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Abstract

We study the eigenvalue correlations of random Hermitian n x n matrices of the form
S = M + eH, where H is a GUE matrix, ¢ > 0, and M is a positive-definite Hermitian
random matrix, independent of H, whose eigenvalue density is a polynomial ensemble.
We show that there is a soft-to-hard edge transition in the microscopic behaviour of the
eigenvalues of S close to 0 if € tends to 0 together with n — 400 at a critical speed,
depending on the random matrix M. In a double scaling limit, we obtain a new family
of limiting eigenvalue correlation kernels. We apply our general results to the cases
where (i) M is a Laguerre/Wishart random matrix, (ii) M = G*G with G a product of
Ginibre matrices, (iii) M = T*T with T" a product of truncations of Haar distributed
unitary matrices, and (iv) the eigenvalues of M follow a Muttalib-Borodin biorthogonal
ensemble.

1 Introduction

We consider a class of Hermitian random matrices which are perturbed by additive Gaussian
noise, and investigate to what extent the microscopic behaviour of the eigenvalues is affected
by such a perturbation, in the limit where the size of the matrices tends to infinity. We take
the Gaussian noise to be a small multiple of a matrix from the Gaussian Unitary Ensemble
(GUE), which consists of Hermitian n x n matrices H with the probability distribution

1 . "
We‘5Tr(H2)dH, dH =[] dH;; T] dReH;dlmH,;. (1.1)

n j=1 1<i<j<n

Equivalently, the diagonal entries of H are independent identically distributed (iid) normal
random variables A/ (0,1/n) with mean 0 and variance 1/n and the upper triangular entries
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are iid complex normal random variables N <0, %) +iN (O, ﬁ) Adding a small multiple of a
GUE matrix, eH, to another random matrix M can thus be viewed as an entry-wise Gaussian
perturbation of M. The above normalization of a GUE matrix is such that the large n limit
of the mean distribution A of eigenvalues exists and is given by the Wigner semi-circle law

dA(z) = 217T\/4 “Pde,  zel-2,2). (1.2)

Gaussian perturbations of random matrices are closely related to random matrices with
external source. To see this, we note that, given M, the probability distribution of the random
matrix S = M + eH can be written as

1 n 2 n
—e MM s qS=T[dS; [ dReS;dmsS,;.

Zn j=1 1<i<j<n

This is known as the GUE with external source M [12, 40]. In our setting, the external source
matrix M is not deterministic but is itself a random matrix.
If M is a unitary invariant random matrix with probability measure

1 n
VO gy AM — H dM;; H dReM;;dImM;;,

n j=1 1<i<j<n

for some potential V', then our model is equivalent to a special case of the Itzykson-Zuber two-
matrix model [17, 8], which is defined as a probability measure on pairs of Hermitian matrices
(M, My), given by

?e—nTr(Vl (M1)+V2 (]\42)—7’]\4'1]\42)d]\41d]\427
for certain potentials Vi, V5. If we take

2
.
Va(z) = 2%/2, Vi(z) :V(x)—l—?mZ, T =1/€,
then it is straightforward to verify that M; and M, — 7M; are independent, that M; has the
same distribution as M, and that %Mg has the same distribution as the sum S = M + ¢H, see

also [16, Section 5.

The eigenvalues of Gaussian perturbations of (deterministic or random) matrices can al-
ternatively be realized as the positions of n non-intersecting Brownian paths with a common
endpoint and with (deterministic or random) starting points, see e.g. [24] and the recent work
[20].

In what follows, the random Hermitian n x n matrix M has to be independent of the GUE
matrix H and such that the joint probability density function of its eigenvalues is of the form

L A(@) det [ fii(a)

Z Alz)= [ (zr—z;), T1,. .., T, €R, (1.3)

n
k=1’ A
1<j<k<n
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for certain functions fy, f1,..., fn_1, and where Z,, is a normalizing constant. A density func-
tion on R" of this form is called a polynomial ensemble [26]. For instance, the eigenvalues
of unitary invariant random matrix ensembles and of certain products and sums of random
matrices follow polynomial ensembles [14, 25]. Polynomial ensembles are special cases of de-
terminantal point processes, their correlation kernel K, taking the special form

n—1
Ko(z,y) = > pi(®)g;(y), (1.4)
j=0
where p; is a polynomial of degree j, and g; is a linear combination of fy, ..., f,—1, such that
the orthogonality conditions
/Rpj(x)qk.(x)dx = 0k, g, k=0,...,n—1, (1.5)

are satisfied. Later on, we will focus on polynomial ensembles defined by functions f; supported
on [0,400), but for now, they can be general.

If the joint eigenvalue density of a random matrix M is a polynomial ensemble with corre-
lation kernel K, then it was shown in [14] that the eigenvalues of S = M +¢H, with H a GUE
matrix independent of M and € > 0, also follow a polynomial ensemble, with the transformed
eigenvalue correlation kernel

n I (p—g)2 — (y—t)2
Kale.y) = 2mie? /ﬁR/RK"(S’t)eQEQ(( " agds. (1.6)

In addition, if p,(x) = E[det(x] — M)] is the average characteristic polynomial of M, then the
average characteristic polynomial of S = M + eH is given by

P,(z) = E[det(z] — 5)] = Vi pn(8)e22 (=% gs. (1.7)

2mie JiR

The formulas (1.6) and (1.7) follow from [14, formulas (2.6) and (2.8)] after a simple re-scaling
argument, and they will be the starting point of our analysis.

Macroscopic eigenvalue behaviour

The macroscopic large n behaviour of the eigenvalues of M + e¢H is well understood thanks to
free probability theory: if M = M, is a sequence of random n X n matrices whose eigenvalue
distributions converge almost surely to a measure p and if M is independent of the GUE matrix
H = H,, then M and H are asymptotically free and we can apply results from free probability
theory [31, 36] to describe the limiting eigenvalue distribution of S = M + eH. Writing A, for
the rescaled semi-circle law,

B 1
272

d) () Ve — x2dx, T € [—2¢, 2€], (1.8)



which is the limiting macroscopic density of the eigenvalues of eH, it is well-known that the
limiting eigenvalue distribution of S is almost surely given by the free additive convolution
pw B A of pand A, see [10] for the definition and properties of the free convolution of a
measure 4 with ..

Another quantity containing global information about random matrix eigenvalues is the
zero counting measure of the average characteristic polynomial. The zeros of the average
characteristic polynomial are real and simple (see Lemma 3.1), and the zero counting measure
can heuristically be interpreted as a typical eigenvalue configuration. It can therefore be
expected that its large n limit coincides with the limiting (mean) eigenvalue distribution in
many cases. This is well-known for classical random matrix ensembles and was investigated in
a more general framework in [23]. The following result about convergence of the zero counting
measure of the average characteristic polynomial of S is not surprising in view of the above-
mentioned results from free probability. We will prove it in Section 3 directly using the integral
representation (1.7) and without relying on the more sophisticated results from free probability
theory.

Theorem 1.1. Let M be an n xn Hermitian random matrixz such that its eigenvalue density is
a polynomial ensemble (1.3), let H be an n x n GUE matriz independent of M, and let € > 0.
Write p, for the zero counting measure of the average characteristic polynomial of M, and v,
for the zero counting measure of the average characteristic polynomial of S = M + eH.

If, for sufficiently large n, the support of u, is contained in some n-independent compact
K, and if p, converges weakly to a probability measure i, then v, converges weakly to pH A,
where A is given by (1.8).

Microscopic eigenvalue behaviour

From now on, we consider polynomial ensembles supported on [0,+00) or on an interval of
the form [0,b]. We mean by this that the functions f; in (1.3) are supported on [0, +00) or
on [0,b]. Ensembles of this kind are said to have a hard edge at zero. Classical examples
of random matrix ensembles with a hard edge are the Laguerre Unitary Ensemble and the
Jacobi Unitary Ensemble. In these ensembles, the microscopic eigenvalue correlations near 0
are described in terms of Bessel functions. As we will see below, other ensembles may lead to
other types of microscopic eigenvalue correlations, described in terms of other functions, such
as Meijer G-functions or Wright’s generalized Bessel functions. A common feature of all hard
edge random matrix ensembles which we will study below, is the existence of a scaling limit
near the hard edge of the following form:

1
lim —K, (u ! ) = K(u,v), v>0, ueC, (1.9)

n—+oo cn”Y Cn’Y’ cnY

for some values of ¢,y > 0, and for some limiting kernel K(u, v), which depend on the particular
choice of random matrix ensemble.



If we consider a Gaussian perturbation of M of the form S = M +¢eH, even if € > 0 is small,
the matrix S is typically not positive-definite, in other words the hard edge at 0 is removed by
the perturbation. It is our aim to understand how scaling limits of the eigenvalue correlation
kernel near 0 of the form (1.9) change after the Gaussian perturbation. In particular, we want
to see what happens in double scaling limits where the constant € goes to 0 as n goes to infinity,
as this is the limit in which the soft edge of the spectrum (which we have for fixed € > 0) turns
into a hard edge at the origin, as can be seen in Figures 1, 3, 4, and 5. We now present a
general auxiliary result, which we will apply to several concrete examples later on. Given a
scaling limit of the form (1.9), it states that the scaling limit is preserved for the eigenvalue
correlation kernel of S provided that e — 0 sufficiently fast with n — oco. If € — 0 at a critical
speed, the limiting kernel K is deformed.

Lemma 1.2. Consider a sequence of n x n random matrices M such that their eigenvalue
densities are polynomial ensembles on [0,4+00) or on [0,b]. We assume there exist constants
v > 1/2, ¢,¢q,¢9,m0 > 0 and B € [0,1) such that the associated correlation kernels K, satisfy
the following conditions:

1. there exists a function K(u,v) such that

1
lim v’ —K, <u U) = v K(u,v), (1.10)

n—-+0o0o cnY cn”Y ’ cn”Y

uniformly for u in any compact subset of C and v in any compact subset of [0, +00). Here
VK (u,v) and v K, (=%, %) for v = 0 have to be understood as the limits as v — 0

cnY? enY
and it is assumed that these limits exist,

2. for every (u,v) € iR x [0, +00) and n > ny,

K (1, 0)] < cyo Py =8 geon (ull) (1.11)

Let S = M + ¢,H where H is a GUE matriz independent of M, and let K3 be the eigenvalue
correlation kernel (1.6) for S. Then,

. . . 1
1. if €, is such that lim,_, . €,n7"2 = 0, we have

1 r oy
lim — K% ( ) =K >0 1.12
im n o e (,y),  x,y>0, (1.12)

. . . 1
2. if €, is such that lim,,_, ., ce,n""2 = o > 0, we have

lim — &S (x Y ) - 212/ / K(s, t)ew? (=9 ~00%) grgs (1.13)
Tio iR JRT

n—+oo cnY Cn’Y7 cn”Y

uniformly for (x,y) in compact subsets of C2.



Remark 1. The rate of decay O (n%_’7> for €, appears as a critical speed at which the local
eigenvalue behaviour changes. When ¢, goes to 0 faster than the critical speed, the eigenvalues
of the perturbed random matrix M +-¢€, H behave locally near 0 as if there were no perturbation.
At the critical speed, a new limiting kernel appears at 0, given by (1.13). By a saddle point
approximation, it is easy to verify that

) 1
lim —
o—0 2mi0

/ / K(s, ) (@=9°=0-9) gtds — K(z,y) (1.14)
iR JRT

(the exponential part of the integrand may indeed be seen a sequence converging to the Dirac
d-function), which means that (1.12) and (1.13) are consistent.

Remark 2. Conditions 1 and 2 in the above lemma are designed in such a way that they
hold for a large class of random matrix ensembles. In some cases, we can just take § = 0.
However, it may happen that the functions f;(z) defining the polynomial ensemble (1.3) blow
up as ¢ — 0. This implies that the kernel K, (x,y) blows up as y — 0, and thus one cannot
expect (1.10) and (1.11) to hold for g = 0. This is why we allow 8 € [0, 1).

In the next section, we discuss several concrete examples of random matrix ensembles to
which we can apply Lemma 1.2.

2 Examples

2.1 Perturbed Laguerre/Wishart random matrices

We define the generalized Laguerre Unitary Ensemble (LUE) as the set of n xn positive-definite
Hermitian matrices equipped with the probability measure

1 n
ZTUE(det M)y e "B, dM = [[dMy;  []  dReMydimM;;, o> —1, ke N.
n,o, j=1 1<i<j<n

(2.1)
Similarly as for the GUE, the factor n in the exponential ensures the eigenvalues to remain
bounded as n — +o0o with probability 1. For « € N and k£ = 1, a random LUE matrix can be
realized as M = G*G, where G is a (n+«) x n complex Ginibre matrix, which has independent
identically distributed complex normal entries (0, 5-) + iN(0, 55). In Figure 1, we present
numerical samples of the perturbed LUE for different values of e.
The eigenvalues of a random matrix M with probability distribution (2.1) have the joint
probability distribution

1 n
~LU%A($)2 Hlx?e idx;, T1yenny Ty >0, (2.2)
n,o, 1=
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Figure 1: Numerical samples of the eigenvalues of M + eH, with M a 4000 x 4000 matrix
drawn from the LUE (with a = 0 and £ = 1), and H a 4000 x 4000 matrix drawn from the
GUE. The chosen values for € are 2, 1/2, 1/10 and 0. The case € = 0 is the unperturbed LUE.
The eigenvalues are represented in histograms of 200 intervals.

which is a polynomial ensemble (1.3) with f;(x) = zitee=me" on RY. The limiting eigenvalue
distribution g in this ensemble is almost surely given by a (generalized) Marchenko-Pastur law

of the form
du(z) = L \/ h(z)dx x € (0,b) (2.3)
2 Y ) Y N

for some n-independent b > 0 and polynomial h, positive on [0, b]. We denote

d
G = | M) e (0, (2.4)

z—x
for the Stieltjes transform of x. The limiting eigenvalue distribution of a Gaussian perturbation
S = M + eH is almost surely the free convolution p H A.. Its density can be shown to have
the form [33]

dpBA)(z)
44E;44}4u@¢@—aym—x% z € [ac, b, (2.5)

with h, positive on [a,, b.|. The density vanishes like a square root at both edges for any ¢ > 0,
whereas the density of u blows up at the left edge like an inverse square root.

In [37], large n asymptotics for the eigenvalue correlation kernel K, (z,y) of M have been
obtained using the Deift/Zhou steepest descent method [15] applied to the Riemann-Hilbert
problem for generalized Laguerre polynomials. In particular, by [37, Theorem 2.10 (a)], we
have

1
1MK(xy):K?ﬂ@m (2.6)

n
n—+oo cn?2 cn?’ en?

uniformly for z,y in compact subsets of (0, +00), with ¢ = bh(0)?. The limiting kernel KZesse!
is expressed in terms of Bessel functions of the first kind J, and takes the explicit form

3 JaVD) VI (V) = Ja(V)VETL(VE) (2.7)

2(z —y)

ngssel(x’ y) — x_%y



The Bessel kernel is usually defined without the factor z=2y? in front, such that it is symmetric
in x and y. The pre-factor is present in our situation because the polynomial ensemble kernel
is not symmetric, but it has no effect on the determinants defining the correlation functions
associated to the Bessel kernel. Using Lemma 1.2 and results from [37], we will prove the
following result.

Theorem 2.1. Let M be an n x n random matriz with probability measure (2.1), and let H
be an n x n GUE matriz with probability measure (1.1), independent of M. Write K2 for the
eigenvalue correlation kernel of S = M + €, H.

(i) (Sub-critical perturbation) If lim,, ens =0, then for xz,y > 0, we have

1
lim Ks(l“ y):ngssel<x,y>, (2.8)

n=+oo 2 ™ \cen2’ en?
with ¢ = bh(0)?, where h and b are defined by (2.3).

(i) (Critical perturbation) If lim, ;o ce,n2 = o > 0, then for z,y € C, we have

. 1 s{ T Y - 1 Bessel %((S—ﬂ?)Z—(t—y)Z)

lim 7KTL <m2, ch> == W/ZR - Ka (S,t)GQU dtds, (29)
and the limit holds uniformly for (x,y) in compact subsets of C2.

(iii) (Super-critical perturbation) If e, — 0 in such a way that e,n? — +00 asn — +oo,
then for x,y € C, we have

1 .
lim e Penn@Heeannly) _— ¢S (aen - sz,,aen B > = KA (z,y), (2.10)

2 n 2
n—-+0o0o 3 3 3
cenns enns ann?’

with ac as in (2.5), cc = e 263G (u) ™3, where u. is the unique negative solution of
the equation
1+ G (u) =0, (2.11)

with G, the Stieltjes transform defined in (2.4), and with

1/3

n'-z

Pen(2) = (ue = ac).

c.€?

The limiting kernel KM is the Airy kernel

Ai(u)Ai'(v) — Ai(v)Ai’(u).

Uu—vv

KA (u,v) = (2.12)
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Figure 2: Contours in the definition of the Airy kernel KA1

Remark 3. The natural interpretation of these results is as follows: if €, tends to 0 sufficiently
fast, then the perturbation is too weak to have an effect on the large n behaviour of the
eigenvalues near (. In this case we have the same Bessel kernel limit as for the unperturbed
LUE, even though 0 is not a hard edge any longer (for any € > 0 and n fixed, there is a non-zero
probability of having negative eigenvalues). On the other hand, if €, tends to zero slowly, one
is close to the fixed e case where one has, macroscopically, soft edges, which suggests Airy
behaviour. In (2.10), one should note that c, blows up as € — 0: it is of the order e~°. The
intuition behind this, is that the typical distance between eigenvalues near a. is of the order
e9n=2/3 If ¢, — 0 at the critical speed, the typical distance between eigenvalues is of the
order n=2 and it is on this scale that the actual transition between the Bessel and the Airy
kernel takes place.

Remark 4. One could consider more general LUE type ensembles with eigenvalue density of
the form . N
Z—A(x)2 11 x?e’”v(zf)dxj,
n j=1
where the monomial A\¥ in (2.1) is replaced by a polynomial V' (\). As long as V is such that
the limiting eigenvalue density blows up like an inverse square root near 0, it leads no doubt
that the results in [37] could be adapted to that case, but we do not investigate this further.

Parts (i) and (ii) of Theorem 2.1 will be direct consequences of Lemma 1.2. We need the
results from [37] to show that the conditions of Lemma 1.2 are fulfilled, and also to prove part
(iii). Here, instead of (2.12), we will arrive at a different representation of the Airy kernel:

1 et‘“’fvt

s —tesius’

. 1
KA (u,v) = 2/0 ds . dt
2 1

-1 (2.13)

with C going from e~ %00 to e 0o and C its reflexion through the vertical axis, as in Figure
2. Using integration by parts on the integral representation of the Airy function [32, Formula
9.5.4], one can easily check that both kernels (2.12) and (2.13) are indeed the same. It is

9
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Figure 3: Numerical samples of the eigenvalues of ;553 40003 Y;Y; + eH, where Y3 is a product of
three 4000 x 4000 (i.e., v; = 0 for j = 1,2, 3) Ginibre matrices, and H is a 4000 x 4000 matrix
drawn from the GUE. Because of the factor in front of Y3, the eigenvalues accumulate on [0, 1].
The chosen values for € are 2, 1/2, 1/10 and 0. The eigenvalues are represented in histograms
of 200 intervals. The first column for the e = 0 case has been truncated to 300 eigenvalues, its
actual value being around 1500.

worth noting that this type of formula (that other kernels including K2 also possess), is the

starting point of the Bertola-Cafasso method [7] for single/multi-time processes.

2.2 Perturbed products of Ginibre matrices

Products of Ginibre matrices have been studied intensively during the last years, see e.g. [2, 3,
4,19, 26, 27|. The squared singular values of products of m > 0 independent complex Ginibre
matrices follow also a polynomial ensemble with a hard edge at 0. Let Y,, = X,, X,,,_1...X},
with X; an (n+v;) x (n+ vj_1) matrix with complex standard Gaussian iid entries, and with
the X,’s independent. The v;’s are assumed to be non-negative integers, and 1y = 0. For
n fixed, it was proved in [26] that the joint density of the squared singular values of Y;, is a
polynomial ensemble. For m = 1, we recover the LUE with £ = 1 and a = v; after rescaling.
Numerical samples for perturbed products of Ginibre matrices are presented in Figure 3.

The correlation kernel for the squared singular values of Y;,,, or the eigenvalues of Y *Y,,, is
given by [27, Formula (5.1)]

/ is dtH 54—Vj—|—1)F(t—'rz—l—l)xty_s_l7
(2mi)? J-lyr F't+v;+1)I(s—n+1) s—t

Kn(z,y) = (2.14)

where ' denotes the Euler Gamma-function and where 3, is a closed contour encircling
0,1,...,n in the positive direction in such a way that Ret > —% for t € ¥,. The largest
eigenvalue of this ensemble is typically of order n™ [34], and it is therefore more natural for us

10



to rescale the kernel in the following way

_ 1. / s dt H (s+v;,+1) It —n+1) xty_s_lnm(t_s)'
(2mi)? J-Lir I't+v;+1)I(s—n+1) s—t

(2.15)

This is the correlation kernel for the eigenvalues of nimYn’;Ym. Using this normalization, it has
been shown [30, Theorem 3.2] that the zero counting measures of the average characteristic
polynomials converge (in the weak-* sense) to the Fuss-Catalan distribution [34]. We may
apply Theorem 1.1, and this implies that the counting measures of the average characteristic
polynomials of the perturbed random matrix nimYn*;Ym + eH converges to the free additive
convolution of the Fuss-Catalan distribution with the semi-circle law A, for any € > 0.

The microscopic behaviour of the eigenvalues near the origin is described by the following
scaling limit: we have [27]

lim ! ?( ° J ):Kf(x,y), (2.16)

n=+oo pm+1 npmtl’ pm+l

for z,y > 0, where

1 (s+1/- + 1) sinws aly~
KG [, / dt ! :
s (T,y) = (27rz) ~1 4R 5 I'(t+v;+1)sinnt s—t

s—1

(2.17)

The contour ¥ comes from 400 in the upper half plane, encircles the positive real axis and
goes back to +oo in the lower half plane, in such a way that Ret > —= for t € 3. The kernel
K$ can also be expressed in terms of Meijer G-functions. Recently, sme and Airy kernel limits
were confirmed rigorously in the bulk and at the right edge [28].

Using Lemma 1.2, we will prove the following result in Section 5.3.

Theorem 2.2. LetY,, = X, X;—1...X1, with the X;’s independent (n+v;) x (n+v;_1) complex
Ginibre matrices, vy = 0, and let H be an n x n GUE matriz independent of Y,,. Write K2
for the eigenvalue correlation kernel of S = nimY,;’;Ym + e, H.

(i) (Sub-critical perturbation) If lim, €xn™t3 =0, then for x,y >0, we have

lim
n—+oo pm+1

KS( r_ Y ):Kf(x,y). (2.18)

nm—H ) nm+1

(i) (Critical perturbation) If lim, ;o €,n™ "2 = o > 0, then for z,y € C, we have

1
lim KS< v ) / KG (s, t)e (== g5 (2.19)
27r202 R+

n=+oo pm+1 nmtl’ pm+l

11



Remark 5. In the super-critical regime, one expects Airy behaviour just like in the LUE case.
To prove this, one could try to follow the same steps as for the LUE, but this will become
considerably harder because the kernel K, is now expressed in terms of multiple orthogonal
polynomials instead of (generalized) Laguerre polynomials. We will come back to this issue
later on in Remark 11.

Remark 6. The limiting kernel (2.17) appears also at the hard edge of a matrix from the
Cauchy-Laguerre two-matrix model [6, 9]. For m = 2, this is the space of pairs of positive-
definite Hermitian n X n matrices with probability measure

1 det(M;)* det(My)be=Tr(Vi(M)+V2(M2))

— dM,dM: 2.2
Zn det(M; + M,)" B (220)

with a,b > —1, a+b > —1 and Vj, V5 two linear scalar potentials. The correlation kernel for
the eigenvalues of one of the matrices is given as a double contour integral similar to (2.14)
(e.g., for M;, we have vy = —a, v, = 0 and v = b). We expect that Lemma 1.2 can be applied
to this case as well.

Remark 7. A different type of (deterministic) perturbation of products of Ginibre matrices
has been studied in [21].

2.3 Perturbed products of truncated unitary matrices

Another example is given by the squared singular values of products of m > 0 truncated
unitary matrices. As for the previous case, we form Y,,, = T},,...T1, but now 7} is the upper left
(n +vj) x (n+ vj_1) truncation of a unitary matrix of size ¢; x ¢; drawn randomly from the
unitary group U(¢;) equipped with the Haar measure, as in [41] We assume that 1y = 0, that
V1, ..., V) are non-negative integers, and that £; > n +v; + 1 for j = 1,...,m. See Figure 4 for
numerical realizations of this ensemble perturbed by additive Gaussian noise.

If ¢4 > 2n+wvy, it was shown in [25] that the joint probability density of the squared singular
values is a polynomial ensemble, whose kernel is given by

Ky(z,y) =

1 /ds dtH I(s+14+v)Lt+1+4 —n)zty* 1' (2.21)
(27i)2 S Ft+1+v)I(s+14+¢6,—n) s—t
The contour C' leaves at —oo in the lower half plane, encircles the semi axis (—oo,—1) and
returns to —oo in the positive half plane, ¥, being the same contour as in Section 2.2. Moreover,
the contours C' and X, are not allowed to intersect. In [14], (2.21) was proved under the weaker
assumption Y7, ((; — n — v;) > n, instead of 1 > 2n + 1.
This kernel also has a limiting kernel appearing near the hard edge. As n goes to infinity,
we also have to let ¢4, ..., ¢,, go to infinity. For each ¢;, we may choose either to let ¢; —n go
to infinity, or to keep ¢; — n fixed. For each of these choices, the scaling leads to a different

12



e=1 e=1/10 e=1/30 e=0
T T

40

30 F

20 |

—0.2 0 0.2 0.4 0.6 0 0.2 0.4 0.6 0 01 02 03 04 05 06

Figure 4: Numerical distribution of the eigenvalues of Y5'Y5 4 eH, for H a 2000 x 2000 GUE
matrix and Y3 is the product of three 2000 x 2000 truncations of three 4005 x 4005 Haar
matrices. The chosen values for € are 1, 1/10, 1/30 and 0. The eigenvalues are represented in
a histogram of 200 intervals. The first column for the e = 0 case has been truncated to 200,
the actual value being around 550.

limiting kernel. We thus take J C {2,...,m} a subset of indices. We then let ¢y, ..., ¢, go to
infinity in such a way that
U, —n — 400, it k ¢ J, (2.22)

Define finally ¢, = n]l;¢,({; —n). The kernel (2.21) then has the following scaling limit [25,
Theorem 2.8] for x € C,y > 0,

1
lim —K, (a:, y) = Kzu(m,y)

n——+00 Cn, Cn Cn

_ 1 / ds/ ot ﬁ I'(s+1+wv;)sinns 1 C(t+ 1+ ) xty_s_l' (2.24)
(2mi)?2 J-lm  Jx o Pt +1+4wv;)sinat o T(s+1+ ) s—t

The contour ¥ is the same as in Section 2.2. Note that if J is empty, the limiting kernel (2.24)
reduces to the kernel (2.17). As eigenvalues of a product of truncated unitary matrices, the
eigenvalues of M remain bounded as n — +o00. It can be verified, in a similar way as we will
do in the case of products of Ginibre matrices, that the eigenvalue correlation kernel for M
satisfies conditions similar to those of Lemma 1.2, if we replace cn” by ¢, (see Remark 12).
This will allow us to prove the following.

Theorem 2.3. Let Y,, be a product of truncations of unitary Haar distributed matrices as
described above, such that the eigenvalue correlation kernel of Y'Y, is given by (2.21), and let
H be an n xn GUE matriz independent of Y,,. Write K2 for the eigenvalue correlation kernel
of S =YY, +e,H. Then, we have

(i) (Sub-critical perturbation) If lim,, €nCrn "3 = 0, then for x,y > 0, we have

lim —KS ("”y) — K, (z,y). (2.25)



e=2 e=1/2 e=1/10 A

1o
(=]

60 |-

a0

20 -

Figure 5: Numerical samples of eigenvalues of ﬁX *X 4+ eH, for H a GUE matrix and X a
1500 x 1500 matrix as described below (2.27), with § = 3 and a = 1. Values for ¢ have been
taken as 2, 1/2, 1/10 and 0. The eigenvalues are represented in histograms with 100 intervals.

(i7) (Critical perturbation) Iflim, ., enCal "3 = 0 > 0, then for x,y € C, we have

1 1
lim — K5 (x y) - /ﬁR /]R+ K (s, t)em (-2 ~=0) gyqs. (2.26)

n—+oo ¢, ¢ Cp o

Remark 8. If m = 1, we have a single truncation of a unitary Haar matrix. Its squared
singular values are in the Jacobi Unitary Ensemble, and in this case the kernel K,T ., reduces to

the Bessel kernel KBessel,

Remark 9. Here again, we expect a super-critical regime leading to the Airy kernel. See
Remarks 5 and 11.

2.4 Perturbed Muttalib-Borodin biorthogonal ensembles

The last example consists of random matrices for which the joint probability density of eigen-
values is the Muttalib-Borodin Laguerre ensemble [11, 29]

n

1
A [TOw = 2)0 = XD [T Age™,  6>0,a> —1. (2.27)

n i<k j=1
Such densities can be realized as eigenvalue densities of random matrices, see [1, 13, 22]. In [22],
the authors constructed a random matrix with this eigenvalue density in the following way, in
the case where 0 is a positive integer and o a non-negative integer. Define «;, j = 1,...,n by
a; = 0(j — 1) + . Then, consider the matrix X of size m x n, m > n, whose (j, k) entry is 0
if j — k > a4, and following independent standard complex Gaussian distributions otherwise.
In other words, X is a complex Ginibre matrix, but with the entries in a certain region in the
lower left corner of the matrix replaced by zeros. The eigenvalues of such matrices are shown
for # = 2 and @ = 1 in Figure 5. The density of the eigenvalues of %X *X is then given by

14



(2.27). The eigenvalue correlation kernel of ZX*X can be expressed as [22]

s—1,t

1 _ A VL S—I—l LS —ay
K, = @ y>/ d / dt S+t 2.28
() (2772')26 ¢l s =t " 1;[ t—ay’ (2.28)

with C, a contour enclosing «, ..., o, and C' starting at —oo in the lower half plane, enclosing
C, and going back to —oco in the upper half plane. An alternative expression was given in [39]:

M Cpspor L (s DI +1+0s)I(t —n+1)

K, (x, d dt . (2.29
(@y) = criR S s—t Ft+D(a+1+0)(s—n+1) (2:29)
with ¢ = —% + %maX{O, 1 - O‘“} and X a closed counter-clockwise contour going around
0,1,...,n —1 and for which Ret > c.
It admits the hard edge scaling limit [11, 22]
. 1 € Y _ MB
n1—1>r—ir-1c>o nits K <n1+§ ’ n1+§> - Kaﬁ (z,9), reC, y>0, (2.30)

where the limiting kernel K}'¢’ is given by

0 0s=1yf" (s +a+ 1) (s + 1) sin7s
KMB — () / / 2.31
a0 (z,9) (2ri)? \z b ds dt s—t T(Ot+a+1)T(t+1)sinat’ (2:31)

with ¥ starting from +oo in the upper half plane, enclosing the positive real axis and going
back to 400 in the lower half plane, and C? consisting of two rays starting from —% and making
an angle 0 < 0 < 7 with the vertical axis, oriented upwards.

Similarly as in the previous cases, we have the following result.

Theorem 2.4. Let M be a random matriz with eigenvalue density (2.27) and correlation kernel
(2.28), and let H be an n x n GUE matriz independent of X. Write K2 for the eigenvalue
correlation kernel of S = M + €, H.

1

(i) (Sub-critical perturbation) If lim, €nit: =0, then for z,y > 0, we have

1
lim — 1K§( — ):Kg{g(a:,y). (2.32)

n—+o0o gt n%—l—l’ n%—l—l

(i) (Critical perturbation) If lim, ;e €,n072 =0 > 0, then for z,y € C, we have

1 1
lim —— K < T Y >: _ / KB (s, e (0 ) gyas, (2.39)
iR JR

1 1
n—+oo pgt+l natl’ pstl 2mio? Ji
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Remark 10. The hard edge scaling limit (2.30) was derived in [11] with a different expression
for the limiting kernel,

1
Kgg(x,y) = an/o J(a+1)/9,1/0(JCU)JaH,e(ZJU)GUQdU; (2.34)
where J,; is Wright’s generalization of Bessel functions given by

Jap(T) = f m (2.35)

=0

If 1/6 € N, this limiting kernel can be expressed in terms of the kernel K& appearing for
products of Ginibre matrices, see [26, Section 5].

Yet another hard edge limiting kernel was obtained in [5, 38] in random matrix ensembles
with singularities of the form

1
76—nTr(M+tk/Mk)dM

2 2,
7 : €N, (2.36)

on the space of n x n positive-definite Hermitian matrices. A limiting kernel was obtained
which can be expressed in terms of the Painlevé III hierarchy, the corresponding value of v in
(1.9) is v = 2. We believe that Lemma 1.2 can also be applied to this ensemble, but a detailed
study would lead us too far.

Outline

In Section 3, we prove Theorem 1.1 on the convergence of the zero counting measures of the
average characteristic polynomials. In Section 4, we prove the central auxiliary result of this
paper, Lemma 1.2. Parts (i) and (ii) of Theorem 2.1 on perturbed LUE matrices are proved in
Section 5.1, and part (iii) in Section 5.2. In Section 5.3, the proof of Theorem 2.2 on perturbed
Ginibre products is given. The proofs of Theorem 2.3 and Theorem 2.4 on perturbed products
of truncated unitary matrices and Muttalib-Borodin ensembles are similar to the Ginibre case,
as we explain in Remark 12 without giving details.

3 Proof of Theorem 1.1

In this section we give the proof of Theorem 1.1. We first need a general result about the zeros
of the average characteristic polynomial.

Lemma 3.1. In a polynomial ensemble of the form (1.3), the average characteristic polynomial

pu(2) =E ( iz — a:])> has n simple real zeros.
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Proof. The average characteristic polynomial has real coefficients and satisfies the orthogonal-
ity conditions

[p@fi@dr =0, j=0,.n-1

If p,, would have a non-simple or non-real zero zy, we can write p,(z) = (z2—2¢)(2—20) (ZZ;% akz’“)
with a,,_o = 1. By the orthogonality conditions, we have

n—2
Zak/ka(]x—zOIij(x))dx:O, j=0,...,n—1.
k=0

If this homogeneous linear system has a non-zero solution (ao, ..., a, o), then the coefficient

matrix is of rank < n — 2, so the extended n x n matrix (f |z — ZO|2?L‘kfj(£L‘)d£L‘> - | Is at
J,r=0,...,n—

most of rank n — 1 and has zero determinant.
But on the other hand, by the Andreief identity, we have

1 n
et </R = - ZO|2xkfj<$>dx> - A(w) det (f5-1(2h)) jpmr,..m 1T 125 = 20/ de;,
=1

k=01 n! Jen
which is strictly positive as it is equal to %E ( by lmy— z0|2>. This is a contradiction, so p,
has only simple real zeros. O
The proof of Theorem 1.1 now relies on the following two lemmas.

Lemma 3.2. Under the conditions of Theorem 1.1, the sequence of functions

fulz) i= [ 1og(1 = s/2)d(pn — 1)(5) (3.1)
converges to 0, uniformly for |z| > r, where r is such that r > max{|w| : w € K}.

Proof. Point-wise convergence of f,, to 0 follows from the weak-* convergence of u, to u, since
log(1 — s/z) is continuous for |z| > r. To prove uniform convergence, we note first that f,(z)
is uniformly bounded: we have

() < [ 11081 = 5/2)ldua(s) + [ 1log(1 = s/2)du(s) <2 _max [log(1—s/2)|. (3.2

|z|>r,s€e K

If we define h,(z) = f.(1/2), h,(2) is a uniformly bounded sequence of analytic functions on
|z| < 1/r, which converges point-wise to 0. By Vitali’s theorem, it follows that h, converges
to 0 uniformly for |z| < 1/r, and hence f,(z) converges to 0 uniformly for |z| > r. O

For any compactly supported probability measure p on R, we define

T

where we choose the logarithm corresponding to arguments between —m and 7.

dp(s), (3.3)
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Lemma 3.3. Under the conditions of Theorem 1.1, let P,(z) be the average characteristic
polynomial of S. For |Re z| large enough, we have

1 1 ,
i~ log Py(2) = g,(5:() + 55(2 = 5:()* (34

where s.(z) is the solution in s of G,(s) + € (s —2) =0,

Proof. Writing p,, for the average characteristic polynomial of M and p, for its zero counting
measure, we have the identity

pu(2) = [1: = 57) = e, (35)
j=1
where z](n), j=1,...,n are the zeros of p,.

From the transformation formula (1.7) for P, in terms of p,, we have

(z —s)% (3.6)

\/ﬁ nFy(s;z . R 1
P.(z) = el (52) s, F.(s;2) == gu,(s) + 5e2
Since g;, (s) = O(1/s) as s — oo, uniformly for n large enough, the saddle point equation
F!(s;z) = 0 has, for z sufficiently large, a unique solution s.(z) such that s.(z) ~ z as z — o0,
by the inverse function theorem.

In order to obtain large n asymptotics for P,(z), we deform the integration contour iR in
(3.6) to the steepest descent path 7y = =, passing through s.(z) and on which the imaginary
part of F),(s; z) is constant. For |Re z| large, v makes a small angle with the vertical line trough
s¢(2), and therefore it remains outside of the compact K. We have

Re F)/(s;2) = Reg), (s)+ e2=¢240 <3_2) , 5 — 00,

and this implies that Re F}, achieves its unique local maximum on v at s.(z). We can use the
saddle point method to approximate the integral in (3.6) in the following way, for z sufficiently
large, as n — oc.
We may choose an implicit parametrization -, (t) of the steepest descent path -, by im-
posing
Fy(ya(t); 2) — Fa(se(2); 2) = _t2’ t €[-0,4], Im %,,(0) > 0,

for some sufficiently small 6 > 0, and such that |v,(t)| = 1 for |[¢| > §. We can then write the
integral in (3.6) as

5
nFu(si2) 7o _ nF(sc<z>;z>/ g / - () o Fn (v (D)52)
e ds=e¢e w(t)e dt + w(t)e dt. 3.7
L _57 (t) R\[—5,5]7 (t) (3.7)
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Since Re F),(s; z) has its unique global maximum on =, at ¢ = 0 and grows as t — =+o0, the
second term is O(e"Fn(5e()=""1) as n — +4o0. For the first term, note that 4, (0) = i 2

F}l(sc(2)i2)”
Moreover, there is a constant C' > 0 independent of n such that
[Vu(t) =7 (0) < Clt], ¢ € [=0,0].
From (3.7), we now get

/ 6nFn(s;z)dS =3 2 6nF(sc(z);z) /5 G_nt2dt
v FY(se(2); 2) 3

s
+ O (/ |t|e—7’lt2dt> + O (en[Fn(Sc(Z))_n2]) , (38)
-5
as n — 0o. Evaluating the integrals as n — oo and substituting in (3.6), we finally obtain

1 1 ,
P,(z) ~ EFT’Z’(SC(z); z)T2enEnlse(2)iz) n — 400, (3.9)

for |Re z| sufficiently large. It follows that

ilog Po(2) = gu,(s.(2)) + 2162(2' — 8:(2))% + o(1), n — +00.
Using the fact that
Gt = 9u(2) + Fa(2), with fu(2) = [Tog(1 = s/2)d(stn — 1)(s) (3.10)

and Lemma 3.2, (3.4) now follows easily.
[

Proof of Theorem 1.1. Using the general definition of the free convolution, it was noted in [10]
that the free convolution of a compactly supported probability measure u with the semi-circle
A satisfies the equation

Guaa. (5 + €Gu(s)) = Guls), (3.11)

for s sufficiently large. In other words, if s.(z) is the solution of G,(s) + e 2(s — z) = 0, we
have

Gron. () = Gu(s.(2). (3.12)
This implies, after a straightforward calculation,
d d 1 9
g2 = o () + 55z = 5P (313)
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and upon integration, we obtain

o () = 9u(50(2) + 552 = 5.(2))" (3.14)

since both the left and the right hand side behave like log z + O(271) as z — oo.
By Lemma 3.3, we have

lim llogP (2) = gumr.(2) (3.15)

n—+oo n,

for |Re z| sufficiently large. This implies that there exists an n-independent compact K such
that P, has no zeros outside K, for n sufficiently large. By Helly’s theorem, (1,),, and every
subsequence of it, has a weak-* converging subsequence. We claim that every such converging
subsequence (v, )i converges to pH .. If so, it is easily seen by contraposition that the whole
sequence v, converges to pH A..

To prove the claim, we suppose that a subsequence (v, ), converges in weak-* sense to
some measure v. We then have

kkrfm;klog P, (z)= hm /log (z = 8)dvy, (s) = g3(2), (3.16)
for z outside K, and combining this with (3.15), it follows that g; = g,m»,. Since the supports
of 7 and p B A are both contained in R, ¢g; and g,m), are analytic in C \ R, and by analytic
continuation we have in particular that Re g; = Re g,m», everywhere in C except possibly on a
set of 2-dimensional Lebesgue measure 0. We can then use the unicity theorem [35, Theorem
I1.2.1] to conclude that 7 = p B A..

O

4 Proof of Lemma 1.2

We will now give the proof of the central lemma of this paper. We assume that the conditions
(1.10) and (1.11) hold.
Replacing » and y by % and % in (1.6), and substituting s = % and ¢ = _ in the

vy vy nY
integrals, we obtain the identity

1 s <x y) n'™ // ( v> B (e =) g )
en?” " \eny en? 2mic2e? R+ CnY Kn cn’ en? ’

By (1.11), we have
LKH (u7 U) <
cn cnY’ en”

which implies that we can use the dominated convergence theorem in (4.1) if n — 400, €, — 0

1 _g <
A Be® (IUI+\v\)7
cl=8

in such a way that lim, cenrﬂ_% = ¢ > 0. Using (1.10), we immediately obtain the limit
(1.13), point-wise for z,y € C.
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To see that the limit is uniform for (z,y) in compact sets and to treat the case where
lim,, 4 oo enn'“% = 0, we need the following technical estimates.

Lemma 4.1. Let K, : C x Rt — C be a sequence of kernels satisfying condition (1.11).
Assume that |z|,|y| < r and let w > 0. Then, for n and R sufficiently large, the following
estimates hold:

/ /R A (S t) o2z (@520 gy s
iR\[-iRiR] Jo cnY cnY’ en?

R 2
9%¢, R“F 627§+§+2%R

>~ CI—BI—BR—T—%%)QW e 2w2, (42)
+oo 1 S t 1 2 2 2w €w2+2R;+2C2R B2
2 V) oz (@=s)i=(y—1)%) 20722
‘/ en?Y Ko (CnV’ an) ex dtdS‘ 01 B R—r— C—2w2w et (43)
- 53R+2—7R—2
/ /+ LKn (8 t) 620%2((:6 8)2—(y—t)? ) dtds 2Cl e’ w? W2, (4'4)
iR\[-iR,iR] JR €Y cnY’ en? B 01—5 (R —-r— %WQ)Q

Proof. To prove inequality (4.2), we first use condition (1.11) to get

/ /R A (‘97?5) o2z (@52~ (-0) gy
iR\[—iR,iR] JO N7 cn?’ en?
<5 / e 1ol ez 1" g / C BBt gy (4.5)
=B JR\[-R,R] 0

The choices of R and r then allow us to estimate

'r2 ‘9‘7‘ 2 ( t) ’7‘2 Rr t2
< ew?ew?e ) and e~ 2w y= < ew?ew?e 207, (46)

2 (z—is)?

€ 2w

Using these two things, and the symmetry along the imaginary axis, we have

/ /R A (3 t) o2z (=520 g s
R\[-iRR] Jo cnY cnY’ en

2¢; R'"P 2 m RIS SR O
< 171/31 Beﬂe 2672R/ e ?senz =) g, (4.7)
C - —_—

We may integrate by parts the integral at the right and doing so, we obtain

R

R R2
+oo ¢ (257—?) w2€c Jrlf 400 e sr o2
/ ¢ oent ds o 3 —/ gee w2 rds
c2
R R — w S—T’ CZWQ)
©2 py Br_ R%
w € CR+ 202

(4.8)

R—r— 24?2 ’
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which yields (4.2).
The proofs for inequalities (4.3) and (4.4) are very similar. For (4.3), the only thing that

changes is that the roles of s and t are interchanged. For (4.4), we need to use inequality (4.8)
twice. [

We now proceed with the proof of Lemma 1.2. To see that the limit (1.13) is uniform for
x,y in compact sets, we assume that |z|, |y| < r and choose R > r, as in Lemma 4.1. Define
the three ensembles

Uy := [—iR,iR] x [R, +00), Us := (iR\[—iR, iR]) x [0, R] and Us := (iR\[—iR,iR]) x [R, +00),

and write &, := ce,n?"2. By (4.1), we have

Lo (l’ y>_ 1 / / K(s, f)erts (@9~ 0-0%) g
en?” " \eny en? 27m'02 R JR+ ’
[ [ (s (o) <))
2’/TZ€2 v Kn cn’ en?
/ / St 625}%((96—5)2—(1/—15)2) _ 1 e%((:v 5)2—(y—1)?) dtds
2mie2 2mio2

23: // ( > (T (=0
— |cnY cnY’ en

27r02

K(s, t)esz (@) (yt)z)dsdt‘. (4.9)

In the limit where n — 400 and &, = ce,n?""/2 — ¢ > 0, the first term at the right hand side
of the above expression tends to 0 uniformly for |z|, |y| < r because of (1.10). The second term
at the right tends to 0 as n — co by the dominated convergence theorem. The remaining terms
at the right can be estimated using Lemma 4.1 with w = €, and become small (uniformly in z
and y) as R gets large. Since the left hand side does not depend on R, we can take R as large
as we want, and this implies that we have (1.13) uniformly for |z| and |y| smaller than r.

We now deal with the case where €, — 0 as n — +o00. By (4.1), we have

1
2t Kf(i L)
cn” cn” o en”

v
K, |— e?
271'262 / iR ZR] /[o R] en? (cm ch)

L ((z—u)?—(y—v)?
// K, ( v> e ((e-w?~-v) )dvdu, (4.10)
271'262 of v cn’ en?
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where we have cut the integral in the same 4 parts as before. We may use Lemma 4.1 with
w = €, and we get that the three terms in the sum on the last line tend to 0 as n — +oo,
provided R is sufficiently large. In the first term, we can deform the integration contour for u
to 1= [—iR,x —iR|U [z — iR,z + iR U [z +iR,iR|. This does not change the integral since
K, is analytic in u. We use the convergence in (1.10), which is uniform for v and v on their
respective integration contours, and obtain

1 / / LK (u v) paz (e =w=v?) )
2mie2 Ji—irir) Jjo,r) cn?” " \en? en?
1 _ L ((2—w)2—(y—)?)
K 1 ﬁ 26%
2mie? /j/[O,R] ( (u,0) + o(1)0 ) ‘

Since R is arbitrary, we can take it large enough so that the contribution to the integral on
the paths [—iR,z — ¢R] and [z + iR,iR] is small in n. Then, the contours [z — iR,z + iR)]
and [0, R] are the steepest descent contours of the u- and v-phase functions, respectively. This
allows us to apply the usual saddle point method to the integral, which gives

dvdu, as n — +oo. (4.11)

1, / / (K(u, v) + 0(1)@‘5) o7 ((I_u)Q_(y_v)2)dvdu = K(z,y)+o(1), as n — +oo,
271€2 Jz—iRa+iR) J[0,R]
(4.12)

for x,y > 0 fixed. Note that the error term is not uniform as y — 0. This completes the proof
of Lemma 1.2.

5 Proofs of applications

5.1 Proof of Theorem 2.1: sub-critical and critical cases

For the proof of parts (i) and (ii) of Theorem 2.1, we only need to verify that the conditions of
Lemma 1.2, namely (1.10)-(1.11), are satisfied. It should be noted that it is important to have
uniformity of (1.10) for w in any compact subset of C and v in any compact subset of [0, +-00),
and therefore (1.10) is not a direct consequence of (2.6).

Define p,, n = 0,1, ... to be the normalized orthogonal polynomials with respect to the
generalized Laguerre weight w(z) = 2%¢~"*". Let Y, be the matrix-valued function

Vi ( Lpa(2) LCO(pw)(2) ) | 51)

—2Tikp_1Pn-1(2) —2mik,_1C(pr_1w)(2)

where k; > 0 is the leading coefficient of p; and C'f is the Cauchy transform

Cf(z) = ! /OJFOO /() ds, for z ¢ [0, 400). (5.2)

211 s —z
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Figure 6: The four regions in which the asymptotics of U,, are expressed differently.

The matrix Y,, is the solution to the usual Fokas-Its-Kitaev Riemann-Hilbert problem for
orthogonal polynomials [18]. The eigenvalue correlation kernel K, for a (generalized) LUE
matrix is expressed in terms of Y, as

Kolry) = w(y) (0 1), ()Yale) (3) (53)

2mi(x — y)

which is easily verified by the Christoffel-Darboux formula and the fact that detY,, = 1. Note
that the kernel (5.3) differs from its symmetric version defining the same determinantal point

process, in which w(y) is replaced by y/w(x)w(y). The reason is that we need K,(z,y) to be
polynomial in x in order to apply (1.6).

Define the re-scaled matrix

2 \k(-n=%)os 2 \# 2 \#303 Fooj—1
02) = (517) Y((m) ) (i) A=l 69

J=1

where 03 = (é _01> The rescaled kernel K, defined by
— 2 % _2n .k ]_ 1
K, =(—) y*e " ——— (0 1)U, (y)U, :

corresponds to a re-scaled LUE in which the limiting mean eigenvalue distribution is supported
on [0, 1], and given by [37]

— B -1 o
dﬁ(x):;g/lxxh(:c)d:c, ha) =2 A’z;%ﬂ, v e (0,1). (5.6)

Jj=0

R = () " 0 () = ()
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We now describe the asymptotics for U, (z), which were obtained in [37]. Let § > 0 be
sufficiently small and consider the following four regions, as illustrated in Figure 6:

Ds={z€C : |z| <4}, Cs={2z€C : |z—-1]| <}, (5.8)

Bs = {Z eC : 0<Rez<l, ‘%(2” <6,z §é D;s U C(g}, As = (C\(Bg UCsU D(;). (59)

The nature of the asymptotics for U,(z) is different in each of those regions.
For z € As, we have

U.(2) (1) E g ( z—agp(z)%wl“)u +0O(1/n)) ) (5.10)
mN0) T 2i e —1)d —ieT2%(2)2 V(1 + O(1/n)))
as n — 0o, where { = —% —4log 2,
g5 (2 /log z — s)dp(s) ~ log z, as z — 00, (5.11)
and
o(z) = 2(z — 1/2) + 222 (2 — 1)V/2, (5.12)

with the square roots defined such that ¢ is analytic except on [0, 1]. It follows that there
exists a constant ¢; such that
1
.o ()

for n sufficiently large. This is a very rough estimate but it will be enough for our purposes.
For z € Bs, we have

_a Lk %néz—a _ g _T
o @: i ( gnmz) ine(s) - 5
4

2i(z—1) 2102 cos (my(2) — iné(z) —

< el z € Ay, (5.13)

(14 0(1/n))
1+ O<1/n>>) - B1)

as n — oo, for some continuous functions 7y, 7, independent of n, and with

N

S - 1 1/2 _
— i / P /2 B G s)ds, (5.15)

with the square roots such that £ is analytic in C\ [0, 1]. It follows that there exists a constant

¢y such that
’ Un(2) (é) < 602""5', z € Bs, (5.16)

for n sufficiently large.
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For z € Cs,
1 Vi
» ( 1422 (cos((2)) fu () VAT ful2)) — isin(m(2)) fu(2) VAL (£a(2))) (14 O(L/m)) )
e 19 (2 os(1a(2)) ful2) VNI fu(2)) — sin(ma(2)) fa2)"VAAT (fu(2))) (1 + O(1/n)

as n — oo, with Ai the Airy function, and f,, a conformal map defined in a neighborhood of
1, satisfying f,,(1) =0, f/(1) > 0 and

Njw

*fn() = ng(2). (5.17)

Using the asymptotics for the Airy function at large arguments and the fact that |f,(2)] <
Cn?/3|z — 1| for some constant C' > 0 independent of n, for z sufficiently close to 1, it follows
again that there exists a constant cs such that

’ Un(2) (é)
for n sufficiently large.

Finally, we have for z € Dy,
1) _ (CO)A(fal2)
= 7

Un(2) <0 214(1 = 2)
) ( 3127 (sin(G1(2)) Ja 2 Fal(2))2) + cos(G1 () Ja(2(—Fal2)) ) (1 + O(1/m)) )
je~ 300 (sin(@( ))Ja(2(— fn( NY2) + cos((a(2)) a<2(—fn(2>)1/2)> (1+0(1/n))

(5.19)

<esnlEl 2 e Oy, (5.18)

Ak

as n — oo, with f, a conformal map defined in a neighbourhood of 0 and satisfying

2fu(2)2 =né(2),  f.(0)=0,  f.(0)<0. (5.20)

The functions ¢; and (; are independent of n and such that (;(0) = —(2(0) = £5. We have

|fn(2)] < Cn?|z| for some positive n-independent constant C, if z is sufficiently close to 0.
The asymptotics [32, Formula 10.7.8] of the Bessel function J, and the fact that z=*J,(z) is
bounded allow us to conclude that there exist constants ¢4, C' > 0 such that

[NIES

efgfogUn(Z) <é> H S C€C4n‘z|’ z E D(; (521)
for n sufficiently large.
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Proof of Theorem 2.1, parts (i) and (ii). The hard edge scaling limit (2.6) was proved in [37]
(using (5.19)) to hold point-wise for w,v > 0. From the proof, or from (5.19), it is however
readily seen that it holds point-wise for any v € C. For a > 0, the Bessel function J, is
bounded near 0, and then it is straightforward to show, again using (5.19), that (1.10) with
£ = 0 is uniform for v in any compact in C and for v in any compact in [0, +00). If =1 < a < 0,
Jo(2) blows up as z — 0, but we have that z=*J,(2) is analytic at 0, and this can be used
to show that (1.10) with = —a holds uniformly for « in any compact in C and for v in any
compact in [0, 400).

To verify condition (1.11) for (u,v) € iR x R™, we have to consider eight different regions
for (u,v): A(g X A(;, A5 X Bg, A(; X 05, A(; X DQLD(S X A(;, Dg X B(g, D5 X Cg, and D5 X D(;.
In each of these cases, we can bound the kernel K, defined in (5.5) using the estimates (5.13),
(5.16), (5.18), and (5.21) corresponding to the different regions. Substituting them in (5.7),
we obtain the desired estimate (1.11) in each of the regions.

The results now follow directly from Lemma 1.2. O

5.2 Proof of Theorem 2.1: super-critical case

For part (iii) of Theorem 2.1, we will use saddle point methods and a modified version of the
integral representation (1.6) for the correlation kernel K. We first need some technical results.

Lemma 5.1. Let p be the limiting mean eigenvalue distribution given by (2.3), and let A,
be the rescaled semicircle law (1.8). The free additive convolution B A, is supported on an
interval [ae, b, and ac is given by

Qe = U — € / dpl) (5.22)

T — U
where u, 1s the unique negative solution of the equation

dp(x) 1
/ Tt (5.23)

r—u)? €
Moreover, for some k,k > 0,
Ue = —KE +o0 ae = —RE +o0 e — 0. .
c 1+ 0(1)), e = —Re'*(1+0(1)), 0 (5.24)

Proof. Tt follows from the general results in [10] on the free additive convolution of a measure
with a semi-circle law that the left endpoint a. is given by (5.22), with wu, solving (5.23),
provided that such a solution w. exists. For general p and € > 0, it is not always true that
(5.23) has a unique solution. However, with p given by (2.3), the left hand side of (5.23) tends
to 0 as u, — —oo, is increasing, and tends to +oco as u. — 0. This implies that (5.23) has
indeed a unique solution for any € > 0. Small € asymptotics for u. and a. can be obtained from
(5.23) and (5.22) using residue arguments. This leads to (5.24). O
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The following result provides us with suitable paths in the complex plane where the real part
of a certain phase function V., to be used in the saddle point analysis later on, is monotone.

Lemma 5.2. Let p be given by (2.3), let € > 0, and let a. and u, be as in Lemma 5.1. Define

U,(2) = —(z—a )2+ /log(z ~@)du(z),  zeC\ (—o0,b], (5.25)

T 2e2
and define two paths v, and vy by
(1) = ue + €5 |u| +t, Yo(t) = e + €75 |ue| + it t > 0. (5.26)

Then, for e > 0 sufficiently small, the functions

t € R" = Re (¥ (11(t))) and t € RT — Re (¥ (71(t)))
are increasing and the functions

t € RT = Re (¥ (12(t))) and t € RT = Re (¥ (72(1)))
are decreasing.

Proof. Because of conjugational symmetry, it suffices to check that

d d
%Re (Ve(71(t))) > 0 and %Re (Pe(2(t))) <0, for t > 0.
On ~,, we have after a straightforward computation,
d V3 -1 du(s)
e w0a0) = (14 Pl ) [ 5+ f -
dt 2 € (%ue — 5>2 + (t + @]uJ)Q

For t > 0, we have

OS/(g dp(s) S/( dp(s) (5.28)

§u6—3>2+ (t+§|ue|)2 §u5—s)2+%uz'

2
The integral at the right is easily computable using the residue theorem, and by (5.24), it is
readily seen that it is of order e~*/® as ¢ — 0. Hence, by (5.27), for € small enough,

d

%Re (Te(2(t))) <0, for all t > 0. (5.29)

On vy, we have

CZRe (T (11(1))) = 612 (1; +t— a5> + Re (/ dnlz) ) : (5.30)

)
Ue + €3 |u |+t —x
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By Lemma 5.1, we can replace a, by its expression in terms of u. given in (5.22), and we get

dmﬂw&ﬂ@»:é(—m+¢>+ dM@44m</ dnlz) ). (5.31)

dt 2 T — Ue U + €5 |ug| +t —x

This is easily seen to be positive if £ > b — 4. For ¢ smaller, we need to be more careful and
exploit the fact that € is small. The Stieltjes transform can be computed explicitly by (5.6)
and a residue calculus (or alternatively by observing that p is an equilibrium measure which
satisfies Euler-Lagrange variational conditions): for z € C\[0, b],

/ du(x) k1 h(z)vVz—=0

z—x 2 2z

with principal branches of the square roots. Evaluating at z = u. and at z =t + u. + s [,
and substituting in (5.31), we obtain

(5.32)

the (Ve(n(t)) = 612 (—1;6 —i—t) + h(20) |1i|

R(uwﬁ+m+£m¢w
— e -
2 \/t+u€+e%\u6\

) + O(1), as e — 0. (5.33)

For t > €*/3, the leading order term in this expansion is %, and it then follows that <Re (W.(y1(t))) >
0 for e sufficiently small.
Writing ¢ = T'|u.| ~ kTe*3 as € — 0, we have

d K h(0)v/b T —14e %
—Re (U (ni(t) =P | = + Tk + 1—Re .
+ o(e7?/?), ase— 0. (5.34)
It is straightforward to check by a trigonometric argument that Re “TTlHif’ < 1forT >0,
—1+e3
and this implies by (5.34) that ZRe (¥.(v1(t))) > 0 for ¢ > 0. O

We can now prove part (iii) of Theorem 2.1. The general strategy of the proof is similar to
the one of [28, Theorem 1.2].

Proof of Theorem 2.1, part (iii). We use an alternative expression for K2 given by [14, For-
mula (3.23)]

_n_

K2 o) = gz [os [0 (0 )1 om@ () e (9, s
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Lot 1R

Figure 7: Local contours around the saddle point of the phase function ..

where Y, is defined in (5.1). Here, ¥ is a contour leaving from 400 in the upper half plane,
encircling the positive real axis and going back to +oco in the lower half plane, as in Section
2.2. The second contour C' does not intersect with > but can otherwise be any path going
from ¢; — 100 to co + i00. The fact that the two contours do not intersect, explains why the
first term of [14, Formula (3.23)] cancels out here. We will choose the contours C' and ¥ such
that they are suitable for a saddle point analysis of the integral in (5.35).

We let ¥., which will serve as a phase function in the saddle point analysis, be defined
as in (5.25), and we let u, < 0 be as in Lemma 5.1. By (5.23) and (5.22), we have that
U (ue) = ¥/ (uc) = 0 and since u. < 0, V7' (u) = G (uc) < 0. Thus the steepest descent paths

for ¥, emanating from u. make angles respectively 0, 2?” and —%’r. By (5.24) and (5.32), we
have . L
U9 () = —rkje 3@ D(1 4 0(1)), as e — 0, (5.36)
for 7 > 3, where k3, Ky, ... are positive constants independent of e.
For the rest of the proof, we set ¢. = % and we define the two contours X, , and Cj, ,,

as in Figure 7 by

1 . 1 1
Ein,n: Ue‘i‘ﬁﬁ—lt tEe -, 1» | 1
4v/3n3 ¢d dnsqé 4nsqé

) 1 . 1
U{u€+t6”/3 cte [ - 1,|u6\}}U{u€~l—t6_”/3 L te [ - 1,|u€|]}, (5.37)
2v/3n3¢3 2/3n3¢3

C'in,n, being the mirror image of ¥, ,, with respect to the vertical line passing through u.. Note

that the condition en? — +00 as n — —+oo is needed for the path X, ,, not to cross the positive
real axis.

We will show that the leading behaviour of K2 in (5.35) as n — +o00 comes from the
integration over these two local paths, and that it converges to the Airy kernel.
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Define

. n 1 _ 0\ 2 ((2—s)2—(y—0)2
Kz, y) = —(27”)262/0 ds/m A= (0 1)V, (5)Y(0) <1> e (@=5/*=(=0?),

(5.38)
We first note that the asymptotic expansion (5.10) holds in fact not only in the outer region
As, but also when z approaches 0 at a sufficiently slow rate as n — +o00. If n — 400 and
z — 0 in such a way that n?2 — oo, (5.10) remains valid, but with a weaker error term o(1)
instead of O(1/n). This follows after a comparison of (5.10) and (5.19), by the asymptotic
behaviour of the Bessel function J,(z) as z — co. Since en2 — +00 as n — 00, this means
that we can use (5.10), with weaker error term, for all points of the contour Ci,,, X 3iy,. We
obtain

in n 2 ((z—s)2—(y—¢)2) n s)—
K™(z,y) = _W/Cimds/zmnd@%z« P=0=0) gnlou() =0 £ (s, ¢} (1 + o(1)) ,

as n — +o0o. Here f is a certain function independent of n which can be expressed in terms of
o, which satisfies f(z,2) = 1 since det Y,, = 1, but whose precise form is not important for us.

We define
g 71 n1/3

4
Ce qe * Yen(2) =

(ue — ac). (5.39)

Ce€2

We now let x and y approach the left edge a. at an appropriate speed and we get

1 .
s K (ae S 75 Qe — 4 2) - egoe,n(:r)f@e,n(y)
ce(
1
3

wb—‘

Cn3 Cn3 Cen3 )

s)+“”‘ (s—ue)
1
< fds ) d

Using the asymptotics for the derivatives (5.36) and the fact that f(z,z) = 1, we may expand
the phase functions and f around u, to get

3( )S_Cf(S,C)(1+o(1))7 n — +oo. (5.40)
U (O)+45=(¢—

1

. 3

1 Kin(g -2 o Y Vo™ ecn@—pen)
2-*n € 2 %€ 2 2714 2.2

Cen3 Cen3 Cen3 ce(2mi)?e

—nge(s—uc)? +n%qe%$(5—ue)+rf’e(s) 1
/ ds/ (1+o0(1)), (5.41)
m n in,n *n(Ie C Ue)3+n3q y(c Ue ) T4’6(<) §— C

as n — 400, since s — ¢ — 0, where

(2 — ue ). (5.42)




Figure 8: Choices for the contours C' and 3.

We now apply the changes of variables s — u and { — v defined implicitly by

—nge(s —u)® +ry(s) = —u?,

—nge(¢ —ue)® +7(¢) = =0,
such that u ~ ¢'/3n'/3(s — u,) and v ~ ¢'/3n'/3(¢ — u.) as n — +o00. We then get

1 .
¢ Pen(@tpen(y) L gin (ae N ) —

Cn3 Cn3 Cen

Wi

1 €—u3+xu 1 .
- -~ (1+4o0(1))=KAM +o(1 — 400 4
o /ﬂ du s dv g T v( o(1)) (x,y)+o(l), asn , (5.43)

C, and T',, being contours that grow to the contours of the Airy integral formula as n — 4o00.

Let ; and v be the contours as in Lemma 5.2. We take the contours C' and Y, depending
on n, to be C =7 UCiy, Uy and X = 3, U X, , Uy as pictured in Figure 8. We have

1

1 1

nVc(s)+n3 q3 z(s—ue)
[ods AL <[ lasl [ !dC||f(S’O
Cin,n 7 Cin,n n 5T C

5—C( en\Ile(C)-Hl%q?y(C_uE)

i
™ Lol

enRe (Te(s))+n3 g Re (x(s—wue))

—

o Re (y(C—ue))
(5.44)
In view of (5.36), we know that for n sufficiently large, the real part of the phase function is

=

enRe (Te(€))+n

increasing on X, , N{Im z > 0} and decreasing on C}, , N{Im z > 0}. Moreover, néqé becomes
small compared to nRe (V.(s)). The function Re (W (y1(t))) is increasing on (0, +00) because
of Lemma 5.2, and moreover grows in such a way that Re (U (v(t))) ~ t? as t — 400, which
means that the integral over ~; is exponentially small. In a similar way one shows that all
parts of the integration contour (C' x )\ (Cinpn X Xin ) give exponentially small contributions.

The limit (2.10) now follows from (5.43). O
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5.3 Proofs of Theorem 2.2, Theorem 2.3, and Theorem 2.4

To prove the results, once more we only need to verify that the conditions of Lemma 1.2 are
satisfied.

We start with the Ginibre case, Theorem 2.2. Let K, be the correlation kernel for the
squared singular values of a product of Ginibre matrices, given by (2.14), and let K,, be given
by (2.15).

We will first prove that there exists ¢; > 0 independent of n such that

1 -
‘ K, ( ’ 4 )' < 1y~ Y26l on iR x RY. (5.45)

nm—i—l nm—i—l ’ nm+1
This implies condition (1.11) with 8 = 1/2. Using the fact that

[(t—n+1) TI'(n—s)sinws

I(s—n+1) T(n—t)sinxt (5.46)

(which follows from the reflection formula of the I" function), we obtain

: K ( : ’ : ) - 1' / ds dt H I'(s+v,+1)I'(n—s) Si‘nﬂs q:ty—s—lns_t‘
Al pmt17 pm+l (2mi)* J-f+im s, D(t+v;+1) T(n—t)sinmt s—t

(5.47)
We can compute the t-integral using the residue theorem. The only poles of the t-integrand
are the ones of 1/sint since 1/I' is entire, and the s- and ¢-contours do not intersect. We
obtain

1 K(m y)zlnl(_l)knk:pk ﬁ 1
pmAl T\ pmAl? el 2mi (= I'(n—Fk) g T(k+v;+1)

1
/ H I'(s+v;+1)I'(n — s)(sin WS)y_S_lnside. (5.48)
———HR

S —

The integral is absolutely convergent since ‘sinﬂ (% + zt)‘ ~ %‘tl and [32, Formula 5.11.9]

1 |t
ﬁ<2+w+wﬂm4&ﬂw%£, (5.49)

as t — +o00. For s on the integration contour, we have [y~*"1n¢| = (ny)~2. Moreover, we have
[32, Inequality 5.6.6] |I'(z + iy)| < |['(z)| and thus

N|=

/ - H II'(s 4+ v; + 1)||sinms||ds|

el AT+ 1/2)
K T(k+1(n—k)

1 —~ T Y 1
‘nm—‘rl Kn (nm+17 nm—f—l)’ < ;y

(5.50)
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It follows from Stirling’s Inequality [32, Inequality 5.6.1] that there exists a constant C' > 0
such that forn e N, k =0,....n — 1,

nF=30(n+1/2)
T(k+ 1)T(n — k)

IN

C. (5.51)

In |x|, we are left with a truncated exponential series. This implies (5.45).

To prove (1.10) with § = 1/2, we follow the proof in [27, Section 5.2], where (2.16) was
proved uniformly for z,y in compact subsets of (0,+0c). We need uniformity of (1.10) for u
in any compact subset of C and v in any compact subset of [0,4+00). Therefore, we fix R > 0
and assume that |u| < R and v € [0, R|. Using the asymptotics E((Z:i)) =n'"(1+O0(n 1)) as
n — 0o, we obtain from (5.47) that

V172

—~ U v
— K, | —,
nmtl (n +1"n+ 1)

1 / g | ﬁ ['(s+v;+1)sinmsuv™
C@2mi)2 Joir s, oo Lt +vj+1)sinmt s —t

s—1

~(1+0(m™), (552

as n — oo. Using Stirling’s formula and the fact that |sin7t| > |sinh(7Im¢)|, we can bound

by a function independent of v which decays rapidly as t — 4o00. It follows

ut
sinTrtI—[;n:(J T(t+v;+1)
that we can deform the integration contour ¥, to X, provided ¥ lies not too close to the
real line. For the s-integrand, we can use (5.49) and the fact that [v™*"2| = 1 to bound it
uniformly. By the dominated convergence theorem, we can take (1 + O(n™!)) (with error term
independent of u and v) out of the integral, and we obtain (1.10) uniformly in v and v.

Remark 11. Although the kernel for the squared singular values of products of Ginibre matri-
ces cannot be expressed in terms of orthogonal polynomials, it can be expressed in terms of the
solution to a Riemann-Hilbert problem for multiple orthogonal polynomials [27, Section 2.2],
and it has a Christoffel-Darboux type formula. If large n asymptotics for this Riemann-Hilbert
problem were available, one could be optimistic that similar techniques as in Section 5.2 can
be used in the super-critical case to prove convergence to the Airy kernel.

Remark 12. The proofs of Theorem 2.3 and Theorem 2.4 are very similar to the proof of
Theorem 2.2. For Theorem 2.3, one has to start with the expression (2.21) for the kernel K,
instead of (2.14). Then one shows in a similar way as in the Ginibre case that

1
lim v'/?=K, (“ ”) = v'PKT,(u,v), (5.53)

n—-+00 Cn Cn Cp

uniformly for u in any compact subset of C and v in any compact subset of [0, +00), and that
there are constants C7, Cs such that

| I (u, v)| < Cyo~V2cl/2eCeen(lul+vh, (5.54)
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for every (u,v) € iR x [0,4+00) and n > ny. The two above conditions are almost the same
as the assumptions in Lemma 1.2, except for the fact that ¢, now plays the role of ¢n”. From
the proof of Lemma 1.2, it is straightforward to check that conditions (5.53) and (5.54) imply
(1.12) and (1.13) with cn” replaced by ¢,. This leads to the proof of Theorem 2.3 without
further complications

For Theorem 2.4, one has to use the expression (2.28) or (2.29) instead. The rest of the
proof is a straightforward adaptation of the proof of Theorem 2.2, and we do not give the
details here.
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