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ABSTRACT. We consider non-Gaussian extensions of the elliptic Ginibre ensemble of complex
non-Hermitian random matrices by fixing the trace Tr(X X ™) of the matrix X with a hard
or soft constraint. These ensembles have correlated matrix entries and non-determinantal
joint densities of the complex eigenvalues. We study global and local bulk statistics in
these ensembles, in particular in the limit of weak non-Hermiticity introduced by Fyodorov,
Khoruzhenko and Sommers. Here, the support of the limiting measure collapses to the
real line. This limit was motivated by physics applications and interpolates between the
celebrated sine and Ginibre kernel. Our results constitute a first proof of universality of the
interpolating kernel. Furthermore, in the limit of strong non-Hermiticity, where the support
of the limiting measure remains an ellipse, we obtain local Ginibre statistics in the bulk of
the spectrum.

1. INTRODUCTION AND MAIN RESULTS

Despite its almost equally long history, the investigation of random matrices without sym-
metry constraints is less advanced than that of random matrices which are for instance real
symmetric, complex Hermitian or unitary. More generally, one distinguishes in Random Ma-
trix Theory (RMT) between matrix eigenvalues living on a one-dimensional set in the complex
plane C and matrices with “genuinely complex” eigenvalues. This distinction is somewhat
imprecisely called Hermitian and non-Hermitian RMT. In physics applications the disctinc-
tion between Hermitian and non-Hermitian operators also plays an important role, where
the latter are encountered e.g. in quantum systems that are open or have a non-vanishing
chemical potential. We refer to [3] for a list of modern applications in Hermitian and non-
Hermitian physics problems. This article focuses on the global and the local statistics in
such non-Hermitian RMT where a transition between real and complex eigenvalues can be
observed.

It is known that similar to Hermitian RMT, in the limit of large matrix size the local
statistics in non-Hermitian RMT fall into different universality classes, depending on whether
the entries of the matrices are real, complex or quaternion. For example, the limiting local
correlations of eigenvalues in the bulk of the spectrum of an NV x N random Gaussian matrix
with complex entries (the so-called Ginibre ensemble, a precise definition will be given below)
are given by those of the Ginibre point process. This point process is determinantal with the
so-called Ginibre kernel (see (8) below) and may be seen as counterpart of the corresponding
sine process which describes the limiting local bulk statistics of random Hermitian matrices
with complex entries. Both limiting point processes are highly universal in the sense that
they are limits of large classes of different random matrix models. The limit regime leading
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to the Ginibre kernel will be called limit of strong non-Hermiticity, where we follow [22]. The
precise meaning will be explained below.

It appears not to be well known - at least in the mathematical community - that there is
another important limit regime in non-Hermitian RMT that leads to a one-parameter family
of limiting point processes interpolating between the Ginibre and sine point process. This
limit was found by Fyodorov, Khoruzhenko and Sommers [22] and was coined weak non-
Hermiticity limit. It occurs for random matrices that are almost Hermitian. Surprisingly,
it is precisely in this limit where a map between RMT and the corresponding effective field
theory of the underlying physics problem can be made, for example in superconductors with
columnar defects [18] or in quantum chromodynamics with chemical potential [33]. We refer
to [23] for a review on this subject and further references to applications. In [6] a list of weakly
non-Hermitian limiting kernels is given in different symmetry classes. These correspond to
local bulk, soft, or hard edge interpolating point processes that are all conjectured to be
universal.

However, with the exception of the soft edge limit of complex matrices [10], there are
no fully rigorous results proving the existence of these local weak non-Hermiticity limits,
let alone their possible universality (cf. Remark 4 for Ledoux’s work [28] on the crossover
between the global limits semicircle and circular law). In this article, we give a first proof
that for random matrices with complex entries, the bulk limit of weak non-Hermiticity yields
a universal point process. We show this universality for two classes of ensembles. In the first
ensemble that we call fixed trace elliptic ensemble, the norm TrJJ* of the matrix J is fixed
by a hard constraint. In our second ensemble the constraint is enforced more smoothly by
adding a trace squared term to the density of the elliptic Ginibre ensemble.

In Hermitian RMT, ensembles with a fixed trace constraint belong to the classical random
matrix ensembles, going back to [32]. In analogy to statistical mechanics, the fixed trace
and standard Gaussian ensembles correspond to the microcanonical and canonical ensemble,
resepectively. Despite this interpretation, to date nothing is known about the asymptotics
when imposing a fixed trace constraint in the non-Hermitian Ginibre ensemble, in any limit
regime. The non-Gaussian nature of this ensemble makes it an ideal testing ground for
universality questions, in particular for the the weak non-Hermiticity limit.

Let us now make the previous more precise. The Ginibre ensemble [24], which can be
considered as a standard Gaussian measure, is defined as the probability measure on CV*V
with density proportional to exp[—NTr(JJ*)]. Equivalently, a random matrix from the
Ginibre ensemble can be realized as J := J; + iJ2, where Jy 2 are independent Hermitian
matrices from the Gaussian Unitary Ensemble (GUE), i.e. the matrix distribution on the
space of N x N Hermitian matrices with density proportional to exp[—N Tr(Jﬁz)]. The
matrix J will (almost surely) not be unitarily diagonalizable, but a Schur decomposition can

be used to obtain the joint density of its eigenvalues z1, ..., 2y on CV as proportional to
3 N
exp 2§log|zj—zl|—NZ;|zj|2 , for g=2. (1)
J Jj=

The eigenvalues form a two-dimensional Coulomb gas which represents another, well-known
physics application of non-Hermitian RMT. Here, the eigenvalues z; correspond to charged
point particles, at inverse temperature 5. Only at the specific temperature § = 2 the point
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process is determinantal, and the eigenvalue statistics can be efficiently analyzed, i.e. by the
fact that its correlation functions are given as determinants of a kernel K, which in turn
can be studied using orthogonal polynomials in the complex plane. Doing so, it was found
that in the large N limit, the eigenvalues of J fill the unit disc in the complex plane with
uniform density (the so-called “circular law”). Also the limiting local correlations between
close eigenvalues in the bulk could be computed (see (8)) [24].

Another important and well-studied model is the elliptic (Ginibre) ensemble. It was
introduced as an interpolation between Hermitian and non-Hermitian matrices by taking
J :=+/1+1J1+1iy/1— 7J3, where J; 5 are again independent GUE matrices and 7 € (—1,1)
controlls the degree of (non-)Hermiticity. The Ginibre ensemble is recovered choosing 7 = 0
and the GUE is obtained by formally taking the limit 7 — 1. The elliptic ensemble has the
density

1

Prnen(J) == T
e

exp [— Tr (JJ* ~ T2y J*2)>] (2)
1—172 2

on CV*N_ where Z N.ell is the normalizing constant. The reader will note the resemblence

with the bivariate normal distribution. In this interpretation, 7 is the correlation coefficient

between $.J;; and J; ; and —7 the one between 3.J;; and 3. 4, for j # [. The eigenvalue

distribution corresponding to (2) is again determinantal, known in closed form (cf. (27)) and

has been analyzed in great detail, cf. [3, Chapter 18] and references therein. As N — oo,

and |7| < 1 is fixed, its eigenvalues spread uniformly in the set

RZ \° 37\
E.=<7Z: <1 3
{ (14—7’) +<1—7’> - }’ (3)
a fact that is termed “elliptic law”. Its limiting local correlations, however, coincide for
€ (—1,1) fixed with those of the Ginibre ensemble [22].

In this article, we study fixed trace versions of the Ginibre and elliptic ensembles. Formally,
the fixed trace Ginibre ensemble Py can be seen as

1
Py(dJ) = - 8(NKy = TrJJ")d] (4)

with 0 denoting the so-called Dirac delta function, Zx the normalizing constant and K, > 0
being an arbitrary constant, at which the normalized norm TrJJ*/N is fixed. A rigorous
definition is as follows: Define

Sy :={JeCVN . TvJJ* = NK,}

with K, > 0 arbitrary. Sy is the sphere of radius N K, in the vector space R2V?=CNXN | It is
a well-known fact that there is a unique probability measure Py on Sy that is invariant under
the orthogonal group acting on the 2N2-dimensional sphere. We will call Py the fized trace
Ginibre ensemble. In the viewpoint of statistical mechanics, the fixed trace Ginibre ensemble
corresponds to the microcanonical ensemble, whereas the Ginibre ensemble corresponds to
the canonical ensemble.
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More generally, we define the elliptic fized trace ensemble for 7 € (—1, 1) as the probability
measure

Pypr(dJ) == Tr (ﬂ + J*ﬂ Py(dJ), (5)

TN
2(1—172)
where Zy pr denotes the normalization constant. In the special case 7 = 0, we recover the
fixed trace Ginibre ensemble Py. Note that the density of Py g1 w.r.t. Py is proportional to
the density of the elliptic ensemble (2) on Sy w.r.t. the Lebesgue measure, since on Sy the
term TrJJ* is constant.

Furthermore, we consider an interpolation between (2) and (5). This ensemble is given by

exp
ZNFT [

the density on CN*V
1 N
Pye(J) = exp [— S Tr (JJ* ~ L+ J*2)) —y(TvJJ* — NK)?|,  (6)
’ ZN7T‘I‘2 ]. - 2

where v > 0, K}, € R are fixed, 7 € (—1,1) and Z N2 18 the normalization constant. This
model is of the form (5) with a Gaussian approximation of the delta function in (4) penalizing
deviations of TrJJ* from the value VK. If the strength of the penalization « goes to infinity,
we have Py p2(dJ) — Py pr(dJ) in distribution. We will call (6) the trace-squared ensemble.
PN,Tr2 rather puts a “soft constraint” on TrJJ*, whereas Py pr is obtained using a “hard
constraint”. In contrary to the elliptic ensemble, PN,Tr2 for v > 0 and Py p1 are non-Gaussian
and non-determinantal (cf. Remark 6 below).

Let us briefly comment on fixed trace ensembles in Hermitian RMT. They are classical
random matrix ensembles introduced in [32] (as reported in [31, Chapter 27]). While for
Hermitian models the limiting global correlations have been known since [32, 31] to be given
by the semicircle distribution for all three symmetry classes, a rigorous proof of universality
of the sine kernel for a fixed trace model of Hermitian matrices has only been presented much
more recently in [25], cf. [7] for earlier heuristic arguments. Local statistics at the soft and
hard edge have been analyzed for fixed trace S-ensembles in [37, 14, 30]. More general fixed
trace models have been considered where the trace of a polynomial in the random matrix
is fixed [5]. This corresponds to the microcanonical version of non-Gaussian generalizations
of the classical Wigner-Dyson enesmbles. Here, on the global scale the non-universality of
higher order connected correlation functions (cluster functions) was argued for using loop
equations.

For non-Hermitian fixed trace models, almost nothing is known with the exception of a
formula for the spectral density of complex eigenvalues at finite N in the fixed trace Ginibre
ensemble [15]. In particular, even the limiting measure for this simplest possible fixed trace
model is unknown, let alone the local correlations.

Furthermore, the models (5) and (6) provide an excellent testing ground for studying the
so-called limit of weak non-Hermiticity. The Ginibre correlations arise in the situation of
strong non-Hermiticity, meaning that the anti-Hermitian part of the random matrix is of the
same order in N as the Hermitian part. This results in a limiting global distribution (the
weak limit of the empirical spectral distribution N ! Zjvzl dz,, the z;’s being the eigenvalues)
that is supported on a two-dimensional subset of C.

In contrast to the limit of strong non-Hermiticity, the limit of weak non-Hermiticity de-
scribes a situation where the limiting global distribution of the non-Hermitian random matrix
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is supported on the real line but the local correlations still extend to the complex plane. For
the elliptic ensemble, this happens if the parameter 7 is chosen as 7 = 1 — /N for some k£ > 0
not depending on N (see (3)) and thus the random matrix is almost Hermitian. The limit of
weak non-Hermiticity was first discussed perturbatively in [21]. The limiting point process
is determinantal and its kernel was derived in terms of Hermite polynomials in the complex
plane in [20], see [22] for details. The limit of weak non-Hermiticity allows to describe the
transition between sine and Ginibre kernel. This makes its universality highly suggestive, but
so far only heuristic arguments in favour of this conjecture exist. For matrix ensembles with
independent entries, these arguments can be found in [22], whereas more general ensembles
(see (10) below) were treated in [2].

Let us now turn to the main results of this paper. Global and local statistics are usually
studied using correlation functions. For a probability density P on CV and 1 < k < N, the
k-th correlation function is defined as

N!

k L
P (21, .y 2k) = N —h) /(CNk P(z1,...,2n)dzky1 - .. d2N. (7)

The correlation functions are multiples of the marginal densities. Let pI;V’TrQ denote the k-th
correlation function of the eigenvalue density corresponding to Py 2. Although Py pr(dJ)
is not absolutely continuous, its eigenvalue distribution is for N > 2. This is due to the
fact that the constraint TrJJ* = N K, translates to Z;\le 2% + Zf\i] T;;)* = NK,, where
21,...,2n are the eigenvalues collected in the diagonal matrix Z, and the T;; are complex
variables stemming from the Schur decomposition J = U(Z + T)U*. Thus the constraint
is somewhat less restrictive on the spectral level. For N = 1, Pypr coincides with its
eigenvalue distribution and is a probability distribution on a dilation of the unit circle. We
will throughout the paper tacitly assume N > 2 when speaking of correlation functions. Let
p’fmFT denote the k-th correlation function of the eigenvalue density corresponding to Py pr.
An integral representation of p?v pr for & < N will be derived in Lemma 13. We are now
ready to state our main results. For the sake of brevity, we consider both types of ensembles,
(5) and (6), simultaneously. We start with the strongly non-Hermitian situation.

Theorem 1 (Limit of strong non-Hermiticity). Let 7 € (—1,1) be fized. Let p%; denote either
pl&FT or pﬁ[’Trg. Then there are constants ci,co,C > 0, depending only on K,, 7 and in the
case pk; = p’fvmz also on v, such that with E :={Z : c1(RZ)? + c2(32)? < 1} the following
holds:

a) For any Z € C, Z ¢ OF, we have
Jim A (2) = 1p0(2) - .
b) Fork=1,2..., Z€ E°, z1,...,2z, €C, as N = 00

| 21 L > < 1 )
-k (ze 2 z+ = det (Katsone (212 21)) 10 + O [ ——= ),
(CN)k”N( JON N Btrone (2 7)) + O | 75

where

ezl A+ lal

B + ijil

1
Kstrong(zja Zl) = ; exXp [
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The O term is uniform for Z from any compact subset of E° and z1,...,z, from
compacts of C.

Remark 2.

a)

b)

H |zj — zl|2 exp

The previous theorem shows in particular that the elliptic fixed trace ensemble (5) and
trace-squared ensemble (6) belong to the same strongly non-Hermitian bulk universality
class as the Ginibre ensemble.

For the trace-squared ensemble, the constant C' and the elliptic set FE are given in
Proposition 10. The set E differs from the limiting support of the elliptic ensemble,
except if K, =1 or v = 0, in which case C = (1 — 72)7L.

In [34] for the Ginibre ensemble and [29] for the elliptic ensemble, the convergence is
shown to be exponentially fast. In view of these results, it is likely that the bounds on
the rate of convergence in Theorem 1 can be improved. As this is not one of the main
purposes of this work, we will not pursue this here.

Of course, the models (5) and (6) can also be considered on the set of N x N normal
matrices. Theorem 1 and Theorem 3 below extend to this situation as well. Note that
when considered as a normal matrix model, the joint density of the eigenvalues of the
trace-squared ensemble is proportional to

2
N

N - N
Z|Zj|2_§ Zz +77) | = [ D15 -
j=1

When considered on CY*¥ the model does not have the same eigenvalue distribution.
Note further that when considering a fixed trace model of normal matrices, its eigen-
value distribution is not absolutely continuous, since the constraint TrJJ* = NK,
implies Z " 121> = NK,. Correlation functions p% defined as marginal densities
therefore ex1st for k < N only. They can be defined via the relation

N

/f 21,z P (21, 2e)dz = By Z F(Zjs s 2 )s 9)
NFJeF - FIk

where f is a test function and E denotes expectation w.r.t. the fixed trace (eigenvalue)
measure.

Let us also give an overview over results in the literature on universality of the kernel
Kstrong- In [34], the Ginibre kernel was shown for the non-Hermitian analogs of Wigner
matrices, i.e. random matrices with independent entries (and with independent real and
imaginary parts), that have exponentially decaying distributions and fulfill certain moment
conditions. Due to the lack of spectral calculus for matrices without any symmetries, there is
no clear non-Hermitian analog of the rich class of unitary invariant ensembles in Hermitian
RMT. In general, there is a conflict between having a normalizable density (i.e. a well-defined
model) and having an eigenvalue distribution in closed form.

One class of models in the literature is given by densities proportional to

exp[—oNTr(JJ*) + RTr(®(J))], (10)
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where 0 > 0 and ® is a potential. The ensembles (10) are determinantal, but over CV*V
the density is normalizable only for very specific potentials ®. Basically, these are either
®(.J) = J?, corresponding to the elliptic ensemble, or logarithmic with special coefficient, see
the discussion in [3, Chapter 39]. This problem can be circumvented by simply considering
the density on a sufficiently large compact set instead of CV*V ([19], see also [12]). However,
local universality has so far not been shown for these truncated ensembles.

A common way around these difficulties is to consider normal matrix models. For normal
matrices, the spectral calculus allows to define unitary invariant ensembles, e.g. with densities
proportional to exp[—NTrV (JJ*)] for some potential V' : C — R of sufficient growth at
infinity. These models have determinantal eigenvalue distributions and belong to the same
(bulk) universality class as the Ginibre ensemble [8, 11].

We continue with the weakly non-Hermitian situation. Note the slightly differing values
of 7 in parts a) and b) of the following theorem.
Theorem 3 (Limit of weak non-Hermiticity). Let plfv denote either p’fmFT or p’]“V7Tr2. There
is a constant C > 0, depending only on K, and in the case pﬁ, = pi“\, 2 also on 7y, such that
the following holds:

a) Let 7 =7y =1 — & with k > 0 fized. Then for any Z € C\ R

1
lim —pn(Z)=0 11
and for any X € R

2

b) Set v(X) ::% /%—XQ and T = TN ;:1—2Njw,a>0. Then fork=1,2...,

as N — oo

1 k 21 2k
(N ()2 ( IR ZC TR NV(X)>
log N
= det (Kweak (Zja zl))jJ:l,mk + O ( g > )

VN
where we denote zj := x; +iy; and define

NG} P42l 1 [T o2u? )
Kyeax (21, 22) 1= \Fa [ 1a2 2} 277/ exp [—2 +iu(z — 22)} du.

The O term is uniform for X € (— \F + 5, 2 7e 9) for any 6 > 0 fixred and any
zj,3 =1,...,k chosen from an arbitrary compact subset of C.

Remark 4.

a) Part a) of the previous theorem shows that the support of the limiting measure collapses
to the real axis whenever 7 is in any 1/N neighborhood of 1. Moreover, the limiting
marginal density of the real part X is the semicircle density v(X), which is used in
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part b) to rescale not only the z;’s, but also 7, in order to make the limiting kernel
independent of X.

b) Kyeak agrees with the kernel given in [22]|, where z1 = —xz9 was chosen. We have
simply rescaled a to make the kernel independent of X. The independence of Keax
on 7y and K, constitutes our universality result for the non-Gaussian ensembles (5) and
(6) in the limit of weak non-Hermiticity.

c¢) It is not hard to show that in the limit & — 0 we obtain

lm [ f(z1,. .., 2) det (Kweak (25, 21)) 1,21

dzy...dz
a—0 Ck k ! k

[ARES}

sin(r(z; — 1))

= f(z1, ..., x) det () dxy ...dxy
RF m(z; — 1) Gl=1,...k

for any bounded and continuous function f : C¥ — R of bounded support.

For the limit o — 0o, we need to rescale the variables z; with « in order to account
for the difference in the local scales (in N) in the limits of weak and strong non-
Hermiticity. Here it is straightforward to get

och—{%o det (aQKweak (azj, azl))j,l:l,...,k = det (Kstrong (25, zl))jvl:l,_._’,C )

d) In [28], the first correlation function of the elliptic ensemble p}\ﬂeu(X + %) was studied
in the limit of weak non-Hermiticity. Here, the variable on the real axis is in the global
scaling regime whereas the imaginary variable is in the local scaling regime. With
this particular choice of variables, one sees a transition from the semicircle law to the
circular law.

e) For the trace-squared ensemble, the constant C' in Theorem 3 is given by

1 1
C=3- 20K, + 5\/16721{5 — 8vK, + 167 + 1.

In particular, if v = 0 or K, = 1, then C' = 1. For the elliptic fixed trace ensemble, C
is given as C = Kp_l.

Let us add some further remarks. It was found in [10] that a similar weakly non-Hermitian
scaling limit can be defined at the edge of the spectrum. There, for the largest real eigenvalue
an interpolation between the Tracy-Widom and Gumbel distribution was found, where the
latter corresponds to the Fredholm determinant of the complementary error function kernel
of the Ginibre ensemble. The same interpolating kernel was found in a chiral variant of the
Ginibre ensemble [4] and it was shown to be a one-parameter deformation of the Airy kernel.
We refer to [6] for an entire list of one-parameter interpolating kernels at the edge, in the bulk
and at the origin, corresponding to the limits in Ginibre ensembles and its chiral partners
with real, complex or quaternion matrix elements, see also references therein.

We have already mentioned the 2D-Coulomb gases of the complex eigenvalues in (1).
Without going into the vast literature, let us mention that recent results on fluctuations of
such complex (-ensembles around their macroscopic limits have been considered up to the
finest possible scale in [26, 27]. Fluctuations of linear statistics have been studied in [9],
whereas edge universality has been shown in [13].
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Let us finish this section with some comments on our methods of proofs and organization of
the article. The general idea is to understand the ensembles under consideration as averages
over perturbations of simpler ensembles. These simpler ensembles will turn out to be complex-
valued measures with determinantal eigenvalue distributions (also in the sense of complex-
valued measures) that can be analyzed using a double contour integral formula. Generally
speaking, the asymptotics of the trace-squared ensemble (6) are easier to analyze as the model
is absolutely continuous. Its analysis will turn out to be useful for studying the fixed trace
models as well. Recall that Py p2(J) is proportional to Py en(J) exp [—(TrJJ* — NKp)?],
where Py i has been defined in (2). If TrJJ* is sufficiently well concentrated around N K,
then the trace-squared term ~y(TrJJ* — NKZ[,)2 can be expected to be of order 1 and thus
might not have much influence at least on the global limit of the model. The square in
this term can then be linearized at the expense of an additional integral by understanding
exp [—’y(TrJ J*—N Kp)Q] as the Fourier transform of a Gaussian random variable. This
gives rise to a Gaussian average over elliptic ensembles, perturbed by a term of the form
exp [itTrJJ*] (with integration variable ¢), and to an expression of Py 1,2 as average over
linearized ensembles (see (26)). A similar expression of Py pr can not possibly hold, but
from the expression of Py 2 we can conclude a related formula for the correlation functions
of Py pr (see Lemma 13).

However, except for the special cases v = 0 or K, = 1, TrJJ* will not be close to N K, and
thus the statistic y(TrJJ* — NK,)? will not be small. In this case a necessary recentering
needs to be executed first. This and the linearization for the trace-squared ensemble are done
in Section 2. The asymptotics of the linearized ensemble are then derived in Section 3. Using
these results, a proof of the main theorems for the trace-squared ensemble is given in Section
4. The significantly more complex analysis of the fixed trace ensemble is done in Section 5.

ACKNOWLEDGEMENTS: The work was supported by the German research council DFG
through grants AK35/2-1 (G.A.), IGK ”Stochastics and Real World Models” Beijing—Bielefeld
(M.C.), and CRC 701 ”Spectral Structures and Topological Methods in Mathematics” (M.V.),
as well as by the European Research Council under the European Unions Seventh Framework
Programme (FP/2007/2013)/ ERC Grant Agreement n. 307074 (M.V.).

2. RECENTERING AND LINEARIZATION

We will start our analysis of the ensemble (6) by a recentering of the density which takes
into account a part of y(TrJJ* — NK,)? that has an influence on the global distribution
of the eigenvalues. It is not hard to see that limy_,oo ExenTr(JJ*)/N = 1, where Epy on
denotes expectation w.r.t. the elliptic ensemble (2). Hence for K, = 1 the trace constraint
does not change much and the global asymptotics (such as the support of the limiting ellipse)
of the ensembles Py 12 and (2) should coincide. Thus in this case no recentering should be
necessary as the penalization just reinforces the convergence of N~!TrJJ* to K. In contrast,
choosing K, different from 1 enforces N ~ITrJJ* to have a different limit, which should lie
between K, and 1. In this case it will be convenient to renormalize the ensemble. To this
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end, let us for a > b > 0 consider the family of densities P, ; with

P yp(J) =

* b 2 *2
7 O [—aTrJJ +5Tr (J +J )} (13)

and normalization constant Z, ;. The motivation for introducing (13) comes from the follow-
ing manipulation of Py 2. Let K > —(2v(1 + 7))~! and rewrite

PN Trz(‘])
exp | =N (7 + 29K ) TrdJ* + 525 T (2 4 J72) = /(Ted T = N(K, + K))?|
- Zy e exp [—YN2(K? + 2K K,)]

(14)
_ Za,b
Znmye exp [-YN?(K? + 2K K))]
with

Pop(J)exp [—y(TrJJ* — N (K, + K))?]

1 TN
=N 297K = .
“ (1—72+ " >’ b 1—72

For the rest of the paper, we stick to this choice of a and b. Note that the condition
K > —(2y(1 4 7))~! ensures that a > b, and thus the normalizability of P, . Furthermore,
comparing (14) and (13) shows that

Zymeexp [—YN?*(K? + 2K K))]
Za,b

where E, ; denotes expectation w.r.t. P, ; and we use the following convention throughout the

= E,pexp [—ry(Trjj* — N(K, + K))Q] . (15)

paper: In equations, the matrix J is an integration variable, whereas J denotes an arbitrary,
but fixed matrix. However, as there is no ambiguity, we will also let .J denote the random
matrix associated to a specified ensemble.

The following lemma gives the optimal choice of the so far arbitrary K in (14). In short,
we determine K such that the statistic TrJJ* — N (K, + K) is concentrated under P, .

Lemma 5.
a) For each T € (—1,1), v > 0 and K, € R, there is a unique K = K (1) = K(7,7, K,)
such that for some constants C1,Co independent of 7 and N, we have for all N

0< Oy <Eypexp |—y(TrJJ* — N(K, + K))?| < Cy < <. (16)

b) K of a) is the unique positive zero of the cubic equation (23). The limit

K :=lim,,; K(7) exists,

_ 1
K> I
and
|K(1) = K|=0(]r = 1]) as T — 1. (17)

c¢) If [t — 1| = O(1/N), (16) holds with K replaced by K.
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d) K is continuous in vy and the limit Kpr = lim, o VK exists and is larger than

_ —1
max{—(2(1 — 7))L, —(2(1 + 7))~'}. Purthermore, Kgr := lim, 1 Kpr = K”4_1 and

|Kpr — Kpr| = O(|7 — 1]).

Proof. It is easy to check that under P, the matrix elements {#J; 1, 3J;};k are jointly
Gaussian random variables with mean 0 and covariance structure as follows. Diagonal entries
RJ; j,3Jj; have the variances

0% 5= 147 0% o = 1-7 (18)
DRZ9NA+29K(1+7) P37 aNAI+29K(1—1))’
respectively, off-diagonal entries .J; 1, 3J; 1, j # k the variance
2 1+ 27K (1 —72) (19)
O IN(1 4+ 49K + 492K2(1 — 72))
and the covariances are 0 except for (j # k)
p = Cov(RJj o, Ry ;) = g (20)

2N (14 4yK + 492 K?(1 — 72))

and

T
COV(%JJ}IC’ %Jkd') = _QN(l + 4vK + 4’}/2K2(1 _ 7-2)) =—p-

The matrix J can be associated with a vector J € R2V ? that has a multivariate normal
distribution with mean 0 and covariance matrix ¥ that is of block diagonal form. Each block
consists either of 0%7%, O‘%’%, or 2x2 matrices with o2 on the diagonal and +p off the diagonal.

J has the same distribution as UY where U is a 2N2 x 2N2 unitary matrix (diagonalizing )
and Y is Gaussian with independent components with mean 0. The variances of the elements
of Y are O'ZDﬂ? or U%’% for N components each, and )\%r or A2 for N(N — 1) components each,
where

Mi=0d+p
are the eigenvalues of those blocks of ¥ that contain off-diagonal entries. As Tr(JJ*) =

|3 4 Y13, where 2 means equality of distributions, we find that
Te(JJ*) L N2 2y + N2 2 + 0b w7 + 0 o 7, (21)

where 71, Zy, Z3, Z, are independent x? distributed random variables with N(N — 1),
N(N —1), N and N degrees of freedom, respectively.
Let us now choose K = K (7,7, K,) such that

K, + K =2No},
in other words
1+2yK(1—12)
14+ 4yK + 442K2(1 — 72)°
Note that K does not depend on N. It is not hard to see that the r.h.s. has poles at K =
—(27(1£7))~! and is strictly decreasing in K for K > max{—(2y(1—7))~!, —(2y(1+7))"'}.
As the Lh.s. of (22) is a strictly increasing continuous function on R, there is precisely one

K, + K = (22)
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K > max{—(2y(1—7))"1, —(2y(1+ 7))~} satisfying (22). It is the rightmost (real) solution
of the cubic equation

1P (L = T)KP + 49(1+ 71— VKK + (1 + 49K, — 291 = 7)K + K, — 1= 0. (23)

It can in principle be computed explicitly but its exact form is not important here.
As 7 — 1, (22) becomes

1
K,+K=——
pt 14+ 4yK’
which has, analogously to (22), only one solution K := lim,_,; K(7) that satisfies K > —%.
It is given by
_ K, 1 1
R=-—2__— —\/16 2K2 — 8yK, + 167 + 1.
5 87+87 VI — Sy + 16y +

Furthermore, by applying the implicit function theorem to the function
F(r,K) =41 = TH)K? + 4y(1 + v(1 = ) K,) K% + (1 + 49K, — 29(1 = 7)) K + K, — 1,

we find that the derivative K'(7) is bounded in a neighborhood of 7 = 1 and thus (17) follows.
This proves b).
Let us turn to proving a). We have by (21) and (22)

- Z1—N(N -1 < Z1—N(N -1
Te(JJ*) — N(K, + K) £ 32222 \/Q(W ) e T(NQ Lt o3 s + 0ha .
(24)

where A3 := 2N\3 do not depend on N. Now (Z; — N(N —1))/V2N2,j = 1,2 converge
weakly towards standard normals as N — oo and 0'%7%Z3, 02D7SZ4 converge weakly to con-
stants. Since Z;, i = 1,2,3,4 are independent, we have weak convergence of (24) to a
Gaussian distribution and hence

lim E,pexp |—y(TrJJ* — N(K, + K))Q] = exp [—
—00

g -1/2
R ] (1+¢y)

14+ ¢y
for some C,c > 0, i.e. convergence to the moment-generating function of a non-central chi-
squared distribution. This proves (16).

If |7 — 1] = O(1/N), (24) holds with K replacing K and adding N(K — K) = O(1) to the
r.h.s. of (24). This shows c).

Similar reasoning as above shows with (22) that yvK solves for v — oo the equation

41 = T Kp(vK)? + (4K — 2(1 = 7)) (vK) + K, =1 =0,
from which the first part of d) can be checked. The second part follows immediately. O

From now on, let K always denote the quantity from Lemma 5. The linearization uses the
simple identity
1

exp [-7X?] = m/ﬂgexp [iXt] exp [—Z} dt, (25)




13
valid for any real X. In the physics literature, this is known as the Hubbard-Stratonovich
transform (in its simplest form). With (25), we may rewrite Py 5,2 as

exp [—iN (K, + K)t]
’ \/47r RZN 2 €xXp [~ YN (K? + 2K K,,)]

. * b 2 *2 t2
X exp {(—a—i—zt) TrJJ" + §Tr (J +J )} exp {—47} dt.
Setting
a(t) == a —it,

we have (extending the definition (13) to the complex a(t))

7z .
2ot _ g, exp [itTrJJ*} ,
Za,b ’

and thus by (21), Zyu)p/Zap is the product of characteristic functions of x? distributed
random variables. Hence the function

t— Eqpexp [itTrjj*}

has no zeros on the real line and the “linearized ensemble”

_ 1 1 : * TN 2 *2
Payp(J) = Zors P [( N <1 — —|—27K> +zt> T T Gy T (J +J )]

is well-defined. The term “ensemble” here is only a convenient naming, in general P, is
complex-valued. Summarizing, we arrive at

/ (t),0 €XP [N (K, + K)t]
\/47r ZNTr2 exp[ YN2(K? +2KK,

which in turn can be rewritten (after multiplying and dividing by Z,;) as

t2
)] Pa(t),b(‘]) exp |:_4’Y:| dt?

P N,Tr2(J

2

E, p exp [zt(Trjj* — N(Kp + K))H Py () exp {_i] dt. (26)

i . Eqpoxp [~(TrJ* = N(K, + K))?

PN,TrQ(J v

One advantage of the linearization is that the joint distribution of eigenvalues (also in the
sense of a complex-valued measure) of P, can be given explicitly as

N

N
1 b
Pa(t)l,(z) = ZTV H |Zj - Zl|2 exp —a(t) Z |Zj|2 + = 2 ZZJQ +z; ZJ 5 (27)
j=1

a(t),b j<i
where we abused notation by using the same symbol for the matrix and the eigenvalue
distribution. The superscript EV in the normalization constant indicates that Z,, and
Zg(\t/%b differ. The density (27) will be analyzed in the next section. By continuity it is clear
that the joint distribution of eigenvalues of Py p2 also has a continuous density. Hence we
can speak of its k-th correlation function pﬁ[’Tﬂ, which we define as in (7).
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In terms of correlation functions, we get from (26)
k) / Eqpexp {it(Trjj* — N(K, + K))} £ e [_tQ] & (28)
Pt \/47 2 Eqpexp | —(Te]J* = N(K, + K))?| Sk N

where pl;(t) , denotes the k-th correlation function of F,;); and z is an abbreviation for
Z1y...,2E. Moreover,

pNT 2( ) det( Weak/strong(zj7 Zl))j,lgk
E bezt TrJJ* N(Kp+K)) 0 § 2

\/ZF / E b€ —( TrJJ* N(Kp+K))? (pa(t),b(z) det( Weak/strong(zja Zl))j,lﬁk) e v dta
(29)

+2

where pﬁv T2 (2) and p";(t) »(Z) denote the appropriately rescaled correlation functions of the
rescaled variables, e.g. in the situation of Theorem 1 b)
1 Zj
& k 5 J ;
= —— . Zi=4+ , =1,..

PN (CN)F PN/ Tx? j JON J
Remark 6. From (28), we see the non-determinantality of the eigenvalue distribution of
Py 2. Its correlation functions are not determinants themselves, but rather averages of
determinants.

Lk (30)

3. ASYMPTOTICS FOR THE LINEARIZED ENSEMBLE

In this section, we will employ orthogonal polynomials and asymptotic analysis to obtain
the asymptotic behavior of the linearized correlation functions p’;(t)’b, as N — oo. For

€ (—1,1),7 # 0, the orthogonal polynomials are Hermite polynomials, whereas for 7 = 0
the orthogonal polynomials are simple monomials. We will first concentrate on the much
more involved case 7 # 0, the case 7 = 0 will be dealt with at the end of the proof of
Proposition 10 below.

Let (Hy)gen denote the sequence of Hermite polynomials, that is (cf. [1, 22.10.0])

k!
Hy(z) := 507 Poxp [—t2 + 2zt Tl (31)

where the contour encircles the origin. It is well-known that these polynomials form an
orthogonal sequence in L?(R) w.r.t. the weight exp(—t2), i.e. for k # [

/ Ho(t) Hy(t)e P dt = 0.
Our analysis depends crucially on the fact that the Hermite polynomials are also orthogonal
on the complex plane w.r.t. certain Gaussian measures, a fact first noticed in [36, 16]. This
can be translated to complex weights easily. Recall first

a(t):N<1 L

TN
1—72’
and a(0) = a. Since b will remain unchanged, we will omit it in newly defined quantities to
ease the notation.

+27K> —it, b=
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Lemma 7. Consider the function

b
Wa)(2) == exp [—a(t) |12* + 5(,22 + 22)] .
Then
- klm(2a(t))*
H, a H a Wa dz =19 - % 32
/C (e (t)Z) k(c (t)Z) (t)(z) z lk\/mbk (32)
where
a(t)? — b2
Ca(t) = T

and +/- denotes the principal branch.

Proof. Using the integral representation (31) and the residue theorem one can easily verify
(32) which we leave to the reader. O

Define (pi)ren as the sequence of orthonormal polynomials py(2) := Cy ) 1 Hr(cq(r)2) with

¢ K7(2a(t))k \—1/2
Ca(t) k= (ﬁ) such that

/C P1(2) Pk (2) W (2)dz = b

Now, using standard arguments, it is seen that the ensemble F, ;) is determinantal, i.e. its

correlation functions p’;( k=1,2,...,

t)vlﬂ

N!
p];(t)b(zl, cey2E) = Nk /(CNk Py p(2)dzgsr ... dzy
fulfill

pi(t),b(zl) ce 7Zk) = det (Ka(t) (Zi7 Z])) 1<4,5<k
with the kernel

N-1
Ko (21,22) == Y pj(21)p;(%) \/Wa(t) (21) \/Wa(t (72)- (33)
J=0

The analysis of correlation functions of P thus boils down to an analysis of the kernel
Kty- In the limit of weak non-Hermiticity we will prove

Proposition 8. Define C := 1+4vK with K from Lemma 5. Let X € (——2=, —2=). As

Cr’ Cr
d?
N—>oo,wehcwewithT:TN;zl_@,d>o’

1 nbin g w1t R )

Kan | X X S [_ ~ X ]

CZN? a(t)< * CiN + CKN> 5 &P Fe +i 5
1 1 >

1 3 og =X [ a2u? (logN>
X exp | — +iu(x) — x2) —u(yr + }du—i-(’) '

2%&/% X P 5 (1 — 22) — u(y1 + 42) Nic
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The O term is uniform for X € (_\/LCT—( +9, \/% —0) for any 6 > 0 fized, any xj,y;,j = 1,2
chosen from an arbitrary compact subset of R and |t| = O(y/log N).
Remark 9. a) The reader will note that & in Proposition 8 differs from « in Theorem 3
by a factor v(X)~!. The scaling of the local variables z; differs also in the same way.
This difference is purely due to notational convenience.
b) The O term is also uniform in vK in the following sense. Treating YK as an in-

dependent variable, Proposition 8 holds uniformly for vk in any compact subset of
(—1/4,00). This is needed in Section 5 when dealing with the fixed trace ensembles.

The limit of strong non-Hermiticity corresponds to a fixed 7 € (—1,1).

Proposition 10. Let T € (—1,1) be fixred and k be a nonnegative integer. As N — oo, we
have with C := 1—— + 27K

1 k Al Zk . L
WPM@@ <Z + \/ﬁa SERE) Z+ \/CW) det( strong(zja Zl)] <k + 0O <\/N> ’

where Kgrong has been deﬁned in (8). Here Z is chosen from the interior of the elliptic set

—TH+29K(1—7%) o 14+7+29K(1—-7%_ o, 1
E=37ZcC: RZ SZ°< — 3.
{ 1+T+27K( 72) l—7+29K(1—-72)"7 =¢C
The O term is uniform for Z from any compact subset of E°, z1, ...,z from compacts of C

and |t| = O(y/log N).

Remark 11. The O term is uniform for vk from compact subsets of (—(2(1 + 7)), 00)
(cf. Remark 9).

A technical ingredient in the proof of Propositions 8 and 10 is stated in the following lemma
for the normalized upper incomplete gamma function

oo
Q(w, z) == FIET(UU’;), T(w, 2) ::/Z tv e tdt.
In these definitions w and z are real and positive but I'(w, z) and Q(w,z) can in fact be
continued to analytic functions in the complex plane, provided w > 0. We will use the same
symbols for these continued functions.

Lemma 12 ([35]). Denote n:= /2(z — 1 —log z), where we choose the branch of the square
root such that it has the same sign as z — 1 for real positive z, and by continuity elsewhere.
Then, as w — oo,

Q(w,wz) = %erfc (77 (w/2)) +0 (e:/%" ) , (34)

where erfc denotes the complementary error function

exfe(z) f/

and the O term is uniform in the domain |arg(z)| < 3w/2 — § with arbitrary § > 0, i.e. for
2z =re"? with 21+ 6 < @ <21 — §,r > 0.
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Proof. The lemma is a special case of an asymptotic expansion derived in [35], where it is
shown that

Q(w,wz) = %erfc (17 (w/2)> + Rw(n)

and the remainder R, (n) in (34) admits an asymptotic expansion in negative powers of w as
w — 00,

Ru(n) ~ (2mw) 267397 N e (n)w ™.
k=0

The expansion is uniform for 7 in the domain |arg(z)| < 37/2 — § with § being an arbitrarily
small positive constant (see also [17]). O

Before beginning with the proof of Proposition 8, we state the relevant asymptotics of the
complementary error function for later use. From [1, 6.5.32] we have

(1+0(=2), (35)

erfe(z) = f/?z
as z — o0 in |arg(z)| < 3w/4. Morover, we have by the relation erfc(—z) = 2 — erfc(z)

2
eZ

Tz

erfe(—2) =2 — (1+0(27?), 22— oo, (36)

again with |arg(z)| < 3w /4.

Proof of Proposition 8. We follow the path outlined in [22] for the simpler case t = 0, K =0
and start with an alternative representation of the Hermite polynomials (cf. [1, 22.10.15] for
the sign (—2i)¥, for the other sign use the parity Hy(—z) = (—1)"Hy(2)),

—(:t%)k exp [22 ¥ exp [—r? izr| dr
() = exp 2] [ rtexp [=12 5 2izr] .

which allows to rewrite the kernel as

a(t)? — b2 a(t b
Koy (21, 22) = (732€XP [CZ(t)(Z% +7°%) - (2)(|»'<71!2 +|22f%) + Z(Z% +a a3
x Nzl 26\ 1 / / (rs)’ exp [~ (r? + 82) + 2ica (rz1 — 573)] drds. (37)
a(t)) j'JrJr “

J=0

It will be useful lateron to derive a general formula independent of the limit regime. To this
end we decouple the integrals via the substitution

O(r,s) = (u,v) := 2

<r+3 r—s

, ) ,|det D®(r, s)| =
Ca(t)  Ca(t)

2
Ca(t) |
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and arrive after algebraic manipulations at

a(t)? — b2 catQ a i
-&m%ﬂﬂZV(ﬂ%@}O‘“pPE?WF+Vﬁ%*;®@% mﬁ»+mmu4

(@t +0)(a(t) —b)? (i —7)\?
. /R/Cam P [ da(t)b (“ = b/a(t)) ]

(@ +)%at) =b) (it @)\ Qb o
X /R/ca(t) exp [ Ja(t)b (v ) ] Q (N, 2a(t) (u® —v?) | dvdu.

(38)

Here we used the definition of ¢,y in Lemma 7 and the well-known fact that for a positive
integer w one has

We will consider the two integrals iteratively and start with the v-integral. Setting

(21 + 722
Carzo ( )

=T (39)

it can be written as

_(a(t) +b)*(a() =) ,
A/Ca<t)+czl,zz o { da(t)b ]

PN A b(z1+ 7% 2 b(z1 +%)?
% Q (N, a(t) <u2—’U2)—i a(t) ( 1 )1) a(t) ( 1 ) 2) dv. (40)

2a(t) a6 T 21+ bja(t))

Our next aim is to truncate the integral over the infinite line R/cq) + C., ., to one over a
small compact set. With

1

and X € R, it is easy to check that, as N — oo, R/cyy) + Cs, 2, — R +iX. Moreover, we
have the asymptotics

(a(t) + b)*(a(t) —b)  NCg 1+ |t
Za(t)b - 2K+O< N ) (41)
C2 _
s = Y o), )
2,.\b _
aéib_NfK+Om’ (43)
Catn? _ NCg

2 +bjamr ~ 16 oW (44)
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where we recall Cz = 1 +4yK. All O terms might be complex-valued and are uniform in t.
We also note in passing that for these asymptotics, (17) has been used.

(41) is relevant for the decay of the Gaussian term of the integral, (42,43,44) are needed to
control the possible growth of the incomplete Gamma function Q(N,-). In view of Lemma
12, its first order asymptotics are given by erfc(y/N/2n)/2. If \/N/2|n| is bounded in N,
the analyticity of erfc yields boundedness of the Q-term. If \/N/2|n| — oo, (35) or (36) are
applicable and we get the term exp(—n?N/2) = exp(—N(z — 1 —log z)) with

= %(u2 + X% —v* = 200X) + O(|t| /N).

()10 (a(t)-) 2
4a(t)b

the possible growth of the @-term and thus we can up to an error of order O(1/N) truncate
the integral over R/c, () + C, 2, to [FCN7V24e ON-V24e) 4 €, . for some C' > 0 and
any ¢ > 0. Since R/c, ) is close to the real line for N large enough, we can further assume
R(u?) > 0 or Rz > —c for some small ¢ > 0. For such z we have R(z — 1 —log z) > 0 or equal

+o00 at 0 and hence we get e~""N/2| < 1. This shows that the constant C' in lu| < CN—1/2+e

can be chosen independent of u, i.e. our estimates are uniform in w.
Next we will see that

From (41) we see for u fixed that the decay of exp |— } in v is faster than

log N
QN N2) = Liuzixazajcgy + O < VN ) 1)
with an O term that is uniform in u and v. Since [v?| = O(1/N), the uniformity in v is

trivial. If u is such that R(u?) + X2 > 4/Cx + /(log N)/N, then Q(N, Nz) = O(1/N) by
(35). Similarly, if R(u?)+ X2 < 4/Cg —+/(log N)/N, then Q(N,Nz) = 1+ O(1/N) by (36).
The area of u’s on R/c,) such that ‘§R(u2) + X2 — 4/C’[-(} < y/(log N)/N, has a volume of
order O((log N)/N). Since erfc(n/N/2) is bounded on this area, we arrive at (45).

The remaining v-integral is

2
NCK’

NCg

/ exp [— ’U2:| dv ~
[—CN_1/2+E,CN_1/2+E]+021,22

which can be seen by using analyticity and standard arguments to shift the contour to the
real line.
To finish the proof, we choose in (38)

=X+
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with z;,y; € R, j = 1,2 and note the asymptotics

(a(t) + b)(a(t) — b)? B a? 1+ ¢
Ja(t)b _8+O( N )
/205/2
}2: N522§K +O(N3/2),

VvV a(t)2 — b2 |Ca(t)

b a? t
1- 2 = =
o) =20 N 9 <N2> :
N°C2

a2

a(t) ~b=—K 4+ O(N).

The proposition now follows by the change of variables u — /2. O

Proof of Proposition 10. For the limit of strong non-Hermiticity, we choose

y] .
=X +iY + L 4 =1,2 46
with X,Y, z;,y; € R. We deal with the more complicated case 7 # 0 first. Using (46), (38)
reads
2 .
Ko (21, 22) = Va(t)? — b |eq] exp [_ a(®)@t +23) at)(y?+y3) ilalt) —b)X(y — o)
a(t) i =2 272 2N 2N VN
_a®) +0)Y (@1 —za) o (m1yy —@ays) | a(B)(@122 Fy1ye —izrys + ixzyl)}
VN N N
_ (a(t) —b)*(a(t) +b) a(t i —m) oyt
g /R/Cam exp | Ta(t) o )
(a(t) +b)*(a(t) — b) alt) (.o il@ita) -\
_ _ 2 X _
. /R/Ca(t) o [ 4a(t)b ° a(t) +b R VN VN }
XxQ|N Cz(t)b(u2 —v?) | dvdu (47)
" 2a(t) )

We can now proceed analogously to the proof of Proposition 8. For the v-integral we get

a 2(a(t) — a ) i(x T — 2
/R . eXp[_< (t) +4bi<t(>b(t) b) <U_a(t)(t—?— : (MH ( 1& 2) _ylmm)) |

)2(a(t) — b) Cat)?
\ﬁ\/ a()b Q (N, 2a(t) (u? — ’UQ)) dv

+ O(1/VN),

{2651?7 2+(<+b)NXQ< }

where a = a(0). Here, we used that the weaker error term in (45) can be improved (even to
exponentially fast decaying terms) if u is such that 22 K, u? + (‘Z (a ) ]zfX 2 <1—6 for some § >0
fixed. This is by the concentration of u around Y equivalent to the assumption Z € E°,

where E is the elliptic set from the statement of the proposition. Recall from the proof of
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Proposition 8 that the error bounds can be chosen uniform in u. Thus the same procedure
can be repeated for the u-integral, giving

alt) —b)(a a iz — x 2
/R/ca<t> exp[_( D (s (- ET )

)2(a(t) + b)
v ¢ S e sest ey} (1 OU/VN) d
(e40) ya gy} +O(1/VN). (48)

a(a=b) y~2 , a
{<a+b>NX TN

To obtain the final form of the proposition, note that the determinant is invariant under
conjugations of the kernel, i.e. for any kernel K

det(K(zj,2)) = det(.f((zj, 21)),

where K (zj,2) := K(z;,2)f(2;)/f(Z) and f is some function without zeros or singularities.
Using this, we see that the exponential factors

ia(t) — )X (y1 —y2) i(a(t) +D)Y (21 —22) . (2131 — 22y2)
VN VN N
cancel when taking the determinant.
Let us now consider the case 7 = 0. Then b = 0 and it can be easily checked using polar
coordinates that the orthonormal polynomials to the weight function Wy of Lemma 7 are

exp

a(t)j-‘rl E
7!

pj(2) =
/- denoting the principal branch. This gives with (33)
a(t a(t
Ko)(21,22) = alt) exp [—()
T 2
Invoking the asymptotics (45), it is straightforward to finish the proof of the proposition. [

(|z1)? + |22 — 22152)] Q(N, a(t)z17).

4. PROOF OF MAIN THEOREMS FOR THE TRACE-SQUARED ENSEMBLE
We will prove both main results simultaneously.

Proof of Theorem 1 and Theorem 3 for p?V,Tr'
We will start with proving parts b) of both theorems. Recall from (29)

ﬁ?VTrQ( ) — det( weakstrong(zpzl))j,lﬁk
]E bezt TrJJ* (Kp-‘rK)) & _12
\/AF/RE pe (TR =N (Kpt K))? (pa(tL (£) — det( Weaks“ong(z]’zl))j’lgk>e b,
(49)

where K yeak strong means eather Kyeak or Kgtrong and K stands for K in the case of Theorem
1 and K in the case of Theorem 3. Furthermore, recall that pN 2 (%) and o a(t), ,(Z) denote
rescaled correlation functions of rescaled variables. We have by Proposmon 8 with C':= Cx
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and & := Ca/v(X), or by Proposition 10 convergence of the term in the parenthesis to 0
with the error prescribed in the propositions, uniform for |¢| < 2/v1log N. Note here that the
phase factor of the limiting kernel of Proposition 8 cancels when taking determinants. By

(15) and Lemma 5 we have that anbe_V(Trjj*_N(KP”?))g is bounded away from 0 uniformly
in N. Clearly, |E, et (Tr//"=N(Ep+K))| is hounded above by 1. For [t| > 2\/vlog N, we use

E,p exp [it(”ﬁjj* — N(K, + f{))] Poy(J) = exp [—itN(Kp + f{)} Pay(J) exp [t TvJJ]

and consequently

Ea,beit(m‘]*_N(KP+K))ﬁ'§<t>,b‘ < fap (50)
The uniformity of the convergence to the bounded limiting kernel in Proposition 8 or Propo-
sition 10 thus proves the boundedness of the integrand of (49) in ¢ and N. Hence we can
split up the t-integral into |t| < 24/vlog N and [t| > 2v/v]log N. The first integral gives the
desired resu