Furthermore, if

we compute the weighted energy of A,

EuwlM] = Vo + 2t U/mg ﬁcﬂ(z)d&(() +/V(z)d6(z)} e // log ﬁda(z)d&(()
—Vp+ 2t / [U(2) + V(2)] d6(C) + O(t2)
<Vy— Qtﬂ + O(t2) < Vb,

2N

in contradiction with the fact A was the minimizer to E,,[u].
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Now, we prove (A.23). Let 2y € supp A, and suppose that
@(ZQ) > {. (A?)l)

By lower-semicontinuity of ®, we have that there exists § > 0 such that ®(z) > £+ € holds, for all |z — zg|< 9,

and € > 0 sufficiently small (without loss of generality, A := {|z — z9|< €} C supp A). Thus, we can write

by = /CIJ(z)d)\(z) = /ACD(z)d)\(z) —I—/( s D(2)dA(2)
> AA) [bo + €] + [1 = A(A)]bo,

which in turn implies that A(4) = 0. But, this is a contradiction, since we assumed A C supp A. The
inequality

B(z) :=U2) + V(2) < Lo, (A.32)
for z € supp A, follows. This inequality, along with the inequality (A.22), implies the equality (A.23). O

The above theorem is extremely useful when it comes to calculation of equilibrium measures. In the next
section, we show how the Gauss-Frostman theorem may be used to calculate the corresponding equilibrium

measure, in the case when V(z) is a monic polynomial of even degree.

A.4 Calculation of Equilibrium Measures.

Here, we show some examples of how the Gauss-Frostman theorem may be used to calculate (in a fairly
explicit manner) the equilibrium measure in the external field V'(z), where V(z) is a monic polynomial of
even degree.

We have the following theorem:

Theorem A.14. Let V(z) be a monic polynomial of even degree d > 2, and consider the functional

= o

Then the (unique) minimizing measure A € M1(R) among all measures p € M1(R) is given by

du z)du(C —|—2/V )du(z). (A.33)

= %\/M(z)dm, (A.34)
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for some polynomial M (z) of degree 4d — 2. Furthermore, the support of A consists of a union of at most

2d — 1 intervals.

Proof. Let us first establish that the support of A consists of at most 2d — 1 intervals. We aim to calculate

the Cauchy transform of A:

dA(¢)
CA(z) = : A.35
()= [ E (4.35)
The Plemelj formula then yields that we can recover A from the boundary values of C*(z):

dA 1 A\ A

prPi v [CL(2) — CA(2)], Z € supp A, (A.36)

where the +/— subscripts denote the limits from above and below the real line. Differentiating the Gauss-

Frostman condition (A.23) on the support of the measure A, we find that
CY(2)+CA(z) +V'(2) =0, (A.37)

where we have used the fact that the derivative of the logarithmic potential on the support of the measure

A is the Cauchy principal value integral. Now, define the function
Q(2) = ~[C* () = [CH )V (2). (A.38)
The function Q(z) is analytic everywhere except possibly supp A, and at infinity, behaves as
Q(z) = 2d2%172 4 O(22473), z — 00.

as a consequence of the fact that degV’ = 2d — 1, and C*(z) = —z71 + O(272), z — oo. Comparing the

boundary values of Q(z) across the support of A, we find that

Q+(2) —Q-(2) = —[CLRIP +[CX(2) = [CL(2) = C2(2)] V'(2)
=—[C}(2) = C2(2)] [CL(2) + CX(2)] — [C}(2) — C2(2)] V'(2)

= [} (=) - CA ()] V'(2) - [CR(2) — CA(2)] V!(2) = 0,

where in the last line, we have used the “derivative” Frostman condition (A.37). Thus, Q(z) is continuous
across supp A, and thus by Morera’s theorem, extends to an entire function. Since Q(z) = 2dz2?~24+0(224-3),

z — 00, we can conclude that Q(z) is a polynomial of degree 2d — 2, by Liouville’s theorem. We thus have
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an explicit quadratic expression for the Cauchy transform of A:

[CH()2 + V' (2)C*(2) + Q(2) = 0;

solving the above for C*(2), we find that

CMz) = 5 [V/(2) + VIV(2))2 - 4Q(7)|

DN | =

The Plemelj formula then yields that

d

A1 .
= = VIR - (V)2 (4.39)

This establishes the form of the equilibrium measure A. Since A is supported on R, the real roots of the
polynomial 4Q(z)—(V’(z))? determine the endpoints of the support; since there are at most 2(2d—1) = 4d—2
real roots of this polynomial, there are at most 2d — 1 components of the support, with each component

being an interval:
2d—1

supp A = | J [ax, bi)-
k=1

O

Now that we have determined the (form of) the support of A, we can more carefully determine the
form of the equilibrium measure. We already have a generic form of the measure (see Equation (A.39)),
but we can in fact be more precise. What follows is often colloquially referred to as the “square root
trick”. Let us suppose the equilibrium measure is supported on ezactly 2d — 1 intervals 2, with endpoints

ay < by < ...<agg—1 < bag—1. We seek a function R(z) satisfying
L R2(2) = 1% (2 — aw) (2 — i),
2. R is analytic in C\ (U, [ak, bk])-
3. R(z) = 2271 4+ O(2%72), 2 = .
There is an explicit formula for such a function:
2d—1

R(z) = [] (z = ax)"/?(z = bp)"/2. (A.40)
k=1

2In practice, this may not be the case, and one often finds the number of intervals by trial and error. If the “square root
trick” doesn’t work for 2d — 1 intervals, it may work for 2d — 2; since the equilibrium measure is unique, what we have found
is the equilibrium measure. If the trick doesn’t work for 2d — 2, then one must try 2d — 3 intervals, and so on. The key point
here is that there are finitely many cases, and so the measure can be found via a finite process.
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Furthermore, the function R(z) has the following boundary values:

Ro(2),  zeR\ (Ui larbil)

—R_(2), zeU % an,br).

Ry(z) =

Then, the function h(z) = C;((ZZ)) is analytic in C\ ( ii}l[ak, bk]>, and satisfies the jump condition

Vi(z) 2d—1
hi(z) —h_(z) = , z € U [ak, bg)-
Ry(z) k1
Furthermore, the function h(z) satisfies h(z) = —2729%2 4 O(2724+3) as 2 — oo. Since, in particular,

h(z) = O(271) as z — oo, we can explicitly find h(z) by means of the Plemelj formula:

2d—1 br

V' (¢)d¢

1
M) = 5 2 [ moea (A.41)

the condition that the first 2d — 1 terms in the series expansion of h(z) at infinity determine the positions of
the endpoints of the support.

In particular, we obtain several results immediately from the following theorem. First, we note that,
if deg V' = 2¢, then the support of A consists of (at most) ¢ intervals. We also remark that, in a generic
situation, the endpoints of the support of A behave like (x — a)'/2. This justifies most of the comments we

made in the construction of local parametrices in Chapter (4).
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APPENDIX B
EXPANSION OF THE UNIFORMIZING COORDINATE NEAR THE BRANCH POINTS.

Here, we list the relevant expansions of the uniformizing coordinate on each sheet of the spectral curve.
We have included Figure (B.1), which depicts the leading order asymptotics of the uniformizing coordinate
near each of the branch points, for the convenience of the reader. The expansions at infinity hold for all

(a,b) e R={0<b<1,1 <a<b '} and so we list them first. Let A = A(a,b) = aby/—7(a,b)/3t(a,b).

Then,
2 (a®4+0)A (2?0 +at +0HA3  (E(a*? + a?bt) + 2a° + 2b5) A° _
u1(z) = T . -3 3 -3 . +0(:z"7), (B.1)
1/3 /: a24b2 1/3 w2 (a*4a2b21b*)A5/3 _
(1) A R () P 0T, s,
U2(Z) = 22 1/3 W2 AL/3 (a®+b%) A 3 \1/3 w(a4+a2b2+b4)A5/3 —7/3 ( . )
B ( 3 ) 2173 5 — (@) 9257 +0(E""7), Imz <0,
202\ /3 41/3 (a2 + b%)A 3 \/3 (a* + a2b? +b4)A5/3 s
wer== () S () e G S CE)
2,2\ 1/3 2 1/ aZap2 1/3 wla*+a2b2+b4)A5/3 B
() e () S 1 0T, ez
’UA(Z) = W22 1/3 wAl/3 (a24+b2) A 3 \1/3 w(at4a2b2+b1)A5/3 73 ( . )
7( 3 ) 2z1/3 Ti(azbz) 925/3 +O(Z )’ IHlZ<0,

On the other hand, the local expansions of the uniformizing coordinate differ in the noncritical /critical
cases and multicritical cases. We indicate the behavior of the uniformization coordinate around these branch

points here.
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B.1 Expansion of the Uniformizing Coordinate in the Generic and Critical Cases.

All of the following expansions are valid for 0 < b < 1,1 < a <b. We also let A := A(a,b) > 0 be as in

(5.34).

e FEzxpansion at z = +a. As z — «, letting ¢ =

03/2 1

u1(z) =a+ — (2
1(2) Aa@?—baac
3/2 .

us(2) = a— —— ¢t

and u3(z), us(2) have regular expansions.

zZ—Q,

a?(3a® — 7b%) a®2Cy
6A(a® —b2)2 " 7243 (a2 — b2)3
a?(3a% — 7b?) 3 a®/2Cy
6A(a% —b%)2° 7243 (a2 — b?)3

Here, Cy := Cy(a,b) = 9a*

o Expansion at z = —a. As z = —a, letting ( = z + «,
ui(z) = - Aé(l;;i;)% ¢t 6‘45(3‘?227;;)2 ¢t 72AZ:(/ECZ"’)% ¢ +0(¢),
—a— A2(Z‘23:2)% ¢z + 6}3;2 —b72b2)< _ 72141:(;20?2); 4+ 0(?),
us(z) = o A2(l;312bz)§ ¢+ %Z?Z;:;b;)( - 72142:;;2012)% (2 +0(¢?),
_ %g% ) 72,412@(/2012)5( L o),

and ug(z),uy

¢

3
2

4_

— 30a2b2 4+ 1015* > 0.

Im ¢ > 0,

Im ¢ <0,

Im ¢ > 0,

Im ¢ < 0,

z) have regular expansions. Here, Cy := Cy(a,b) = 9a* — 30a°b* + > 0.
h 1 i H C Ca(a,b) = 9a* — 30a%b* + 1016* > 0

The expansions at z = +f can be obtained in a similar manner, by exchanging the roles of a,b in the

expansions. We obtain that:

e FExpansion at z = +f. As z — (3, letting { = z — 3,

ib3/2

1/2 _ (Ta®—3b%)b? Lb5/ Cy 3 2
val) = b+A%(a2 b2)2C 6A@ )z 6 T 7245 (a7 b2)2C2+O(C ),
ib3/? 1/2 _ (7a®>-3b*)c? ib%/2C: 2 2
b- A% (a2—b2)3 C / 6A a?— b2)2<_ 72A%(azjbz)% ¢z +0(C%),
_ ib3/2 1/2 _ (7a®=3b%)b? ib%/2C, 3 2
ug(z) = A% (a2-b2)2 r¢ 6A(a®—0%)* 72A3 (a2—b2) 3 2 +0(C%),
ib3/2 1/2 _ (7a®—3b)b? ib°/2 ¢, 2 2
bt A% (02— b2)’< / 6A(a?~ 172)2< 72A%(azjbz)% 2 +0(C%),
and u (2), u3(z) have regular expansions. Here, Cy := Cy(a,b) = 101a* — 30a2b? + 9b*
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Im ¢ <0,
Im ¢ >0,

Im ¢ <0,
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e Expansion at z = —f. As z — -,

letting ¢ = z + 55,

b3/? (7a® — 3b*)b? b5 /2C, 5
=-b— 12— — z 2 B.11
uale) At (a2 _12)} 6A@ 02" At _wic o) (B-1)
b3/2 (7a® — 3b*)c? b/2C, s
uz(z) = —b+ — _¢l2 — + —— 3 4+0(¢?), B.12
3( ) Ai(a2fb2)§< 6A(a27b2)2< 72A§(a2—b2)%< (C ) ( )
and u; (2), u4(z) have regular expansions. Here, Cy := Cy(a,b) = 101a* — 30a2b? + 9b* = Ca(b, a).

B.2 Expansions of the Uniformizing Coordinate at the Multicritical Point.
e FExpansion at z = +a. Let ( :=z—«a, A= A(1,1) = 1/6/5; as ( — 0, we have the expansions:
3\ 1/3 3 /3 \2/3 37 /3 \4/3
-1 R 1/3 2/3 of 9 4/3 L 0(¢5/3 B.13
ufz) =1+ <4A> Uty <4A> U 64A<+ o2 \1a) ¢ HOECT (B.13)
1/3 2/3 4/3
(- )R P43 ()" w4+ Fhc+ 85 ()" WA+ 0(¢), m ¢ >0,
ug2({2) = s
1/3 2/3 4/3
1+ (53) / w¢P+ 4 7 (23) / WP + 64A<+ 13972 (11) / wC* B+ 0(¢*), Im (<0
(B.14)
11 27, 891 y
=—+ —(C— @) B.15
us(2) = =5+ 512¢ ~ Tezsaazt T mmomgoaast O (B-15)
1/3 2/3 4/3
(- )G Puct 43 ()20 + 2+ i () wcP 1 0¢), ¢ >0,
ugp\z) =
1/3 2/3 . 4/3 . .
L () P w4 3 ()P e 4 2 i ()Y w20 1 0, <o,
(B.16)
e Expansion at z = —a. Let ( := z+a, A= +/6/5; as ( — 0, we have the expansions:
1/3 2/3 4/3
Gy ] )T = ()T + g 35 ()W O, I 6> 0,
u(z2) =
1/3 . 2/3 3 \4/3
—1 () TP =G (%) w4 FaC - i (35) T WP+ O(C), Tm (<0,
(B.17)
1/3 2/3 4/3
o 7 ) TR = () e i i ()T 0, im0,
Ug\2) =
1/3 2/3 13
S () ()TN B 8 () et 4 0, <0,
(B.18)
3NYE . 33\ 21 37 / 3\¥?
_ /329 2/3 , 41 . ol [ O 4/3 5/3
us(2) = —1+ (4A) U (4A> GO St T 102 (4A> O, (B-19)
11 27, 801 y
L1 B.2
ul(2) = 3+ 5146 T Te382a2¢ + qroagoanse T O (B-20)
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Figure B.1. The uniformizing plane for generic values of the parameters (a,b). The leading asymptotic
behavior of u;(z) on each sheet is given in the appropriate local coordinate. For example, in a neighborhood
of u = a, the local coordinate ¢ = const - (z — ), and uz(z) ~ —CY?[1 + O(¢/?)], whereas uz(z) ~
L+ O]
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APPENDIX C
DERIVATION OF THE KdV; STRING EQUATION.

Consider the model Riemann-Hilbert problem for the function ¥ introduced in the local parametrices,

defined by the function

F(¢) = diag(1,£'/%,¢71/%) - C(9), (C.1)
where
1 11
<w2 “ 1)7 5 >0,
cEe) =4\t (C2)
<w2 -1 w ), f < 0.
w —1 w?

The jumps of ¥ are defined as

10 0

(485): ¢t
100

(8_11(1)>7 fELQUL87
(41%), ecr,

Uy (&m,pv) =V_(&n,p,v) X ?801 (C.3)

(331). getavie
010

(588). e<Ls,
110

(484). eetr

where the contours L, ..., Lg are as in Figure (5.15), and satisfying the normalization condition
\Il(é-;nalj/)y) _ |:H + 0(5—1)] F(g)e—ﬂ(ﬁﬁl/i";nvﬂ,u)’ |§|_> 0. (04)

where ¥(&;n, p, v) 1= %57 + €% + pu? + v, F(€) is as defined above, and D is the matrix

diag (1,w? w), Im & >0,

diag (1,w,w?), Im & < 0.
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We immediately set p = 0, as it is irrelevant for our current considerations, and set U (&;n, p, v) := W(&;n, v),
by a slight abuse of notation. We tacitly assume the existence of the solution to this problem; we postpone
the analysis of this to a later work. Here, we show how Kazakov’s string equation may be derived from the

string equation for the operators

S(eimv) = Ge v, (C.6)

Vigny) = 2w, (7)
0

U, v) = a—qu—l ()

Where Z(£;1m,v) = 2962 + 1€ + 2o, U(&;n,v) = Ui + Uy, and V (&1, v) = Va€? + Vi€ + V. The matrices

Er(n,v), Vi(n,v), and Ug(n,v) are given by

[1]
[\v]

Il
—
coco
coco
oro

- 0 1 §U+a12
)7 :1(777 V) = %77*@31 —as2 a22—ass3 | (Cg)

1 0 aso

and Z¢(n, V) is given by the more complicated expression

_ 5 [aiz—az1 —az2 a11—ass
:O(U,V) = 5’17 azz—ail —aiz az1—ais |+

as2 as1
a13—a21—a31a12 a11—a22—a12a32 biz—az3z—aizass
2
= | (a11—a22+a3z)azi+azz2a21—bz1+a23 aziaia+aszaza+az1—bsa a1zazi —azzaszz+azzazatazs+bao—bzz+y
2
a3z—a11—a32a31 az1—ai2—asz, b3z —ai13—asz2az3
000 0 1 a1z
V1= (0 01 ), VQ(T), V) ‘= | —as1 —as2 az2—ass |, (Cll)
000 1 0 as2
and, finally,
001 a12—a3z1 —asz2 a11—ass
Us:=(100 5 Ul(n,l/) (= | @22—ai1 —ai2 a21—ais |,
000 as2 1 asi
Uo(n,v) == (C.12)
2 2
azzasitazaa21—aiiaiz+biz—bs azz(azz+azz—ai1)—ai,—bza+aiz azi1a13—aizaiz—ariazz+aszazz+azz+bi1—bss
2
aj—a11a22+a12a21 —aszia21+a13as1+ba2—bi1 aizazz—aziasz+aiiaiz+azz—biz (azz—asz+aii)azi+aizazz—aziazz—biz+ba
2
bzz—aii1aza—az1—az; a33—a22—a32a31 —032012 bs1—ai1zaz2—aszazi —az3

The string equation itself is the compatibility condition of the operators J; — =(&;n,v) and 9, — V(&;n,v):

[0 —E(&n,v),0, =V (&n,v)]) =0,E -0V +[E,V]=0. (C.13)

The other compatibility conditions give additional equations which further constrain the functions a;j, b;;.
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Let us first briefly recount some facts about the generalized KdV hierarchies, in particular KdVj (also
known as Gelfand-Dickey-3). For further details about KdVs, one should consult [33]. Consider the differ-
ential operator

3

3 . 3
3 _ T =
L=9"~Sud—Ju + v, (C.14)

where u, v are functions of the variable of differentiation v (0 = 8,), as well as an infinite collection of ‘times’
ti. The operator L is chosen so that, under an infinitesmal change of coordinates v — v/(A), the functions u

and v transform as

2
A0 = u((\) (Z:) +2u A, (C.15)

)=o) (%) (©.16)

i.e. as an affine connection and as a rank 3 tensor, respectively (here, {v, A} denotes the Schwarzian derivative

of v with respect to A) . The operator (%)2 oLo (%) then acts covariantly from the space of rank 1 tensors

to rank 2 tensors. One can expand L'/ uniquely as a series in pseudodifferential operators:
1
LY3 =0+ guaf1 +0(07?), (C.17)

with the coefficients of L being differential polynomials in the functions u,v. The equations of the KdVj

hierarchy are generated by the equations
0=1[0, —L* A= 1], (C.18)

with 0;,, A = 0, and k an integer which is not a multiple of 3. Here, the subscript ‘4+’ denotes the purely
differential piece of the pseudodifferential operator Li/ 3 The first equation in the hierarchy (k = 2) is the
celebrated Boussinesq equation. The hierarchy has an infinite set of conserved flows, characterized by the

equations

0= [0y, — L}? 0, — L2/%). (C.19)

This hierarchy has infinitely many conserved quantities, as well as an associated bihamiltonian structure,
cf. [33]. This hierarchy also has a number of additional symmetries. These symmetries do not commute
amongst themselves, and are characterized by their explicit dependence on the ‘times’ {¢;}. The additional
symmetries generate an infinite-dimensional W-algebra. In the case of the usual KdV (= KdV3) hierarchy,

this algebra is the celebrated Virasoro algebra; in the case of KdV3, one obtains the so-called Zamolodchikov
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W3 algebra (cf. [33, 111]). The first such symmetry is generated by the equation (setting A := Li/ 3)

[L, A] = 1. Explicitly, the operator A is the 4t order differential operator

1
"
=u .

A:Li/?’:84—{u,82}+{v76}+%u2— .

(C.20)

(Here, {A, B} := AB + BA denotes the anticommutator of operators). There is an additional non-trivial
flow that we may add, coming from the operator Li/ S, L u; it is associated with the variable 7, and

yields a generalized string equation:

[L,A] =1, where —A:= Li/?’ + gnLi/B. (C.21)

This is the so-called string equation. Equation (C.21) appears in the physics literature as the descriptor of
the (4,3) minimal model coupled to gravity, under various normalizations [25, 34, 56]. The interpretation
of the v flow is as a descriptor of the transition to ‘criticality’, i.e. the transition from the non-critical to
critical matrix model. The parameter 1 describes the Ising phase transition along the critical curve. It is the
solutions to equation (C.21) that appear explicitly at the critical point of the matrix model in question. The

string equation may be expressed explicitly as a pair of differential equations for the functions u(v),v(v):

1 3 3 1 3 )
-1 = 5' |:12U(4) — ZU'LL,/ — g(ul)Q + 5’1143 -+ 51}2 — ET](SUQ — 'LL//) ; (022)
1, 3 5
= — — = - . 2
0 8[20 2uv+2m} (C.23)

Let us now return to the Lax operators arising from the local parametrices of the critical 2-matrix model.

The string equation for the matrix model reads

0=1[0 —E(&n,v),0, = V(En,v)] = OE— 0V +[E,V]. (C.24)

We claim that the above equation can be reduced to a pair of equations for two functions, which we will
show are equivalent to the KdVj string equation (C.21) (or, equivalently, (C.22) and (C.23)). This is an
inevitably involved calculation; nevertheless, if one is careful enough, it is possible to recover the desired
result. Here, we indicate the sequence of steps by which one may derive the string equation from (C.24).
First, one should note that Equation (C.24) is already a first-order polynomial in £. Then, if one follows the

following procedure:

e Solve the O(&) term in the 1-3 entry of the string equation for aq1,
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e Solve the O(&) term in the 2-1 entry of the string equation for asa,
e Solve the O(&) term in the 3-3 entry of the string equation for as;,

e Solve the O(§) term in the 2-3 entry of the string equation for bss (from here on, the string equation

is O(1), and so we refer only to the entry number),
e Solve the 1-1 entry of the string equation for b3y,
e Solve the 1-2 entry of the string equation for ao1,
e Solve the 1-3 entry of the string equation for b33, and finally
e Solve the 2-2 entry of the string equation for bys.

After this procedure, we are left with two independent equations for the unknown functions a2(v, 1), as2(v,n)

(some of the other functions, such as ass, are eliminated automatically). Making the substitutions

a1a(v) = %/V v(t)dt + iu(u) - % (/U u(t)dt>2, (C.25)

G52 (v) = —% / Cu()dt, (C.26)

the remaining pair of equations are converted into (after an integration):

01 3 3 1, 3 5
7:77(4)77 "m0 2 -3 Q02 2 2 1
1 5 [12u LU 8(u) + Ut 4 Gu 1277(3u u”)|, (C.27)
8, 3 5
= — | = — = - ; '2
0 By [211 2uv+ 21]1)] ; (C.28)

these are precisely the string equation (C.21). One can work backwards from here to see that the matrices

E(&n,v) and V(& n,v) are completely determined in terms of the functions u and v; for example,

0 %f’t)dV+%U7%(fudl/)2
(C.29)

1
V(&;?],V) = E23£ + | =3 Sodv+iu—3(f udv)? -3 [udv v+3 [udv [vdv
1 0 Tudv

One may also determine the dependence of the functions u, v on v, using the zero-curvature equation between

0¢ — E and 0, — U; one finds that

) OM1(5 1N\, 1, ,5 145 5 , 1, 4

= A - S e C.30
anu(n,y) £ [3 (377 2u> u’ + 8(u) +qu g = 5v + 3V| ( )
0 1 1 25 ) 1 ) 3

a—nv(n,zz) = Evu'” — éu”v’ + (—9772 - g + 4u2> v+ D (77 — 5u) u'v. (C.31)
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APPENDIX D
THE ISOMONODROMIC TAU FUNCTION.

The partition function of the 2-matrix model was identified with an isomonodromic 7-function by Bertola
and Marchal, cf. [9]. Their derivation is relatively straightforward, and applies almost directly to our
situation. However, some of the details of the calculation are different enough that the proof merits discussion.
We present the proof of the fact that the partition function for the 2-matrix model is an isomonodromic
7-function here. The proof mirrors almost directly that of Bertola and Marchal’s; one should consult their
work and references therein for further details and commentary. For sake of readability, let us introduce the

notation, for a given matrix-valued 1-form A(z),
(A(2)) :== Res tr[A(2)].

Recall that, in general, the n** monic biorthogonal polynomial p, (z) with respect to the weight *

eNW(z,w) = eN[Tzw7%z27%z4f%w27§w4] (Dl)

(we take t, t as independent parameters in general) on contour(s) (I',T') is given in terms of the solution to

the following Riemann-Hilbert problem:
1. Y, (z) is a piecewise analytic function in C\ T,

2. Y, (z) has boundary values

1
Y, (2) =Y _ (2)e NVE T+ w(z)Eiy + —w'(2)Fis +

e w”(2)E14|,2 €T, (D.2)

1
N272

where w(z) = fF eN[TZw—%wZ_iwﬂdw’

IHere, we take N > 0 as a free parameter, in general different from the index of the biorthogonal polynomial. We will later
set N =n.

214



3. As z — o0,

2" 0 0
Yin 1
ot o(Do om0 | s
0 0 PR P

where m,, € N, r, € {0,1,2} are such that n = 3m,, + r,.

Note that, when n = 3k is a multiple of 3, the above coincides with the Riemann Hilbert problem analyzed
in the present work.

We now summarize some of the basic results pertaining to this RHP which we will need in our analysis
of the r-differential.

The solution to this Riemann-Hilbert problem is given explicitly:

pn(2) Crlpnw](2) ﬁCF [Prw'](2) ﬁcl“ [prw”](2)
Y, (2) = Qn-1(2) Cr[Qnw](2) FCOr[Qun-1w'](2) Fz=Cr[@n-1w"](2) (D.4)
Qn-2(2) Cr[Qn_ow](2) F=CrlQn-2w1(z) 4=Cr[Qn_2w"](z)

anB(Z) CF[Qﬂ*Sw](Z) ﬁCF[an?)wq(z) ﬁCF[an?)w//](Z)v

where Q,—1, @n—2, and @Q,,_3 are some appropriately chosen polynomials of degrees n — 1, n — 2, and n — 3,

respectively, p,(z) is the n* monic biorthogonal polynomial, and

el = o [ L9

= D.5
2 Jpx — 2 (D:5)

denotes the Cauchy transform with respect to the contour I'. We can also relate the Riemann-Hilbert

problem for Y, (z) to the Riemann-Hilbert problem for Y, 1(z) by means of a raising operator:
Ynt1(2) = Rp(2) Yi(z2), (D.6)

where R, (z) := Rz + RY is a degree 1 matrix-valued polynomial in z. The existence of R, (z) follows
immediately from the fact that Y,,1(z) Y, () has no jumps, and thus extends to an entire function.

The asymptotics of Y, 11(2)Y, () uniquely fix the form of R, (z). Setting ag := 7x + 1, we have that
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R = FE1 1, whereas the matrix (R9),), has entries as given in the following table:

k= (67 k=1 k 7£ ]., (67

. —(Yn,2)ag, 1+ psan YN, 1)ag,e(YN,1)e1

J = o ) (;};:,10)%,1 : _<Yn,1)ao’1 _(Yn,l)ao,k (D.7)

. 1

j=1 Vo)onn 0 0

. YVn, j,

j# Lao s 0 S

Note that the matrix R, (z) is determined entirely in terms of Y, (z).
The isomonodromic 7-differential corresponding to Y := Y, is defined to be
dlogm, == (Y'Y, dVAVVAVﬂ) (D.8)

where W(z) is essentially the augmented W-matrix from the first transformation:

( ) e—NV(z) 0
W(z) = )
0 W(2)

with the only difference here being that V(z) = 22 + 224. For now, we treat the parameter N in the
matrix W as a fixed parameter independent of the index of the polynomial n; we shall later set N = n.
Since multiplication by W yields a constant jump RHP, we have the following formulae for the differential

of A(WW _1: renders Y
srxxr~ (0 0 0 0 24740\ 97
dW'W —(0 aaxivw—1>d7'—|—(0 Ba‘ivw_l)dt'i'( K O)dt.

When ¢t = ¢, we must have that the coefficients of dt, dt must be equal. This being the case, we may calculate

the 7-differential by instead taking twice the second coefficient matrix:

‘{,Vfl)>dr+2 x <Y;1Y,'n(g %v%vfl)mt. (D.9)

dlog T, (7,t) = (Y} Y;(g ow

aT

In [9], the parameters of the isomonodromic 7-differential come from the coefficients of the potential (as
opposed to our case, where one of the parameters is the coefficient of the interaction term XY; namely, 7),
and the definition of dWW_l is slightly different. However, it is only important to the proof that W renders
the jumps of Y constant, which we have already seen (indeed, this was the point of the first transformation

Y — X).
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The biorthogonal polynomials double as a particular sequence of multiple orthogonal polynomials; Sum-
marizing the arguments of [9], one can use the sequence of raising operators arising from the multiple or-
thogonality to produce the next biorthogonal polynomial in the sequence. Let us denote this raising operator

generically by R, (z). R,(z) is defined so that

Y, +1(2) = Ru(2) Y, (2). (D.10)
Generically, R, (z) is a degree 1 polynomial in z; its inverse is also a degree 1 polynomial in z. We have the
following proposition:
Proposition D.1.

dlog 7" — (RTR'AY, Y ) (D.11)

n

Proof. By equation (D.10), we have that

Yo Y =Y R Y, +Y Y

Thus, the quotient of 7 differentials is

dlog 1"t — <[Y;1 R'R, Y, +Y,'Y)] dWVV—1> CYCLYL aWW

—(Y'RIR. Y, dWW ).

Now, recall that Y,, W has constant jumps, and so the differential d [Y,, W] w! Y, ! has coefficients which

are polynomial in z, by the standard Liouville argument. This statement can be rewritten as
Y, dAWW Yl = dY, Y +polynomial.
Inserting the above into our expression for the 7-quotient, we obtain that
dlog Tn—:l = (R, 'R}, [polynomial] — R, ' R,dY, Y, '); (D.12)

since R, 'R/ is a polynomial in z, the first term is a polynomial in z, and thus has no residues at infinity.

This completes the proof. O]
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We can use the explicit form of the raising operators obtained before to get an expression for the 7-
differential in terms of the coefficients of Y, (z). The exact expression is summarized by the following

proposition.

Proposition D.2. The ratio of consecutive T differentials, up to multiplication by a function independent

of the isomonodromic times, is given by

Tn+ 1
Tn

= (Yl,n)l,ao (D-l?’)

Proof. This follows immediately from inspection of the previous proposition, and the explicit form of the

matrices R, (z). For details, see [9]. O
Furthermore, we can relate the coefficients (Y1,,)1,q, t0 the biorthogonality coefficients hy,:

Proposition D.3. The matriz coefficient (Y1,n)1,a, 15 given in terms of the n'™ normalizing constant of the

biorthogonal polynomials:
t

s
(Y1,n)1,00 = (T) o, (D.14)
where S € N, ag € {0,1,2} are such that n =3S + ap — 1.

Proposition D.4. The isomonodromic T-function T, is related to the partition function Z, for n a multiple
of 3 by the formula

Z, = (tg)%(rl) T (D.15)

Remark D.5. We remark that the statement of the above Proposition in [9] is incorrect. The proof which

comes before is correct, but the power of (¢/7) should be one over what it reads in their Theorem 3.4 (page

17); there are no essential changes to the results otherwise.
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