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We study unitary invariant random matrix ensembles with singular potentials. We obtain asymptotics for the partition
functions associated to the Laguerre and Gaussian Unitary Ensembles perturbed with a pole of order k at the origin, in
the double scaling limit where the size of the matrices grows, and at the same time the strength of the pole decreases at
an appropriate speed. In addition, we obtain double scaling asymptotics of the correlation kernel for a general class of
ensembles of positive-definite Hermitian matrices perturbed with a pole. Our results are described in terms of a
hierarchy of higher order analogues to the Painlevé III equation, which reduces to the Painlevé III equation itself when
the pole is simple.

1 Introduction and statement of results

We study unitary invariant random matrix ensembles on the space H," of n x n positive-definite Hermitian
matrices defined by the probability measure

Cin(detM)"‘ exp [—n Tr Vi, (M)] dM, o> —1, (1.1)
with .
dM = [[dReM;; ] dReM;;dim M;;, (1.2)
j=1 1<i<j<n
and
Cp = / +(detM)o‘ exp [—n Tr Vi, (M)] dM, (1.3)
Hn

in the case where the potential Vj,(z) has a pole of order k, i.e.

Vilz) = V(z) + <t>k (1.4)

The regular part V of the potential is a real analytic function on [0,+00) subject to some constraints which
we will detail later. In particular, we will require V' to be such that, for ¢ = 0, the limiting mean density of the
eigenvalues as n — oo is supported on an interval of the form [0, b], with b > 0.

It is well known that the eigenvalues of a random matrix drawn from the ensemble (??) form a determinantal
point process. The joint probability distribution of the eigenvalues is given by

n

A)? [[age ™ Dday,  Aw)= [ (25 —=a), (1.5)

=1 1<i<j<n
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with the partition function Z,, , = Z, (V) given by

n
Zn o = / A(z)? H x?e‘"vk(xf)dwj. (1.6)
[0,+00)™ j=1

For ¢t > 0 small, the model (??) can be seen as a singular perturbation of the unitary invariant ensemble
corresponding to ¢t = 0. For ¢ > 0, the eigenvalues are pushed away from 0 because of the pole in the potential,
and for large n, the probability of finding eigenvalues close to 0 is small if ¢ > 0 is independent of n. However,
if ¢t = 0 together with n — oo, this repulsion becomes weaker and one expects a transition between a regime
where eigenvalues are likely to be found in the vicinity of the origin, and one where eigenvalues are unlikely to
be found near the origin.

The effect of singular perturbations of unitary invariant ensembles has been of recent interest 77?7?. In 7,
the singularly perturbed Laguerre Unitary Ensemble (pLUE) was studied, given by the measure

1

a(detM)a exp [—nTr <M+ AZ)] dM, (L.7)

on the space H,', where C,, is a normalisation constant. A relation between this model and the Painlevé I1I

(henceforth PIII) equation was established for fixed n in ?. In subsequent work ?, a singular perturbation of the
Gaussian Unitary Ensemble, which we will refer to as pGUE, was studied, defined by the measure

1 1, ot
a—nexp [nTr <2M + 2M2>} dM, (1.8)

on the set of n x n Hermitian matrices H,,.

In ? the double scaling limit where ¢ — 0 as n — oo of the partition function was analysed using Riemann-
Hilbert (RH) techniques. A connection to PIIT was also found by relating the orthogonal polynomials associated
to the pGUE measure to those of the pLUE measure. In 7, the double scaling limit for the eigenvalue correlation
kernel in the pLUE was studied. A limiting kernel was found, defined in terms of a model RH problem associated
to a special solution of the PIII equation. This limiting kernel degenerates to the Airy kernel if ¢ approaches
0 at a slow rate, and to the Bessel hard edge kernel if ¢ — 0 at a fast rate. In 7, asymptotics for the partition
function in the pLUE, again in terms of a PIII transcendent, were obtained.

In the present work, we will obtain asymptotics for the eigenvalue correlation kernel for a fairly general
class of potentials V', perturbed with a pole of order k € N, in a double scaling limit where the strength of the
perturbation, ¢, goes to zero at an appropriate speed as the size of the matrix, n, is taken to infinity. The double
scaling limit will be tuned in such a way that the macroscopic behaviour of the eigenvalues in the large n limit
is the same as in the non-singular case where ¢t = 0, but such that the microscopic behaviour of the eigenvalues
near 0 is affected by the singularity of the potential. In addition, we will obtain double scaling asymptotics for
the partition functions associated to the LUE perturbed with a pole of order k, and to the GUE perturbed with
a pole of order 2k. Our results will be described in terms of special solutions to a family of systems of ODEs,
indexed by k£ € N, which can be seen as a hierarchy of Painlevé III equations.

1.1 Motivations

There are a number of motivations for considering the model (??). Firstly, it was observed that critical one-
matrix models in which the limiting mean density of eigenvalues vanishes in the bulk of the spectrum or at a
higher than generic order at the edge of the spectrum, are in one-to-one correspondence with (super-)Liouville
field theories. In this context, it is natural to look for models with higher order critical points in which multiple
zeros appear in the bulk or at the edge of the spectral density, as it is known that such higher order critical
models correspond to coupling a minimal conformal field theory to (super)-Liouville theory. A review of these
facts in the non-supersymmetric case can be found in ?. Supersymmetric versions followed later in ? and are
nicely reviewed in the appendix of 7. One-matrix models in which the potential has poles exhibit a new type of
critical behaviour. Although at present no conformal field theory analogue of such models is known, it is again
natural to study higher order critical points in this context.

A second physical motivation arises in the field of quantum transport and electrical characteristics of chaotic
cavities. Here the quantity of interest is the Wigner-Smith time-delay matrix @, the eigenvalues of which, 7;,
are known as the “partial delay times”. In systems in which the dynamics is chaotic, a RMT approach has been
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quite successful and one of the central results of this approach is the joint probability density for the inverse
delay times, v; = Tj_l, first obtained in ?7?. It takes the form

1 " 2 _B..
Py, ) = =— (A T2 2e 5, (1.9)
On B .
; =1
where § depends on the symmetries of the system, with =2 a common case. Since many observables may
be expressed in terms of @), the problem of computing expectation values with respect to the above measure is
relevant. In particular the observable

1 1 n
RO 1.10
™w = rQ - ‘_17‘ ( )

known as the Wigner time-delay has been considered in the recent work ?. The partition function for our model
(??) coincides with the moment generating function for the probability density of 7y in the case k =1 and
a = Bn/2. Although we will not scale @ with n in the present paper, the moment generating function in this
model is the partition function for a matrix model which shares the feature of a singular potential with our
model (?77).

Furthermore, in a very recent paper 7, an observable R, known as the “charge relaxation resistance” defined
as

n
Ry Q@ 2= i (1.11)
()2 (Xl m)?
was considered. To compute R,, the approach taken in ? was to compute the distributions of Tr Q% and Tr Q
separately. The associated moment generating function is the partition function for a perturbed pLUE model
with a singularity in the potential of order k = 2, thereby demonstrating the physical relevance of the model
studied here for k& > 1.

A third motivating model appears in the field of spin-glasses ?. Here a model corresponding to the GOE
perturbed by a pole of order k£ was analysed for its relation to the distribution of the spin glass susceptibility in
the Sherrington-Kirkpatrick (SK) mean-field model. The GUE version of the partition function in such a model
relates directly to the partition function in the pLUE, as we will see later on in this paper. One-matrix models
in which the potential has poles have also appeared in the context of replica field theories 7.

Finally, our last motivation for this work is to seek a natural candidate for a PIII hierarchy. The notion
of a PIII hierarchy has appeared little in the literature; one of the few mentions being ?. This work was partly
motivated by the desire to understand whether the hierarchy proposed in ? would appear when the order of
the pole was increased and if not, what form the alternative hierarchy takes. It appears that the hierarchy of
equations which we will obtain is different from the one in 7.

1.2 Statement of results

Our main results are the following.

1. We define a hierarchy of higher order PIII equations and prove the existence of special pole-free solutions
to it.

2. We obtain double scaling asymptotics for the partition function in the LUE perturbed with a pole of order
k > 1, in terms of a higher order PIII transcendent. This generalizes the result from ? for k£ = 1.

3. We obtain double scaling asymptotics for the partition function in the GUE perturbed with a pole of
order 2k, k > 1. They are again given in terms of higher order PIII transcendents. In the case k = 1, such
asymptotics were already obtained in ?, but written in a different form.

4. In the double scaling limit, we prove, for £ > 1 and for general V', that the eigenvalue correlation kernel
near 0 of the model (??) tends to a limiting kernel built out of a model RH problem associated to the PIII
hierarchy. This extends the result from ? for V(z) = z and k = 1.

We now state our results in more detail.

A Painlevé III hierarchy
Given k € N, consider the system of k + 1 ODEs indexed by p=0,...,k,

p

Z (gk*p+q+1€k7q - (Ekfzﬂrqgqu)” + 3acfp+q ;ch - 4u£kfp+q€k*f1) = Tps (1.12)
q=0
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for k 4+ 1 unknown functions u = u(s) and €1 = £1(s),..., €, = £k(s), with
s
lrt1(s) =0, lo(s) = 3 (1.13)
The 7,’s are real constants that play the role of times. The p = 0 equation always results in
1
wm = (@) = 36 + ). (1.14)
k
Substituting this expression for u in the other equations, we are left with k equations for k unknowns ¢4, ..., lg.

We refer to this system of equations as the k-th member of the Painlevé III hierarchy. Eliminating ¢, for
2 < p < k leads to an ODE for ¢; of order 2k.

Example 1.1. For £k = 1 we have the equation

fio -G8 A0 OB, n (1.15)
which we identify as a special case of the Painlevé III equation, see 7. O
Example 1.2. If £ = 2 we have a system of two ODEs;
N m B AE6G6) HE) 6 6 w16
201(s)la(s)  £a(s)?  la(s)?  L1(s)la(s)  l1(s) La(s)  201(s)
and
QEPBE? oy sBE? o b7 s
la(s)? la(s) la(s)? l(s)
= 261(52)(25)/2/(8) — 201 (8)07 () + sly(s) + 202(s)l1(s). (1.17)
One can eliminate ¢5 in order to obtain a single equation of order four for ¢;. O
We can construct, for any k£ = 1,2,..., a special set of solutions ¢1, ..., to the k-th member of the PIII

hierarchy in terms of a model RH problem. The function ¢; (s) will be of particular importance to us. The model
RH problem consists of finding a function ¥ = ¥(z; s) satisfying the following properties.

RH problem for ¥

(a) ¥:C\ X — C?*? analytic, with ¥ = U3_;3; U {0} as illustrated in Figure ??. The half-lines ¥1, %3 can
be chosen freely in the upper and lower half plane.

(b) ¥ has continuous boundary values ¥ (z) as z € ¥ \ {0} is approached from the left (+) or right (—) side
of ¥\ {0}, and they are related by

( 171'2'04 (1)> ) Z € E17 (118)
0 -1
U, (z) =T_(z) 1 o) z € Lo, (1.19)
< 1 0) : 2 €Y, (1.20)
(¢) As z — o0, there exist functions p(s), ¢(s), 7(s) such that ¥ has the asymptotic behaviour

U(z) = <1 + % <5)((‘1)) __Z((;))> + O(zz)> 2193 Ne? o, (1.21)

. . 0 1
where N = %(I-&-wl), with o1 = (1 0

> , and where the principal branches of z'/2 and z~1/* are taken,

analytic off (—oo,0] and positive for z > 0. The third Pauli matrix o3 is given by o3 = ((1) 01).
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Fig. 1. The jump contour I' for the model RH problem for ¥. Contours are labelled by ¥ and sectors by £2.

(d) As z — 0, there exists a matrix Wy(s), independent of z, such that ¥ has the asymptotic behaviour
s k [}
U(z) = Wo(s)(I + O(2))e (72) o5 505 (1.22)
for z € Q;, where Hy, Hy, H3 are given by

Hi=1 (1.23)
Hy = <_ ];ria (])_) ’ (124)

e
1 0
H3 - <e7ria 1) . (125)

Remark 1.3. In the case k = 1, the RH problem for ¥ coincides, up to the orientation of the contours, with
the model RH problem introduced in 7. In the case k = 0, it is a RH problem which can be solved using Bessel
functions 7. O

Remark 1.4. It is important to note that the function

U(z, ) H 28 00e(-2) s (1.26)

is not analytic at z = 0 and in fact has a jump across I'y. Indeed, if the asymptotic behaviour in condition (d)
of the above RH problem were modified to

S k o
U(z,s) = \Ilo(z,s)e_(_?) 732293 H;, (1.27)

with Wy(z,s) analytic at z =0, then the resulting RH problem would have no solution. A more detailed
description of the analytic structure of ¥ near the origin can be given as follows. Define

— e’ o o, u 72(7i)k du 1.9
fa(z,s) 27Ti/0 lu|%e"e p— (1.28)
and let (I\IO be defined by

U(z,5) = Vo(2, 5) ((1) fz(f’s)> AL (1.29)

Then (I\lo is an analytic function near z = 0, and ¥y defined by (?7?) takes the form

To(s) = By (0, 5) <(1) £, S)> . (1.30)

O

Remark 1.5. If the model RH problem has a solution, it follows from standard techniques that the solution is
unique. Existence of a solution is a much more subtle issue. We will show that the model RH problem is solvable
for k€ Nand s > 0. O

Theorem 1.6. Let a > —1, and let ¥(z;s) be the unique solution of the model RH problem for s > 0. Then,
the limit

d : 2\ —2'/%¢ -1 10 d 2
Yo(s) = —22% ZhHHC}O 2¥(z,s%)e SNz 3}12 = —2% (r(s?) (1.31)

exists and it is a solution of the equation for ¢; in the k-th member of the Painlevé III hierarchy, with the
parameters 7, ..., T given by
42h+1p2 for p =0,
=9 (=" tak, forp=r, (1.32)
0, for0<p<k.
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Moreover, y(s) = yo(s) has the following asymptotics as s — +o00 and as s — 0,

8k 3\ 2
y(s) = =57 <Bk 2 — >s2ﬁ+1 +0(1), 5 — 00, (1.33)
y(s) = O(s>* ) + (9(52a+1), s—0, s>0, (1.34)

where we have used the constants

<<)>) (L.35)

2k — DI
s (2j+ )N
Bj = —(~20) il ij!) ; (1.36)
with (25 + 1)!! = (25 +1)(2j — 1) ... 3.1 the double factorial. O

Remark 1.7. In fact we will prove a more general result in the sense that all £;’s may be extracted from the
model problem for ¥. To this end we write the asymptotic expansion of ¥ as z — oo as

I e _(ails) —iri(s)
\I/(z)<I+ZC’J ) N : q(ipj(s) _qj(s)) (1.37)

Jj=1

Define the formal power series

> r(s?
ma(z,8) = Z M, (1.38)

— §2i—147
j:

. oy . . . . . _1 _ oo —9 .o,
and define in addition formal power series m,ms,my in 271, m;(z,s) = ijl m; j(s)z~7. The quantities ms
and m4 are defined in terms of m; and mq as

7"(32) (my+1) _1

ms(z,s) := —0smq — 5 0%my
+mo <3r’ (s%) - ! (28;) i - 37"22522) + z) , (1.39)
my(z,s) 1= % (@mg — 8Sm2> , (1.40)
and my can be found recursively from the relation
1
mi; =g =(mj + mams); Zml,J M0 (1.41)

where (m? + mams3); denotes the coefficient of 277 in the formal power series of m3 + mamg. Note that upon
substituting in the expressions for mg and my in terms of m; and ma, the right hand side of (??) only contains
mq,; with ¢ < j and therefore gives a well defined recursive relation for mq ;.

We now introduce the matrix

1+TI’L4+1 mao

K(z,s) = <m3 + s (s?)(my +ma + 1) my —my + s r(s%)ma + 1) ’ (1.42)

where r = r;. We then obtain expressions for all £; in terms of r; via the relation

4 "l n(s)(42)" = (1.43)
n=0

(42)7 T T | (0, K)K ' + ‘Ko K~'+ iK 50, — 103 K to_ ; (1.44)
2 2z 2 N



Random matrix ensembles with singularities 7

where the notation (...); denotes a projection onto the positive power parts of the power series. The above
relation gives for the first few ¢;’s,

bo(s) = 3, (1.45)
l(s) = —4sr’ (s7), (1.46)
lo(s) = 2 (r (s%) 2 (s?) + 2% (s%) 2 —2r (s?) (¢ (s?) + %" (s)) — 21 (s?)) . (1.47)
Note that these expressions are independent of k. O

Remark 1.8. There has appeared a distinct definition of a Painlevé III hierarchy in the literature ?. The model
problem for ¥ may be connected with this alternative hierarchy if we choose a different time to act as the
independent variable in the ODE. To see this, we generalise the ¥ model problem by altering the behaviour at
the origin to

U(2) = Wo(s)(I + O(z))e” Zim (- F) s goa (1.48)
and then define R
U(z,s) =Ty (s)¥(27 ) s). (1.49)
Using the asymptotic behaviour of T in the definition of the Lax pair
B:=08, 00"  and A:=0,00 " (1.50)

B= (aél) ﬂ?) , (1.51)

and A = Z;:iz Aj(s1), where A; are s; dependent matrices and u and ¥ are some undetermined functions.
The form of these Lax matrices precisely matches those proposed in 7 as forming a Lax pair for a Painlevé
III hierarchy. However, in the random matrix model under consideration, it is more natural to work with the
variable s instead of s1, and this leads us to a different Painlevé hierarchy. O

we find

Double scaling limit for the partition functions in the perturbed LUE and GUE
Define the pLUE partition function as

n,k,a

LUE 1 2T —"<%'+(%)k>
ZP () = —'/ A(x) on»‘e dxj, a>—1, (1.52)
n
[0,400)
and the pGUE partition function as

ZpGUE(t) _ / ﬁ |xj|2a o +(L2)k>dxj7 o > _1/2 (153)

n,k,a

Whereas for the pLUE and pGUE partition functions with k£ = 1, large n asymptotics are described in terms of
a special solution to the PIII equation 7?7, when perturbing a unitary invariant ensemble with a pole of order
k > 1, the special solutions to the higher order analogues of PIII introduced before will appear.

Theorem 1.9. As n — oo and ¢t — 0 in such a way that s, ¢ 1= 2= tn Tt — s, we have the asymptotics

Z8E 0 = 2 E0 e (5 [ 00 @) ) 1+ 0., (154)
0
zsr0 = 22r 0o (3 [ - r @ -y @)
0
x (1+0(n™)), (1.55)
where 7,(s) := r(s; «) is related to the Painlevé transcendent y,(s) by
d 1
Yals) = *2% (Ta(SQ)) ) ra(0) = g(l —4a?).
In other words, we have
1 o 1 [VE
ra(s) = 51— 40®) 5 [yt (1.56)
0
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Double scaling limit of the correlation kernel

In what follows, we consider potentials V' which are real analytic on [0, 4+00) and such that

V@)
N e B (1.57)

The correlation kernel for the eigenvalues in the model (??) is expressed using orthogonal polynomials with

respect to the weight
k
n <V(x) + (;) )] (1.58)

on [0,+0c0). Let p;, 5 =0,1,... be the family of monic polynomials of degree j characterised by the relations

w(z) = z% V@) = ¥ exp

/ P (2)pm (z)w(x)de = h;jdjpm. (1.59)
0
The correlation kernel of the determinantal point process (??) can be written as

w(@)w(y) (

K, =ht
(zvy) n—1 T —y

P (@)Pn-1(y) — Pn(yY)Pn—1(2)) - (1.60)

Important quantities that can be computed directly from K, (z,y) are the k-point correlation functions. The
one-point function, or limiting mean eigenvalue density, is given by

p(x) == lim lKn(z,fzr), (1.61)

n—oo N

and describes the macroscopic behaviour of the eigenvalues in the large n limit. For fixed ¢ > 0, the measure
dv(z) = p(x)dx is characterised as the equilibrium measure which minimizes

L(v) = / / log —— du(z)du(y) + / Vi(y)du(y), (1.62)

|z -y

among all Borel probability measures v on [0,400). If we let n — oo and at the same time ¢ — 0, the limiting
mean eigenvalue density is not affected by the singular perturbation and is equal to the equilibrium measure
dup = ¢ (x)dx obtained from minimising

I() = / / loglm—imdu@)du(yw / V(y)du(y). (1.63)

in which the singular part of Vi has been dropped. It is this measure and density we will use in the remainder
of the paper and refer to as the equilibrium measure. The measure p is characterised by the Euler-Lagrange
equations 7, stating that there exists £ € R such that

2 [ logla ylutdy ~ Viz) = £, € supp (1.64)
2/log |z —yl(y)dy — V(xz) <€,z €]0,+00). (1.65)

We will require that V' is such that the equilibrium measure p is supported on a single interval of the form
[0, b], which implies ? that its density ¥ can be written as

P(z) = —h(z) , x €]0,0], (1.66)

where h is a real analytic function, non-negative on [0, b]. We will also require that V is regular, in the sense
that

(i) the density 1 is positive in the interior of its support (0,b), i.e. h(z) > 0 for 0 < z < b,
(ii) v vanishes like a square root at the endpoint b > 0 and like an inverse square root at the endpoint 0, i.e.
B(b), h(0) 0,
(iii) the variational inequality (?7?) is strict on (b, +00).
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Define functions 1,(x; s) in terms of the solution to the model RH problem for ¥ as follows. For z € Q, let

@;Ezzb =W(z5) (é) ’ (1.67)

and for z € Qs U Qg3, we define ¢; and 1) in such a way that they are analytic in C \ ¥;. This means in particular

that
@;Eig) =, (z,s) (_e}m'a> ’ (1.68)
for & < 0.

Then, 11, 1 satisfy the system of equations

v _1 i 153U () L (un
0, <’L/)2> s (isé(/c\+ 35*%5(5) _ %AsflU(5)2) G+ é/b\S;U(S)> <¢2> ) (1.69)

and they are characterised as the unique solution with the asymptotic behaviour

a(z, )

as z — oo in p (and, more generally, for |arg z| < m — € for any € > 0), and

(ZEE? 3) = O1)e~(=2) mzgon, (1.71)

(1111(275)) = (I+0(z"1)) 237 Ne P (1.70)

[N

S

as z — 0 for z € Qy. Here, U(s) = [,

0
a(z,s) = —%asb(z,s), (1.72)
c(z,8) = (z —u)b(z,s) — %831)(2; ), (1.73)
and
4 k
b(z,s) = e ;ék_n(s)(élz)". (1.74)

Theorem 1.10. In the double scaling limit where n — co and simultaneously ¢ — 0 in such a way that
2_%6171%25 — s> 0, with ¢; = bh(0)?, we have

lim ! K <—u —Y t>:KPIH(u,v;s), (1.75)

n , 5
n—oo c1n2 cin?’ cyn?

for u,v < 0, where
ria 1(u; 8)h2(v; 8) — b1 (v; 8)a(us )

KPTIT(y v s) —
(u,v55) = e 2mi(u — v)

. (1.76)

The limit is uniform for s in compact subsets of (0, +00). O
Remark 1.11. For k = 1, our limiting kernel K”/!(—u, —v; s) is equal to the limiting kernel obtained in ?. [J

Theorem 1.12. The limiting kernel KP/# (v, v; s) is positive for u,v < 0 and s > 0, and it has the following
limits,

lim KPP (u, v;8) = Jo(—u, —v), (1.77)
s—0
20
lim 22 Pl <s” <zo + s_5u> , 8" <zo + s_gv) ;s) = A(u,v), (1.78)
s—=+00 Co Co Co

where n = %, and J, (u,v) and A(u,v) are the Bessel and Airy kernels defined as

ANONG AN B ANGNDAND o)
2(u —v) ’ '
Alu,v) = Ai (u)Ai’(v) — Ai (U)Ai/(u). (1.80)

u—v

Ja(u,v) =
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The constant co has the explicit form

2 k-1
3\ 3 a4
¢y = <> (—2z0) 1% “2]]') (1.81)

Outline

In Section 7?7, we will study in more detail the model RH problem for W. Using Lax pair type arguments,
we will establish the relation between the RH problem and the PIII hierarchy. In addition, we will prove the
solvability of the RH problem for s > 0, which implies that the PIII solution y(s) has no singularities for s > 0.
In Section 7?7, we will study the large n asymptotics for the orthogonal polynomials associated to our random
matrix model by means of the Deift/Zhou steepest descent method. A crucial feature in this analysis will be
the construction of a local parametrix near the origin in terms of the model RH problem for W. In Section 77,
we will obtain large s asymptotics for ¥ and for the PIII solution y using an asymptotic analysis of the model
RH problem. In Section 77, small s asymptotics for ¥ and y are obtained. The results from Section ?7 together
with the asymptotics from Section ?? and Section ?? will lead to a proof of Theorem ??. In Section ??, we use
the asymptotics for the orthogonal polynomials obtained in Section ?? to prove Theorem ?7. In Section 7?7, we
use a differential identity which enables us to derive asymptotics for the pLUE and pGUE partition functions
from the asymptotics for the orthogonal polynomials, and to prove Theorem ?7.

2 Properties of the model RH problem

2.1 Connection to the Painlevé III hierarchy: proof of Theorem 77?7

We begin by introducing a new model RH problem for a function ®, obtained from the model problem for ¥
defined in the introduction. Let

®(z,5) = <5171’(52) (1)) sT A (s, 7). (2.1)

with r defined by (?7). Using the RH conditions for ¥, we find that ® satisfies the RH problem given below.
RH problem for ®

(a) ®:C\ X — C?*2 analytic.
(b) ® has the jump relations

b, (z) = d_(2) <_el7rm ‘;) : Ze, (2.2)
b, (z) = _(2) <(1’ _01> , 2 e, (2.3)
B, () = D_(2) (_elm ?) , 2. (2.4)

linos —Lo 21/2 4.
X e4' BT a8 Nes2 T3 (2.5)

where N = %(I +i01) as before, and
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(d) As z — 0, there exists a matrix ®¢(s), independent of z, such that ® has the asymptotic behaviour

(—1)k+1

) o
D(z) = Po(s)(L + O(z))e =F  72z293H;, (2.9)
for z in sector §1;, where Hq, Hs, H3 are given in the model problem for U, see (?7)-(?7).

Under the assumption that the model RH problem is solvable for s > 0 (we will prove this assumption in
Section ??), we are now in a position to prove Theorem ?7?. First we note that the limit in (??) exists by a
simple application of (?7?), and that the differentiability with respect to the parameter s can be proved using
general methods which involve re-writing the RH conditions as a singular integral equation. We have

d

2\ d
y(s) = —2-(r(s%)) = —2-(s0(s)). (2.10)

For the relation to the PIII hierarchy we use well-known methods of isomonodromic deformation theory. In
particular we define the Lax matrices,

A= (0,0)®'  and B:=(0,9)d7", (2.11)

and note that, due to the jump matrices of ® being constant, the Lax matrices are meromorphic functions in z,
and may only have isolated singularities. Using the asymptotic expansion of ® near z = co and z = 0 one can
easily show that A and B are Laurent polynomials of the form

k+1

A(z;s) = ZAj(s)zfj, Ay = ga_, (2.12)
§=0

B(z;s) = ; 7(;(5) (1)> , (2.13)
0

where u = 2w(s) — v'(s) —v(s)? and o_ = 10

asymptotic behaviour of ® at z = co together with the fact that B is regular at zero implies

O). Computing the (1,2)-entry of the 2=! term in B using the

v'(s) — v(s)? + 2w(s) = 0. (2.14)

We can also give explicit expressions for the elements of A; in terms of coeflicients appearing in the asymptotic
expansion of ® near z = co. Although this will prove largely unnecessary, one important result obtained in this
way is that

(A1) = ; (2.15)

1

(A2)12 = sw(s) — 551}(5)2 ——v(s) = —=— (sv(s)) = y(s), (2.16)

where in the second line we have used (??). To complete the proof we now show that u(s) is the function
appearing in (??). To this end, consider the compatibility condition,

0,0:® = 0,0, 9, (2.17)
which, upon substituting in the expression (??) for the derivatives in terms of the Lax matrices, becomes,
0.B — 0;A+ [B,A] =0. (2.18)
If we parameterise A as
Az, s) = (a(z,s) b(z,s) ) ’ (2.19)
then (?7) is equivalent to three coupled ODEs,

a(z,s) = féﬁsb(z,s), (2.20)

c(z,8) = (z —u)b(z,s) — %831)(2, ), (2.21)
0sc(z,s) =14 2(z — u(s))a(z, s). (2.22)
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The first two equations provide a and ¢ in terms of b. Although the final equation can be used to obtain an
equation for b, this is not the course we will follow here, however we will remark upon this possibility later.

So far we have only used the asymptotic behaviour of ® near zero to determine the order of the pole
occurring at the origin in each Lax matrix. To complete the proof we now consider the behaviour of ® near zero
in more detail. Working in Q;, see Figure 7?7, write (??) as

B(z) = By(s)F(z)er oz (2.23)

where F(z) =1+ O(z) as z — 0, and A can be written in the general form

k
A
A(z) = —Agl — 2.24
(2= ~Bulogz + 3 2 (224
Ay = f%, Ap= (1" Ay =...= A1 =0. (2.25)
Note that det A can be written as
1
det A = det (9,0071) = —A/(2)? det (1 + A,(Z)crgF’(z)F(z)l) : (2.26)
and that as z — 0,
Al(z) = O(z7F 1), (2.27)
F'(2)F(z)~' =0(1). (2.28)
Hence we obtain the estimate
det A= —A'(2)2 4+ Oz %1, (2.29)
as z — 0. Using (?77) and (??) and rearranging gives
3 1 d ?
Z(b/)Q + (2 —u(s))b? — z(bz)” - <dZA(z)) =0(z% ), z—0, (2.30)

where primes denote derivatives with respect to s. The important observation is that the left hand side behaves
as O(z72k=2) as z — 0 which after comparing with the right hand side yields k + 1 equations. Explicitly, in
(?7), let

k
4 )
b(z,s) = A > li_j(s)(42), (2.31)
j=0
with {p = s/2. This gives
4 k
(4z)7 42 > [ﬂk—jfk—m(%)ﬁm“ (2.32)
7,m=0

ng_jgk_nﬂl/—-3€%_j %_nl+-4u£k_j£k_qn](4Z)j+nL

= <;ZA(2)>2 +0("F1, 2.

—k—l)

After some rearrangement and dropping terms of order O(z the above equation can be written as

k p
4
W Z Z (ek*p+q+1£qu - (ﬁkprrqufq)” + 3€;cfp+qach - 4U£kfp+q£k7q) (42)1)
p=0 ¢g=0

d

= (dZA(z)>2 +O(ETFY, 20 (2.33)

Finally, substituting in (??) and comparing coefficients yields (??), where 7, is a constant taking the form

p
T = AP AL Ay (2.34)

q=0
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In our case, by (??), we have (??). This shows that u(s) appearing in (??) together with the quantities [; satisfy
the system of equations (?7?). The relation between I;(s) and v(s) can be obtained from (??) and (??) together
with the fact that (A2>12 = bl = %ll

We now prove the statements appearing in Remark ?7?. We parameterise the behaviour of ® as z — oo by

oz)=( 1 ) (14 (MM T2 ) chines—do st (2.35)
U(S) 1 ms myp — My

where m,; are formal power series in 2! and we note that this can be written as

125,

D(z) = K(z, s)e%i”‘”:f%"3 Ne** (2.36)
Computing the Lax matrix B using the above expression yields the relation
2o, K] = 0;K — 2v'(s)o_K — |04, K], (2.37)

which upon substituting in v(s) = 7(s?)/s gives (??) and (??). Furthermore the fact that det K = 1 yields the
recursion relation (?7?). Finally, computing the Lax matrix A using (??) gives

1 1
= (0. K)K ' + gKa_K_l +5.K <30+ — 203> K (2.38)

from which the [; may be extracted by projecting out the 1,2 element of A.

Remark 2.1. Substituting (??) and (??) into (??) yields

205b(z, 8) = — (02b(z, 5) + 4u(s)0sb(2, s) + 2u'(s)b(z,5)) + % (2.39)

N

We may compute b(z, s) by substituting (??) into the above equation, which yields

/
Oy =

= 07" + dul]; + 2u'l;, (2.40)
for j > 0 subject to the conditions £y = s/2 and {541 = 0. By iterating the above equation one obtains each /;
as differential-integro polynomials in u. The final condition ¢ = 0 yields an ODE for u of order 3k + 1, which
is an equivalent way to characterise the k-th PIII equation. The reason we prefer (??) is that it yields an ODE
for ¢1 of order 2k which coincides with the third Painlevé equation for & = 1.

Finally, it is interesting to note that (?7?) is precisely the recursion equation for the Lenard differential
polynomials appearing in the definition of the Painlevé I and II hierarchies. The difference between the Painlevé
I, 11, and III hierarchies lies in the initial condition; in the PI case it is £y = —4u, for PII £, = 1/2, and for PIII
£y = s/2. This difference in initial condition has a large effect — in the case of PI and PII the left-hand-side of
(??7) is always a total derivative and therefore the recursion relation can be integrated at each order; this is not
the case for the PIII hierarchy. O

Recall the definition of 1,19 in (?7).

Corollary 2.2. The -functions associated to ¥, defined in (?7?), satisfy the ODE system

Ya) s \is2(C+as™ % ( )= 1bs7U(s)?) —a+ Lbsm2U(s)) \¥2)’ '
where U(s fo s, a=a(s 'z s2), b= b(s~'z,52) and ¢ = c¢(s~'z,52), and are characterised as the

unique palr of solutlons to (??) with the asymptotic behaviour (?7)-(?7). O

Proof. Substituting (??) in the first equation of (??), and using (??), we obtain (??). The asymptotic conditions
are a consequence of conditions (c)-(d) of the RH problem for ¥, and the fact that these determine the solution
uniquely follows from the general theory for linear systems of ODEs. u
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2.2 Proof of existence of ¥

In order to prove the solvability of the RH problem for ¥, we consider its homogeneous version. This consists
of the RH conditions (a), (b), and (d), and has condition (c¢) replaced by

U(z) =0z x z_%‘”]\fezlﬂ‘”7 as z — 00. (2.42)

Lemma 2.3. (vanishing lemma) Let U satisfy the RH conditions (a), (b), and (d) in the RH problem for
U, and the homogeneous asymptotic condition (??). Then, ¥y(z) = 0. O

Proof. This was proved in ? for k = 1. The proof from ? is easily extended to the case k € N: equations (2.20)
and (2.24) in ? have to be modified in the natural way, but with the function H(z) as defined in equation (2.26)
in ?, it is still true that H(z) = O(1) as z — 0. The remaining part of the proof relies on this fact, but not on a
more precise description of the behaviour near 0, and the value of k is unimportant here. n

For a general class of RH problems, the vanishing lemma (i.e. the fact that the homogeneous RH problem
has only the trivial solution) implies the solvability of the non-homogeneous RH problem. This follows from
the description of RH problems in terms of singular integral equations. The existence of a solution of the RH
problem is then equivalent to the bijectivity of a certain operator. This operator is a Fredholm operator of index
zero and because of this, bijectivity follows from the fact that the kernel of the operator is trivial. Triviality of
the kernel is equivalent to the vanishing lemma. This procedure works for a fairly general class of RH problems,
as long as the RH problem is equivalent to a RH problem without singular points. The RH problem for ¥ has
a singular point at 0, but can be transformed to one without singular points using the representation (?7).

Define
~ R f 1
gy [¥E. forl> 1 o1
Uo(z), for |z| < 1.

Then, ¥ has no jumps inside the unit circle, but it has a new jump on the unit circle, which we choose with
clockwise orientation, given by

~ S k o
V2 ()T (2) = Wy ()0 (2) = (é g 2§Z)> o(=2) 280, (2.44)
on the part of the unit circle in ;. The RH problem for ¥ has no singular points, and the vanishing lemma
procedure thus applies to this RH problem, and to the RH problem for W. It follows that the RH problem for
U is solvable. For more details on the vanishing lemma and how it implies solvability of the non-homogeneous

3 Asymptotic analysis of the RH problem for orthogonal polynomials

The steepest descent analysis we will perform follows closely the calculations in ? (corresponding to the case
k =0) and in ? (corresponding to k = 1) which we will refer to extensively. The main difference is in the extra
condition imposed at z = 0. This will enforce us to construct a local parametrix near 0 which is not built out of
Bessel functions, but in terms of our model RH problem associated to higher order PIII equations instead.

3.1 Equilibrium measure preliminaries

As stated in the introduction, a central role in the steepest descent analysis is played by the equilibrium measure
du(x) = 1 (z)dz. For our purposes, we only need that the measure p is characterised by the conditions (?77?)-(?7).
Under our assumptions on V', namely the fact that it is such that the equilibrium measure p is supported on a
single interval [0,b] and that it is regular, by (??), the equilibrium density has the form

U(@) = 5=h() Ry (2)x 0 (2), (31)
where .
R(z) = (z - b) . (3.2)

The right endpoint of the support b > 0 is a constant depending on the potential V', h(z) is a real analytic
function in x and xjo 4 is the indicator function for the set [0,b]. The principal branch of the square root is
taken in R, so that R is analytic in C \ [0, b] and positive for z > b. Furthermore, we have h(x) > 0 for z € [0, b].
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In the steepest-descent analysis, the following functions will also prove useful. Firstly we define the “g-
function”

o(2)i= [ log(z = D)du(o) (3.3)

where the principal branch of the logarithm is taken, meaning ¢ is analytic on C\ (—o0,b]. Under the one-cut
regularity assumption which we imposed on V', the g-function has a number of properties we will make use of,
in particular

—~

g+(@)+g-(z) = V(x)—£=0 x € 10,0, (3.4)

gr(@)+g-(2)—V(z)—L<0  z€(b+00), (3.5)

)
b
9+(0) ~g-(a) = 2mi | w(a)da, (3.6)

Let us also define

£(z) = —% /b h(s)R(s)ds  for = € C\ (—o0,b], (3.7)

where the integration path does not cross the real axis. By (?7?) we have,
9+(2) = g-(z) = 264 (z), (3-8)
and using (?7), we obtain the identity

26(z) =2g(2) = V(z) — ¢. (3.9)

3.2 The RH problem for orthogonal polynomials

An effective way to characterise orthogonal polynomials with respect to a weight w is via the well known RH
problem due to Fokas-Its-Kitaev ?. In our case the weight w(x) takes the form

n (V(a:) + <i>k>] , (3.10)

w(z) = % exp

and the relevant RH problem is specified below.

RH problem for'Y

(a) Y :C\ [0,+00) — C?*? is analytic.
(b) The limits of Y as z approaches (0, +00) from above and below exist, are continuous on (0, +00) and are
denoted by Y and Y_ respectively. Furthermore they are related by

Yi(2) = Y (2) (é w(lf”)), 2 € (0, 400). (3.11)

(c) Y(2) = (I +0(271))2" as z — c0.
(d) Y()=0 <1 }) as z — 0.

This RH problem has a unique solution,

V(z) = <_ 5 ) pJnl?) ( )>, (3.12)

hnilpnfl(z _hn71Qn71 z

where p; is the degree j monic orthogonal polynomial with respect to the weight w(x), h; is the norm of p;, as

in (?77?), and
q;(2) : 1/ pi(@)u() (3.13)
0

r—z
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Fig. 2. The jump contour in the RH problem for S.

3.3 First transformation Y — T
Define

k

T(z) = e 50y (z)e 0@~ Hosg—#(£)"oa. (3.14)
The matrix T satisfies the RH problem below.

RH problem for T

(a) T:C\ [0,+00) — C?*2 is analytic.
(b) T has the jump relations

Ty (2) =T (x) (62”§+ e_if;_) : 2 € (0,b), (3.15)

0™ (x)
Ty(x)=T_(x) ((1) 15 ) ) x € (b, 0). (3.16)

(¢) T(2)
T

+0(z71) as z — 0.
(d) (1

I
n(t\k
o )e_f(?) 7% as z — 0.

(2)

3.4 Second transformation 7 +— S

We now perform the standard technique of opening the lens. This involves introducing a contour g =
(b,00) U3_; v; as shown in Figure ??. As can be seen in the figure the contour divides the complex plane
into three disjoint regions. We refer to the finite regions in the upper and lower complex half plane as the upper
and lower lens respectively. We then define

T(z), for z outside the lens,
1 0 .
S(z) = T(z) _ag-mEz) 1) for z in the upper lens, (3.17)
T(z) Z—ae—12n§(z) (1)> , for z in the lower lens.
It is then a simple matter to verify that S satisfies the following conditions:
RH problem for S
(a) S:C\ X5 — C**2 is analytic.
(b) S has the jump relations
g _g 1 0
+(Z) - —(Z) Z*O(ean.f(z) 1) z €7 Uns, (318)
0 z¢
S+(Z> = S,(Z) (_za 0 ) ) Z € 72, (319>
a,2n€(z)
S, (2) = S_(2) (é e > : 2 € (b, o). (3.20)
(c) S(z) =1+ 0(:71) as z — .
(d) The asymptotic behaviour of S near zero is
1, for z outside the lens,
n(t\k 1 0 for z in the upper lens
S(z) = 01)e 3(5) o5 5 { | —pmae=2me) 1) ’ (3.21)
Z—oce—12n§(z) (1)> , for z in the lower lens.

Remark 3.1. It is important to note that on the contour v U~s U (b, 00) away from the origin and b, the jump
matrices tend to the identity matrix exponentially as n — oo, t — 0. This suggests we may approximate S by a
global parametrix throughout the complex plane minus small neighbourhoods around the origin and b in which
it will be necessary to construct local parametrices. O
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3.5 The global parametrix: P(°)

Following on from Remark 7?7, a first approximation to S can be obtained by ignoring the entries of the jump
matrices which are exponentially suppressed as n — co. We define the global parametrix P(°°) (z) as a solution
to the RH problem obtained in this manner.

RH problem for P(>)

(a) P(>®):C\ [0,b] — C>*? is analytic.
(b) P has the jump relations

P (z) = P(2) ( 0. Z;) : 2 € (0,b). (3.22)

(c) P¥)N(2) =T+ 0(z71) as z — 00.

Note that this RH problem does not define a solution uniquely, since nothing is imposed on the behaviour of
P(>) near 0 and b. A solution to the above RH problem can be obtained by defining

z—0b

z

aogy

) " ND (b7tz) b7, (3.23)

P(®)(z) = 2703p 3 N (

where N =272 (I +i01), and where D is the Szeg6 function

a
272

D(z) == ———=, o(z) i =z4+V22 -1, (3.24)
¢(2z—1)2

in which the branch is chosen such that ¢(z) ~ 2z as z — oo and with cut on [—1,1].

3.6 Local parametrix near b

Given that the only difference between the RH problem for S appearing here and that of 7 is the local condition
(d) (??) near the hard edge 0, we see that the local parametrix required in a small disk U®) around the soft
edge b will satisfy exactly the same RH problem (up to a rescaling by b) appearing in [?, Section 3.6]. As is
shown in [?, Section 3.6], and is by now very familiar, the local parametrix near the soft-edge at b can be built
using the Airy model problem, and it satisfies the following RH problem.

RH problem for P(®)

(a) PO . U®\ $g — C2*? is analytic.

(b) P® has the same jumps as S restricted to the contours U®) N Xg.
(c) P®)(2) = P> (2)(I + O(n~')) as n — oo uniformly for z € U ®).
(d) S(z)P®(2)~! is analytic at z = b.

3.7 Local parametrix near the origin

We also require a local approximation to .S in a neighbourhood of the origin. This will take the form of a local
parametrix P(®) valid within a disk U(® of fixed size, characterised by the following RH conditions.

RH problem for P©)

(a) PO(2): U\ Bg — C?*2 is analytic.

(b) P has the same jumps as S restricted to the contours U(®) N Xg.

(c) PO(2) = P (2)(I + O(n~')) uniformly for z € 9U® in the double scaling limit where n — co and
simultaneously ¢t — 0 in such a way that 2_1/kclnLk+lt — s € (0,+00).

(d) As z =0,

—_

for z outside the lens
1
POG) = 01)e (1) ol | -ae—2mec)
1 0
Z—ae—Qng(z) 1

(1)> for z inside the upper lens (3.25)

> for z inside the lower lens
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A convenient way to construct P() is to first transform the problem to one with constant jump matrices. This
can be achieved by the transformation

PO(z) = PO(2)(—z) zomsens@Ion, (3.26)

Applying this transformation, we obtain a RH problem for pO).

RH problem for pO)

a) PO . s — is analytic. is follows from the properties o together with the fact that
PO UON\ ¥y — C2x2 lytic. This follows f h f PO h h the fact th
&y(x) — € (z) = 2mi for © € (—o0,0).

(b) P© has the jump relations,

PO(z) = PY(z) <_01 (1)> , Z €, (3.27)
ﬁj»O)(Z) = ﬁﬁo) (Z) <eﬂ'ia ?) s A E ’yl, (328)
pO) 5(0) 10

+ (Z) = Pf (Z) efﬂ'ia 1/ S V3. (329)

(c) PO(2) = PO (2)(I + O(n~1))(—z) 2203 n€()os yniformly for z € U, in the double scaling limit where
n — oo and simultaneously ¢ — 0 in such a way that 2*1/kcln2k%t — s € (0,400).
(d) As z—0,

I, for 2 outside the lens,
1 o
= n(t\k .
PO () O(l)e’f(?) o3 ()03 _e—ima 1> for z inside the upper lens, (3.30)
ei}“a (1)> , for z inside the lower lens.

We now make the connection to the model problem for ¥((, s) by asserting that the function P©) can be

expressed as
~ 2k

POz 1) = B(z)¥ <n2f(z), 2—%c1n%t) a3, (3.31)

where ¢; = bh(0)? > 0 and E(z) and f(z) are functions which we will now define. We take f to be

ﬂ@=4</h@R@%>- (332)
0
Then f is a conformal map from a neighbourhood of 0 to a neighbourhood of 0, with f’(0) = —¢;, and we have

1
enf(2)2 = (—1)7e™(2) | This follows from the definition (??) of & together with the fact that fob P(x)dx = 1. Let

2k+1

Smi =2 Fein Rt (3.33)

and assume that ¢ depends on n in such a way that s, lies in a compact subset of (0,400) for n sufficiently
large.

It can be checked in a straightforward way that (??) satisfies conditions (a), (b) and (d) of the RH problem
for Py. To satisfy property (c), we take

23
4

B(2) = (=1)"P™) (2)a3(—2)2°* N1 (n? f(2)) * . (3.34)

Using the jump relation for P(°) and choosing the branch cuts for (nzf(z))f and (—z)%o“73 on the positive
half-line, one shows that E(z) is indeed analytic in U \ {0}, with a singularity at 0 which is removable. See ?
for further details. For z € OU(®), we have that n?f(z) is large, and using the asymptotics (??) of ¥ at infinity,
which are uniform for s in compact subsets of (0,400), one easily obtains condition (c) of the RH problem for
P.
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3.8 Final transformation: small norm RH problem

Define

S(z)PC) ()7L, for z € C\ (U<0> UU® U zs),
R(z) = { S(z)PO(2)~1, for z € UO), (3.35)

)
S(z) PO ()=, for z € U®),
Then R satisfies the following RH problem.

RH problem for R
(a) R:C\ Zg — C**2, with

Sp=0U0 Uau® U (25 (U@ UT® U, b]))

is analytic, with the circles around 0 and b oriented clockwise.
(b) R satisfies the jump relation Ry (z) = R_(z)Jg(z) for z € X g, with

P(O)(z)P(OO)(z) Y for z € oU®),
Jr(2) = { PO (2)P(®)(2)~ 1 for z € OU®), (3.36)
P()(2)Js(2 )P<°°>( )7, forze€ g\ (UO UaU®),

where Jg denotes the jump matrix for S.

(¢) As z — oo, we have

R()_I+&+O( 2, (3.37)

where R; is independent of z but depends on n.

The above RH conditions are straightforward to verify using the properties of S, P>, PO and P®) . For
condition (a), one needs to verify in particular that S(z)P(®(z)~! is analytic at 0. To see this, one needs to
make use of the local behaviour of ¥ at the origin, see (??) or (??), and of the jump relations for S and P(®).

From the matching conditions for P(®) and P® with P(>), and the fact that the jump matrix for S is
exponentially close to the identity on X g \ (8U(0) u 8U(b)) as n — 00, we observe that

Jr(z) =T +0(n™1), z € ¥p,n — 0. (3.38)

This estimate holds in the double scaling limit where n — oo and simultaneously ¢ — 0 in such a way that
2 ket - s € (0, +00). By the general theory for small-norm RH problems [?, Section 7], this implies
that

R(z) =T+ 0(n™1), n — 0o, (3.39)

uniformly for z off the jump contour X in the double scaling limit.

3.9 Computation of the error

The estimate (??) will be sufficient for the proof of Theorem ??. For the proof of Theorem ?7?, we need
more precise asymptotics for R. To that end, let us be more precise in (??). In the remaining part of this
section, we will specialise to the perturbed Laguerre case where V(x) = . Then, b =1 and h(z) = 1. The
estimates below are valid in the double scaling limit where n — oo and simultaneously ¢ — 0 in such a way that
2=1/keim T S se (0, +0).
We can write 1
Jr(z) =1+ EJl(z) +0(n™?), n— oo, (3.40)

where the matrix .J;(z) is non-zero only on OU®) and 0U(). We will express the first correction term R in
the large n expansion for R, given by

R(z)=I+RY(2)nt+0n2), 2eC\Zg, n— oo, (3.41)
in terms of .J;. On AU, we can use (??), (??), and the asymptotics (??) for ¥ to conclude that

1 Ze — Tl Ot

36 = 7P (joriny o ) P (3.42)
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for z € QU . On the Airy disk, J; can also be computed using the explicit construction of the Airy parametrix
and the asymptotic behaviour of the Airy function for large arguments. After a lengthy computation which we
do not include here, we obtain

1 1 2%
J1<z>:mp<°°>(z> (62.j_a 6121>P<°°><z>17 (3.43)

for z € OUM), where f is a conformal map sending 1 to 0, with fv’(l) > 0. Substituting the large n expansion
(??) in the jump relation Ry = R_Jg, and noting that R(z) — I as z — 0o, we obtain

RH problem for R
(a) RV :C\ (oU® uoUWM) — C**? is analytic,
(b) R (2) = RM (2) 4 Ji(2) for z € U© UoUD),
(¢) RMW(z) = 0 as z — oo.

This scalar additive RH problem for R() can be solved explicitly, and the solution is given by

1 J1(§)

RM - =
(Z) 271 U uaU (1) f— z

dg, (3.44)

where the integral is taken entry-wise. By (??) and (??), we obtain

1
2min

R =— / J1(§)d¢ + O(nfz), n — 0o, (3.45)
U ®uoU (1)

and the term of order n~! in this expression can be easily computed using residue calculus. In the Laguerre case
where V(z) = x, we have as n — oo,

1 1 _a i(12a2 + 24a + 11 ro(1 i _
PO 3s( o 2 )\ _ —(; ‘)+om. (3.46)
n\ & (1202 - 24a + 11) L4e n

The first term comes from the Airy parametrix, the second term is the contribution of the parametrix near 0,
and contains the function r related to the k-th higher order PIII equation.

4 Asymptotic analysis for ¥ as s — +o0

In this section we compute the asymptotic behaviour for ¥(z,s) as s — 0o. As a corollary, we also obtain the
asymptotic behaviour as s — oo of the relevant solution to the k-th PIII equation. Our approach in this section
is based on a standard steepest-descent analysis.

4.1 Re-scaling of the model problem

We begin by performing a transformation Y — T which rescales the variable z in a convenient way. We define
T(z;8) = sﬁ”‘l/(s%z;s). (4.1)

Then we have the following RH problem for 7'

RH problem for T

(a) T:C\¥ — C?*2 is analytic, with ¥ the jump contour for .
(b) T has the same jump relations as ¥,

Ty (z) =T (2) (? 01> , 2es, (4.2)
To(z) = T_() ( L (1)) , N (4.3)

To(2) =T (2) (_efm (1)) , 2. (4.4)
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Fig. 3. The deformed jump contours appearing in the Riemann-Hilbert problem for .S. The dashed lines denote
the location of the original contours ¥; and X3.

(¢) As z — oo, T has the asymptotic behaviour

=k /0
T(z) = <I+ T17(s) + O(z2)> 2o Nt T Y 73 (4.5)
where
oz ke oo (q(s) —ir(s)\ kg,
Tl(S) — g Zk+1giki2 (zp(s) —q(s) s Tk1293 (46)

(d) As z — 0, there exists a matrix Ty(s), independent of z, such that T has the asymptotic behaviour

k
s2kF1

T(2) = To(s)(I + O(2))e V" s 5o gy (4.7)

for z € Q;.

4.2 Contour deformation

We now note that we can deform the contours ¥; and X3 to any contour in the upper/lower half plane. In
particular we deform 37 and X3 to the union of (zp,0) and ¥} and 3 respectively, where zy < 0 is a fixed point
which we specify later, and where X7, X% are shown in Figure ??7. Recall that the angle between 3, 3% (as for
31,X3) and the real line can be chosen freely between 0 and .

We denote the collection of contours by X = R~ U X} U X%, We see from the figure that this deformation
results in new regions Q; For z in region Qg for j =1,2,3, we define S to be the analytic continuation of T
from region 2; to region Q;

RH problem for S

(a) S:C\ X — C?*2 is analytic.
(b) S has the jump relations

G j), 2 € (=00, 20), (4.8)
( La?), zex, (4.9)
54@54@< i %, zexy, (4.10)
<egm ,r1a> , 2 € (20,0). (4.11)

(¢) As z — 00, S has the asymptotic behaviour

T 1 TR 1/2
S(z) = <I—|— 1(s) + O(z_2)> ZTEs Nes T2 Yo (4.12)
z
(d) As z— 0,
i, e,
S(z) =To(s)(I +O(2))e RT3 2208, (4.13)

Note that the only remaining sector around the origin is now €/, and this is the reason why H; in RH condition
(d) is replaced by H; = 1.
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4.3 The g-function

We define the g-function as follows,
9(2) = (2 = 20)**pr1(2)2 7%, (4.14)

where (2 — 29)%/? is defined to be analytic on C\ (00, 2] and positive for z > 2y, and where py_; is a monic
polynomial of degree k — 1 fixed by the condition

g(z) = (=) "F L 0(1), z—0. (4.15)

This fixes the polynomial p;_; and the constant zj, we have

k—2
proi(z) =21 Zﬁj2j7 (4.16)
§=0
ke o (25 + DN
Bj = (1) (=) ]Tj!7 (4.17)
2
2F=1(k — 1)1\ T
20 = — ((2]@—1)” ) (4.18)
where (25 + 1)! = (25 +1)(2j — 1) ...3.1. Note that we have
9(2) = 27 + g1z 4 o232 L O(:7?), 2 oo, (4.19)
where
3
91 = Pr—2 — 570; (4.20)
3 3
92 = gzg + Br-3 — 52051#2. (4.21)

We end this subsection by proving the following proposition which will be needed to show that the jump matrices
for U (defined below) tend to I as s — +o0, for z away from the origin.

Proposition 4.1. (i) For zy < z < 0, we have Re (¢g(z)) < 0.
(ii) There exists a 8 € (0,7) such that for 8 < |arg(z — z9)| < 7, Re(g(z)) > 0.

Proof. We rewrite (?7) as

9(2) = —(~=20) 7" <ZZO> B <1 - ZZO) % Pr—1 (;) : (4.22)

(4.23)

where

ﬁkfl(z) =

Now note that for 0 < z/z9 < 1, g(z) < 0, thereby proving the first part of the proposition. The second part
follows from the Cauchy-Riemann conditions if we demonstrate that Im g’ (2) < 0 for z < zy. To this end we

compute 1
g'(z) = (=20)7"" <ZZO> o <1 - ;) - (;) : (4.24)

k .
Goor(2) = —k (1 +y (2]23_]'1)"23) . (4.25)

Jj=1

where

Due to the negative coefficients in ¢, we have indeed that Im ¢/, (2) < 0 for z/2zp > 1, from which the proposition
follows. u



Random matrix ensembles with singularities 23

4.4 Normalisation at co and 0 of the RH problem

We now use the g-function to normalise the behaviour of the RH solution near the origin and at infinity. Define

_2k
U(Z; 5) = ([ + is%“gm_)S(z; 8)67521@4—1 9(=)os

This transformation leaves the jump contours unchanged and gives us the following RH problem for U.

RH problem for U

(a) U:C\ Xl — C**? is analytic.
as the jump relations
(b) Uh he jump relati

Uy (

0
/
U e~ T, _ 95~ 2k+1 a(2) 1) ’ z e 237
—r 25~ T
Ui(z)=U_(z ( Om e g(z)> , z € (20,0).
eTia

(¢) As z — 00, U has the asymptotic behaviour

U(z) = <I + U17(5) + 0(22)> 2749,

with
Ur(s) =(I +is™F g1o_)
<T1(s)(l—i52kk+1910—)+
1 e 5k ok Lo sk 3
§szk+1 g1l +isTFT1 groy — i(sTFT gy + 682’°+191)0>~
(d) As z — 0,

U(z) = Us(s)(I + O(2))z2 .
Note that we have
k
(U1)12(s) = is7 1 g1(s) + (T1)12(s),
and hence, by (?7?),
r(s) = isﬁ(Ul)lg(s) + s%gl(s).

(1) > z € (—00,20),

0
/
U ( T —25 2k+1g(z) 1) ) z e Ela

(4.26)

(4.27)

(4.28)

(4.29)

(4.30)

(4.31)

(4.32)

(4.33)

(4.34)

(4.35)

By Proposition ??, if we choose X, %) close enough to (—oo, 2p), we have that the jump matrices for U
converge to the identity as s — 400 on the part of the jump contour away from the real line. The off-diagonal
entry of the jump matrix on (zg,0) also tends to 0. The convergence is not uniform near zg, and therefore we
need to construct a local Airy parametrix near zy to model the jumps near zg, and a global parametrix to model

the jumps on the real line.

4.5 Global parametrix

Ignoring exponentially small jumps and a small neighbourhood of zy, we have the following RH problem which

we will solve explicitly.
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RH problem for P(>)

(a) P :C\ R~ — C?*? is analytic.
(b) P() has the jump relations

Pfo)(Z) = P (2) ((1) 01) ) z € (—00, 20), (4.36)
Pj_oo)(z) _ Pioo)(z)ef'friaag, s e (2070). (4.37)

(¢) As z — oo, P(™) has the asymptotic behaviour
PO (2) = (I 4P 0(2*2)) o, (4.38)
(d) As z — 0, P(>) has the asymptotic behaviour
P (z) = 0(1)z% . (4.39)

The solution to this RH problem can be constructed from the one in ? and is given by

) 2 . (4.40)

[N
[T I

() () — 1 R e RVl ).
Fe) (z‘a(%) 1>( 2 N(m—ww

4.6 Local parametrix near z;

Using the model RH problem for the Airy function, a solution to the following RH problem can be constructed
in a fixed size disk D around zg.

RH problem for P(?0)

(a) P0) is analytic in D\ ¥%.
(b) For z € DN, P(20) satisfies exactly the same jump relations as U.
(¢) For z € 9D, P*0) matches with the global parametrix,

PG (z) = PO (2)(I + O(s~F1)), s — +00. (4.41)
(d) U(2)P#)(2)~! is analytic at 2.

The construction of P(*0) proceeds in the standard way. We first introduce the matrix-valued function

) - v
<A1 (2) Ai(w Z) ) e~ %o for z € Q41,

Ai'(z) w?Ai'(
( < ?) , for z € Q4,

) , for z € Q4 3,

Ai(z)  Ai(w?2)

Ai'(z) w?Ai'( )
o i (4.42)

i'(z)  —Ai'( )

i(2) —w?Ai(wz)

Ai'(z)  —Ai'(

>

for z € Q4 4,

/N 7 N/
z

2mi

with w =¢€73

, Ai the Airy function,

My = 2me™ (1 0.> , (4.43)

and the regions 24 ; defined as in Figure 77. The function T solves the following RH problem.
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Fig. 4. The jump contour ¥ 4 for the Airy model problem.

Airy model RH problem

(a) T:C\ X4 — C**? is analytic where ¥4 = U} 3 4,.
(b) T has the jump relations

1 0
=16 (4 ). evan, (1.44)

0 -1
Ti(z)="T_(2) (1 0 > ) z €340, (4.45)

1 0
To(2) =T _(2) (_1 1) | Le s (4.46)

1 -1
YTi(z)="T_(2) (0 1 > , z€X44. (4.47)

(c) As z — oo, we have
() =2 %N (1 + O(f%) em3:% 0, (4.48)
Using the Airy model problem we can then write P(?0) as
k

PEO)(z) = By ()X (575 fu(2))e "7 9275 2), (4.49)

where 0(z) = et3miaos for +Tmz > 0, and f; is given by

fi(z) = g(—zo)‘% (1 - ;) l(;) 7k]7k—1 (ZZO)] % . (4.50)

Note that the specific form of f; has been chosen to satisfy —%(s%f)% = s%ﬂg. Furthermore, using
properties of py_1 it is straightforward to show that f; is conformal in D when D is sufficiently small, with
f1(20) > 0. Finally, we let

23

By (2) = PO (2)0(2) ' N~ (s f,(2)) T (4.51)
Again it is straightforward to demonstrate that E; is analytic in D thus showing that (??) possesses the correct

jumps. The specific form of E(z) is chosen as to satisfy the boundary condition (c) in the RH problem for P(%0).

4.7 Small norm RH problem
Define

_ U(z)p(oo)(z)ﬂ’ for € C\ D,
R(z) = {U(Z)P(ZO)(Z)—l’ for z € D. (4.52)

Then R is the solution to a RH problem normalised at infinity and with jump matrices uniformly close to the
identity as s — +00. One shows that

R(z,s) =1+ O(s™ 77), %R(z, s) = O(s~ =), (4.53)

uniformly for z off the jump contour for R, as s — +o00. Defining R; in terms of the large z expansion of R,

R(z) =1+ % +0(272), (4.54)

we have in particular that R;(s) = O(sfﬁ).
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4.8 Asymptotics for r(s) and y(s)

For z large, we have
U(z) = R(z)P™)(z). (4.55)

Comparing the large z expansions (??), (??), and (??) for U, P(°) and R, we obtain
Ui(s) = P(s) + Ri(s) = PP(s) + O(s™ #71), s — 0. (4.56)

It follows from (??), (??), and the large z expansion of P(*) given by (??) that
r(s) = T (Broy — £ 20) = (—20) 357 a + O(1), (4.57)

as s — oo. By (?7?), we obtain (77).

5 Asymptotic analysis for ¥ as s — 0

In this section, we compute the asymptotic behaviour of ¥(z, s) as s — 0. As a corollary, we obtain the asymptotic
behaviour as s — 0 of the associated solution to the k-th Painlevé III equation.

5.1 The Bessel model RH problem

If we set s =0 in the RH problem for ¥, we obtain a RH problem which is equivalent to the Bessel model RH
problem used in ?7?. This suggests that the solution to the Bessel model problem will be a good approximation
to W. For z close to the origin, this is not true anymore because of the singular behaviour of ¥ near 0 for s # 0,
which is not present for s = 0. This is the reason why we will need to construct a local parametrix near the
origin.

Bessel RH for T
(a) T:C\ X — C?*2 analytic, with
X=X UXoUXs
as in Figure 77.
(b) T has the jump relations

To(z) =T_(2) (‘1) ‘01> , ze T, (5.1)
To(z)=T_(2) (_el,,m ‘D : N (5.2)
To(z)=T_(2) <_e}m 2) , ze . (5.3)

(¢) As z — oo, T has the asymptotic behaviour
Y(z) = (T+0(z"1)) 2 1% Ne* o3, (5.4)

where N = %(I—i—ial).
(d) Conditions as z — 0;

(i) If & < 0 then T(z) = O <|Z|i |ZZ).

EEENEE
(i) If a = 0 then T(2) = O <10g 2| log |z|>_

log 2| Togle]
(iii) If & > 0 then

O |Z‘% ‘Z| ) for z € Oy
T(Z) o | e (5'5)
|Z\ ERE
O o |, forzeQyUQs.
2]72 |27
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The solution to the above RH problem can be constructed using Bessel functions 7?7, we have

T(z) = <I + (4?4 3)0> . <mjagi(i) Zféf(z)Q H,. (5.6)

when z € ;. In the construction of the local parametrix for ¥ near the origin, we will also require more detailed
knowledge of the behaviour of T at the origin. It can be verified that for z € ; and o ¢ Z, we have

oo 1
Y(z) = To(z)z = <(1) 2isifm> Hj, (5.7)
whereas for a € Z, we have
ac i(_1)o+1 vz
T(2) = To(2)2 " <é =(=1) . log %3 >Hj. (5.8)

In both cases T(z) is an entire function.

5.2 The local parametrix near the origin

Around the origin, T ceases to be a good approximation to ¥ due to the singular behaviour of ¥. We therefore
construct a local parametrix F' around the origin in a disk of the form D = {z € C : |z| < €} with € > 0 fixed but
sufficiently small. The construction done here deviates from the construction done in 7. We prefer this modified
construction because it is more natural given the behaviour of ¥ near 0 given in (77).

RH problem for F

(a) F:D\ X — C?*? is analytic.
(b) F has the same jumps as ¥ on X.
(¢) On the circle |z| = € we have the following matching conditions as s — 0,

F(z,5) = T(2)(I +O(s¥))  for a ¢ Z,
’ T(2)(I+O(s%)), foracZ.

(d) The function WF~! is bounded near z = 0.

The solution to this problem takes the following form,

F(z, ) = To(2) <(1) h@) (é f2(j’5>> kT (5.10)

where fa(z,s) is given in (??), Yo in (??)-(??), H; in (?7)-(??), and

h(z) = —f2(2,0) + #z", ifaé¢Z, (5.11)

2isin To

M) = —al2,0) + Lo V2

It is easily verified that h is an entire function.
Conditions (a) and (b) of the RH problem are direct, since F is of the form

Analytic function x <(1) fQ(i’s)) z%e*(*i)kHj

just like ¥, see (??), and therefore F has precisely the same jump conditions as ¥. To verify condition (c), note
that for |z| =€, a ¢ Z, by (?7?),

F(2)Y ()7
= To(2) G h(z) +1f2(z78)> o~ (—2)Fos ((1) 21nm> To(z)~!
=1+ 0O(s"), as s — 0. (5.13)

Condition (d) follows from (??) and (??). In the case a € Z, the RH conditions are checked in a similar way.



28 M. Atkin, T. Claeys and F. Mezzadri

5.3 Small norm RH problem

We can now construct a small norm RH problem. Define

(29T (2), for |z| > e,
Rz s) = {\P(Z,S)F(Z,S)l, for |z| < e. (5.14)

Then R is a small-norm RH problem and we have

R(z,8) = I+ O(s"), 5—0, (5.15)
and p
£R(z,s) = O(s*7h), s =0, (5.16)

uniformly for z off the jump contour for R.

5.4 Asymptotics for r(s) as s — 0

1 -
To obtain the initial condition for 7, we compute (¥e™** ”3N_1ZTB)12 as z — oo in two different ways; firstly
using (??) and secondly using the small s asymptotics obtained above. This gives

r(s) = é (1-402) +O(s5),  #(s)=O(s* 1), 50, s3>0, (5.17)

valid for any o« > —1. By (??), (??), and (??), we obtain (?7?).

Remark 5.1. Recall the asymptotic condition (??) for ¥(z,s) as z — oo. We used before that this condition
holds uniformly for s in compact subsets of (0,+00). As a consequence of the asymptotic analysis as s — 0
done in this section, it follows that this expansion is uniform even for s small. This implies that the matching
condition between the global parametrix and the local parametrix near 0 in the asymptotic analysis for the
orthogonal polynomials holds also for s, ; small, and that the error term O(n~2) for R in (??) is uniform also

1/kcln2kk+1 t — 0. We will use this fact later on. O

as n — oo and ¢t — 0 in such a way that 2~

6 Asymptotics for the kernel near the origin
The correlation kernel (?7?) can be expressed in terms of the matrix Y as
1 yw(z)w(y) - 1
Ky (z,y;t) = i w_y (0 1) Yi(y,t) 'Yy (x,t) E (6.1)

To prove Theorem 77, we use the large n asymptotics obtained from the steepest descent analysis in Section ?7.
By inverting the sequence of transformations Y — T +— S +— R, we may express Y (z) for z in the upper lens
region as

V(2) = 3o RE)B()W (n2(2), 2 egn ™ t) 75 o G g’) w(z)~ 1. (6.2)

Inserting this into (??), we obtain

—1i

(—1,-1)e T2, (n2f(y), sns) L7 (y)

X L(x)\II+ (n2f($)v Sn,t) EMTQGB(L *1)T7 (63)

Kn(z,y;t) = o———
(@,451) 2mi(x — y)

where L(z) := R(z)E(z) and s, given by (??). The boundary value ¥, is taken according to the oriented
contour ¥ in Figure 7?7, which means that we take the limit from region 23. We now zoom in on the origin
by defining z = —c;'n~2u and y = —¢; 'n~2v, with (as before) ¢; = —f’(0), and consider the asymptotics of
K, (z,y;t) in the double scaling limit where n — oo, ¢ — 0 in such a way that s, ; remains bounded. First we
note that

L™ (y)L(z) = I + (u —v)O(n™?), n — oo. (6.4)

Additionally we have
n’f(z) =u(14+0(n?)), n — oo, (6.5)
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and similarly for n?f(y). If s,,+ — s as n — oo, t — 0, with s € (0, +00), we have

\Ij+ (nzf(y)a sn,t) - \I/+('U, S)a \Ij+ (nzf(x)v sn,t) - \I/+(’LL, 5)' (66)

Substituting (??), (??), and (??) into (??), and moreover expressing ¥, in terms of the functions 1, and s
by (??), we obtain

1
lim K

o
n—oo Cln

< u v s > _ ria Y1 (u; 8)a(v; s) — b1 (v 8)a(u; 5)7 (6.7)

cin?’ cin?’ con?+l/k 27i(u — v)

after a straightforward calculation. This proves Theorem ?77.
Finally, using the asymptotics of ¥(z, s) as s = oo and s — 0, we can prove Theorem ??. In the case s — 0,
we have

e

V(e s) = (I + O(H) T4 (2) (_ 1) , (6.9

uniformly for z bounded away from zero. Now we can substitute the above expression and the expression (77?)
for T in terms of Bessel functions into (??). Using the resulting expression for v; together with the definition
of KFI! we obtain, in a similar way as in [?, Section 5.2], the first part of the theorem.

The limit of the kernel as s — oo is more complicated; one must invert the sequence of transformations
performed in Section 7?7 which mapped the RH problem for ¥ to the Airy model RH problem. The result of
this is that, for z close to zg, we have the s — oo asymptotics

U(z,s) =537 <I - is%gla,) R(s7"z,8)E1(s7"z,8)%

I for z € Q0 UQ, UL,
1 0

T(s3 f1(s"2))0(z) & \e ™ 1

for z € ) N Qs,
(6.9)

2) for z € ) N Q.

where n = 2k/(2k + 1). Using the above expression in (??) we can compute asymptotics for ¢; as s — oo in
the regions Q4 and Q] N 3, and in particular on the negative real line. Substituting these asymptotics into the
definition of KP/! we obtain the second part of the theorem.

7 Asymptotics for the partition function

In this section, we will prove Theorem ?? by deriving large n asymptotics for the partition functions in the
perturbed LUE and perturbed GUE.

7.1 The partition function in the pLUE
The main ingredient required to obtain asymptotics for ZﬁﬁCUE is a differential identity with respect to the
perturbation parameter . More general identities of the form below were obtained in 7?7, but for completeness
we give a proof of the differential identity relevant to us.

We note that the function z Tr (Y_I(Z)Y/(Z)) is not analytic at infinity: indeed it has a discontinuity on
the real line. However, since the discontinuity becomes exponentially small as 2 — %00, z Tr (Y’l(z)Y’ (z)) does
admit a full asymptotic expansion in negative powers of z as z — co. We have

2Tr (V7 ()Y (2) = % +0O(72), (7.1)

and denote Res.—o (2 Tr (Y '(2)Y(2))) := —c1, although strictly speaking this is not the residue at infinity,
because infinity is not an isolated singularity. The integral

fz Tr (Y7 '(2)Y'(2)03) dz

over a large counter-clockwise oriented circle {z : |z2| = M} is not exactly equal to 2micy, but it tends to 2mwic;
as the radius M tends to infinity. This observation will be important in the proof of the following lemma.
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Lemma 7.1 (cf. 7?7). We have

d n>4+an n _
= log Zﬁ’L,gaE(t) =—F+ EReszzm (zTr (Y~ 1(2)Y'(2)03)) .

Proof. Recall (??), which, after the substitution z; = t¢;, becomes

ZpLUE — tn2+o¢n§pLUE

nk,a nk,a
where .
ZE = = AP T e 05+ Mg,
* J[0,+00)" j=1
To evaluate Egﬁgf, we introduce monic orthogonal polynomials p; satisfying

/ Pe(@) P (2)W(2)dx = hgSpm, w(z) = z%exp [—n (tz + x_k)] .
0
Recalling the orthogonality conditions for p,, given in (??), we easily obtain

Pu(x) =t "pa(tr),  hy, =t Crtetlp,

A similar calculation for the Cauchy transform g, appearing in (?7?) shows that

Summarising, if we define

Y(z):= <_~27rz' Pno1(z) —-2x Ejnl(z)> ’

hp—1 hn—1

we obtain the relationship

Y (2) = t7"93t T 293Y (t2)t 203,

Expressing ZZLICUQE as ZPLUE — H;’;Ol h; and taking the logarithmic derivative of both sides, we get

n,k,a
oo [n—1 -2 ~
d.  =pLUE / pi(x) \ ow(x)
—log 28" 7 = = d
dt og n,k,a 0 Z h,J at Z,

=0

where we have made use of the orthogonality of the polynomials. This expression can be written as

where

(7.5)

(7.10)

(7.11)

(7.12)

The expression for the kernel I?n in terms of }7, similar to (?7), together with the jump condition for Y implies

the identity

1 - - ~ ~

K,(z,z) = e (’IT (ijl(x)Yi(m)ag) —Tr (Y:l(a:)Yi(ac)ag,)) )
i

for z € R, which combined with the fact that Tr(Y ~1(2)Y"(z)0s) = t Te(Y ~L(tz)Y (tx)os), gives

4 log Z”LkUE - x [Tr(YJr_l(x)Y_{r(x)ag) —Tr(Y Y (2)Y (z)o3)] dx.
dt 8k = qmit f

(7.13)

(7.14)
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Fig. 5. The contour of integration C = Cy + Cy + C3 + C4

To prove the lemma, by (?7?), we need to show that the above is equal to

SRes.oc (2 Tx (Y7 ()Y (2)0r))

To see this, consider the integral of zTr (Y ~!(2)Y’(z)o3) over the contour C depicted in Figure ??. One one
hand, this integral is equal to zero because the integrand is analytic inside the integration contour. On the other
hand, condition (d) of the Y-RH problem implies that for sufficiently small e, Tr (Y ~!(z)Y”(z)03) is bounded
on the circle C3, uniformly in e. Furthermore, condition (c¢) of the Y-RH problem implies

Tr (Y ' (2)Y'(2)03) = O(z72), 2z — <.

Therefore, letting € — 0, letting the radius of the large circle C; tend to infinity, and letting C5, Cy approach
the positive half-line, we arrive at the identity

—2miRes.— (2 Tr (Y '(2)Y'(2)03))
+ / e Tr (Y (2)Y(2)o3) do — / T (Y2l ()Y (z)o3) de = 0. (7.15)
0 0

Substituting this into (??), we obtain the result. [ |

We may now give the proof of the first part of Theorem ?7. We proceed by computing the residue at infinity
in (??). The expression for the matrix Y that is valid away from the support of the equilibrium measure (i.e.
outside the disks near 0 and b, and outside the lens-shaped region) is

Y (2) = e ¥ R(z) P (2)en 0= D753 (1) (7.16)

To obtain an expression for the residue, we compute the expansion as z — oo of the above expression and
substitute them into Tr(Y ~'Y’03), giving as z — oo,

Tr(Y 1Y 03)(2) = (7.17)

1 nkt® 1 1 _
2 (— o +2n(l+ %) — Tr(Pio3) — 2 Tr(Ryo3) + O(2 2)) .

Here, the quantity u; arises from the expansion of the g-function and is the first moment of the equilibrium
measure,

b
1 ::/0 xp(x)de, (7.18)

and the quantities P; and R; are defined as the functions of ¢ appearing in the z — co asymptotics of P(°) and
R,

Py

Py =1 —+ 0(z72), (7.19)
R
R(z) =1+ 71 +0(z72). (7.20)
In the Laguerre case, we have p; = 1, Tr(Pyo3) = —2«, and R; is given by (?7). Recall from Remark ?? that

the asymptotics for Ry are uniform also when ¢ — 0 very rapidly. Substituting all this in the differential identity
(?7), and integrating between 0 and ¢, we therefore obtain

Z‘DI%UE(t 1 t 1 1 2k+1 dt'
log k7 2 - (1 — 4a2) — r(27 % ) ) — +Ont 7.21
og Zf;kaE(O) n“top1 + 5 /0 (8( a’)—r(27kn "k )> y +0(n™), ( )

2k

in the double scaling limit where n — oo, t — 0 in such a way that s;,, = 27 in it s s € (0, +00). After the

change variables £ = 2_%71%%15, we obtain (77).
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7.2 The partition function in the pGUE
Proposition 7.2. Let ZPEUE 1 the partition function in the pLUE, defined by (?7), and let ZP9UF be the

n,k,a n,k,a

partition function in the pGUE, defined by (??). Then we have the following identities:

log Z5 B (1) =1og ZP50F | (1) +log ZPLkU’i (1), (7.22)
2
2n+2
log Z5"UF, L (8) = (n+a+ ) nlog 3 + (n+ 1) log +
2n 2n+1
k41
2n + 1 om 41 %
pLUE pLUE
loanJrlk:af— ( 2n+2 ) +10anka+1 (( m ) t) . (723)

O

Proof. Let pj(z;n,k,a), j =0,1,..., be the monic perturbed Laguerre polynomials defined by the orthogonality
relations

+o0 .
/ pj(@)pe(x)x®e n(ﬁ(;) )dx = hj(n,a, k)dje. (7.24)
0
Then it is well-known that .
log ZﬁLkUaE Z log hj(n, k, a). (7.25)

A similar identity holds for the monic perturbed Hermite polynomials p;(n, k,«), j =0,1,... defined by

t \k ~
/@(CU)W( )|z|**e” 8 (=4 (8)") gy = hj(n, k, a)dje. (7.26)
R
We have .
log ZﬁanE Z logﬁj (n, k, ). (7.27)

Using (??) and (??) and the uniqueness of the orthogonal polynomials defined by those orthogonality
conditions, it is straightforward to derive the following identities (similar identities can be found in [?, Appendix
BJ] and [?, Exercise 4.4]):

Poj(u; 2n, k, ) = pj(u®sn, k,a — 1/2), (7.28)
]/)\2j+1(u; 2”3 k7 a) = upy (u2; n, k7 o+ 1/2) (729)

This implies that

~ 1 ~ 1
hoj(2n, k, o) = hj(n, k,a — 5), hojy1(2n,k, ) = hj(n, k, o + 5) (7.30)
Using those relations together with (??) and (?7), we obtain
n—1 R n—1 N
log Z 2 = > logha;(2n,k,a) + > loghaj1(2n, k) (7.31)
=0 3=0
n—1 1 n—1 1
= Zloghj(n,k,af §)+Zloghj(n,k,a+§) (7.32)
j=0 j=0
LUE LUE
= logZ25VF | +1og 22500 . (7.33)
Similarly,
n—1
log ng_glEk N Zlog hoj(2n+1,k, o) + Z log h23+1(2n +1,k, )
Jj=0 7=0
- 1 1, - 1 1
= Zologhj(n—i— §,k7a - 5) + Zologhj(n—l— §,k7a+ 5)
- j=

1 1 1 1
=logA(n+1,n+ i,k‘,a - 5) +log A(n,n + 2’ k,a+ 5), (7.34)
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where
n K
1 —N(z;+(+
A(n,N, k, o) = —'/ Az)? Hx?e ( ( ’> >dx]—. (7.35)
n. [O,+OO)" j:1
We have
n n?+na pLUE N %
A(n, N, k, @) = (7) Z X)), 7.36
(Tl Oé) N n,k,a ( n > ( )
Substituting this into (??) completes the proof. u

The proof of (??) can now easily be completed by substituting (??) into (??)-(?7?).
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