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ABSTRACT: The generating functions for the gauge theory observables are often repre-
sented in terms of the unitary matrix integrals. In this work, the perturbative and non-
perturbative aspects of the generic multi-critical unitary matrix models are studied by
adopting the integrable operator formalism, and the multi-critical generalization of the
Tracy-Widom distribution in the context of random partitions. We obtain the universal
results for the multi-critical model in the weak and strong coupling phases. The free en-
ergy of the instanton sector in the weak coupling regime, and the genus expansion of the
free energy in the strong coupling regime are explicitly computed and the universal multi-
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examples of supersymmetric indices of gauge theories in the large N limit.
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1 Introduction and summary

The construction and counting of the gauge invariant observables, such as BPS operators
in supersymmetric gauge theories, have been central problems in gauge theory and string
theory, for decades. Often, the counting problems in gauge theory enjoy combinatorial fea-
tures which makes the problems more tractable. For example, the counting of single-trace
and multi-trace operators in supersymmetric gauge theories can be seen as the counting of
letters and words in combinatorics, in the plethystic program [1, 2].

The plethystic program provides a framework to study the generating function of
the gauge theories. An essential step in this framework is applying the Weyl integration
formula in the gauge theory [3-5], to obtain the full generating function of the multi-trace
operators as a group/matrix integral of the plethystic exponentiation of the single-trace
operator generating function. The potential of this matrix model is turned up to be the
double-trace potential, and in the weak coupling limit, one can approximate the pairwise
interaction potentials between the eigenvalues of the matrix model with a single-trace
potential, i.e. the Gross-Witten-Wadia (GWW) model [6, 7] and its generalization to higher
order polynomial potentials.

One important aspect of the counting problems is the asymptotic behavior of the
generating functions and their multiplicities. In the context of gauge theory, to study
the thermodynamic aspects such as confinement/deconfinement phase transition and the
perturbative/non-perturbative aspects one need to develop the asymptotic analysis for the
gauge theory indices in the limit of large parameters and study the singularities of the
generating functions. In the contexts of the AdS/CFT correspondence, the asymptotic
aspects of the gauge theory contain interesting and important information for the gravity
dual theories.

A recent interesting counting problem in gauge theory is the computation of the in-
dex of the N/ = 1 four-dimensional superconformal field theories (SCFT), the generating
function of the BPS operators which are annihilated by one supercharge. In the context
of AdS/CFT correspondence, the large N and large charge limits of the superconformal
indices, as a candidate of the microscopic explanations of the black holes entropy and phase
transition have attracted a lot of interests and many different methods are developed to-
ward the asymptotic study of the index, see [8] for a review.

In this work, we introduce an analytic approach, based on the machinery of the inte-
grable operator formalism in random matrices and random partitions to study the universal
features in the phase structure of gauge theories. The techniques from random partitions
and their asymptotics provide a natural framework for study of the dynamics of the gauge
theory. Having obtained an alternative formulation of the generic unitary matrix model
based on the Schur partition, i.e. a random partition obeying the Schur measure [9], in this
paper, we apply this machinery in the asymptotic analysis of the supersymmetric indices
and their unitary matrix integrals, and explore the thermodynamics of the gauge theory
and the phase structure. We study the finite and large N asymptotics and associated
phase structure of the unitary matrix models, mainly the generalized GWW model. Our
results include computation of the partition function of the generic unitary matrix model



which have wide applications in gauge theories. The generating functions for the super-
symmetric indices of the gauge theory such as superconformal index are often represented
in terms of the unitary matrix integrals with double trace potential. In the limit of weak
interactions between the eigenvalues, they can be approximated by the matrix models with
the single-trace potential, i.e. the generalized Gross-Witten-Wadia model. We aim to shed
light on the implications of the universality for the phase structure of the gauge theory. In
fact, one can imagine that the fluctuations of the random partitions in the bulk or at the
edges explain a possible phase transition in the associated gauge theories. The generating
function of the indices and their matrix integrals in the large N limit can be represented
in terms of the Fredholm determinants. The asymptotic analysis of the Fredholm determi-
nants and emergence of the Tracy-Widom (TW) distribution explain the phase structure
of the gauge theories.

Precisely speaking, the edge and the bulk fluctuations in the Schur partitions, described
by the Fredholm determinants with sine, and Airy kernels, respectively, can be applied
in the study of critical dynamics of a class of gauge theories with a generic single-trace
unitary matrix integrals near its critical point. Moreover, the finer phase structure of the
matrix models known as the multi-critical generalization emerges from the smaller scale
fluctuations and they are studied using the higher Airy kernels and their asymptotics. In
fact, the critical dynamics of the matrix model is encoded in the asymptotic behavior,
i.e. the right and left tails of the TW distribution. In the large N limit, the sharp phase
transition is implicit in the different behavior of the tails of the distribution. This phase
transition is replaced by a smooth cross-over, in the intermediate domain of the distribution
at finite N. Moreover, the perturbative and non-perturbative aspects of the gauge theory
are obtained from the finite N corrections to the asymptotic behavior of the two tails of
the distribution. More precisely, the genus expansion of the free energy is obtained via the
perturbative 1/N corrections in the asymptotic analysis of the left tail of the distribution.
The exponential order corrections and related instanton effects are obtained from the right
tail of the distribution, using the Airy function approximation.

In concrete example of the GWW model and its generalization, our result is indicating a
universal third-order phase transition, and we compare it with the model-dependent results
in the literature which are based on different plausible methods such as the Coulomb gas
method and saddle-point analysis of the matrix models, and we find a good agreement,
when expanding the results around the critical point. As an application of our result, we
study the fine structure of the Hagedorn phase transition in two concrete examples of the
gauge theory indices. We find that the phase structure of the generalized GWW model
captures the leading order singularities of the Hagedorn phase transition. Based on this
observation, we compute the free energy of these gauge theories in different regimes. In the
finer double-scaling regimes, similar results for the multi-critical dynamics are obtained.

Summary. Let us briefly summarize the main results of this paper. We will collect the
main ideas, tools and results which are roughly expressed, and refer to the bulk of the
paper for the exact expressions. By using the character expansion formula, we can write
the matrix integral with multi-critical potential in terms of the sum over partitions with



the Schur measure. In fact, imposing the constraint on the largest entry of the partition
A1, the summation over the random partition is rewritten, modulo a normalization factor,
as the unitary matrix integral [9],

Zy o Y sa(X)sa(X) = /U(]sfl)Uexp (i %f(q?,qg, L)t U™ + tr U")), (1.1)
n=1

S

M<N
for definitions see section 3.1. An unrefined version of the partition function (1.1) is recently
studied in [10]. Defining the free energy by F = limy_ oo N 2log Zy, we show that the
right /left (&) edge fluctuation contributes to the free energy, up to a scaling factor N2,
as

F ~ hm log Fy(s), where 5= M, (1.2)

s—+oo (OépN)TJlrl

and F), is the higher-order Tracy-Widom distribution [11-14], and oy,(q1,qo,...),
B(q1,q2, . . .) are some model-dependent parameters and are explicitly expressed in terms of
the couplings [15]. The main result of our study is that the matrix model (1.1), undergoes
a multi-critical phase transition at the critical point 8 = .. This phase transitions can be
explained from the asymptotic behavior of the higher-order Tracy-Widom distribution,

pt1 BHL
1—(9(3_1065p ) s — +00
F,(s) ~ ) (1.3)

2(p+1)
Ofelsl 7 s — —00

The above leading asymptotic behavior of the hlgher order TW distribution and the

following multi-critical double-scaling parameter, s = o, T (Be — B) N+t e , imply that the
free energy in two regimes s — +o00 (8 < ), and s = —o0 (8 > f.), modulo an additive
constant, is given by

O(eN) B < Be
F o~ . (1.4)

a;Z/pwc _ 5’2(p+1)/p +O(N2) B> 8.

The above free energy implies a discontinuity in the (2(p + 1)/p)-th derivative of the free
energy at f = (. and a multi-critical phase transition of the order (2(p + 1)/p) at this
critical point. One can possibly make a mathematical sense of the fractional derivative in
the fractional calculus. Alternatively, the order of the multi-critical phase transition, can

be replaced by |22+ p (p+1)

J = 3 for any finite p > 2. At the classic case of p = 2, a universal
third-order phase tran31t10n is emerged from the fluctuations at scale N~2/3. This can be
seen as a universal generalization of the GWW model [6, 7], see also [16]. For higher p > 2,
the fluctuations at scale N~ 7T creates a multi-critical phase transition and as we increase

p, the order of the phase transition monotonically decreases. At infinite p, the fluctuations



are of order N~! and they causes a second order phase transition. We focus on the two
fixed-points of p = 2 and p = oo and their possible physical implications in the general
setting and in concrete examples.

The rest of the paper is organized as follows. In section 2, the matrix integral represen-
tation of the supersymmetric indices is explained. In section 3, the Schur partition and its
asymptotics are reviewed. In sections 4 and 5 the critical and the multi-critical dynamics
of the generalized GWW model are discussed. In section 6, we study the asymptotics of
the double-trace matrix model in some concrete examples and explicit results about the
free energy and phase structure are obtained.

2 Gauge theory indices and matrix models

This section is a brief review about the two classes of unitary matrix models, namely
the generalized double-trace and generalized GWW model and their relations. These two
classes are related to the partition functions of the gauge theories on compact manifolds
and indices of the supersymmetric gauge theories.

2.1 Counting observables in gauge theory

The observables of the gauge theories are the set of gauge invariant operators and their
correlation functions. We consider four-dimensional gauge theories and their observables.
These are formed of single trace of the products of operators, called single-trace operators
and several single-trace operators multiplied to each other, called multi-trace operators.
The grand-canonical partition function of the multi-trace operators is obtained from the
plethystic exponentiation of the generating function of the single-trace operators f(q;),
where g; is the short notation for {¢;}, the collection of fugacity factors [1, 2], and then in-
tegrating over the Haar measure of the gauge group to project onto the gauge-singlets [3-5],
known as Weyl integration formula,

Z(q) = [ dg exp (i if@?)m(g”)), 1)
n=0

where g € G, and in our study G is to be considered as the unitary gauge group U(N)
or their product, and xg(g) is the character in R-representation. In section 6, we discuss
some concrete examples in four-dimensional N’ =1 SCFT.

2.2 Matrix integral representation

In this section, the counting problem of the BPS operators and their generating functions
in terms of matrix integral are reviewed. We consider the group integral that appears as
the partition function of G = U(NNV) gauge theories with the adjoint representation matter,
and by using the character formula in the adjoint representation in terms of the characters
in the fundamental representation Xadj(9) = xr#(9)x3(9), the group integral recasts to a
matrix integral,

T(a) = | U PB(7(g: )], (2.2)



where by using the Weyl parameterization, the integral over the Haar measure can be
N

written as an integral over the eigenvalues 6; in the diagonal matrix U = diag (eiei) x
1=

/ dU = 1/1]_\[[sz H |elfi — %32 (2.3)
U(N) N! bule 2 ’

1<i<j<N

and the plethystic exponential is defined by

[e.e]
PE[f(q:U)] = exp [z Ha U U%)] . (2.4)
n=1
The above matrix integral appears as the generating function for the BPS multi-trace
operators in free gauge theories. In particular, we are going to consider, in section 6,
two explicit classes of examples of this, which are i) BPS operators in chiral ring of the
free four-dimensional N' = 1 SCFT and ii) the BPS operators that are annihilated by
one supercharge in N/ = 1 SCFT, in particular the sixteenth BPS operators in N/ = 4
supersymmetric Yang-Mills (SYM) theory.
Let us define a closely related model, the generalized GWW matrix model,

o
Z(q;)= | dUexp lN Z tn(qi) (tr U™ + tr U")] . (2.5)
U() n=1
Notice that, in general, the O(1) couplings t1,ta, ... can be any univariate or multivariate

function of the parameters of the model. In the rest of this paper, we absorb the N depen-
dence into the definitions of the couplings and thus drop the overall factor N. Truncating
to the case n =1, Z(qg;) reduces to a effective theory of GWW model,

2(g) ~ Zaww = [ AU esp ()t + U] (2.6)

The gauge theory indices as the double-trace matrix integral (2.2) is related to the
generalized GWW matrix integral, either effectively at weak coupling in the large N limit
or exactly by the Hubbard-Stratonovich transformation [17, 18]. In this study, we focus on
the former approximation and leave the latter relation for the future studies. The double-
trace matrix model and the generalized GWW model share equilibrium conditions. In fact,
in the large N limit, Z(¢;) and Z(g;) are equivalent, upon identification

tn(q) = f(f)@r uny, (2.7)

and they have a similar phase structure [5]. Moreover, the truncated case n = 1 of the
double matrix integral (2.2), and the GWW model, are dominant in the asymptotic analysis
of the generalized models with higher degrees, n > 1, see [5] for more details. Being aware
of exact relation between double trace matrix models and GWW models by the Hubbard-
Stratonovich transformation and saddle point approximation [19], in this article we are
going to focus on the generalized GWW matrix model and its asymptotic analysis and
interpreting the results as the effective theory for the double trace models at the weak



coupling limit. We hope to return to this problem in future and precisely apply the results
of generalized GWW model to the double-trace model, using the transformation.

Having explained the connection between matrix integral representation of gauge in-
dices and the generalized GWW model, in the rest of the paper, we are going to explore
the generalized GWW model and its possible implications for gauge theory indices. We
introduce random partitions with Schur measure to study the phase structure of the gen-
eralized GWW model. Our goal is to study the large N limit of the superconformal index
and its phase structure, using the asymptotic analysis of matrix integral. In the next sec-
tion, we use the asymptotic analysis is performed using the methods of random partitions
and integrable operator formalism. This approach uncovers the universal features of the
phase structure.

3 Integrable operator formalism in matrix models

In this part, we review, without details of the proofs, the results obtained in recent
works [15, 20] about the random partitions and its asymptotics, and then adopt them
to study the phase structure of gauge theories. The first step in the random partition
realization of the gauge theory is to think of the random partition as discretization of the
matrix integral representation of the partition function of the gauge theory. More pre-
cise relation between the matrix integral and the random partition is via the character
expansion formula.

3.1 Schur measure random partition and generalized GWW model

Let % be a set of partitions, and X = (x;);en be the set of the parameters and the Miwa
variables defined by

1 (o.9]
th ==Y _ X" (3.1)
n =1

Then, we define our main object, the partition function of the constrained partitions, via
the Schur function sy, as

Zy =P\ < N) = z! Z sx(X)sx(X), (3.2)

S
M <N

where Z is the normalization of the Schur measure random partition and it is given by,

Z = Z sx(X)sa(X) = H (1 —xx;) " = exp (i nt%) . (3.3)
n=1

e 1<4,j<00

We will elaborate on the physical interpretation of the partition functions Z and Z in
section 3.2. Using the character expansion, the Schur partition can be written in terms of
the unitary matrix integral,

ZN:Z_l/ dU exp (Ztn(trU"+trU_”)>. (3.4)
U(N)

n=1



Let us define the Fredholm determinant on a specific domain I C R,

o

det(1

det K(zi, xj), (3.5)

et 1<z,] n

where K is the integral operator with the kernel K(z;,y;). Then, the Schur partition
function can be written as a discrete analog of the original Fredholm determinant (3.5) [9],

Zy =det (1 - K),, (3.6)

where the domain [ is defined as I = (N 4+ %, ), and K (k,1) is given by [21],

1 K(z,w) 1
J(z) 1 =1 —x,2
K = = _— .7Tb
=g 0= (3.70)

The J(z) is called the wave function and it has the following mode expansion,

2) = exp [Z tn (2" — z”)] => J(x)2", J(z) = ;;jii)l . (3.8)
n=1

TE€EZ

Plancherel measure random partition and GWW model. A particular example
of the Schur measure with a single parameter

tn = 57171, (39)

is called the Plancherel measure with the following partition function,

_ dim \\ 2
Zy=2""% ¢V <W> ) (3.10)
AN

where dim A is the dimension of the irreducible representation parameterized by A of the
symmetric group Soo, and |A| =>-72; \;, and Z = e’

The Plancherel partition function with the constraint A\; < N has the matrix integral
and Fredholm determinant representation,

z :Z*l/ au U+ 60U 1)) = det (1 — K , 3.11
N vy P <q<r g )) et ( 4B)(N+4.00) (3.11)

where the discrete Bessel kernel is obtained in [22],

] Jr-1/2(29) Ji41/2(29) — Jri1/2(2a) Ji—1/2(29)

(3.12)

The wave function is then given by the Bessel function J(z) = J,(2q), with the generating
function

J(z) = 92 = Jo(29) 2 (3.13)

TEZ



Difference equation for wave functions. We observe that the wave functions of the
Schur partitions satisfy the following differential and difference equations:

o 8 o0

> nt(2" 427" _281“2) =0, [Z nt, (Ve +V,") —x|J(z) =0, (3.14)

n=1 z n=1
where we define the shift operator V. f(z) = f(z + 1) with V, = exp (J;). In the case
of the Plancherel measure, the wave function obeys the difference equation, a special case
of (3.14),

[vx L v g ﬂ Jo(2q) = 0. (3.15)

We remark that, as mentioned in [15], the differential/difference equation (3.14) is
interpreted as a quantization of the spectral curve for the generalized GWW model,

Yeww = {(z,2) € C x C* | H(z,z) = 0} (3.16a)
with

H(x,z) = i ntp (2" +27") —x. (3.16b)
n=1

3.2 Asymptotic analysis of partitions and dynamics of gauge theory

In this section, dynamics of gauge theory is obtained from the asymptotic analysis of the
Schur partition. The free energy in the large N limit of the U(/V) matrix model is defined by

F = lim N ?logZy. (3.17)
N—oo

To explore the phase structure of the gauge theory, we compute the free energy in different
regimes of the parameter space, obtained from the asymptotic analysis of the random
partitions. In term of the random partition, there are two contributions to the free energy,
first a contribution from the continuum limit/limit shape of the random partition, obtained
from the normalization factor of the matrix integral. Secondly, there is a contribution from
the fluctuation around the limit shape. Depending on the region in the partition, the
fluctuation behaves differently; in the bulk of the partition, the contribution is given by
the Fredholm determinant of the sine kernel, and in the edge of the partition, it is the
Fredholm determinant with Airy kernel, i.e. TW distribution. Thus, formally speaking,
we have

F=TF.+Fy, (3.18)

where F. and F; denote the continuum and fluctuation free energy, respectively.

The continuum free energy is a global model dependent contribution and can be com-
puted using the matrix integral, for example in the generalized GWW model one can obtain
from eq. (3.3),

e}
Fe=logZ =Y nt, (3.19)
n=1
notice that the N dependence is implicit in the coupling t,,. The fluctuation has different
behavior in the bulk and edge of the partition, thus, we consider each case separately.



Bulk scaling limit and fluctuation. Now, let us consider the Plancherel measure
random partition and discuss the scaling limit of the Bessel function. Let us define the
discreteness parameter e ~ N1, to re-scale the parameters of the random partition, such
that the large NV limit of the unitary matrix model corresponds to the continuum limit,
€ — 0, of the random partition. Moreover, as we will explicitly explain later, the parameter
s in the domain of the Fredholm kernel (3.6), is in fact the double-scaling parameter and
as N tends to infinity, it tends to plus infinity in the bulk and plus/minus infinity at the
right /left sides of the edge of the random partition.

Using the scaling (z,q) — (x,q/€), the scaling limit of the difference equation (3.15)

becomes
Vet Vi + 0(6)] Ju(2a/e) = 0, (3.20)
which has the plane wave solutions
cos (Wx> = (—1)*/? (x € 2Z)
Jo(2q/e) =% 2 : (3.21)

sin <727x> = (—1)"*V2 (ze2Z+1)

Then, the scaling limit of the discrete Bessel kernel (3.12) becomes the sine kernel
o sinm(k—1)/2
mk—=1)/2

where the normalization is fixed to be K(r,r) = 1. Similar studies for the bulk scaling

K(k,1) = (3.22)

limit of the Schur measure random partition is performed in [23].

In the bulk, the dynamics of the gauge theory is governed by the sine random process
and the fluctuation contribution to the free energy is given by the Fredholm determinant
with the sine kernel, up to a scaling factor N =2, as

) A 5 sinmw(z — y)
~ lim logdet (1 — Kin , h Kine(2,y) = ————= 2
J:f siglo 0g de ( e) (8,00) where S e(fl? y) 7'['(37 — y) (3 3)
The asymptotics of the Fredholm determinant as s — oo is obtained in [24, 25],
2
— K. — 91/12 ;3¢(-1) g~ 5 -1
det (1 Ksme)(sm) = 9l/12 s exp ( 5 > (1+06™). (3.24)

This asymptotic result leads to the computation of the free energy in the bulk, the scaling
parameter s = vN, as

F=F.+Fs
_ ; -2 _ K.
=F.+ Nl—lgloo N™*logdet (1 Ksme) (4N.00)
2
0% 1 1 logy  log?2 , )
=F.————|—-logN — -1) ), 2
F. 5 N2< 1 log 4 + 19 +3¢'(-1) (3.25)

where F. is given by the normalization of the Schur measure random partition in eq. (3.19).
Thus, we observe that in the large NV limit, the leading contribution of the bulk fluctuation
in the free energy is non-zero. We will come back to this observation and discuss a possible
interpretation of that, at the end of section 5.2.



Edge scaling limit and fluctuation. Next, we discuss the scaling limit of the difference
equations of the wave function and the kernel of the Fredholm determinant. We first
consider the Schur partition. Let us use the parameter € to re-scale the parameters and
expand the shift operator,

n o (Ene)k db
(@,tn) = (x/€,tn/€), v;t/e = Z B dak (3.26)
Then, the difference equation (3.14) becomes
> dk x
k —
kz::lozke dx,ﬂ—(m—ﬁ)]J(g)_O, (3.27)
where the coefficients are defined as
< onktly, >
ap = DT f=oay= z_:lzntn. (3.28)

In the scaling limit € — 0, and by keeping o,y = 0 for p’ < p, the difference equation (3.27)
becomes the following differential equation,

[f; - 5] J<B + (O‘p) 5) ~0, (3.29)

__1
where £ = ap "t e_ﬁ(aj — B) for p > 2. Thus, we observe that the scaling limit of the

wave function is given by the p-Airy function,

A1\ o L. p dx p APH!
J<f+(aj) 5) 0 Aiyle) = (D [ %exp{m)zpﬂm}, (3.30)

where C is an integral contour providing a convergent integral. The case p = 2 corre-
sponds to the standard Airy function. The p-Airy function, Ai, ((—1)g+1§), satisfies the
generalized Airy equation,

dar . :
dTpAlp(ﬁ) = §ALL(E). (3.31)
In fact, we can analyze the semi-classical behavior of the p-Airy function based on the

reduced spectral curve,
YipAiry = {(z,y) eCxC|y’ —z=0}. (3.32)

This is obtained from the spectral curve of the GWW model (3.16) in the scaling limit
discussed above, i.e., parametrize w = exp (ey), then take the limit ¢ — 0 with tuning the
parameters. We remark that the p-Airy spectral curve (3.32) agrees with (A,_1, Ap)-type
Argyres-Douglas theory [26, 27].

Next, we discuss the scaling limit of the kernel. Using the eq. (3.7), we obtain the
kernel in terms of the wave functions,

zZ,w) = 3 n)J(m) 2" =Ml = 3 i_l i—l
K(zw) = 3 3T Tm) . K(kD) ;J(k+ 5)7(1+i-3)
(3.33)

~10 -



and then using the scaling limit of the wave function, one can obtain the scaling limit of
the kernel as

1 1 1
O O A G

€ € € €

where the p-Airy kernel is defined as

Kp_Airy(az, y) = /0 dz Aip(z + 2) Aiy(y + 2) (3.35a)
1

== Yo (=17 A () AP~V (y), (3.35b)
) 7=0

and Aiz(f) (z) is the r-th derivative of the Airy function.

3.3 Higher-order Tracy-Widom distribution

The natural origin of the Airy kernel is in the theory of random matrices, in which the gap
probability of the Airy process is given by the Fredholm determinant with the Airy kernel,

Fy(s) = det(1 — Kany), o) - (3.36)

The probability distribution function of the largest eigenvalue and its statistical behavior
in the scaling limit is given by the Tracy-Widom distribution [28].

Random partition, as a discrete analog of the random matrix [9], has similar edge
scaling behavior which is reflected in terms of the probability distribution of the largest
entry (the first row) of the partition. In the scaling limit, the probability distribution of
the largest entry of the Schur partition is obtained in [15],

A —
lim P 17/3/16 <s
0 L (ap/e)ri
where F)(s) is a higher-order analog of the Tracy-Widom distribution [11-14].

] = det(1 — Kp airy) (5 00) = Fp(5) (3.37)

The probability distribution (3.37) can be used to compute the contribution of the
edge fluctuation to the partition function of the generalized GWW model by using the
egs. (3.2) and (3.6). In fact, there are three regions in the vicinity of the edge, namely the
finitely (O(1)) close regions in the left and right sides of the edge, and the crossing region
which is infinitesimally close to the edge. At the edge, the dynamics is determined by the
p-Airy process and the fluctuations in the right/left (£) sides of the edge contribute to the
free energy (3.18), up to a scaling factor N2, as

Fy~ lim logdet (1 — KpAiry)

s—Fo0 (5,00)

(3.38)

Therefore, the right/left (1) edge free energy are obtained from the left and right tails of
the higher TW distribution,

Fp~ lim log Fy(s), Fy~ ELn log F,(s). (3.39)

s$—+400
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In the special case of the Plancherel partition, using the scaled parameters (z,q) —
(x/€,q/€), the difference equation (3.15) becomes

2 X
[62;332 - <q - 2) + 0(64)] J,/(2a/€) = 0. (3.40)

and in the scaling limit, the wave function becomes the Airy function,
Toe(2a/e) 2 AN(E), (3.41)

where ¢ = e 2/3q~1/3(z — 2q). Similarly, the scaling limit of the discrete Bessel kernel is
given by the Airy kernel,

9 1/3 9 3\ 1/3
1{<q+-(2> x,:-+<q> y)-—ﬂ£ (2) K iy (2,7) .- (3.42)

€ €

As a special case of the generic p, in the case of p = 2, the dynamics of the model is
governed by the Airy process and TW distribution, and the contribution of the fluctuation
to the free energy is given, up to a scaling factor N2, by

Fr~ Sginoo log det (1 — KAiry)(s,oo) = lim log Fa(p). (3.43)

s—+too

4 Critical dynamics

In this section, we study the free energy of the generic unitary matrix model from the
viewpoint of the fluctuation of the model around the edge and explore the universal phase
structure of the model in the vicinity of a critical point. As we will see in the following
sections this phase transition is associated with the opening/closing of a gap in the distri-
bution function of the eigenvalues on the circle. From the mathematical point of view, the
case p = 2 explains the critical dynamics of the matrix models.

4.1 General unitary matrix model and TW distribution

Precisely speaking, in the particular case p = 2 of the eq. (3.37), and by assuming the
scaling relation between € and N, discussed in section 3.2, the finite and large IV results
for the free energy of the critical model is encoded of the following result,

limP

e—0

{Al — C1 / €
(co/e)t/?
where ¢; and ¢y are some model-dependent parameters which in the case of generalized

GWW model we have ¢; = B(t1,t2,...) and co = as(ty,ta,...) in eq. (3.28), and F; is the
TW distribution and

< s} = det(1 — KAiry)(s,oo) = Fy(s), (4.1)

Ai(z) AT (y) — Ai(y) AT ()

— (4.2)

KAiry(ma y) =
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Using the definition (3.17), and by fixing the 't Hooft parameter v := Ne in the large N
limit of the U(/N) matrix model, the universal result for the free energy can be obtained
from (3.2), (3.18), and (4.1), up to a scaling factor N2, as

Y—C1,,2

Fro~ sggloo log F5(s) where 5= cé/g N3, (4.3)
and the free energy in the left side of the edge is given by
F =F.+ lim N 2log Fy(s), for v <c1, §— —00, (4.4)
N—oo
and right sides of the edge is given by
F =F.+ lim N %log Fy(s), for v >cq, § = +o00. (4.5)
N—o0

In the rest of this section, we explain the perturbative and non-perturbative aspects of
the general unitary matrix model in the weak and strong coupling phases, using the TW
distribution. We obtain some results about the finite N and genus expansion of the free
energy. In the large N limit, we compute the free energy and extract the phase structure
of the models. Let us start with the asymptotic analysis of the TW distribution.

Tracy-Widom distribution. The Tracy-Widom distribution is given by

Bals) = exp{ = [ @~ 5) *(a) do}, (4.6)
where ¢(x) is the solution of the Painlevé II equation,
Gez(7) = 2¢° () + 2 q(x), (4.7)

and ¢, denotes the second derivative of g with respect to x. The asymptotic behavior of
the solution is obtained in [29, 30], and as x — —o0,

@, 1 73 10219 o )
a(z) =/ =3 ( * 83~ 12800 + 10020 T O ) (4.8)
and
q(z) — Ai(x), as T — o0. (4.9)

Using the Hastings-McLeod results [30] we have

Fi(s) :exp{— / R(z) dx}, where  R(z) = / *(s) ds. (4.10)
Moreover, they obtained

R(z) = gx(2)* — wq(x)® — q(2)". (4.11)
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Unlike the Gaussian distribution, TW distribution is an asymmetric distribution and has
different left and right tails. Using the Hastings-McLeod results, asymptotic analysis of
the TW distribution is performed in [31], and the following result is obtained,

~3s 35
e 3
1- 3(1— 3>+(9(8_3) s — 00
Fals) = 32ms2 24s2 (4.12)
& oene e 3 -6 |
2% ¢ ||; 1—26|S|3+0(8 ) s — —00
s|s

where ((x) is the Riemann zeta function. The asymmetry of the tails of the TW distribution
is apparent in the leading order asymptotic,

1- 0(6_83/2) 5 — 00
Fy(s) = : (4.13)

O(esF) §— —00
4.1.1 Finite N results and 1/N expansion

Let us define the double-scaling parameter,

1

s=ay (8. — B) N5.

Wi

(4.14)

By using the double scaling parameter for general unitary matrix model, the leading and
sub-leading contributions to the free energy, can be obtained using the asymptotic expan-
sion of the TW distribution (4.12),

1
N2

Fe+ log (1 - (3277)_15_% exp{—4 3}) B < Be, |B— Bl =0(1)
T Fot L log (221464’(—1)@—112'8‘"’Isl‘é <1 = 26’38’3)> 8> Ber 18— Bl = O(1)

N2
(4.15)

3

We can add the crossing region, between the two tails, to the above result and after
expanding the logarithm, we obtain

> 3 4 3
FC—]\;;i(B%r)"s2"exp(—3ns2) B<Be, |B—0B]=0(1)
Fel Tty [ e @) o B< ey |B—Bol = O(N-2/%)
1 31 X1 /3\"
Fet~z <c—"1g2—8 ogls| -~ (26> |8|_3”> B> Be; |B=P|=0O(1)

n=1
(4.16)
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log 2

where ¢ = 5= + (/(—1). We can recast the expansions as
Fe+ i N2 G (1) e=2NFm(B) B < Bes |B—Be) =0(1)
n=1
Fo RS NG 8 < B 18- Bl = OWN2), (417)
n=0
Fet Fo+ N3G - i N72G 0 B> B, (8- B =0(1)
n=1

where in the right tail, the first line, we have

_%(3%)7"0@% Be=B)%F,  fulB) = gn@j (Be — B)2, (4.18)

and in the left tail, third line,

G,M =

—1
_ Q9 a3 o _log2 01 L 1 _
Fo= 51—, 6=+ (=) + gylogaz — log N — clog |5 — 6,
(4.19)
and
G(3)_l 33" 2B, — B (4.20)
n —n 26 (6%)) c . .

The above result reproduces the known results about the scaling behavior of the free energy
of GWW model [17] and moreover generalize it to the generalized GWW model [18]. We
will elaborate more on this in sections 4.2 and 4.3.

Right tail of TW distribution and instantons. The right tail of the TW distribution
is obtained by taking the limit s — oo, thus we can expand the exponential in eq. (4.6), as
the integrand becomes small in this limit,

Fr(s)=1— / (z — 5) ¢*(z) dz, (4.21)
then, using the asymptotic result
q(s) = Ai(s), if s— o0, (4.22)

and the Airy function asymptotics,

, 1 2 5/27 1
AI(S) = Wexp{—?)S?} (]. — gsg + O <|$|3>> s (423)
3

by keeping the first term in the above expansion of the Airy function, and using it in
eq. (4.21), we obtain

B r1- o [Ta-9atep{-gat}d (4.24)
2(s) = oy T—8) T Zexp)—g¥ x. .
The above integral can be evaluated as
1 4 1 4
Fry(s)~1-— o exp{—gsg} + @S%Eg (35§> , (4.25)
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where E,,(x) is the generalized exponential integral defined by

oo ,—xt
En(z) = /1 etn at. (4.26)

Using the asymptotic expansion of the generalized exponential function at = — oo,

et n  n(n+1)
Fa(r) =& (1 e ) , (4.27)
we obtain A 5
3 3
Fy(s) = 1— (16m) 1s72 exp{—3s2} (1 -—+ (9(3_3)> . (4.28)
4s2

The above right tail expansion, s — oo of the TW distribution, matches, up to some
numerical coefficients, with the similar expansion in the literature, for example in [31, 32],

Fo(s) = 1 — (327) s~ exp{—4s§} (1 3y 0(3—3)> . (4.29)
3 2452
Noperturbative instanton sector. In the region 5 > 3., (8 — 8.) = O(1), using the
parameterization s = ((N )g, we observe that there is no perturbative corrections to the
continuum free energy and the non-perturbative corrections due to the instantons are of
order O(e™), and we can expand the leading terms of eq. (4.29) to obtain the instanton
contribution to the free energy,

> (32rE)™™ 4
Finst = —nZ:jl (f)N n 2e,>(p(—3m£N), (4.30)
(o]
where n is the number of the instantons. Thus, we can write Finge = Z Fr-inst, and in
n=1

particular, the one-instanton sector, which is the dominant contribution, is

J:l-mst = _ﬁN eXp(—3 £N> (431)

Left tail of TW distribution and genus expansion of free energy. In this part,
we use the left tail expansion of the TW distribution to obtain the genus expansion of the
free energy. The genus expansion of the free energy is defined by

F=> N %F, (4.32)
g=0

Notice that in the genus expansion of the free energy, the definition of the free energy is
not normalized by the 1/N? factor and for example the genus zero free energy is of order
N2, and this should be considered when we compare the genus expansion with the result
in section 4.1.1. In the genus expansion of the free energy, for more convenience, we use
slightly different parameterization s = AN %, in which the two parameters are related by
A=¢ 5. In this parameterization, we can arrange the expansion of the free energy in powers
of N and find the subleading terms in 1/N expansion. Using this parameterization we find
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the total genus zero part, which is defined as the sum of the continuum free energy and
genus zero free energy in the expansion (4.32), as

0 for 8 < B

Fo=Fe+Fo=TFet (4.33)

1

3

Furthermore, as we observed, there is no perturbative corrections (9(%) in the region
B > B¢, and the perturbative corrections in the region 5 < f., can be computed by using
the left tail asymptotics of the TW?) distribution. In fact, the free energy at genus one,
and for higher genus (g > 2), are given by

log2 1 1 1 /3\9 1 4,
= —1) — -log|A| — —=log N =— | = A°T9, 4.34
Fi= R4 - glogl - g N, F = () (434
Let us define the perturbative corrections to free energy by

g=1

and then by putting the perturbative and non-perturbative leading and subleading terms
together in the two phases, we obtain

Fe+ Finsts for B < B
F- 1 . (4.36)
fc_ﬁ|)\‘3+fpert7 for g > f.

Notice that, the above result for the free energy is universal, besides the model-dependent
parts, namely the continuum free energy F., and parameters £ and .

4.1.2 Large N asymptotics: Universal phase structure

As we observed so far, the different asymptotic behavior of the TW distribution in its
left and right tail, lead to different expansion of the free energy in the strong and weak
coupling phases. In fact, there is a universal strong-to-weak coupling transition, i.e. the
deconfinement phase transition, in the unitary matrix models. The large gap asymptotic
of the Fredholm determinant, which is the asymptotic analysis in the left tail (i.e. the
phase § > f.) of the TW distribution, is obtained via the Riemann-Hilbert analysis [31],
as § — —oo,

3
_ 91/24 ('(=1) |—3 _\5| ( 3 —6 )
Fy(s) =2"% |s|~ s exp{ 15 1+ SERE +0O(|s|™%) ). (4.37)

Thus, we obtain the universal finite contribution from the edge fluctuation to the free
energy in strongly-coupled phase,

3
1
Fpoe SEIPOO log F»(s) = —’19’2 ~ 3 log |s| 4+ log Ca + o(1), (4.38)
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_1
where s = ay (8. — B) N %7 and the parameters o and [ depend on the model, and

Cy = 21/240 (1)

Putting together the left and right tails expansion of the TW distribution, the lead-
ing order free energy and the order of the subleading perturbative and non-perturbative
corrections, can be summarized as

Fo+O(e™N) for B < B
F = : (4.39)
_ Ll —2
Fe 12|)\| +O(N"%) for 5> S,

It is easy to observe that the third derivative of the free energy is discontinuous at
B(t;) = v = B¢, which is leading to a universal third order phase transition in the model.
This is a universal generalization of the GWW phase transition at § = . between the two
phases: weak coupling 5 < . (s — o0) and strong coupling 5 > 3. (s — —o0). This is the
phase transition associated with the one-gap opening/closing in the unitary matrix model.

Cross-over region between the tails. Having discussed the left and right tails of the
TW distribution, in this section, we take a closer look on the crossing regions between the
tails. At finite but large IV, the free energy of the matrix model in the intermediate region
is obtained from the TW distribution,

F=Fom [T @) ar, (1.40)

where s is finite, s ~ a2_1/3 = O(1), as f — B = O(N~2/3), and ¢(x) is the solution of the
Painlevé II equation (4.7). Notice that, from eq. (4.6), one can observe that ¢ satisfies

d2
(s) = —@log Fy(s), (4.41)

and one can interpret ¢? as the specific heat, as F» has the interpretation of the partition
function in our context.

In order to approximate the Fh(s) in the crossing region for finite s, one needs to
study the interpolation of the function g(x) between the left and right tails; in the limit
x — —o0, the asymptotic behavior is given by the eq. (4.8) and in the limit 2 — oo, it is
g (z) — Ai(x). In the crossing region, it is numerically obtained that the TW distribution
can be approximated by the Gamma distribution [33],

S+«

Fy(s) = T(R) 1k 229, (4.42)
where 7(k, x) is the lower incomplete gamma function defined as
~(t, x) :/ st7le™% ds, (4.43)
0

and the parameters k, a and 0 are numerically adjusted to fit the TW distribution.

Having discussed the applications of the asymptotic analysis of the TW distribution in
the general setting, in the rest of this section, we apply our result in two concrete example
of the GWW model and its generalization.
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4.2 GWW model and TW distribution

The perturbative and non-perturbative results and a universal phase structure in the GWW
matrix model can be extracted from the free energy given by

F=F+ lim N 2logFy(s),  where  s=AN"?, (444)
—00

and A = a2_1/3(ﬂc — f3), with the coefficients ay and 3, given by
g =11, B =2t1, Be=1- (4.45)

Assuming v = 1, the critical point 5. = 1 implies that the critical coupling is ¢] = 1/2.
Then, we easily obtain
1-24 (1 —2t1)3/2

A= —m §="—35 (4.46)
2] t

and we can compute the free energy (4.36),

t% + Finst for t7 < 1/2
F = , 4.47
O L1 GG > 1/2 o
- it for
! 124, pert !
where Fingt in eq. (4.30) can be computed by sum over all n-instantons contributions,
given by
1 £/ _— 4 (1 —2t1)3?
Frinst = (3271')"n (1 — 2t1)3n/2N exp _gn 7251/2 N |, (4.48)
and Fpert is given by
log 2 1 1—2t; 1
F1 = "(=1) = =log | ——=—| — — log N 4.49
1= T¢(=1) = glog RO I TR (4.49)
and 5 3
1 3\ 1—2t "
e (26) £/ , forg=2. (4.50)

To compare with results in the literature for example [17, 34|, notice that the coupling
of our GWW matrix model ¢; is related to one in the literature ¢, by ¢ = 2¢;. The leading
term of the free energy of the GWW model obtained from the Coulomb gas method is

2
1 fort<1
F = . (4.51)
t § lo—gt fort>1
1 5 or

Above free energy implies there is a third order phase transition at ¢ = 1 in GWW model.
This model-dependent third-order phase transition is an example of the universal third
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order phase transition in our discussion implied by the universality of the TW distribution.
In order to compare the above model dependent result with the leading terms (genus zero)
of the universal result obtained in eq. (4.47), we should consider the vicinity of the critical
point t* = 1. The free energy obtained by both methods in the phase t > 1 matches exactly.
In the phase t < 1 and in the vicinity of the critical point ¢ / 1, one can observe that
the expansion of the free energy in terms of ¢ =¢ — 1 (or ¢ = ¢€) in eqgs. (4.47) and (4.51)
matches up to order O(e?).
Let us consider the 1/N expansion in GWW model [17],

21 N = 2 (1
7t f<>n2::1N EWM fort<1, 1—t=0(1)
2 [e'e)
F > N=3"2 fort <1, 1—t=O(N2/3) (4.52)
4 n=0
logt &
t—z—%JrZN*?”*? E®  fort>1,t—1=0(1)
n=0

where

1 1 1 1 1
— - 1) = — - (G )

and FO(Q) satisfies Painlevé II equation [17]. We observe an agreement between G%I’Q’g) in
eq. (4.17) and ol
function is applied in our study whereas in the literature the Airy function is approximated

in above result. In instanton sector, different approximation for Airy

by the Bessel function and its Debye approximation. However, one can observe that the

fi1(B) in eq. (4.18) matches with f(¢) around ¢ = 1 up to the first term in the expansion

which is of order O(¢3/2). We hope to comeback to this problem, in our future studies.
The perturbative genus expansion in the GWW model [34] is

Bo 1 92
— 9 § : (9)4n
7T R VP PR o

where By, denotes Bernoulli number. In particular, at genus one, we have

Fult) = (1) — %log(l — 1) — %bg N. (4.55)

In general, for any g > 1, we expect that the above results match with egs. (4.49) and (4.50)
around the critical point ¢ = 1. At genus one, all terms in eq. (4.55) match with eq. (4.49)
up to the coefficient of term log¢. The first term in eq. (4.54) is normalization for the Haar
measure and it is obtained by computing the volume of the U(N) gauge group. However,
for the second term in eq. (4.54), by comparing with eq. (4.50), although they are different
in order, but we expect the following relation around ¢t = 1,

9—2 -1
1 3\9
S ~ T (27> 9L, (4.56)
n=0 9—-

More precise comparison and further implications of the above equation remain for future
studies.
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4.3 Generalized GWW model and TW distribution

In this section we explain the free energy of the one-cut solution of the generalized GWW
model. Similar to GWW model, all the results in the matrix model with an arbitrary
potential in generalized GWW can be obtained from the free energy (4.44) with explicit
model-dependent parameters given by

00
tl,tg,... ZTL tn, ﬂ(tl,tg,...)ZQZntn, ﬁc(tl,tg,...):’)/. (457)
n=1

Then, by using explicit form of A and &€ = A%? in egs. (4.30), and (4.35), one can explicitly
compute the free energy of the generalized GWW model,

Finst for B < 3.
F = Znti + 1 . (4.58)
_ﬁ‘)\‘g‘f’fpert fOI‘ﬁ>ﬁc

The above free energy of the generalized GWW model implies a universal third order phase
transition in the generalized GWW model. In the following, we compare our result with
1/N expansion of the free energy in the literature. The critical behaviour of the generalized
GWW model is discussed in [18],

Zn t2 4 —e 2Nf(tn) ZN‘” 2EW fort<1,1-t=0(1)
F={Snt2+ Z N=i2 R () fort <1, 1—t=0O(N"2/3), (4.59)
H(ty)+ Y N2 F ) for t > 1, t —1=0O(1)
n=0

where Fn(1,2,3) and H(t,) can be computed using the methods of orthogonal polynomi-
als [35]. In the vicinity of the critical point, assuming v = 1,

2) nt) =1, (4.60)
n

using the results in eqs. (4.17)—(4.20) with the parameters ag and (3 given by eq. (4.57), in
principle we can obtain explicit results for H(t,), f(t,), % and FO(Z). Similar to GWW
case, they can compared with G123 in egs. (4.18) and (4.20) with insertion of parameters
from eq. (4.57). In particular, the genus zero free energy in the strong coupling regime is
expected to be obtained from eq. (4.58), as

ZntQ az 1 — B3 (4.61)

In summary, the new results include the exact and explicit results for the 1/N expansion,
genus expansion at finite N and phase structure of the model at large N.
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As a simple example, we can consider the single-term generalized GWW model, ¢, =
tmOn,m, with the following potential

V(U) =ty tr (U™ +U™™). (4.62)

For simplicity we write ¢,,, = ¢t and then in this case we obtain the double scaling parameter

A= m (1= 2me), (4.63)
and the free energy,
Finst for t < ﬁ
F=mt*+ 1 ’ (4.64)
—5m P L= 2mt 4 Fpon for ¢ > 5k

This implies that there is a third-order phase transition at critical coupling t* = 5.
Similarly, Finst and Fpery can be computed explicitly.

5 Multi-critical dynamics

In the previous section, we have studied the critical dynamics associated with the one gap
opening/closing in the GWW model and its generalization. In this section, we study the
multi-critical extension of our previous results for the generalized GWW model, which are
related to the multi-gap opening/closing in the unitary matrix model with a generic high
degree polynomial potential. The multi-critical dynamics is originated in the asymptotic
behavior of the higher TW distribution TW® . The asymptotic behavior of the TW dis-
tribution (p = 2) is studied in [31], and recent asymptotic results for the Pearcey processes
(p = 3) are obtained in [36]. See also earlier results [37, 38]. The asymptotic analysis
for the generic case of higher TW®) distribution is conjectured in [13] and proved in [14].
See also [11, 12]. In this section we review recent results in the large gap asymptotics of
the higher TW distributions. Moreover, we obtain the asymptotics results for the right
tail expansion. Then, we apply these results in the multi-critical dynamics of the unitary
matrix model. The analysis of this section is the direct generalization of the one for p = 2
in previous section.

5.1 Multi-critical dynamics and higher TW®) distribution

The main result of this work is the critical /multi-critical phase structure of the generalized
GWW model. In this study, we consider p € 2N, however we expect similar results for odd
p [39]. We conjecture that all the perturbative and non-perturbative information at the
finite N and large N and the (multi-)critical phase structure can be encoded in a compact
form as

_ ()
limIP’[Al ale g — Fy(s), (5.1)

e—0 (Cgp) /e) 1
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where cgp ) and cgp ) are some model dependent parameters, and F,(s) is TW® distribu-

tion. In the generalized GWW model, we have the distribution (3.37) with parameters are
explicitly given by

() o nPt (») =
s’ :ap(tl,tQ,...)ZQZTtn, A =Bt ta,...) =2 nty. (5.2)
n=1 : n=1

The free energy in the large N limit of the U(/N) matrix model is defined in (3.17), and it
can be obtained from (3.2) and (5.1), by fixing v := Ne, as

N o) »
F =F.+ lim N %log Fy(s) where s=——L N, (5-3)
N—oo

(Cgp)) P+

is called the multi-critical double-scaling parameter.

Maulti-critical double-scaling parameter. Let us define the critical point v = . and
by using (5.2), write double scaling parameter in generalized GWW model as

1

s=ap (8. — B) Nor. (5.4)

The multi-critical dynamics and phase structure is governed by the behaviour of free energy
around the critical point 8 = ., and as we will see, the free energy in the vicinity of the
critical point and the order of the multi-critical phase transition can be explicitly computed
from the parameters oy, and § in the asymptotic expansion of F),(s) around the critical
point. For real positive t,, we have ap, > 0, § > 0, and as N — oo, the double-scaling
parameter s is tending to plus/minus infinity depending on the sign of (8. — ) and thus
there are two phases 8. > 8 and 8. < [ in the matrix model. Then, the free energy has
different expansions in different phases. Thus, to obtain the free energy one needs to study
the asymptotics of Fj,(s) in the two limits of s — Fo0.

5.1.1 Multi-critical instantons

In this section, we study the right tail asymptotics of TW® and its applications for the
instantons in the multi-critical model.

In the limit s — oo, one can obtain the asymptotic expansion of Fj,(s), in a straight-
forward calculations, by using the definition

log Fy(s) = —/ (x—s) ¢° ((—1)5+1:r) dz, (5.5)
and the following asymptotic result [14],
¢ ((=1)Fs) = Ay(s), if s oo, (5.6)

where Ai,(s) is the p-Airy function defined in (3.30).
The asymptotic behavior of the p-Airy function is obtained in [40], and the following
results, up to some unkown numerical factor a, and a,, holds

_ 2(p+1)
Aiy(s) = ap s exp{— i 131);1} (1 —ay, s +O(s 5 )) . (5.7)
p
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The factor @, does not appear in the following approximation as we keep the leading term
in the asymptotic, and we will also drop the factor a,, in the following computation. Similar
to the discussion in the p = 2 case, by using the leading term in the asymptotic of the
higher Airy function (5.7), from eq. (5.5) in the limit s — oo, we obtain

1 2p pfi p eil 2p pfi
Fp(s)~1—2exp{—p+1sp }+p+1spEpi <p+15p>' (5.8)

Then, by expanding the generalized exponential integral eq. (4.27), we obtain

1 _pt1 2 ptl 2 1 _ptt _2(+D)
Fp(s)zl—zs 5 exp{—p b5 }(1— p;— s~ + O(s 5 )) (5.9)

+1

Finally, for generic p, we have the following right tail expansion of the logarithm of the
higher TW®),

N _q —ptl 2p  prL\\ 1 _netn 2np ptl
long(s)~10g<14 s » exp(p Sp)>_n;14"ns P exp 7m5p .

(5.10)

The right tail of TW®) explain the regime 8 < ., and (8 — Be) = O(1) of the gener-
_p_
alized GWW model. Using the parameterization s = ({,N)?+1, and the above asymptotic
results, the free energy in this phase is obtained as

F=F.+FE (5.11)

inst?

where

TR S T 2np
‘Enst - Z mgp N exp{_p+ 1§pN} (512)

1 pt1

In the generalized GWW model, we have F, = >, nt2, and & = agg(ﬁc —p) 7.

5.1.2 Multi-critical genus expansions

In this part, we study the left tail asymptotics of TW® and its application in the strong
coupling phase of multi-critical model, such as the computation of the genus-expansion of
the free energy. The asymptotic expansion of the TW® distribution, in the limit s — —oo,
is recently obtained in [14],

2(p+1)

log F,(s) = ¢ps] I clog|s| +1log Cp, + o(1), (5.13)

where

2 P
p p

[ — : 5.14
P 2(p+1)(p+2) <g> (5.14)
and ¢ = —% ifp=2¢= —% if p > 2, and C) is a constant, possibly depending on p.

Although, the perturbative subleading corrections are not yet rigorously studied, but using
the analogy to the p = 2 case in eq. (4.37), we can conjecture,

—2(p+1) —4(p+1)
o(l)zlog<1+b1\s| : +O(|s| : )) (5.15)
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for some undetermined constant b;. More explicitly, for p = 2,4, 6, cases we have,

3
log F5(s) = _’t192 - flog |s| + log C2 + o(1), (5.16a)
1
log Fy(s) = _E\/é \8\5 —5 log |s| + log C4 + o(1), (5.16b)
9 1
log Fs(s) = —%QOg |s|§ b log |s| + log Cs + o(1). (5.16¢)

p

Using the asymptotic (5.13), and the double scaling parameter (5.4), s = A\,N?+1, we
obtain the free energy in the strong coupling phase (5 > f.), as

(p+1)
F=F.+cpr| 7 +N7?2 (cloglAler 10gN+10gC) +o(N7?).  (517)

Furthermore, in the phase 5 > f3., and (5 — .) = O(1), we can re-arrange the above result,
and obtain the genus expansion of the free energy of the generalized GWW model,

F=Fo+F2, (5.18)

where the genus zero part and the higher genus subleading perturbative corrections are

Fo = Znti+cp|/\ (5.19)
n=1
F}gggt _ Fl(p) + Z N2729Fg(p)’ (519b)
g=2
with the genus one free energy is given by
1
FP = —5 log [Apl = ﬁ log N + log Cj. (5.20)

For higher genus g > 2, by using the expansion of the conjecture, one can show that the
higher than two genus free energy is given by (5.15),

i _2(p+D)

Z n 1b1| > n’ f(p) _

—~

1)
- g g—1

( )
(b)?* |Ap|72 509, (5.21)

To summarize the results obtained in this section for the free energy in the weak and strong
phases of the multi-critical generalized GWW model, we have

.ngs)t for 8 < B
AR IIEL S | (5.22)
+ f(ezt for 8 > B,

cplApl

where .F(p) and .7:( ?)

inst pert

are given by egs. (5.12) and (5.19b), respectively.
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Cross-over region. In this part, we discuss the smooth cross-over region between the
weak and strong coupling phases, at large, but finite NV, in the vicinity of the critical point
__p_
Be; B > Be and (B — B.) = O(N #+1). The cross-over region is the intermediate region
1

between the right and left tails, i.e. TW®)(s) for finite s ~ o, "*”. The free energy of the
generalized GWW multi-critical model in this region can be obtained from eq. (5.5), as

1

F= Znti—N*Z/ (z —5) ¢ ((—1)%“3:) dz where s~ ap TP =0(1),
n=1 $
(5.23)

and ¢(s) is the solution of the £-th member of the Painlevé II hierarchy [14], see also [41],

d
(ds - 2q) Lypolas — ¢* = sq, (5.24)

where ¢; is the derivative of ¢ w.r.t. s, and operators L, are Lenard operators defined by

d d3 d 1 ,
gﬁj_ﬂf = <dS3 +4f£ + 2fs> Lif, Lof= > Li1=0,j5>1. (5.25)
Moreover, the multi-critical specific heat satisfies
2 L+ d?
@ ((-DF ) = — 5 log Fy(s), (5.26)

and in the strong coupling phase, as s — —o0, it has the following expansion [14],

12

0 ((-DEs) = <((2p))‘! |s|> il (é”;;) "o o (178, (5.27)

and, in the weak coupling phase, as s — oo, we have ¢((—1)2*'s) — Ai,(s). One can

study the interpolation of ¢(s) between these two limits and extract the finite s results.

5.1.3 Multi-critical 1/N expansion

Similar to the discussion in section 4.1.1, our results in this section about the large N
dependence of the free energy of the multi-critical generalized GWW model in vicinity of
the critical point, can be summarized in the following 1/N expansion,

Fot SN2 GO0 N0 for < B, |8 — Bl = O(1)
n=1
F={Fe+ Y NG 0 for f < fie. |6 — fel = O(N"77),
n=1
Fot FP + N72GW = S N2 G0V for B> B, |8~ Bl = O(1)
n=1

(5.28)
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and it is straightforward to observe that Gn(p 1) and fT(Lp )(6) in the
weak coupling phase are given by

where F. = 3, nt?

n’

1 z _(p+D)n

GV = gl (=B PO = ey (=) (5.299)

and in the strong coupling phase, for the genus expansion of the free energy we have

2 2(p+1)

J_-ép) =c Oé;;’ﬁc -8, (5.29b)
() _ __p _ I _
g log C), + 50 1) log v, 2+ 1) log N 5 log |B. — B, (5.29¢)
and .
1)L pn  2n 2n(p+1)
G, 3 = ( l)n i o |Be — m_%, (5.29d)

5.2 Infinite limit (p — oco) of multi-critical dynamics and bulk fluctuation

Let us consider the generalized GWW model with the infinite degree polynomial poten-
tial and study the multi-critical dynamics at p — oo. In this limit the double scaling
parameter (5.4) becomes

s=e¢ (8. — B) N, (5.30)

where we used the fact that the limit p — oo in definition of o, in eq. (5.2), implies that
only the term with n ~ p survives, and we have

L
li 71J1rp ; pp+1 e _ -1
im ap 7~ lim =e . (5.31)

p—o0 p—o0 p!

It is interesting to compute the multi-critical 1/N expansion in this limit,

Foet Z N-n—2 Gn(oo,1) 672Nf,(1°°)(5) for 8 < B, |8 — B.| = O(1)
n=1
F={Fet Y NT2G0P for B < fe.|B — Be| = O(N71)
n=1
Fot F& 4+ N2 -3 N2 G (08 for B> 6,18 — e = O(1)
n=1
(5.32)
where one can directly compute the limit p — oo of the functions in eqs. (5.29), as
G =2 (Be=B) (8= (B, (5.33a)
1 1 1 1
FE) =518~ 1%, G =logCy+ 5~ log N —3log|3.—Bl,  (5.33b)
-1 n—1 b 2n
G o8 = ()—16| Be— Bl (5.33c)

n
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In this limit, the free energy expansion in the strong coupling phase 8 > ., becomes

FOB) = Fo— 1Be = A = 5= (log|e = Bl +log N = 1) + OV, (5.34)

2N—2
and the rest of the subleading terms are

nlbn 2n

i —Iﬂc — BTN TR (5.35)

The leading contribution to free energy indicates a second order phase transition. Moreover,
the higher genus (g > 2) free energy becomes

9 (62 bl)gi

1
SO (5.36)

P () = 1

In the weak coupling phase 8 < (., using the asymptotic behavior of the higher Airy
function in eq. (5.7),

N

1 oo 1
plgrolo Aiy(s) =aces 2 € <1 - + (9<$2>) , (5.37)

and the infinite limit of the TW® in eq. (5.8) is

6728 6723
lim F,(s)~1— +s Ei1(2s)=1—

p—00 2

+ 5 T(0,25), (5.38)

where T'(t,z) is the upper incomplete Gamma function defined as

F(t,x):/ st7le™% ds, (5.39)

and we used I'(t,z) = z' E1_¢ (z). Then, we can expand the exponential integral or the
Gamma function to obtain

lim F,(s) ~ 1 — %sfle*% (1-257'+0(s7)), (5.40)

p—00
and then after keeping the first leading terms, we obtain
=1

11,2 —2s —2y) _ —n_,—2
plg]gologF() log(1—4 sTe P+ 0(e s ))—— YT e + O(slog s).

(5.41)

Finally, the infinite limit of the multi-critical instanton free energy can be obtained from
eq. (5.12), as

i = BN e e g - N}, ()

and the one-instanton sector is

Fiu(B) = =47 e(B. = B) "N S exp{—2¢71(8. — BN} (5.43)
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5.3 Multi-critical phase structure and its interpretation

Based on our analysis in this section, we observe that in the generalized GWW model there
is a multi-critical phase transition at critical point 5. = 7, meaning that the free energy
has different expansion at left and right side of the critical point,

Fo4+0(e™N) for 8 < B,
Fp) = : (5.44)

2(p+1)

Fetep |l 7 +O(NT?) for B> pe

where F, =3, nt2,

Y S VA =
T ) <2> Cad N=ap (B p) (545)

The leading order of the free energy in two phases, imply that the order of the multi-critical
phase transition is %. Often, in the literature this multi-critical phase transition, for
any finite p, is considered a transition of order L%J =3.

5.3.1 Multi-critical gap dynamics

Before discussing the interpretations of the multi-critical phase transition, let us briefly
explain some related issues. The assumption o,y = 0 for p’ < p, which is used to derive
the coefficients (5.2) in eq. (5.1), implies some physical constraints on the dynamics of the
model. Notice that at any fixed p, the interaction and fluctuation are at scale N _ﬁ,
and thus in order to see the sub-dominant fluctuations for higher p, all the larger scale
interactions at p’ < p, should be turned off as we want to isolate the interaction at the scale
p, and study the effect of a fixed scale fluctuation. In general, to study the multi-critical
dynamics, one needs the fine tuning of the coupling, for example in this case, introducing
p-dependent, at any p > 2, couplings in the large N limit, such as t%p ) g PN for g < 1
and 2 < p' <p.

In the critical dynamics, we studied the third-order phase transition associated with
one-gap dynamics. More precisely, in the generalized GWW model with the maximum
degree m polynomial potential,

m
VU)=> tatr(U"+U"), (5.46)

n=1
the critical dynamics is causing the transition between [-cut solution and (I —1)-cut solution
for 1 <1 < m. In the multi-critical dynamics we must consider the multi-gap dynamics.
The unitary matrix model with degree m polynomial potential can have 1- to m-cut solu-
tions and could possibly have phase transitions between [-cut solution to (I —r)-cut solution
for 0 < r <[ < m. These phase transitions are associated with the colliding of the two or
more end points of the cuts, simultaneously at the same critical point 5., which depends
only on the potential. Let us isolate a particular set of phase transitions, namely the transi-
tions between the £-cut solutions to full support (zero gap) solution, in which p-end points
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of the cuts collide simultaneously, for p < 2m. We call this transition a p-multi-critical
dynamics for p > 2. The case p = 2 is called critical dynamics. There are m possible
phase transitions in this set, labeled by 2 < p < 2m, and each different p-(multi)-critical
dynamics i: governing the opening/closing of £-gaps as a result of the edge fluctuation of
order N »+1 at critical point. In our study, there is no mixing between the dynamics and
fluctuations at different p, as we isolate the fluctuation scale N ~p by putting o,y = 0, for
p’ < p. We did compute the free energy of the generalized GWW model near the critical
point 5. with the p-end points of the cuts are colliding simultaneously.

5.3.2 A new second-order phase transition
In the limit p — oo, the asymptotic behavior of the Fredholm determinant (5.13) is

Lis

1 2
- ~1o-4ls
Jm Fy(s) ~ [s[72e7s,

(5.47)
where the scaling parameter is s ~ (8. — 5)N. This is similar to the asymptotics of the
Fredholm determinant with the sine kernel discussed in section 3.2, and in fact indicating
of the bulk fluctuation. From the physical point of view, in the infinite limit, there are
infinite number of the gaps as well as infinite number of the cuts. Then, the infinite-multi-
critical dynamics is related to the shrinking of the infinite gaps at a critical point, when
infinite end points of the cuts collide, simultaneously. The infinite number of the gaps can
be seen as the phase of the full gap, i.e. no support for eigenvalues. Thus, when all the gaps
shrink simultaneously, the model undergoes a transition to the phase of full support for
the eigenvalues or in other words, the infinite number of cuts collide and eigenvalues cover
the full circle. As we observe from eq. (5.47), the phase transition between the full support
and full gap is of the second order. This is a phase transition associated with the infinite
number of edge fluctuations or in other words a zero-to-full support transition driven by
the bulk fluctuation.

Higher Plancherel partition and multi-critical models. In this part, we consider
some basic examples of the unitary matrix models with multi-critical dynamics. First,
consider the degree two polynomial potential with the couplings,

tn = t10n,1 + t20n 2. (5.48)

In this model, the multi-critical parameter is restricted to p < 4, and the parameters can
be easily computed

t1+21+pt2 _ﬁ
p! '

2 1
oy = E(tl + 21+pt2) , p= 2(t1 + 2752) , /\p =2 141#’(1 — 2t1 — 4t2) (
(5.49)

The critical point 8. = 1 implies that the surface of critical couplings is 2¢] + 4t5 — 1 = 0.
Using the above parameters, we can compute the first few terms of the free energy in
the strong coupling regime can be computed from eq. (5.17), as

2(p+1) c
2 o2
Frti+2ytolhl 7+ 5

log [\pN 75T, (5.50)
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The higher order corrections to the free energy can be computed in a straightforward way.
Let us consider the critical and multi-critical cases separately. In the critical case p = 2,
the double-scaling parameter is

1 — 2ty — 4ts
=-_1- "2 5.51
(t1 + 8to)1/3 (5:51)
and the first few terms of the free energy are obtained as
—1+ 2t + 4t)3 1 1—2t; —4ty| logN
Fai2youl- ! — 1 - : 5.52
1 12(t1 + 8t2) SN2 %% |4, 1 8t2)1/3 | 12N2 (5:52)

In the multi-critical case p = 4, in principle we can fine tune the couplings ¢1, and to such
that as — 0, and similarly one can compute,

_22/53V/5 (1 — 2ty — 4ty)

= , 5.53
4 (tl + 32t2)1/5 ( )
and the leading orders in free energy as
4 1—2t — 4t \%? 1 1—2t; —4ty | 2logN
Fat?+22+ -2 () — 1 ’ - . 5.54
N 15f (t1 + 32t9)1/5 oNZ % | (1) 1 32t5)1/5 5N2 (5:54)

Moreover, the above results can be expanded around the critical surface, for example in
terms of the critical coupling ¢, by using t5 = (1 — 2t})/4.

6 Supersymmetric indices: Examples

In this section, we apply the machinery of the generalized GWW model to study the
matrix integral representation of the indices of the gauge theory in the large N limit.
Although the exact relation is provided through Hubbard-Stratonovich transformation, we
consider this approximation as a toy model for gauge theory indices, and use the same
couplings, from generalized GWW model, in the potential of the matrix integrals of the
gauge theories. Using this approximation, we study the perturbative and non-perturbative
regimes of gauge theory and explicitly compute the free energy and phase structure, in some
concrete examples with some interesting choices, motivated by gauge theory, of finely tuned
couplings such that the matrix model is solvable. The results in this part are obtained from
the direct computations of the contributions of the left and right tails of TW®), to the free
energy in section 5.

6.1 Hagedorn phase transition and deconfinement

Before, diving to the explicit computations in some concrete examples, let us discuss the
Hagedorn phase transition in gauge theories and its relation to the deconfinement transition
in the generalized GWW model, discussed in this paper, so far. The Hagedorn transition
is the phase transition, in the large N limit, between the domain of the convergence and
divergence in the generating function, separated by the hyper-surface of the singularities of
the generating functions, corresponding to Hagedorn phase transition point. The matrix
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integral of the gauge theory indices 7 in eq. (2.2), in the large N limit, using the Gaussian
matrix integration, becomes an infinite product [5],
= 1

) = nl;[l 1—f(g")

Thus, using the above generating function at large N limit, we can study the singularities

(6.1)

of the generating function at the poles of the infinite product formula. First, consider n =1
which corresponds to the double-trace matrix model and can effectively be approximated
by GWW model. Notice that in this case, the Hagedorn critical point and GWW critical
point coincide t* = f(¢f) = 1. In the general case, we observe that the critical hyper-surface
of the Hagedorn transition is given by

ﬁ(1—f _1—Zf ")+ O(fA (™)) = 0. (6.2)

On the other hand, in the generalized GWW model, the parameters o and 5 depend
on the couplings t,,, and the couplings can be any univariate or multivariate function of
the parameters of the gauge theory ¢;, thus we have

ZnT @y, Bla)=2) flah). (6.3)
n=1

The strong-weak coupling or the deconfinement phase transition in this model, which is a
generalization of the Gross-Witten phase transition, happens at (5.(¢;) = v = 1, between
the two phases of weak-coupling ((g;) < 1, and strong-coupling 5(g;) > 1.

Using the couplings ¢, = f(¢/*)/n, and re-scaling all of them by a factor 1/2, similarly
to what we have in the original GWW model, the critical hyper-surface of deconfinement
transition in the generalized GWW model is given by

Be=3 nty=> flg") =1 (6.4)
n=1 n=1

Then, by expanding the Hagedorn critical hyper-surface (6.2) and comparing it with de-
confinement critical hyper-surface (6.4), we observe that they match up to linear order in
f(gi). The single letter indices f(g;) in the domain of convergence, f(¢;) < 1, approaches
the Hagedorn critical hyper-surface, f(¢;) ,/* 1, and thus the deconfinement transition in
generalized GWW model effectively explains the Hagedorn phase transition.

In summary, we observe that the generalized GWW model and generalized double-
trace model have qualitatively similar phase structure. In fact, upon identification of
the couplings in two models, the phase structure of generalized GWW model captures the
dominant contribution, i.e. linear approximation in Hagedorn phase structure. This implies
a universal deconfinement/Hagedorn phase transition at critical point . = 1, for any
arbitrary coefficient f(g;) of the potential in the matrix integral of the gauge theory. This
is the phase transition associated with the gap opening in the multi-critical matrix model.

A priori, the gauge theory double-trace matrix model is approximated by the single-
trace GWW model in the large N limit, thus we expect that the results of GWW model

~32 -



carry over to the double-trace model, at least up to leading order and possibly extending
to first few subleading corrections. A possible clue for roughly examining that to what
extent the subleading corrections of single-trace model apply to double-trace model, comes
from the observation made in this section, that the critical point of the single-trace and
double trace models coincide up to linear order in f(g™), see eq. (6.4). At n =1 case, the
critical temperature of the GWW model exactly matches with that of double-trace model.
This indicates that results for n = 1 case, can more accurately transfer to the double-
trace model. Moreover, we can expect that in the large N limit, all the results about the
free energy and phase structure can safely carry over up to linear order in f(¢;™). More
precise statement about the subleading corrections at finite IV requires an exact analysis
of the Hubbard-Stratonovich transformation but we expect that the Legendre transform
of the current leading and subleading results would apply to gauge theory indices. Finally,
notice that in this paper, we do not directly study the double-trace matrix model, and only
consider the toy models which are generalized GWW models with the coefficients in the
potential obtained from the double-trace models.

Trivial example. Before studying some physically motivated examples, we consider an
interesting mathematical example with the fine-tuned couplings t&p ) — q(p_p/)N /n® which,
in the limit N — oo, is zero for 2 < p’ < p, and ¢, = 1/n® for p’ = p. This example
corresponds to the matrix model with the following poly-logarithmic potential

V(U) =Y ta(tr U™ + 60 U™) = (Liy(e?) + Liy(e 7)) (6.5)
n
It is easy to compute the parameters of this model in terms of the Riemann zeta function,
ap:—'Zn th =—C(s—p—1), Bz?Zntn:%(s—l). (6.6)
y n=1 b n=1

However, as the parameter S is a coupling independent number, there is no phase transition
in this model. The free energy of the model is the continuum free energy

fc:Znti:C(Zs—l). (6.7)

In particular, the especial case of s = 1 is a non-interacting theory with zero potential,
with o, = 0 for all p € 2N. Moreover, the free energy is divergent at s = 1 as ((1) — oc.
Next, we consider a model with an arbitrary degree single term potential,

tlc

tn=tP6,,,  with P = g N, (6.8)

where ¢ < 1, and for all p’ < p, we have ¢, = 0, at large N limit. In this model, after
fine-tuning the coupling for any given p such that o,y = 0, for p’ < p, the parameters of
the model can be computed as

ptk\ T T+p
: B =2tk A\p = 2‘&(1 —2tk) (?:) , (6.9)
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Figure 1. From left to right: Jordan quiver, clover quiver, and generalized clover quiver

and the genus zero free energy in the strong coupling regime is

2 2
2k 2 D ptk\ " p 2(p+1)
~(p) _t 2y p p kPt AN
i =—4+2r — —_— 1—-2t . 6.10

C ok (p+1)(p+2) (é’) ( p! ( ) (6.10)

Since p < 2k, the infinite multi-critical limit, p — oo, implies kK — oo and one can assume
p = 2k. In this limit although ay and f are either zero or diverging depending on |¢|, but
Ao is finite and one can show Ay = el\/i and thus the free energy becomes

2k 41

z(o0) _ 17T
R = (6.11)

6.2 Free chiral ring index

A class of gauge invariant operators which are annihilated by all the supercharges of one
chirality, for example positive R-charge, are called chiral operators. The local gauge in-
variant chiral operators form a commutative ring, called chiral ring. In this section we
consider the matrix integral representation of the generating function for the counting of
the multi-trace chiral gauge invariant operators in the chiral ring of a generic free N' =1
superconformal quiver theories [42]. Quiver gauge theory is a gauge theory encoded on
a graph, consists of nodes and arrows representing gauge groups and chiral fields, respec-
tively. The unitary gauge group G of the quiver is a product over the U(NN) factors of each
node i of quiver, G =[], U(JV;). The generating function of the BPS operators in the free
chiral ring is represented by the following quiver multi-matrix integral,

/U HdU exp ZZ (qabia)" tx U tr U™ | (6.12)

(N) " n= 1abo¢

where the g¢u.o are the fugacity factors associated with the chiral fields {¢gpq @ @ €
{1,2,..., Kgp}} with Ky, number of arrows between nodes a and b, and the chiral fields are
transforming in the bifundamental representation (N,, N},). The chiral fields in the adjoint
representation of a gauge group are the loops starting and ending on the same node of the
quiver associated to the gauge group.

In the large N limit, one can derive the generating function as an infinite product,

N, ) U oAl

(6.13)

where A(q1,q2,...) is the adjacency matrix of the quiver, equipped with the fugacity-
weighted arrows.
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The simplest physical case is the clover quiver theory, i.e. N' = 4 super Yang-Mills
theory, a quiver with one node associated with the U(N) gauge group, and three arrows
or the chiral fields in the adjoint representation of U(NN). Trivially, it can be generalized
to the case of the k chiral fields, see figure 1, which is often called in the literature by the
k-matrix model harmonic oscillator. For example, the case k = 2, the 2-matrix harmonic
oscillator, is considered in [5]. The k = 3 case is N' =4 SYM and k = 4 case is the conifold
theory. The asymptotics and phase structure of the generalized clover quiver with k chiral
fields, are studied in [43]. The generating function of the index of the generalized clover
quiver can be obtained from eq. (6.12), as the following one-matrix model,

=1
T(q;) = /U(](Vi)Uexp [Z E(q’f—i—qg —|—...+q;?)trU”trU_"] . (6.14)

n=1

This matrix model can be approximated in the large N limit by the generalized GWW
model with coupling ¢,, = %ZJ ;- In this approximation, this matrix model can be seen
as a unitary matrix model with the following potential,

j=1

k
V(U) = trlog (H(1 —qU)(1 - qu—l)) : (6.15)

Jordan quiver. Let us first consider the univariate case of the generalized clover ¢; =
¢19;,1, and change variable ¢; = ¢ for more convenience. This is a case of clover quiver with
one arrow, and it is known as the Jordan quiver. This is also an example of the simplest
matrix model with plethystic exponential potential. Similarly, the Jordan quiver gauge
theory can be approximated by the generalized GWW matrix model with the coupling
t, = t"/n, which leads to the matrix model with the following potential,

V(U) = trlog(l — tU)(1 —tU ). (6.16)

In this form of the coupling (¢, = t"/n), as the assumption a,y = 0 for p’ < p, can
not be satisfied, there is only a possibility for the p = 2 critical dynamics, and in fact,
we can only discuss the multi-critical dynamics once we fine-tune the couplings, similar to
what we have done in the previous parts. For the fine-tuned couplings, one can find the
following generating functions for the parameters oy, and f3,

2 & n 2. = . . 2t
ap ==y nPt" = ZLiy(t),  B=2) t"=Li(t) =, (6.17)
= p! — 1—1t
and the parameter )\, is computed as
1
-5 _ 1 /1=3t\ (Li_,(¢t)\ T
)‘P:OépHp(ﬁc_B)ZQ Hp(l—t)( p}; ) . (6.18)
First notice that critical temperature defined by u. = —logt., can be obtained from 5. = 1,

(te = 1/3), as p. = log3. Then, we can compute the free energy in the weak and strong
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coupling phases from eq. (5.22), as

—log(1—t2) + F), for t < 1/3

F= 2(p+1) 2 » (6.19)

9 _2 1-3t Li_,(t)\ » ()
_log(l—t)+2 r ey, (1—15) <p' + Fpert  fort>1/3

where .E(Iffs)t is computed by sum over all n-instantons contributions, given by
]:-(p) = 1 g—nN—n—Q exp{— 2np gpN}7 (620)
n-ins 4np, P P+ 1
where » )
el 1 136\ (Li(t)\ r
o=n =2 () () (6.21)
and ffj;{t is given by
1—3t c Li_,(¢) D
FP = _° 1og24clo ( )— 1o ( 2 )— log N + log C,,
1 11p ® E\T=7) T1xp B 2(p1 1) 8 &%
(6.22)
and it s
+1 -
) _ (D2 ()7t 136\ T L)) T
FP = ' . (6.23)

The leading genus zero free energy (5.19a) can be obtained as

. 2 2 - 36\ 5 (Li, (1)
el (7 ()

Let us consider the critical case p = 2, in which we have

ag = Z n?t" = Li_o(t) = Eil_—:;:),) , B = 127_tt, (6.25)

Similar results for this matrix model are obtained, from Riemann-Hilbert method, in [44,
45]. The double-scaling parameter s and the genus-zero free energy in this case are ob-
tained as

1—3t

Ay = —— i, Fo=—log(1—1t?) —
t3(141)3 ( )

(1—3t)3

eIl (6.26)

As an example of multi-critical dynamics for the model with the fine tuned couplings, let
us consider the case p = 4, in which we have

t(1+1)(1+ (10 + 1)) 2t

12(1 — 1) o PETT (6:27)

Oé4—L1 4()
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The parameter A4 and the genus zero free energy are obtained as

12Y/5(1 — 3¢ . 4 1—3t)%/2
Ag = ( ) v foz_log(l—t2)+—\/§ ( ) .
(t(14+t)(1+t(10+1))) 5 (#(14t)(1 +¢(10 + 1))
(6.28)
It is also interesting to consider the limit p — oo, and by using we observe
1
L Cpe (T +p)\ T
pll}rgo Li,(e™) =T +pu P, plg]go <(p‘)) =1, (6.29)
which lead to 1 3¢
Ao = oo = 1—¢ Hs (6.30)
and the free energy,
Fleo) for t < 1/3
F®) = _log(1 -2 , 6.31
S EHE RN A
161 1—1¢ 12 pert r
where .7-"1(1105? is the sum over
(c0) _i 1-—3t )nNn2 {2<1—3t> N} 5
]:n—mst - Ann, ( 1_¢ M €xXp 1—¢ un s (63 )
and fl()zft) is given by
. 1-3t\ 1 oy (=19 /13t \?7%
fl( ) = clog (1—15) — §logN+logC’p, and .7:; ) = o et (1—15”) .

(6.33)

Generalized clover quiver. Using the large N limit of the generating function of the
generalized clover quiver,
= 1
lim Z(¢q;) = H —
N—o0 el 1— Ej:l an

As it is shown in [43], the leading singularity of the above generating function is at n =

(6.34)

1, leading to the Hagedorn phase structure of this model with the critical hyper-surface
Z?zl q; = 1. Thus, in our approximation, the GWW model is dominant partition function
of this model, with the parameters at the critical dynamics p = 2,

k k
ar=> q;=T, B=2> g =2T. (6.35)
j=1 j=1

Similarly, all the results in section 4.2 follow immediately by replacing ¢; with T. Moreover,
straightforward generalization of the results for Jordan quiver to the generalized clover
quiver leads to

(6.36)

9 k . k QQj
apzilE:Ll—P(qj)v /8:5:1_ o
p: j=1 j=1 4y
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and the parameter ), is obtained as

j=1

L L k T i+p k .
Ap = 27T (pl) T4 (Z Lip<qj>) (1 -3 fq) : (6.37)

Then, it is straightforward to compute F®), FP and FP)

inst pert

egs. (5.22), (5.12) and (5.19b). For example, the genus zero energy can be obtained as

by inserting A, from (6.37) in

& 2 2 2 5 _ 2 % 2(p+1)
~ 1 2y pPple [p)? : ’ 2, | "
Fo=)>» — @] +2r  —— Li_p(q ) 1-) ——

zn:n (]Zl ’ (p+1)(p+2) \ 5 jzl Y =1-g
(6.38)
Moreover, in the limit p — oo, the smallest y1; = —log g;, denoted by fimin, contributes in

Aso, a8 we obtain

k .
Ao = (1 =S 245 ) fimins (6.39)
j=1

and, using this parameter, the free energy can be computed in a similar fashion.

Finally, in the unrefined case ¢ = ¢o = ... = g = ¢, one can compute the parameters
2k 2kq 1
= 7]—_1._ = — == 6.40
ap p| 1 p(q)7 5 1_q7 CIc 2k+17 ( )
and

Ap = (2k) T (1 - (125; 1)‘1) (Li;;@)@ . (6.41)

It is straightforward to compute the free energy in this case, similar to the Jordan quiver.

6.3 N = 4 superconformal index

In this part we consider the superconformal indices of the four-dimensional gauge theories
and their matrix integral representation. In general, the N' = 1 superconformal index is
defined by

T(p;) = Trgs (—1)Fe=Poe—miMi (6.42)

where the trace is over the Hilbert space of the theory quantized on S3, F' is the fermion
number, 3 is the inverse temperature, ¢ is the Hamiltonian defined by 6 = %{Q, Q) with
a supercharge Q and M; are the global symmetry generators that are annihilated by the
super charge with the associated fugacity p;.

In particular, we consider 4d N' = 1 superconformal field theory on S? x S'. The
global symmetry of the theory, i.e. the isometry of the S3, is Spin(4) = SU(2); x SU(2)2
with indices & = £1,& = +1. In N = 1 supersymmetry in four dimensions, we have four
supercharges and their conjugates Qn,S* = QI Q4,S% = Of*. We choose a particular
supercharge Q = Q_, which satisfies the algebra {Q, QT} =A -2 + %r, with A is the
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conformal dimension, j; (j2) is Cartan generator of SU(2); (SU(2)2), and r is the U(1),
R-charge. Then we can define the superconformal index, using some fugacity factors p
and q, as

I(p,q) = Tr{(_1)F6—ﬁ5p%(A+j1)+j2q%(A+j1)—j2}. (6.43)

Using the fact that the only states with § = 0 contribute to the index and thus the index
is independent of 3, we obtain

I(p,q) = Tr{(~)p/ 12 argh 2 mar . (6.44)

The computations of the superconformal index has two parts, first is to compute the
single letter index i of each supermultiplet which is labeled here by k, and then using the
plethystic exponential (PE), defined in (2.4), and matrix integral (2.2), to compute the
full index,

I(p.q,V) = /U AUTIPE ..UV, (6.45)
k

where U denotes the gauge group element and V' denotes the flavour group element.
In N = 1 SCFT, the single letter index is the sum of the vector multiplet index iy
and chiral multiplet index ig [46],

P=ivs, (6.46)
where
wipeU)= _(:[p%p T %q) Xadj (U),
X7 — (pq)3 (6.47)
is(p,q,U, V) = (pa) XR((L; Y;)(l(]fl)q)XR(U’ V))

and the adjoint character x,qj, and the bifundamental character xr, are given by
Xadj(U™) = tr UM tr U™, XR,;(U") = tr Uy tr Uan. (6.48)

Next, we explain the matrix integral representation of the index in the explicit example of
N =4 SYM. In this case, using egs. (2.2) and (6.47) the matrix integral representation of
the superconformal index becomes

Z(p,q) = / dU exp l an(p,q)trU"tr U ", (6.49)
U(N) n=1
where ) ,
i(p",q") . 2pq —p — g+ 3(pg)? —3(pg)*
an\P,4q) = ————, Up,q) = 6.50
pa) = T-nl-a (6:30)
Single letter index can be written as
1
. 1 —(pg)3)?
i(p,q) =1- 0~ (pg)3) (6.51)

(I-p)(1—q)
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In the large N limit, the above matrix integral (6.49) becomes an infinite product,

o0

lim Z(p,q
N—o0 1:[ 1—i(p",q")

(6.52)

At weak coupling, we can effectively approximate the superconformal index (6.49) by the
generalized GWW model

Z(p,q) ~ Z(p / dU exp [Z tn(p,q) (tr U™ +tr U™ )] (6.53)

n=1

and in terms of generalized GWW couplings, we obtain

_ 733
tn = an(p,q) = (pnq )’ tn = % (1 B (1(i p”()p(?—)q”)> ' (6:54)

In the rest of this section, we perform some numerical analysis of the index.

GWW model in N =4 SYM. First we consider the truncated case n = 1; the GWW
model with the A" =4 SYM coupling ¢; from eq. (6.54). Notice that this case is dominant

in the phase structure of the model. In this case Z(p,q) reduces to a effective theory of
GWW model,

Z(p,q) ~ /U(](\;)Uexp [tl(p, q) (trU + tr U_1>] ) (6.55)

In unrefined case p = q¢ = z, we have

i(z) = 1 P (=) (6.56)
nE = (1—x)2"’ "o (1—am)2 )~ '
Thus, the critical parameters can be obtained as

2 4 2 4
3r3 +4x + 2x3 6x3 4+ 8x + 4x3

Q9 = tl = T 3 s B = 2t1 = 1 3 N Te = 1, (6.57)
(1+ 235 4 25)? (1423 +23)2

where we used the observation that the critical point ¢} = i(x.) = 1 implies z. = 1. Then,
2
the double-scaling parameter s = Ao N3 can be computed,
1 2 4
1-p 1+ 223 — 323 — 6 — 323

Ao = - . (6.58)
aé/?’ (1+x%+w%)%(3$%+4x+2x%)%

Using the parameter As, the free energy in different regimes can be computed explicitly.
However, as our result is comparable to the free energy obtained by other plausible methods
in the vicinity of the critical point, it is natural to expand around the critical point . = 1.
Let us write the fugacity factor as x = €€, in which the parameter ¢ is proportional to the
radius of S' in the definition of the superconformal index, and it can be interpreted as the
inverse temperature. Thus, we have the following high temperature expansions at small ¢,

8 2
=) = 1 —€ — —— .
t1 = i(x) 276 2436 +0(€), (6.59)
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and
Ny 1 40 ot 256 24 10606 4
=-1- = €
81 6561 1594323

Using the above expansion of the parameters, the free energy can be computed from
eq. (4.36),

+ O(eh). (6.60)

fc+Enst fOI'HZ'<1
F= . , (6.61)
F. — ﬁ|A2|3 + Fpert for x> 1

where we obtain

16 64 4

42 _ 2 _ 4
Fe=ti=1+ 276+ 729 " 213¢ e+ 0(eh), (6.62)
1 13 58 304 2093
fc—ﬁ‘)\z‘:z 7"‘ + 2

3 4
51 2187¢ ~ Tisosst T ) (6.63)

and Finsy and Fpery can also be computed explicitly, as before.

Generalized GWW model in N/ = 4 SYM. Next, we consider the generalized GWW
model approximation for the N'= 4 SYM. Expanding around z. = 1, we similarly obtain

e =14 B2
nt, =i(z") = 1—|—27 513 + O(€%). (6.64)

The expansion can be written formally as

for some positive numerical coefficients a;. Thus, the parameters o, and 3 defined in
eq. (5.2), can be evaluated as

/8 22 <1+Z H—l 2l—1n2l—1> :QC(0)+2i(—l)l+1al€21_lg(1—21),
=1

O‘pzilz ( Z l+1 2[ 1np+2l 1) :jg(_p)_i_i'Z(_l)lJrlalte 1((1—]?—2[)
L =1 p: Pz
(6.66)
To be explicit, we keep the few terms in the expansion as following
B=20(0) + 1oC(~D)e — o ((-3)¢]
- 27> T 243
2 16 4
= —((— (=1 — — (=3 —p)e )
%= (=p) + 57l ( p)e 243P!C( 3—p)e, (6.67)

1

and thus the parameter A\, can be obtained from )\, = «, » 77 (1 — B). The bulk free energy
F. can be computed similarly,

Fe=)Y nt = iblc(—Z)eH, (6.68)
n =1

— 41 —



and the numerical coefficients can be computed explicitly
by =1, by=16/27, b3 =064/729, by=—4/243, .... (6.69)

One can use this data to compute explicitly the free energy in different phases. In p = 2
case, up to order three, we have

Fe forx <1

F= , : (6.70)
o 3
Fe 12|)\2| for x > 1
where
Fom bt O (6.71)
©~ 712 7 10935° € '
1 941 270 1745 283363 9313

S W O e 2_ 54 0(eh). 6.72
Fe = 151l B ¢ taer <t T zasee T O (6.72)

7 Discussion and future research

In this work, we discuss some universal results for the generic matrix models, including
the double-trace matrix model, up to some model dependent parameters, and we compute
these parameters explicitly for the generalized GWW model. The main universal results of
this study in the finite but large N and infinite limit of free U(N) gauge theory partition
functions and the indices of gauge theories include:

o Universal critical/multi-critical, large and finite N results such as 1/N expansion,
genus expansion, instanton sector, etc. in generic unitary matrix model.

e Universality in the deconfinement and Hagedorn phase transition in the infinite N
limit of generic unitary matrix models.

e Universal multi-critical edge fluctuation and phase transitions in generic unitary ma-
trix models. Infinite p limit of the multi-critical dynamics and the emergence of bulk
fluctuation. The interpretation of the results in terms of the gap dynamics.

In this work, we studied the matrix models with real couplings. Moreover, the general
case of the complex coupling is of great interest. This line of research has recently attracted
a lot of interest in the theoretical physics community because of its relations to black holes
in the context of AdS/CFT, for a review see [8] and references therein.

In this work, we considered one-matrix models and corresponding quiver gauge theo-
ries with one node, however, the general case of the quiver gauge theories deal with the
multi-matrix model. A possible future extension of this work would be to consider the su-
perconformal index of quiver gauge theories and their multi-matrix integral representation.
In particular, the two-matrix model for conifold quiver and related gauge theories would
be the first step in this direction of research.

In the study of the right tail of the TW distribution in the instanton sector, we used
the Airy function approximation to expand the Fredholm determinant. An alternative
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approach would be to consider the approximation based on the Bessel function and its
variants. The possible result in this way, would be of great interest because of its com-
parison with the existing results about the instantons of the unitary matrix models in
the literature.

In the multi-critical dynamics, the asymptotic analysis lacks the rigorous results for the
sub-leading corrections to the Fredholm determinant of the higher Airy kernel. Developing
techniques and results in this direction are highly interesting.

In this work, the main focus of the asymptotic analysis is the computation of the free
energy, however, an equally important parallel direction is the computations of the limit
shape and the entropy using the spectral curve method and the large deviation technique.

The results of this study is based on the analysis for the case of (p € 2N)-multi-critical
dynamics. An immediate continuation of this analysis is to consider the odd p case and its
applications and implications for random partitions and gauge theories.

In this work, we studied the unitary matrix model and their phase structure. A natural
continuation of this work is to consider Hermitian matrix model. The multi-critical analysis
for the Hermitian matrix model is performed in [12]. Possible applications of this result are
in the weakly coupled gauge theories on compact manifolds [5] and their phase structure.
Another interesting model is the Douglas-Kazakov matrix model with quadratic potential
and its instanton sector. A straightforward generalization of our results would shed light
to this classic matrix model. In this work we considered the same coefficients for the
GWW and the double-trace matrix model, which is plausible for the effective theory at
weak coupling. However, one can study the relations between the GWW and double-
trace model and their phase transition using the Legendre transform and saddle-point
analysis. One can use the Hubbard-Stratonovich transformation and apply our results for
the generalized GWW model to the double-trace matrix integrals and their gravity duals.
Asymptotic analysis of the double-trace matrix models with real and complex couplings
is an interesting direction and remains for future. In this way, based on the rigorous
mathematical results, we hope to provide new understandings for the phase structure
associated to the double-trace models such as deconfinement, Hagedorn and Hawking-
Page phase transitions [47] and their multi-critical generalizations. Especially, possible
interpretations of the multi-critical phase structure for the Hagedorn and Hawking-Page
transitions would be interesting.

In this regard, the GWW model and its generalization seems to explain the transition
between highly excited string states and black holes, whereas the double-trace model ex-
plains the Hawking-Page transition between the thermal AdS and black holes [18]. Thus,
our results about the critical dynamics of the generalized GWW model studied in this paper
perhaps directly explore some universality features of the former transition and deserves
further studies. However, the highly interesting question of the possible interpretations and
implications of the multi-critical dynamics in the gravity side is not clear at this moment,
which would require new ideas and techniques. Regarding the Hawking-Page transition, we
should apply the Hubbard-Stratonovich transformation to discuss all possible implications
of the critical and multi-critical dynamics of the double-trace model in the gravity side.
We will return to this issue in a future work.
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