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Abstract

We study the distribution of eigenvalues of almost-Hermitian random matrices
associated with the classical Gaussian and Laguerre unitary ensembles. In the almost-
Hermitian setting, which was pioneered by Fyodorov, Khoruzhenko and Sommers in
the case of GUE, the eigenvalues are not confined to the real axis, but instead have
imaginary parts which vary within a narrow “band” about the real line, of height
proportional to %, where N denotes the size of the matrices. We study vertical cross-
sections of the 1-point density as well as microscopic scaling limits, and we compare
with other results which have appeared in the literature in recent years. Our approach
uses Ward’s equation and a property which we call “cross-section convergence”, which
relates the large-N limit of the cross-sections of the density of eigenvalues with the
equilibrium density for the corresponding Hermitian ensemble: the semi-circle law
for GUE and the Marchenko—Pastur law for LUE. As an application of our approach,
we prove the bulk universality of the almost-circular ensembles.
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1 Introduction

This note is the result of investigations of eigenvalue ensembles in the almost-
Hermitian regime. In particular we study almost-Hermitian counterparts of the
Gaussian Unitary Ensemble and of the Laguerre Unitary Ensemble (in the singu-
lar case), which we call Almost-Hermitian GUE (AGUE) and Almost-Hermitian LUE
(ALUE), respectively.

Almost-Hermitian (or “weakly non-Hermitian’) random matrices were introduced
by Fyodorov, Khoruzhenko, and Sommers in the papers [31-33]. Their work concerns
eigenvalues of elliptic Ginibre matrices where the droplets collapse to the interval
[—2, 2] at a suitable rate. We take this as our model for almost-Hermitian GUE. The
emergent structure is physically interesting, and has been subject of several investiga-
tions in recent years, see in particular [6] and the references there.

As is to be expected, the AGUE tends to follow Wigner’s semi-circle law, and the
ALUE tends to follow the Marchenko—Pastur law. However, in the almost-Hermitian
regime, the particles are not confined to the real axis, but instead vary randomly
within a thin band about R of height proportional to %, where N denotes the size of
the matrices, see Fig. 1.

In both cases, the droplets are similar, highly eccentric elliptic discs. Yet, the particle
distributions are quite different, with heavy clustering going on near the left edge
for ALUE, in contrast with the much more evenly spread configurations for AGUE
(compare Fig. 5). This reflects the singular behaviour of the critical Marchenko—Pastur
density.

On the other hand, we shall prove that there is a universal microscopic behaviour in
the bulk, given by akernel found in [31, 33], which interpolates between the sine-kernel
and the Ginibre kernel.

We shall introduce a class of bandlimited ensembles in the interface between dimen-
sions 1 and 2, which we use to formulate and prove certain theorems of a general
character. However, ultimately, we shall resort to asymptotic properties of the respec-
tive orthogonal polynomials (Hermite and Laguerre) in order to deduce full universality
results.

Our microscopic analysis uses the theory for Ward’s equation from the paper [14].
In particular, we shall find a close connection between the scaling limits in [6, 31, 33]
and the translation invariant solutions to Ward’s equation, which are characterized in
[14]. (We also refer to a recent work [5] for an implementation of Ward’s equation in
the study of translation invariant scaling limits of planar symplectic ensembles.)

Notational conventions A typical point in the complex plane C is denoted § = & +in.
We write 0 = %(% —1i %) and 0 = %(% +i 33—") for the complex derivatives and

A=090= i(iﬁg_—zz + %) for % times the usual Laplacian.
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Fig. 1 A sample from the almost-Hermitian GUE

We write dA(¢) = %dz . = %dé dn for % times Lebesgue measure on C and
dAy = (dA)®V for the corresponding volume measure in C"V. When 1 is a measure
and f is a function, we write u( f) for f fdu.

1.1 Purpose and aims

The theory of almost-Hermitian ensembles consists at this point largely of a number
of important model cases, which are typically studied using properties of specific
orthogonal polynomials. One could say that the present work grew out of a desire to
classify and provide a “unifying structure” to this theory.

The first question is how to suitably define a general class of “almost-Hermitian
ensembles” which has desired potential theoretic properties. This question does not
depend on a determinantal structure, and thus is more natural to study in a context
of S-ensembles. We shall isolate a suitable class of potentials and establish several
new results concerning convergence to the equilibrium. This convergence forms the
starting point for our further analysis of almost-Hermitian ensembles. (This approach
is analogous with established practices in dimensions 1 and 2, and could in that context
be viewed as a first step towards a Gaussian field theory in the almost-Hermitian case).

We also study (and survey) various types of microscopic limits in the almost-
Hermitian regime, which typically interpolate between well-known limits in dimen-
sions 1 and 2. In our approach using the loop equation and compactness, questions
about particular scaling limits are reduced to easier questions, such as establishing
their apriori translation invariance.

That being said, with the exception of the so-called “almost-circular ensembles”
below, establishing translation invariance is in general a subtle matter. While one might
expect that translation invariance should hold quite generally in the bulk, we will not
resolve that issue here. (The problem that arises concerns uniqueness of solution to
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Ward’s equation given certain apriori conditions, and is closely related with the one
discussed in [14].)

Instead of striving for largest possible generality, we take a detailed look at the
model cases, where the analysis is already non-trivial and offers new angles. Apart
from leading to new proofs of results which were rigorously established only fairly
recently, our analysis has some new ingredients that have led to spin-offs in for example
[5].

For comparison, the universality problem in the normal matrix setting was settled
only recently in a fairly general setting in [36]; the techniques used there break down in
the almost-Hermitian setting. (For example, the conformal mappings of the exterior of
athin droplet to the exterior disc have large derivatives at the end-points: the derivatives
tend to infinity as the droplets collapse to an interval.)

1.2 General setup

Given an N-point configuration {¢; }]1\/ C C and a suitable function (external potential)
Oy : C — RU {+00}, we associate the total energy

1 N
Hy =) log———+NY On()). (1.1)
i 1&j — Skl o

We next fix a positive parameter 8 and form the canonical Gibbs measure

dP = JreT P day, <z§ = f e P Hy dAN> : (1.2)
CN

N

We assume that the potentials Qy increase monotonically, as N — oo, to an
external potential V which obeys V() = 400 when ¢ ¢ R.

Here and throughout, “external potential” means a lower semicontinuous function
W : C — R U {+0o0} which is finite on some set of positive capacity and satisfies

BN W)
II{IE)IOICIJf Toglc] = k (1.3)

where k > 1 is a fixed constant. We shall assume that this holds, with the same k,

forall W = Qpy and for W = V. Then, to a compactly supported Borel probability
measure p on C, we associate the logarithmic W-energy

wtiat = [ [ (tog ) (@ ety + ww). (14)
c2
In addition to (1.3), we shall sometimes assume the extra growth condition
W)= (A +8)logl+¢)-C  teC (1.5)

for some small § > 0 and C € R.
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By [51, Theorem I.1.3], there exists a unique equilibrium measure ow, i.e., a com-
pactly supported Borel probability measure which minimizes the energy (1.4). The
support Sy = supp o is called the droplet in external potential W.

We shall always assume that each Q y is smooth in a neighbourhood of the droplet
So»exceptpossibly for some singular points at which A Q y = +o0. The singularities
are assumed to be benign in the sense that the basic structure theorem for equilibrium
measures in [51, Theorem II1.1.3] applies. Namely, the equilibrium measure og,, is
absolutely continuous with respect to dA and dog, = AQy - ISQN dA.

Finally, we assume that the equilibrium measure oy, which is supported in R (and
equals to the weak limit of the measures o, see Sect. 2.1), is absolutely continuous
with respect to Lebesgue measure on R. By slight of abuse of notation, we denote its
linear density by oy () (so doy(§) = oy (&) d&). The probability density oy (§) is
assumed to be continuous on R, again with the possible exception of finitely many
singular points.

1.3 Limiting droplet and cross-sections

Denote by {¢; }{V arandom sample with respect to the Boltzmann-Gibbs measure (1.2),
and write the 1-point function as

ES G} N D, ¢)))
&2 ’

Ry () = lim

(D(¢, €) is the open disc with center ¢ and radius ¢.)
Now fix an arbitrary zooming-point p € R and define the blow-up map

Cnp:l—>z, z2=Tn,p()=VNAOND) - ( — p). (1.6)
Let {zj}{v be the rescaled sample, z; = 'y, ,(¢;).

The potentials Oy used in this note have the property that the Laplacian A Qn (p)
is proportional to N. More precisely, we shall assume throughout that the limit

p(p) = lim /5500 (1.7)

is well-defined and finite for each p € Sy. We next form the function

a(p)=7%-p(p)-ov(p), pelR (1.8)

with the understanding that a(p) = 0if p ¢ Sy. The function (1.8) has the following
geometric interpretation: let

YN (P) =T'n,p(Sgy) N (R) (1.9)

be the cross-section of the rescaled droplet with the imaginary axis. If we impose
the symmetry Qn(¢) = On(¢), and some other natural conditions (Sect. 2.1), the
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number a(p) represents the limiting height of the rescaled cross-section, i.e.,

a(p) =7 lim yn(p)l, peER. (1.10)

We shall also use the statistical cross-sections cfi, of the ensemble,

ch(p) = %/RRﬁ(pHn)dn, peR. (1.11)

A fairly general convergence result, asserting that (under some additional assumptions)
ci — moy in the sense of measures on R, is given in Theorem 2.2 below.
The 1-point function of the rescaled system {z j}{v is denoted by

RE(D) = yag-REQ),  2=Tn(0). (1.12)

We are interested in describing all possible limits R B = lim Nooo R ,6 and we shall
here restrict to the determinantal case when 8 = 1. We shall therefore in the sequel
drop the superscript, writing Ry in place of R}, etc.

We recall the following fact from the theory of determinantal Coulomb gas processes
(see e.g., [15, Lemma 1] and the references there).

Lemma 1.1 IfRy — Rin LlloC (along some subsequence) then {zj}iv converges (along
the same subsequence) in the sense of point fields to a unique infinite determinantal
point-field {z ;}{° with 1-point function R.

With these preliminaries out of the way, we turn to our main objects of study.
1.4 Almost-Hermitian GUE
Fix a positive parameter ¢ and consider the sequence of potentials
On() =367 +18n% (¢ =¢&+in. (1.13)
The droplet in potential (1.13) can be found by means of the following useful lemma

from [35, 53]. (The lemma has an alternative proof by solving an obstacle problem,
which may be left for the interested reader.)

Lemma 1.2 The droplet S¢ in potential Q = a&? + bn? is the elliptic disc with
equation ‘%Ez + % n* < 1.

Using the lemma, we find that the droplet in potential (1.13) is given by

Sow={e+in (145)+5(1+5) 2 <4}, (1.14)
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Note that Qn ' V where V is the Gaussian potential

V(E) =387 (EeR), (1.15)

with the understanding that V = +o00 on C \ R. The equilibrium measure in potential
V is Wigner’s semi-circle law [27, Section 1.4],

Ose(€) = 5=/4 — E2 - 12 2(8). (1.16)

Let cy(€) = % fR Ry (& 4+ in) dn be the N:th cross-section (with 8 = 1). The
following global result can be found in [6, Theorem 3 (a)] (cf. [32, 44]) and will here
be reproved by different methods.

Theorem 1.3 (“Pointwise cross-section convergence for AGUE”) cy (§) — 7 -0 (§)
as N — oo for each & with —2 < & < 2.

Remark We shall use Theorem 1.3 as a basic tool for our microscopic investigations.
In fact the pointwise convergence %CN (&) — o (€) for —2 < & < 2 is precisely
what we need to uniquely fix a translation invariant bulk scaling limit using our method
below. This contrasts with the strategy in [6], where convergence of cross-sections is
obtained as a consequence of microscopic investigations.

Following the terminology in [14], we put y (z) = \/%76—%12' Given a Borel subset

(or “window”) E C R we then consider the entire function

y x1p(z) = ﬁ/ e 2% gt (1.17)
E

Now fix a point p, € Sy in the bulk, i.e., —2 < p, < 2, and let Ry be the 1-point
function of the rescaled process about p..

Note that for the potential (1.13), the numbers p(p,) and a(py) in (1.7), (1.10)
reduce to

p(p) =/ xgy =26, a(p) =7 -c-ow(ps). (1.18)

The following theorem is equivalent with the bulk scaling limits found in [6, 31,
44].

Theorem 1.4 (“Bulk scaling limit for AGUE”) Under the above assumptions, Ry con-
verges locally uniformly to the limit R(z) = F(2Im z) where F(z) =y * 1(~24,24)(2)
and a = a(py) is given by (1.18).

We now discuss how the scaling limits in Theorem 1.4 interpolate between the
sine-kernel and the Ginibre kernel.
We recall (e.g., [14]) that the Ginibre kernel is the function

G(z, w) = 2031 = 31w (1.19)
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(B)c=15 (¢) e=2

Fig.2 The limiting rescaled 1-point density R(z) about p, = 0

and that its associated 1-point function R(z) = G(z,z) = 1 is characteristic for the
infinite Ginibre ensemble.
Now let F' = y *1(_24,24) be the entire function appearing in Theorem 1.4 and put

— 2(1 - .
K(z,w) =Gz w) - F(52) =Gz, w) - ﬁ/z e2@0=in® g (1.20)
—2a

The 1-point function R appearing in Theorem 1.4 is then R(z) = F(2Imz) =
K(z, z), and K is a correlation kernel for the limiting point field {z;}{°.

If in (1.20) we pass to the limit ¢ — 0o, we find that the kernel K converges to the
Ginibre kernel. Similarly, the limit ¢ — 0 gives the well-known sine-kernel process
on R, but to see this we need a further rescaling. Given the limiting point-field {z;}{°
we form a new one {Z;}3° by Z; = & - z;, where @ = Za(p). The correlation kernel
of {Z;}7° is

K@ ) = 5Kz, w), f=a-z, 0=0a w]
72 02 [T 2,2 =

I o2 G- g,

2ra - ’

Sending ¢ — 0 (i.e.a0 — 0) we see readily that K converges to 7r times the sine-kernel

sin _ 1 sin(mx—my)
K> (x,y) = T x—y

(x,y € R).

This well-known convergence follows from the Gaussian approximation of the Dirac
delta:

1
lalv/m

See e.g., [6, Remark 4.(c)] and [9, Section 2.3].

It could be said that the form of the kernel K is more natural from a one-dimensional
perspective, whereas the form of K in (1.20) is more natural from a two-dimensional
one. The kernel K is of the form appearing in [6], whereas K appears in the context
of planar ensembles in the papers [14, 15].

e*("/“)2 — 8(x), asa — 0,
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Fig.3 A sample from modified AGUE rescaled about the right endpoint py

We now turn to edge scaling limits for the almost-Hermitian GUE. A limiting point
field was found by Bender [19] and was further investigated in the paper [3]. For our
purposes, it is advantageous to modify the ellipse potential Qy in (1.13) so that the
droplet becomes thicker, of height roughly N =3 rather than N~!. The advantage is
that the form of rescaling in (1.6) remains correct, which facilitates when applying
our method with Ward’s equation.

We are thus led to introduce the modified Almost-Hermitian GUE by redefining

On as
ON() = JE7 + 55 N2, (1.21)

Using Lemma 1.2, we see that the right end-point of the droplet Sg,, is located at

pn =2(1 4+ 2N ’%)’%. We rescale about this point using the magnification map in
(1.6) with the modified potential (1.21), i.e., we put

2 L
>z, Tn@) =JNaoy-(C—py) =5 (1 +C2N_%>2 (& = pN),

and we write {z;}} for the rescaled ensemble, z; = I'y(¢;), see Fig.3. As usual we
denote by Ry the 1-point function of {z j}iv .
We can now restate the main result from [19] in the following way.

Theorem 1.5 (“Boundary scaling limit for modified AGUE”) Ry converges locally
uniformly to the limit

o0
R(Z) — R((,)(Z) — /27_[ 4C2€%c6_2(1mz)2/ e4C3(M+ReZ)| Al(zC(Z + M) + C4)|2 du
0
(1.22)
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We now discuss how (1.22) interpolates between the linear Airy process and the
planar erfc-process. We start with the planar case, which corresponds to letting ¢ — oo
in (1.22). For this, we fix a point z in C\ (—o00, 0] and apply the well-known asymptotic
formula

_2.3/2

Aiz=sAme 5 (1+0(L), @00 (1.23)

Inserting (1.23) in (1.22) and letting ¢ — oo, one finds

/ 4.6_ 2
R(C) (Z) — %026 3C Z(Im Z)

o] 3
X / 2e(z + u) + |72 ¢4 WHReD =5 R0+ ) gy (1 4 0(c71))

0
o) ) 0
- %f e 2utRed) du.(1+0(c*1))=/ y(+z—1)dr.
0 o)

here, we have used

3c® —2(Imz)* +4c*(u +Rez) — §
Re((2c(z + 1) +ch3) = —2(u + Re2)? + 0(c ).

Hence as ¢ — 00, R converges to the limit

Rie=00)(2) = ¥ # L(—o0,0)(z + 2) = J erfc (%) .

This is the 1-point function which appears in random normal matrix theory after
the process of rescaling about a regular boundary point of the droplet (see [14] and
references).

We next consider the limit of (1.22) as ¢ — 0. A standard polarization argument
shows that the 1-point function R in (1.22) corresponds to the correlation kernel

K(z, w) = V27 4¢? ¢3¢0 —(mz)’ —(Imw)?
o —
X / 26 Qutz4ib) Ai2¢ (z + u) + cHAIQ2c (@ + u) + M) du.
0

NowputZ = -z, W = o -w,and Z; = o - z;, where o = c~/2. The rescaled
point-field {Z;}{°, then has correlation kernel

I%(Z, W) = azK(oez, aw)

of 32 @2 [0 2 . 4 _ 4
= ge 6 242 / o7 GuAZH) A (2+u+"‘7> Ai (1I1+u—|— %) du.
0

This kernel is found in the paper [3], and is in turn equivalent with a double integral
formula found in [19]. We shall write R(.)(z) = K (z, z).
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(A) =0 (B) e=1 (€0) =00

Fig.4 Graphs of the limiting one-point functions Ié(o) (x) for x € Rand of R(1)(z) and R()(z) forz € C

Letting ¢ — Ol(i.e., o — _O), it is now straightforward to check (cf. [3]) that K
converges to 7 KAl where KA1 is the Airy kernel

_Aix Ai'y —Ai'x Aiy
= Ty =

KAi(x,y) /000 Ai(x 4+ u) Ai(y +u) du, (x,y € R).

Non-translation invariant solutions to Ward’s equation are discussed in [14, Section
8.3], but no example is given there. It is interesting to note that the 1-point functions
in (1.22) give rise to such solutions. See the case ¢ = 1 of Fig.4.

1.5 Almost-Hermitian LUE

We now fix two parameters ¢ > 0 and v > —1. We shall denote by K, (z) the modified
Bessel function of the second kind (see [58, p. 78]).

By definition, the ALUE with parameters ¢ and v (and 8 = 1) is a random sample
{¢; }f/ picked from the Gibbs measure (1.2) associated with the potential

On (@) =~ log [ Ku(*TE) - e’ | = (% — 1) -Rev. (1.24)

We remark that Q is continuous, but A Q y has a singularity at the origin.

When v is an integer, a random sample {¢ j}iv with respect to (1.24) can be iden-
tified with eigenvalues of products of two rectangular random matrices with suitable
Gaussian entries, see Sect. 8.1. Moreover (for general v > —1) we obtain a LUE-type
analogue of a chiral ensemble studied by Akemann [1] and Osborn [49] in the context
of quantum chromodynamics. More about this will be said in Sect. 7.

It follows from computations in [4, Theorem 1] that the droplet in potential Q y is
the elliptic disc (containing the origin)

Sw={é+imw+"—fsl}, (1.25)
ay b

N

(an=2—N"1 by =262 N1 iy =2—c2N "1 4.



52 Page 12 of 57 Y. Ameur, S.-S. Byun

We now recall the following asymptotic formula for the Bessel function K, (found
in [58, Section 7-3])

K, (x) = \/%e—m +0G7Y), (x> +o0), (1.26)

and deduce that for each fixed ¢ # 0,as N — oo,

QN(§)=§-|§|—<C ) ‘Rel +LlogN+0 (&), (N—o0). (127
Thus Oy converges pointwise to the limit

¢ if eR and ¢ >0,

) (1.28)
+00 otherwise.

V(§)={

It is well-known that the equilibrium density in potential (1.28) is the Marchenko—
Pastur law ( [27, Section 7.2]),

omp(§) = g/ (4 — E)E - 1141 (5). (1.29)

As usual, we write Ry for the 1-point function with respect to (1.24) and cy for
the corresponding cross-sections in (1.11).

Theorem 1.6 (“Pointwise cross-section convergence for ALUE”) cy (§) — m-omp(§)
as N — oo for each & with 0 < & < 4.

We shall now consider scaling limits; the following remark will come in handy.

Remark For fixed { # 0 we have the following approximation for the Laplacian

AQN (),
AQN(©) = A + o). (1.30)

The formula (1.30) is easily deduced using well-known asymptotics for the Bessel
function K,, see e.g., [4] (or [58]) for details.

Now fix a zooming-point p, € Sy in the bulk, i.e., 0 < p, < 4. Using (1.30), the
quantities p(px) and a(py) in (1.7) and (1.8) are readily computed as

p(ps) = lim \/AQN(,,) 2¢/px,  a(ps) = mey/ps - omp(ps). (1.31)

We rescale a random sample {¢ j}zlv about p, using the map (1.6) and let Ry denote
the 1-point function of the rescaled system {z j}{v .

Theorem 1.7 (“Bulk scaling limit for ALUE) If v > —1 is an integer then Ry — R
locally uniformly where R(z) = FQ2Imz) and F(z) = y * 1(_24,24)(2), where
a = a(py) is given by (1.31).
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e

Fig.5 A sample from ALUE rescaled about the singular point 0. Here N = 1000 and c is approximately
equal to 7

(The assumption that v be an integer is made mainly for technical convenience; we
do not think that it should be necessary.)

While Theorem 1.7 looks similar to Theorem 1.4, the result is new; the shape
of the droplet was calculated only recently in [4], and the singular behaviour of the
equilibrium measure renders our discussion more delicate in the present case.

The similarity with AGUE breaks down when we consider edge scaling limits, and
more precisely when we zoom appropriately about the singularity at the origin. We
now turn to this interesting scaling limit.

In keeping with a two-dimensional perspective, we rescale {;/}11\' about the origin
by blowing up with the factor (%)2, i.e., we put

=g =)' Rv@=(§)" Ry

Using a slight modification of computations due to Osborn in [49], we will prove
the following result.

Theorem 1.8 (“Edge scaling limit for ALUE”) We have Ry — R uniformly on com-
pact subsets of C\ (—o0, 0], where

2¢
R(z>=R<c)<z>=lKu(|z|>eR“/ se | N(sz)Pds.  (132)
0

(The square-root z% is defined as the principal branch, with a branch-cut along the
negative real axis.)

Again the density (1.32) has an interesting interpolating property, this time between
a linear Bessel process and a relatively lesser known planar Bessel-process (see e.g.,

[L1]).
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(A) c=0,v=3% (B)c=1,v=4%

Fig.6 Graphs of Ié(()) (x) and R(1)(2), R(o0)(z) forv = %
We start by passing to the planar limit as ¢ — oo in (1.32), which is

o
Rie=oc)(2) = § Ku<|z|>eR“/ se 1T (s 222 ds. (1.33)
0

The integral here can be evaluated by means of a formula in [50, (10.22.67)], giving
Re=s0)(2) = 3Ku (12D 1(2]). 2 €C, (1.34)

where I, is the modified Bessel function of the first kind. There is a unique determi-
nantal point-field {z;}{° having the one-point function (1.34), which we call a “planar
Bessel-process”.

We rescale once more in order to obtain a 1-dimensional perspective: given arandom
sample {z}° associated with (1.32), we form {Z;}{° where 7; = 2z ;- The point field
{Z;)%° has 1-point function R()(z) = ¢™*Rc)(c™>z). Writing Ryq) for the limit of
R as ¢ — 0, we readily see that R(g) = 0 outside of the ray [0, co) while for x > 0,

1
Roy(x) =% fo 111, (D) dt = Z(J(VX)? = Tyt (VD) Ty 1 (VX))

We recognize the last expression as 7 times the restriction to the diagonal of the
well-known Bessel kernel, given for x, y > 0 by

1
Jy ) (/)X Jy
0

(1.35)
We conclude that the rescaled ensemble interpolates between the linear Bessel-

process with kernel (1.35) (when ¢ = 0) and the planar Bessel process with 1-point
function (1.32) (when ¢ = 00). See Fig. 6.
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1.6 Almost-circular ensembles

We now discuss the almost-circular ensembles, a family of random normal matrices
whose eigenvalues tend to be distributed within a narrow band around the unit circle
of width proportional to % The terminology “almost-circular” comes from the fact
that in the one-dimensional limit, this ensemble tends to the circular unitary ensemble
distributed on the unit circle, cf. [27, Chapter 2] (See also [25] for a recent work on
circular S-ensemble.).

The almost-circular ensemble we consider is associated with a radially symmetric
potential

OnN@)=gn(), r=I¢l, gnv:Ry—>R, (1.36)

where gy is differentiable on R with absolutely continuous derivative. Without loss
of generality, we shall assume that g (1) = 0 and g;\,(l) = 2. We also assume that
Q y is subharmonic in C and strictly subharmonic in a neighborhood of the unit circle.
Then the associated droplet Sg,, is given by an annulus

Soy :={¢ €Clry <|¢| <1}, (1.37)

where ry is a unique constant satisfying rygy (ry) = 0, see e.g., [51]. A typical
example of such a model is the induced Ginibre ensemble [26], an extension of the
Ginibre ensemble to include zero eigenvalues.

As in previous subsections, we shall assume that the limit

p:= lim % > 0. (1.38)

N—o0

exists. This condition plays an important role in defining the almost-circular ensemble
since

w=1-£40(L), N> (1.39)

Let py := (ry + 1)/2. For an arbitrary zooming-point py¢ = py - €' (8 €
[0, 27r]), we define the rescaled sample

zj = —ie' \/NAON(pN ) - (€ — PNg), (1.40)

See Fig.7.
As an immediate application of Theorem 3.8 we obtain the following result, which
establishes the bulk universality for the almost-circular ensembles.

Theorem 1.9 (“Bulk scaling limit for Almost-Circular ensembles”) Under the above
assumptions, Ry converges locally uniformly to the limit R(z) = F(2Imz) where
F(z) =y *1(242a)(z) and a = p /4.
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Fig.7 A sample from the almost-circular induced Ginibre ensemble

We remark that the value a again is of the form (1.18) and (1.31) as it can reads
asa=7%5-p- % = le - p, where % corresponds to the uniform density on the unit
circle. We also refer to [20] for extensions of Theorem 1.9 under several boundary
conditions.

1.7 Plan of this paper and further results

In Sect.2 we study a fairly general class of bandlimited Coulomb gas ensembles in
the interface between dimensions 1 and 2.

In Sect. 3 we specialize to the determinantal case B = 1. We adapt to the almost-
Hermitian setting the basic results from [14] concerning structure of limiting kernels,
zero-one law, Ward’s equation, and so on. As an application, we prove Theorem 1.9.

In Sect. 4 we prove Theorem 1.3 and Theorem 1.6 about cross-section convergence
for almost-Hermitian GUE and LUE, respectively.

In Sect.5 we prove Theorem 1.4 and Theorem 1.7 about bulk scaling limits for
AGUE and ALUE, respectively.

In Sect. 6 we consider edge scaling limits for AGUE and ALUE. We include a new
proof for Theorem 1.5, as well as a proof of Theorem 1.8.

In Sect.7 we compare our results for ALUE with earlier results about a chiral
ensemble in [1, 49]. We also relate our results with some other point fields appearing
in [17, 27, 41, 47], for example.

In Sect. 8, we provide concluding remarks and relate to other works. In particular,
we state and prove generalizations of the cross-section convergence and bulk scaling
limits for the general ALUE with a rectangular parameter « > 0. We also discuss
results about a generalization of AGUE, which is obtained by inserting a point charge
at the origin, and we discuss almost-Hermitian ensembles with a hard edge.

In the appendices, we collect some asymptotic estimates for Hermite and Laguerre
polynomials which were adapted from the papers [45, 56, 57], respectively.
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2 Generalities about the bandlimited Coulomb gas

In this section, we introduce and study a fairly general setup for dealing with almost-
Hermitian structures. We begin by studying limiting droplets in the bandlimited
regime. After that we study statistical cross-sections by using some basic large devi-
ation estimates. This prompts us to impose yet more restrictive conditions on the
potentials Q.

2.1 The limiting droplet

Let O and V be potentials satisfying the conditions in Sect. 1.2. We now impose
some standing assumptions.

First of all, we will assume that each Q y is continuous in some fixed neighbourhood
of Sy . We assume also that Q y is real-analytic in this neighbourhood with the possible
exception of one (or several) singular points at which A Q y = +oo for each N (so that
we include the ALUE in our setting, for example). With another very minor restriction,
we assume that each droplet Sg,, equals to the corresponding coincidence set SZN for
the obstacle problem (cf. [51] or Sect. 3.1 below).

In addition, we will assume that Qn (2) = Qn(Z) and Qn(¢) > On(Re ) for all
¢ €C,and that AQy > mN on Sp,, for some constant m > 0.

Under these assumptions, Sakai’s regularity theorem (see [15] and references)
implies that the boundaries dSg, consist of finitely many Jordan curves, which
are real analytic with the possible exception of finitely many singular points. We
shall assume that there are no singular points and that there are continuous functions
hy : R — [0, co) such that

={+in; —hn(E) <n =<hn@)}

Since the Qy increase monotonically to V, we can apply a general convergence
resultin [51, Theorem 1.6.2] to conclude the weak convergence in the sense of measures
ooy — oy as N — oo. Moreover, since g, = AQy - ISQN d A we have, for each
bounded continuous function f, that

hn (&)
L lim df/ f(§+i77)AQN(€+in)dn=fRf(§)Gv(E)d$~

T N—oo hy (&)

We next impose the condition that the limit

p(&) = hm \/AQN@)
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exists as a finite and strictly positive number whenever oy (§) > 0. Using this assump-
tion and the mean-value theorem, we obtain for all £ with oy (§) > 0 that

hn (@)
7 -oy(§) = lim AQN(E +indy = 53 lim hy(E)VNAON®.
N—=oo J_py &) N—oo
2.1

Let us particularly mention that 2y (§) — 0 as N — oo.

LetI'y »(¢) = VNAQN(p) - (¢ — p) be the magnification map about a point p € R,
and consider the vertical segment yy(p) = I'v ,(Sgy) N (iR). Writing yn(p) =
[—an(p)i,ay(p)i] we then have ay (p) = VNAON() - Ay (p).

In view of (2.1), we have shown the following theorem.

Theorem 2.1 (“Asymptotic shape of the droplet”) If Q y satisfies the above conditions,
and if yn(p) = [—an(p)i, an(p)i] then an(p) — a(p) as N — oo where a(p) =
7 -p(p)-ov(p).

In particular, the droplets S¢,, are bandlimited in the sense that there is a constant
A such that |[Im ¢| < % foreach ¢ € So,.

2.2 Statistical cross-sections

Recall from potential theory that the Robin’s constant y (V) in external potential V
is defined by y (V) = Iy[oy] where Iy is the energy-functional (1.4). We say that
a sequence Qpy of potentials obeying the conditions in Sect. 2.1 is an admissible
sequence if the following lower bound for the partition function holds:

lim inf L log Zi = =B -y (V). (2.2)

Theorem 2.2 (“Weak cross-section convergence”) Suppose that (Q y ) is an admissible
sequence and that the restriction V| is continuous in a R-neighbourhood of the V -

B

droplet Sy. Then %c N — Ov in the weak sense of measures on R.

Note that the continuity assumption on V | is satisfied for AGUE but not for ALUE.
Our proof of Theorem 2.2 in the following section uses a modification of arguments
from [37] (as well as the planar version in [12, Appendix A]).

2.3 Proof of Theorem 2.2

Given an external potential W we write Ly for the kernel

Ly (¢, n) = log 7 + 3(W (@) + W)



Almost-Hermitian random matrices and bandlimited point... Page 190f57 52

To arandom configuration {; }{V we associate the corresponding empirical measure

N
1
= 2%
1
The discrete W-energy of this measure is defined to be

f 1 1 1
Lylunl = o= D Lw(&). 60 = yov—my D 1og gy + un(W). (23)
J#k J#k

This energy is closely related to the Hamiltonian Hy in external potential W, since
N N
Hy =) logzler + N Y W) = NV = DI lunl+ ) W(E)).
J#k Jj=1 j=l1

We now come to a simple but useful observation. Write Q7% (¢) = On(Re?).
Recalling that Q% < Qn on C we obtain

1 [un1 < I, lun]. 2.4)

Following [12, 37] we next fix a small € > 0 and potentials Q 5 and V obeying the
conditions in Sect. 2.1. We then consider the event

AN, &) = {1}, (uy) < v(V) + €},

Lemma 2.3 Fix a > 0 and suppose that the lower bound condition (2.2) is satisfied.
Then there is a positive integer Ny depending on € but not on a such that if N > Ny,

Ph(uy ¢ AN € +a))) < e 30N,
Proof If uy ¢ A(N, € + a), then
IIi

oulunl =y (V) +eta. @5)

By (1.5) and the elementary inequality | — n|> < (14 |¢|*)(1 4 |n|?) we find that

Loy, m) = F(On(Q) + On() — ¢, where ¢y = 1 — 1/k > 0 and ¢ = C/k.
This gives

N
I [unl= $ > 0N ) — c (2.6)
j=1
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Now fix a small number 6 > 0 and take a convex combination of the inequalities
(2.5) and (2.6). We obtain thatif uy ¢ A(N, € + a),

N
I Nl = 0=V +eta)+0 | Y ove)—a|. @0
j=1

which implies that the Hamiltonian (1.1) satisfies

Hy > N(N -1 -0)(y(V)+¢€+a)
N
+K((N = Der +1) Y log(l +1gj°) = N@esN + ca).
j=1

Consequently,

/ e PHN dAy < e~ BNIN=D(U=0)(y (V)+e+a)+BN @csN-+es)
CN\A(N,e+a)

x [ f (1 + [¢ |} kBN =DecrF1) dA(;)]N :
C

Since f(c(l + 12" dA@) = a—ll for « > 1, the integral in brackets is no larger
than 1, so we obtain that for all large enough N,

P]"i]({l/LN ¢ A(N,E +Cl)}) E ﬁefﬁN(Nf1)(179)(]/(V)+€+l/l)+/3N(9L’3N+C4)'

Next we use the lower bound Zy > exp(—Nz(,By(V) + 0(1))) from assumption
(2.2). This implies that

Pﬁ/({MN ¢ AN, e+a))) < eNIV=DIBO (V)t+e3+e)—(1=0)a)+o()]

Finally we fix 6 with 0 < 6 < % and Ny such that for all N > Ng, 0(y (V) + c3 +

a

€)+o(l) < 5. Then for large enough N,

P ((y ¢ AN, € +a))) < NV DIPG-0=00] < =pan?,
which completes the proof. O

Now fix a constant C > 0 and write Sé“N = {§ e C; dist(¢, Sgy) < C%}

Lemma 2.4 Suppose that for each N we have uy € A(N, €) and supp uy C SJN'
Suppose also that Vg is continuous in an R-neighbourhood of Sy. Then each sub-
sequence of the measures Ly has a further subsequence converging weak™ to a
probability measure pu supported on R such that Iv[u] < y(V) + €.
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Proof By hypothesis, the measures py are all supported in some large compact set.
Pick a subsequence py, converging weak™ to a probability measure (1« which is nec-
essarily supported on R. Also pick ¢ > 0 and write Q*;\,(g“) = Ony(Re). We also
write V*(¢) = V(Re ¢). By (2.4) we know that Ié?v [un] <y (V) +e.

Now recall that the Q% increase monotonically to V* and that V* is continuous
on some compact set K which contains the sets S a'N for all large N. Hence the
convergence is uniform on K, by Dini’s theorem. In particular we can find an integer
n such that sup{| Q% (¢) — V*(0)|; ¢ € K} < & when N > n. Then for Ny > n,
JZ5A (Qj‘vk —V*)| < e.Choosing n larger if necessary, we can arrange that |y, (V*)—
w(V)| < &, since V* is continuous on K and u(V) = w(V*). Hence |,uNk(Q7\,k) -
w(V)| < 2e when N > n. We have shown that /J,Nk(Q}*\,k) — n(V)ask — oo.

From here on, we follow a routine argument which can be found in [51, p. 146] for
example. For a large real number M, we put Lj;(¢, n) = min{M, log \{_inl}'

Since Ly is continuous while py, — p weak*,

1
/ / log du(@)du(m) = lim lim / / Lt (6, m) e, (©) dpan ()

& —n| M— 00 k—00

< lim limsup { - lo St
T M—o0 k*)OOp Nkz ; ¢ o "
. 1 1
B h;f" sup =y D log j=al

—00 J#

Since Ié* [un,] < (V) + € it follows that
Nk

vt = Jim i ([ [ Lateom i, © ann o + 030

< lim sup Ié’fv [un ] <y(V) +e
k

k—00
The proof is complete. O

Lemma 2.5 Let dy(¢) = dist(¢, Sgy) and put Dy = maxi<;j<ny{dn({;)}. Then for
each q > O there exists C > 0 and Ny so that for N > Ny we have

P’ ({DN > CIOIg\,N]) <4

Proof This follows from [12, Theorem 2]. More precisely, in the estimate [12, (1.11)]
(with O = Qn), we take ¢ = ¢1 N where c; > 0 is independent of N. Then taking
t = Alog N with a large enough A and defining C accordingly, we finish the proof. O

We are now ready to finish our proof of Theorem 2.2.
Forafixedsmalle > 0, we pick No(¢) sothatif N > Ny then, with large probability,
suppun C SEN and uy € A(N, 2¢). Indeed, by lemmas 2.3 and 2.5, we can arrange



52 Page22of 57 Y. Ameur, S.-S. Byun

that the probability of the complementary event is at most N9 + e~ 2BN? where
g > 0 may be chosen as large as we please (by adjusting the value of C).

Now let e = €, — 0 through a suitable sequence, and for each n, use Lemma 2.4 to
pick a weak* subsequential limit ©“ of the measures puy, with Iy [u] < y(V)+2¢,
and p® supported in some fixed compact subset of R.

Letting n — o0, the corresponding measures " will converge weak* along a
subsequence to a measure p with Iy[u] < y (V). This implies that © = oy by
unicity of the equilibrium measure (cf. [51, Theorem 1.1.3]). We have shown that with
probability 1 —o(1), every subsequence of the measures w y has a further subsequence
converging weakly to oy, which implies that the full sequence uy — oy weakly as
measures.

Now let f be a bounded continuous function on R and define f* on C by
f*() = f(Re¢). Then the uniformly bounded random variables uy(f*) con-
verge to oy (f*) = oy (f) in probability as N — oo. Taking expectations we obtain

E’ISV[;LN(f*)] — oy (f) as N — oo. However, by Fubini’s theorem,

Eflun(f9] = YERIfReL) +...+ f(Rey)]
1

_ ,,%/ f(é)ds/RfV(uin)dn
R R

1 /R F&) P ) de,

so we obtain the desired convergence cf, — moy in the sense of measures on R. O

2.4 An entropy estimate
The lower bound on the partition function in (2.2) can be checked directly for our
model cases of AGUE and ALUE. However, the stronger conditions in the following

lemma are usually easier to check (e.g., in the case of AGUE).

Lemma 2.6 Suppose that the equilibrium measures o, obey the following energy
and entropy limits:

Jim 500, (Qn) =0, lim Foo,(logAQy) =0. 2.8)

Then the lower bound (2.2) holds, i.e., liminf y_, o # log Zﬁ > —By (V).

Proof We start by fixing a continuous compactly supported function ¢ with f(C pdA =
1 and noting that

N

N
Zy = /(C exp H—ﬂ D Loy (. o) = Y (BONE) +1oge)) { [ | ¢¢)) dA)).

J#k Jj=l1 Jj=1
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By Jensen’s inequality,

N N
oz = [ =83 Loy 00— Y 0n +lozorep | [ wicpdac)

j#k j=1 j=1

=—BNN — DIgyle] - N[c(ﬁ On +loge) pdA,

with the understanding that 0log0 = 0, and where we write /g, [¢] in place of
Ioyle dA]. This leads to

selogZy = ~p (1= 4) lo,le)— § [ Onpda—4 [vlozoda. @9)

For small § > O we let x(¢) = 8_21D(0,5)(§) and define

(D(¢.,8))
PN (£) = x * 00y (¢) = TR0

As § — 0 we have that I, [ps N] — Igylogy] = ¥ (Qn) (see remark in [12,
Appendix Al]).
Thus letting § — 0 the right hand side in (2.9) converges to

0= Pyon — 4 [ QNAQNdA—%[S AQy log AQy dA. (2.10)
on on

Since y(Qn) 1 y(V)as N — oo (cf. [51, Theorem 1.6.2]), we see that (2.10) can be
estimated from below by —By (V) 4 o(1), due to the assumptions (2.8). O

3 Generalities about the determinantal case

Let (Qn) be any sequence of potentials satisfying the conditions in Sect. 2.1, and set
B =1

We shall adapt to the present setting some basic techniques from the paper [14]
pertaining to weighted polynomials, Ward’s equation, and so forth. The adaptations
are straightforward, and we shall be correspondingly brief.

Recall that the 8 = 1 process is determinantal, i.e., the intensity k-point functions
of{gj}llv can be represented as determinants Ry 1 (171, . . ., nx) = det(Ky (mi, nj))kxk
where Ky is a correlation kernel.

Indeed, as is well-known, we can take Ky to be the reproducing kernel of the
subspace Wy of L?> = L*(C, dA) consisting of all weighted polynomials f = ¢ -
e NON/Z where ¢ is a holomorphic polynomial of degree at most N — 1 (see e.g., [S1,
Section IV.7].). This canonical correlation kernel is used without exception below;
note in particular that Ry (¢) = Ky (¢, ¢).
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3.1 Auxiliary estimates

We now record a few basic estimates for weighted polynomials, which are proved using
standard techniques, e.g., in [14, Section 3]. We begin with the following pointwise—L2
estimate.

Lemma3.1 Let f = q - e NON/2 € Wy and fix a point ¢y at which AQn (Zo) > O.
Suppose that there exists a constant Co = Co(Lo) such that

AQN() = CoAQN (o) when  |¢ =Ll < s 3.

Then there exists a constant C = C(Cy) such that

|f G)I> < CNAQN (50) . lfPdAl (3.2)
D(Co,im)

Moreover (with the same C) Ry (Zg) < CNAQn(&o).-

Proof Consider the function F(¢) = |f(§)IzeNCOAQN@O”{_{O'z. By hypothesis, F is

logarithmically subharmonic in the disc D (o, +) since

VNAQN (o)
Alog F(¢) = Al f ()P + NCoAQN (40) = —N(AQN () — CoAQN (%)) = 0.

An application of the sub-mean inequality gives

F@o)l? < NAQN(20) / FdA
D(Co

1
\/NAQN«()))

< ecoNAQN@O)/D< |fIdA,
%o

1
’ \/NAQN(C0)>

which proves (3.2) with C = 0.
To verify the last statement, we consider the weighted polynomial f({) =

_Kn.%0) ; ; 2 _ . . i
TRy Gt which satisfies | f(¢0)|© = Ry (o). Applying (3.2) to this f, observ

ing that f(C |f|2 = 1, we immediately obtain the inequality Ry (Zp) < CNAQn (o).
m}

It is convenient to prove a stronger form of Lemma 3.1, which incorporates the
decay of Ry outside of the droplet Sp, . For this, we recall some standard potential
theoretic notions.

Given an external potential W, we define the obstacle function W(C ) as the supre-
mum of s(¢) where s runs through the set of subharmonic functions on C which
satisfy s < W everywhere and s(¢) < log 1C]> + O(1) as £ — oo. The coincidence
set Sy, = (W = W} contains the droplet Sy, but may in general be slightly larger (see
[51, p.144]). The obstacle function W is harmonic in the complement of the droplet
Sw and is C1-!-smooth on C, see [51].
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Lemma3.2 If f € Wy and |f| < C on Sg,, then | f| < CeN@v=0M/2 oy C.

Proof This is a standard fact (e.g., [S1]) but it is easy enough to recall a proof. We can
assume that C = 1. Writing f = ¢ - e V2~/2 where ¢ has degree at most N — 1, we
consider the subharmonic functions = % log |¢(¢)|* whichsatisfies s (¢) < log |¢|>+

O(1)as ¢ — oo. Since | f| < 1 on C we see that s(¢) = %loglf(;)lz—k On() <

On(¢) on C. A suitable version of the maximum principle shows that s < Q y onC,
finishing the proof of the lemma. O

Lemma 3.3 Suppose in addition to (3.1) that there is a constant Cy such that AQy <
CiN on Sg,. Then there is a constant C such that, for all ¢ in a neighbourhood of

the droplet, Ry (¢) < CN2eNO@Ov=0m©)

Proof Fix a point ¢; in a neighbourhood of the droplet, and take f(¢) = %

Next fix §o € Sg, and use (3.2) to conclude that | f(§o)|* < CCIN? [ |fI*dA =
CCyN?. Since § € Sp, was arbitrary, Lemma 3.2 shows that |f({)> <
CC{N2eN@n=0N)(©),

Taking ¢ = ¢; we find that Ry (¢) = Ky(¢,¢) < CCIN2e ™ N@N=0N(@)  aq
desired. O

Remark We stress that the conditions of Lemma 3.3 holds for AGUE (since AQy is
then essentially a constant multiple of N), but not for ALUE.

Lemma 3.4 Suppose that the conditions of Lemma 3.3 are satisfied. Then the cross-
sections cy(p) = % fR Ry (p + in) dn are uniformly bounded on R.

Proof Write dy (¢) = dist(¢, Sg, ). By Taylor’s formula,

ON() — ON(C) = My -dy(2)?, My =min{AQN(); ¢ € Spy) (3.3)

for all ¢ close enough to the droplet, see e.g., [12, Section 2]. By assumption we have
My > mN for some m > 0, so there is a constant C such that

+o00 ) o
en(p) < CN/ e NN (i gy (3.4)

—00

By Theorem 2.1, the droplet Sp, is contained in a strip || < %, so the right hand
side in (3.4) can be estimated by C(2A + 2 fooo e=my’ dy) < oo. O

3.2 Rescaling in the bulk

Now fix a point p, € R with oy (ps) > 0, where as always V = lim Qy.

We admit potentials such that AQ y has singularities (such as for ALUE), but we
assume that each A Q is finite at the point p, and that there are positive constants ¢
and ¢y (with ¢; possibly depending on p,) such that ciN < AQn(¢) < caN for all

-1
¢ € D(ps«, m) and all large N.
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We then rescale by the blow-up map I'y in (1.6), i.e., we rescale the system {¢ j}zlv
by magnifying distances by the factor /NAQy(p.), about the origin p,. The resulting
process is denoted {z j}{V and we write Ry for its 1-point intensity.

It is easy to see that the rescaled process {z j}llv is determinantal as well, with
(canonical) correlation kernel

Ky(z, w) = WKN(Q m, z=In(&), w=TnyMm.

The following lemma is a slight modification of [14, Theorem 1.1]. A proof can
be accomplished by arguments from [14, Section 3] (with “Q " in lieu of “Q”"). We
omit repeating those details here, but merely point out that the local boundedness in
Lemma 3.1 is sufficient for the normal families argument in [14, Section 3] to carry
through.

Lemma 3.5 (“Structure of limiting kernels™) Under the above conditions, there exists
a sequence cy of cocycles such that each subsequence of the kernels cy Ky has a
further subsequence which converges locally uniformly to a Hermitian kernel K of
the form K (z, w) = G(z, w) - L(z, w), where L is a Hermitian-entire function and
G is the Ginibre kernel (1.19).

Here we have used the following notation (cf. [14]). A continuous function f(z, w)
is called Hermitian if f(z, w) = f(w, z). If f is also analytic (or entire) in z and w,
then f is called Hermitian-analytic (or Hermitian-entire). A Hermitian function of
the form f(z, w) = g(z)g(w), where g is continuous and unimodular, is said to be a
cocycle.

By the convergence in Lemma 3.5 it follows that each limiting kernel K appearing
in Lemma 3.5 is the correlation kernel of a unique determinantal point field {z;}{°.
In order to determine K it clearly suffices to determine the limiting 1-point function
R(z) = L(z, z), for then L is determined by R via polarization, and so K = LG is
also determined.

In what follows the subsequential limits R = lim Ry, play a fundamental role. We
refer to such limits as limiting 1-point functions about p.

Now recall our assumption that the limit p(p,) in (1.7) exists, i.e., we assume that

1 _ N - P(ps) .
NN /AQN([?*) v =N (I +o0(l))as N — oo.

We immediately obtain the following rescaled version of the pointwise cross-section
convergence.

Lemma 3.6 Ifthe cross-section cn (p«) converges to w -oy (ps), then for each limiting
1-point function R at p, and each x € R,

/RR(x +iy)dy =m - p(ps) - ov(ps).

IK (z,w)[?

Given a limiting kernel K, we define the Berezin kernel B via B(z, w) = RO

and we put C(2) = [ 22 dA(w).

I—w
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Theorem 3.7 Suppose that (Qy) is an admissible sequence satisfying the cross-
section convergence. Fix p, € R where oy(ps) > 0 and p(ps) > 0 and rescale
as above. Then each limiting 1-point function R = lim Ry, is nontrivial, i.e.,
R > 0 everywhere on C. Furthermore, R gives rise to a solution to Ward’s equa-
tion 3C(z) = R(z) — 1 — Alog R(2).

Proof The proof again follows by appealing to general results from [14]. Indeed, it
follows from Lemma 3.6 that a limiting 1-point function R cannot vanish identically.
Then in fact R > 0 everywhere and Ward’s equation holds in view of the zero-one
law in [14, Theorem 1.3]. O

3.3 Characterization of translation invariant scaling limit

We now come to the important realization that the cross-section convergence uniquely
determines a limiting 1-point function R, provided that the latter can be shown to be
translation invariant. Indeed, this now follows in a straightforward way by appealing
to the theory for Ward’s equation in [14].

Similar as in [14], we shall say a limiting 1-point function R in Lemma 3.5 is
(horizontal) translation invariant if R(z +t) = R(z) forallr € R.

Theorem 3.8 Keep the assumptions of Theorem 3.7. Then each translation invariant
limiting I-point function R at py is of the form

2a | 2
R(@) =y *1(2420)2Imz) = \/% /2 e~ 2@mz=0" gy g = Z - p(ps) -ov(ps). (3.5)

Proof The formula (3.5) (for some a > 0) follows immediately from the charac-
terization of translation invariant solutions to Ward’s equation in [14, Theorem 1.6].
Moreover, Lemma 3.6 fixes the value of a in (3.5). O

3.4 Universality of almost-circular ensembles

The theory mainly described in the almost-Hermitian setup so far applies to the almost-
circular setup as well.

Proof of Theorem 1.9 Since Q y is radially symmetric, the limiting empirical distribu-
tion is uniform on the unit circle. Furthermore, by (1.38) and (1.39), we have

Loy =20 =rp)AQOND) - (1 +0(1) = 5= - (1 +0(1), (N — 00). (3.6)

This in particular gives rises to the rescaled version of the pointwise cross-section
convergence

/ R(x +iy)dy = 5. 3.7
R

Moreover, since Q y is radially symmetric, it is easy to show the translation invariance,
see e.g., [14, Subsection 6.4]. Now Theorem 3.8 completes the proof. O
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4 Pointwise convergence of cross-sections

In this section we prove Theorem 1.3 and Theorem 1.6 about pointwise convergence
of cross-sections to 7 times the equilibrium measure oy (p).

4.1 Cross-sections for AGUE

Let

ON() =382+ 5 - X’
and fix numbers §, @ with0 <6 <o <2.Putly s ={£ e R; § < || < a}.

We shall prove in detail that %CN (p) — 0c(p) uniformly for p € Iy 5. The
pointwise convergence for p = 0 may be handled in a similar way, see a remark
below.

We first recall that the 1-point function can be written Ry (¢) = Z;V;Ol |w; (§)|2,
where w; = ¢; .e~N@N/2 ¢ Wy is an orthonormal basis of the weighted polynomials
subspace Wy of L? (see Sect. 3).

Consider now an arbitrary potential Q of the form Q(& + in) = a&? + bn* where
a and b are positive constants.

The following orthonormal polynomials in weight e =V 2¥/2 are found in [23],

1 J B
o0 =@hfmtn (i), o=t
where H; is the jth Hermite polynomial, H;(z) = (—1) j ez2 ;12// _

In other words, the 1-point function in potential Q = a&2 + bn? is given by

Ry () = e VCONab - Fy (\/Wc) ,

Fy@ =YV S22 H ).

.1

We have the following lemma (see [45, Proposition 2.3] for a related statement.).
Lemma4.1 Withx = Rez and Fy as in (4.1), we have

oF, 4(r/2)N RelH, H
N()_?i);F (2) — (;/+r) el I\ENI(ZI))'N(Z)]

Proof We apply two standard facts for Hermite polynomials, namely the three-term
recursion Hjy1(z) = 2zH(z) — HJ’. (z) and the identity HJ’. (z) =2jHj_1(z). These
lead to

N-1

My _ W2 2H () - (ZzH/ 12) = Hj 1(2))
Jj=0
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N-=-2 N-=-2
_ J J _
=2tz y U H; @ -7 ) LI H () H(3). 4.2)
j=0 Jj=0

Using once more the three-term recursion, the last sum is recognized as

- (/2 2)N-1 _
0 (5 — 2z U2 Hy 1 ) + U2 Hy-1 () Hy (D).

Inserting this in (4.2), we obtain after some straightforward manipulations

3 (3) = 20z Fy(2) — T2 (2) — 2820 Hy 1 (2) Hy (2. (4.3)
The lemma follows from (4.3) by taking real parts and rearranging. O
Now consider the cross-section ¢y, which we write in the form
“4.4)

en(®) = #fRRN@H%)dy.

Fix apoint & € I, 5.
By (4.1) witha = 5 and b = 3

_Ng2_ 12
VRN +ig) = e 2T e FN(—Z(N (s+zN>)

Applying Lemma 4.1, we obtain after some straightforward computations

IR Ly 2 _Ng2 12 _2\V
v E i) =— sy veae (2(1>]V+Cc2>>
4.5)

N 0&
N Py N Py
X RC{HN_1 (\/ﬁ(s +l%)> HN (\/ﬁ(s _l)ﬁ))} .

Thus we have asymptotically, as N — oo,

.y _Ng2 12 52
L BRN (S + l%) = - (1 +0(1)) . ﬁie ZS 2(.23’ ‘ 2N(1¢_1)!

NZOE

e (V56 i) o (Ve )

(4.6)

We now apply the inequality (A.6) in (4.6), which gives that there are constants
C = C(«, 8) and k = k(«, ) such that whenever & € I, s,

#BEI;SN(S+1N)<C6 27 max{ —}coshz(ky)
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Using this and differentiating with respect to & in (4.4) we find that the derivative
cly satisfies

12
Iy @] < C /R ¢ 37 max(1, y*N NV} cosh®(ky) dy < C.

with a new constant C; = C(«, 8, ¢). This proves equicontinuity of the functions cy
on lys.

Since the functions cy are also uniformly bounded (Lemma 3.4) we can apply
the Arzela-Ascoli theorem and conclude that each subsequence of the functions cy
has a further subsequence which converges uniformly on I, s to a limit ¢(§). In view
of Theorem 2.2, we must then have ¢ = 7 - oy on the interval I, s where oy is
the equilibrium measure in potential V (§) = %52, i.e., oy = oy is Wigner’s semi-
circle law. We have thus shown locally uniform convergence cy(§) — moy (§) for
& € (—2,2)\ {0}. It is not hard to obtain convergence also at £ = 0, by using the
Mehler-Heine formulas in (A.2). This detail may be left to the reader. Our proof of
Theorem 1.3 is thereby complete. O

4.2 Cross-sections for ALUE

We now prove Theorem 1.6 on the cross-sections of the ALUE. To this end we fix a
real number ¢ > 0 and a non-negative integer v and take

ON () = —+ log{Ky(aN|¢]) - 1€} — bReg, 4.7
where we abbreviate
a=ay=%N, b=by=4N—1 (4.8)

Let us fix a small @ > 0 and put Iy, = [o, 4 — o]. We must prove that the cross-

sections cy (§) converge uniformly on I, to 7 - omp(§) = %«/5(4 —£).
For this purpose, we first recall from [2, 3, 49] that the jth orthonormal polynomial
q; in weight e~ NON/2 can be expressed in terms of the Laguerre polynomial L}’. (z) =

27V d) o~z j+v :
S ) via

g;©) = Cn T\ AR LGN, (r=ov=t=1-%), 49

v+l

2 2
where Cy = +/aN (£ 2_ab N)=2 .
Hence if we introduce the function

Gy (@) = Z LI @R, (4.10)
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then the 1-point function in external potential Q y becomes

Ry() = C} - Gy (S522N¢) e VON e, @.11)
Now pick £ in the interval I, = [, 4 — «], and put
(=t+id, (yeR).
Using (1.26) and (1.24), it follows from (4.11) that
2
WRN (@) = /3N 63T TR Gy (N - (1 o)),
where we have used
N(Cﬂz-m—(g—) Reg) AN
(’;’—f— )S_N$+2C2$+O(%).

We next use a summation identity found in [24, (10.12.42)] to write

J
1l 2k
Tl @ =) mian L @+ ). (4.12)
k=0

As a consequence, we can write, in turn:

Gy () = Z Z L Nl (R

2 —1 J
R ;
LRy =[N g WY Y N LR N (14 o(1).
j=0 k=0

Observing that INCIP* = (N&)k( + (N%)z)k and integrating in y, we find for
§ely

N—1 J
CN(&) \/> NV. v—— —N Z Z Lv+2k(2N§')
=0 k=0
")
xJ(N,k)- (1 +0(1)), where J(N,k):/e*ﬁ(1+(NL'§)2)kdy.
R

(4.13)

We pause to evaluate the integral J(N, k).
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—22\F k=172 (N2
Lemmad.2 J(N,k) =c-/2m& - k! (sz2> Ly ! (%’f)

Proof We shall use the following integral representation of the confluent Hypergeo-
metric function U (a, b, z) found in [50, (13.4.4)]

o0
Ua,b,z) = ﬁ/ e U1 4 b gy,
0

By a change of variable and using F(%) = /7, this leads to
i
f T4 oy dy = FUG k+ 3, 5 = (@) Tk —k+ ), &),
R

For the last identity, we also use the well-known (Kummer’s) transformation
Ua.b,2)=z""U@-b+1,2-b,2),

see [50, (13.2.29)]. We finish the proof of the lemma by use of the functional relation
U(—n,v+1,z) = (—=1)"n! L) (z) found in [50, (13.6.9)]. O

We next use the closed form of Laguerre polynomial in [55, Chapter V],

n
v _ Cntv+D)  (=x)f
L,(x)= =D GHv+D !

j=0

toinfer that J(N, k) = c- /27 & - (1 4+ O( 12)) Inserting this in (4.13), we arrive at

N—1 J
cn(§) = T(NE) - e N rszk DL QNE) - (1+ o(1))
j=0 k=
N—-1
=7(N&)Y - e N8 3 T LS ILYNE) - (1 4 o(1)), 4.14)
Jj=0

where we used (4.12) with z = N§ to obtain the last equality.
On the other hand, we shall verify that

N—1

2
Jim (Ve Y AL (e = e /e —BE @)

j=0
To prove (4.15), we use the classical Christoffel-Darboux formula

n—1

D LI OLYG) = g e L (O Ly () = L) ()L (X))
j=0
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together with differentiation rule %L‘;(x) —L”Jrl (x) to obtain
N—-1
— il v v — !
(N§)'e ™ 3 ALV = (V) e iy
j=0

x (Lhy_ (NEYLY (NE) — LYy (NLYL, (N§E)).

Next we apply the following Plancherel-Rotach type formula from [28, Section III]:
for x = 4nX with % < X < 1 and fixed m,

Ly () = x 7P P (1 @/ X (L= X)) 2027 2 gy (X) + O (5)),
(4.16)

where
gy . (X) = sin2n(y/X(1 — X) — arccos v/X) — (2m + v + 1) arccos VX + 377/4).
Using (4.16), we obtain that

Ly (NE)LYE (N§) — Ly (NE) LY, (N§)
= (NE) "N 2 (e (XN (X)) = g 0 (X)L, (X)) - (1 + o(1)),

where X = %. Hence, using an elementary trigonometric reduction formula, we infer
that

gh_1(Xght! 1 (X) = X o (X)gh L (X) = J(VX — cos(3 arccos VX))
= 1V/E@G-§).
This gives that the convergence (4.15) holds locally uniformly for & € (0,4). (We
refer to [34, Propoistion 1] or [27, Subsection 7.2.3] for further expansion of (4.15)
up to order O(1/N?).)

Combining (4.14) and (4.15), using that T = a/b — 1 as N — o0, it follows that
cy(€&) —> m-omp(§) forall £ € [,. This finishes our proof for Theorem 1.6. m]

5 Bulk scaling limits

In this section we obtain bulk scaling limits for the almost-Hermitian GUE and LUE,
i.e., we prove Theorem 1.4 and Theorem 1.7, respectively.

5.1 Bulk scaling limits for AGUE

We now prove Theorem 1.4. To this end, recall that Qx5 (¢) = 252 +5 LN n2 We also
fix a small parameter «, 0 < o < 2 and write Iy = [-2 4+ &, 2 — «]. Fmally we fix a
point p, € I,.
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Let R = lim Ry, be a limiting rescaled 1-point function about p, (guaranteed
to exist by Lemma 3.5). By Theorem 3.8 it suffices to prove that R is horizontal
translation invariant, for then R will be given by the explicit form in (3.5).

Next recall that Ry (z) = RN (¢), where z = VNAQy - (¢ — ps), ie.,

{=pet2z-(1+ 0N,

Thus using (4.1) and Lemma 4.1 (witha = 1, b = §
some elementary manipulations,

IR ~NON(©)___4a (r/2>N Nab Nab 7
N(Z) —e N JOo—a)AQy (N— RG{HN—I < ba§> Hy ( baé-)}
(5.1)

—NQN(§)(1 _}.0(1))4‘[2?\,;' < -Re {HN 1 <\/>§'1) Hy <\/>§1>}

(5.2)

5T = 37a 23 we obtain after

where we write

(1+ O(N"2))

&t = P*+W

here, the second line follows from tV = e=2¢? +OND.
Now fix a large number M. Applying the Plancherel-Rotach asymptotic in
Lemma A.1, we obtain for all w with |[w| < M and all p, € I, that

HN(\/> p*+f>—e7 25UNI-N"T.0(1), (N—>o0), (53)

where the O(1) constant depends on M and «. Inserting this in (5.2) we obtain, for
z in a given compact subset of C, that e aRN (2) = O(N~1)y as N — co. To be more
precise, it follows from

eNOVOHE Z o), 0 (VNN = 1)!N—1/2> =o(NT").
Letting Ny — oo we conclude the desired horizontal translation invariance. O

5.2 Bulk scaling limit for ALUE

We now prove Theorem 1.7, and begin by recalling that

Oy =~ log (Ku(Ee”) = (% - 1) Rec.
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Again we fix a small @« > 0 and consider zooming points p, in the interval [, =
[, 4 — a]. It suffices (by Theorem 3.8) to show that each limiting rescaled 1-point
function R about p, is horizontal translation invariant, i.e., %—R =0.

Recall that R = lim Ry, where

RN() = yap RV @), 2= VNAGN G - (§ = ps). (5.4)

By the asymptotic formula in (1.30), z and ¢ in (5.4) are related as

{=8@) = e+ Tyxhos = Pe+ FE 240 (). (5.5)

Moreover, when z = x + iy remains in a fixed compact set, while p, € [«, 4 — «]
for some small @ > 0, we infer from (1.27) that

eNOV®) = [1e ), vd o Npe2e B2 () 4 o(1)), (5.6)

Next recall the relation (4.11),

Vil
Ry (©) = C} - Gy (E5ENg) e VOO, (a=Nz =2, CN=~/7N<azzasz>T)~

c

(5.7)

We will invoke an identity found in [3, Lemma 2], which asserts that if v is an
integer, then

Gn() = a5 Un@).  (=1-%), (5.8)

v(u—1) N et T
v = f/l a £2 ((U - 1)”) (;) (v —w)w—D—-1) 69

where y is a simple closed contour encircling u = 0 butnot u = 1, while y» encircles
both the point v = 1 and the entire y; in such a way that 72v — u # 0 on y».

Lemma 5.1 With x = Rez and Uy as in (5.9), we have
Wa (z) = i) (=1)"e "Ly, 1 @LY @) - (1 +0(1), (N — o0).

Proof By a straightforward computation,

u U v

- H u
; Cu—1"*p—1 S7em
%[e Zo—u ] =< (o= 1><u 1) (14 o(1)).

Differentiating under the integral sign, we obtain that

=

_1yv—2 _u N+v _5_ U
8 )—f et duf #e ST du - (1 + o(1)).
Y1 Y2
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We now recall an integral representation for Laguerre polynomials, found for exam-
ple in [3, Section III],

LY(2) = 5 ?§ e ds, (5.10)
14

where the contour y encircles the origin s = 0 but not the essential singularity at
s = 1. The identity (5.10) immediately implies

%% (“ 1) e u— ldu—( 1) LN+U l(z)'
4!

On the other hand the change of variable v = 1/w gives

_w
1 PN+ v 71 e ‘T-w _ —Zyv+l (3
2—7”‘¢ me v ldU_e LT mdw—e LN—I(Z)'
»2 Y
Combining all of the above, we obtain the lemma. O

Combining the identities (5.5) through (5.8) and using (1.30), we see that

_ 2 v+1 _
Ry(2) = AQ;,(M@ NQN<c>(a2b N) Gy (a b2 N{(z))
__a ,Nov@ (@@= )T Y (a2 INEQ (b
= Aovm© 2 N g e 2h Y N¢(2)
aN__ a*—b? 2N+ v —NON() ﬁNE(z) a’—b?
= s R L @ e e MUy (CFEN @) - (1 + o)

42
eI (SR (@) - (1 o(D)).

= fn3/2
(5.11)

For the last equality, we also used 2N = e’zcz(l + o(1)) and (5.6).

Therefore it remains to show that —UN(“ N {(x +iy)) > 0as N - oo,
where ¢ (z) is the map (5.5).

However, by Lemma 5.1 (and since ¢

2 _d2-b? 5 2 52
iUN(“ b ):Ce W N L}V:U 1<‘lz—bbN§)

LY ESEND - (o)),

=1+ O(N~")), we have

(5.12)

where the constant C = (277)2(—1)"*12¢ /p5 is independent of N. By (5.5), we have
for p, € [a, 4 — «]

232 2 _
CSPNG = Npu+ Spe +20/Pez+ ONTH.
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When p. € [o,4 — o] and z remains in a compact subset of C, we now apply the
Plancherel-Rotach asymptotic in Lemma B.2 to conclude that as N — oo

v a’— v a?—b? a2 {(~)+((g
N2 (SN @) L (52N E@) = TV o),

which together with (5.12) shows that

‘ i@
Luy (L5 ) cLeSHN 0(1)
— 1 ZCJgT*zImz 0(1)20(%)‘
We have shown that each subsequential limit R = lim Ry, obeys % =0. O

6 Edge scaling limits

In this section we study edge scaling limits for the almost-Hermitian GUE and LUE,
and we prove Theorem 1.5 and Theorem 1.8, respectively.

6.1 Edge scaling limit for AGUE

We now prove Theorem 1.5. We shall now give a somewhat simplified proof (with
respect to earlier proofs in [3, 19]) by using the summation formula in (5.1).

Consider the modified ellipse potential Qy = 25 241 AC’ 52 . Recall that the right
end-point py of the droplet Sg,, is

pN=2<1—|—;—1) :2—i+%c—4%+0(%)~ (6.1)

We rescale about py by setting
RN() = yag<RN(), 2= VNAQy- (¢ = pN),
ie.,

£ =¢@) =P+ Jyigy = Py + 250N (6.2)

Making use of the formula (4.1) we see that

N—1
Ry(2) = e NONOZeh 3™ L5y
j=0

()
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where
a=1 b=18 rzg;gzl—%JFO(N*%). 6.3)
By (6.2) and (6.1) and an elementary computation,
Nab r — \/2N + Cﬁj@g £ O(N"?). (6.4)

Write z = x + iy. Then again by (6.2) and (6.1), we have

2 1
NON@) =¥ (v + i) + 4% 55

=2N — 2N +2(c* + 2cx)N

+ O(N_§)

L»\'— 2

—2(c® — 2 +263%) + O(N7).

(6.5)

Inserting (6.3) into the identity (5.1), we have

42 NON®) (/)N

IRy (2) =
VN2B—4_1 (N=D)!

Note that by (6.5), we have

2
e NON@ N c

N1 N1/3

where we used that log 7"V =

-Re {HN—I <

72N72(c4+2c xX)N 173 e %0672y2+4c3x

Na

b_;’;) Hy ( 2[—%)} . (6.6)

(1 +o(1)), (6.7)

= —2¢2N3 — 25+ O(NH).

We now invoke the critical Plancherel- Rotach estimate in [55, Theorem 8.22.9 (¢)]:

Hy (V2N + ) = 21)127 VNIN T2e

Applying (6.4), we now obtain

Re{HN—l ( bfﬁ() HN(

_Re{HN 1(\/_+

Na

)|

N3

For the last equality we used that

2cz+c

{(«/_Jr

SV 06 (Ai 2y - (1 + o(1)),

in) i (V2N + 55| - o @9

N 4 . 3 .
= Jr2 12\/!62N+2(c +2¢x)N3 | Ai2cz + )2

(14 0(1)).

1 1
A 1/6) }=2N+2(c4+2cx)N3+0(N6).
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Combining (6.6), (6.7) and (6.8), we obtain that

aaRxN (Z) — _ /27_[ 4cze%c6—2)72+4c3x|Ai(2cZ + C4)|2 . (1 + 0(]))’ (69)

where o(1)-term holds uniformly on compact subsets of C.
Let R = lim Ry, be a limiting 1-point function. We shall prove that for all y € R,

lim R(x +iy) = 0. (6.10)

X—>+00

To verify this, we note that the modified potential Qy satisfies AQy < N 3. The
modified counterpart to Lemma 3.3 is thus that Ry (¢) < CN%e’N(QN’QN)@). Com-

bining this with the estimate (3.3) with My < N 3 in the present case, we obtain
(6.10).
Using the asymptotic formula (1.23), we obtain

00
€4C}X|Ai(2cz +C4)|2 — _/ %{8403(u+x)|Ai(2C(Z +u) +C4)|2}du
0

o0
_ —i/ e4c3(u+x)| AiQRe(z +u) + c4)|2du.
0

dx

Therefore, using (6.9) and (6.10), an integration with respect to x gives that

o
R(x +iy) = 27 4¢? e3¢t=2? / e4c3(u+x)|Ai(2c(x +iy+u)+cHdu.
0

Our proof of Theorem 1.5 is complete. O

6.2 Edge scaling limit for ALUE

We now prove Theorem 1.8 and recall that

ON(§) = — 4 log(Ky (CD) ¢ ") — (X — D Rev.

Also let V = lim Qy be the Marchenko—Pastur potential in (1.28).
We now rescale about the origin. It follows from the formula (4.11) that the rescaled
1-point function

Ryv@) = (9)'Ry(©),  z=(H%
is given by

N-1

_ 212 2j ; 232
Ry(z) = e VON© ()2 (e Ny Y &TML; NP, (611
j=0
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where we remind that

1 1 b 2
a:c—zN, b:C—zN—l, 'Czazl—cﬁ
62
Note that since e VeV = K, (|z]) - (£)* 1z|"e" =) Rez we have

+1 +1
NN (2 (CEEN) T = Kyl 1 e (5) (o). 612)

For a fixed parameter ¢ € (0, 1), we will now estimate the contribution of terms

ILUCGENO PR = LU0+ 0(NT2)

as j, N - oo with # = t. For this we note that

log 7%/ = 2jlog(1 — Cﬁ) =-2c%-(1+ 0N, (jfv)! ="+ 0N

Therefore we obtain that, on replacing % by f,

N—
2
Z +Ji>'~ = (1 +o(1) Z (” W2 (6.13)
j=0 j=0
Inserting (6.12),(6.13) into (6.11), we have
R 2 N=l 2 —2¢2¢ ‘Zt 2
Ry(2) = (1 +o()Kyp(|z]) 2" ™ - F D (¢ t)”JTILﬂ‘TZ)I . (614
j=0

We now apply the formula
Jim LL5G) =24V,

found in [55, Theorem 8.1.3]. This leads to
N 2
Ry(2) = (1 +o()Ky(lzD) eRe7 - & Z SN QeNE PP (6.15)
Recognizing the right hand side a Riemann sum, we conclude that

1
Ry () = (14 o(1)) K, (|2]) eRe* '02/ 2| 1, QeNT22) R dt
0

2c
1
- (1+o(1)>%1<v<|z|>e‘*“/ se P H P ds,
0
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which completes our proof of Theorem 1.8. O

Remark Consider the 1-point function R in Theorem 1.8, namely
1 R % 3s? 312
R(z) =5K,(|z]) e eZ/ se 2% |0, (sz2)|" ds. (6.16)
0

Arguing as in [17, Section 3], one can prove that R satisfies a Ward equation of the
form

dC =R —AQo— AlogR,  Qo(z) = —log(K,(|z]) - z|"). (6.17)

Following the method in [17], it can be shown that in the limit as ¢ — o0, i.e., the
function Rc=o0)(z) = %KV(|Z|)IU(|Z|) is the unique radially symmetric solution to
(6.17), which also satisfies the mass-one condition f@ B(z, w)dA(w) = 1. We skip

giving a detailed proof, but we remark that in the special cases when v € {:I:%}, this
result is shown in [17], and that the general case can be treated in a similar way.

7 Chiral ensembles

In this section, we compare our results for the ALUE to related ensembles which arise
for example in connection with quantum chromodynamics with a chemical potential

(QCD).
7.1 Ensembles with d-interaction

Let us fix an integer d > 1 which we call the interaction parameter. We associate to a
configuration {¢; }{V the d-energy with respect to an external potential O as

N

_ 1 .

Hyg = ;logm+N_ZlQN@,). (7.1)
J J=

Given an inverse temperature 8 > 0, we define a corresponding Boltzmann-Gibbs
measure by

B 1 —BH
dPN’d:%e PHN.G gAy. (7.2)

Let {¢ j}iv denote a random sample with respect to (7.2) where g = 1. It is easy to
see that the process is determinantal, and that a correlation kernel Ky may be taken
as the reproducing kernel for the subspace Wy 4 of L> = L?(dA) spanned by the
weighted monomials

de'e—%NQN({)’ j=0,...,N—1.
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(a) ¢=1/v2 (B) (=V2 () ¢=2
Fig.8 The Berezin density n — By (¢, n) where d =2, Q(¢) = |{|2, N =100

Below we write Ry (¢) = Ky (¢, ¢) for the 1-point function of {{j}iv.
Note that due to the form of the logarithmic interaction in (7.1) a particle ¢;

will simultaneously repel d symmetrically distributed positions ¢; - 5 for k =
0,1,...,d —1.

Example (“d-Ginibre ensemble”) Suppose that Qy (¢) = |¢|* for all N. It is easy to
see that the process {¢; }{V is determinantal with a correlation kernel of the form

N-1

Nerdi I NP L N2

Ky(c.m =N Y Sahme2Mer=ahir,
j=0

To illustrate the Z;-symmetry of this ensemble, we consider the Berezin kernel
T

This kernel measures the repelling effect of insertion of a point charge at ¢, more
precisely we have By (¢, ) = Ry () — R%ll (n), where R%ll is the 1-point function
for the (N — 1)-point process which is “{;“j}ﬁv conditioned on the event ¢ € {g}iv”,
see [13, Subsection 7.6].

Figure 8 illustrates the effect of insertion of a charge at various points ¢ in the chiral
cased = 2.

7.2 Chiral almost-Hermitian LUE-type ensembles

Now fix an integer d > 1 and consider the d-interacting ensemble {¢ j}iv associated
with the potential

ON(©) = Ona(®) = % 108 g — (4 — 1) Re¢?. (7.3)

Le., welet {¢; }{V be random sample from the measure (7.2). Note that whend = 1,
we recover the eigenvalue statistics of the almost-Hermitian LUE discussed earlier.
For d = 2 we recover the eigenvalue statistics of Dirac matrices, which is relevant for
QCD theory. See [49] as well as [27, Section 15.11] with references.

In general, using the evident relation between Qn 4(¢) and On 1 (¢%), itis not hard
to see that the system {¢; }{V will tend to occupy the d-droplet S; where S; = {¢; ¢% €
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(a) 51 (B) Sz (c) Ss
Fig.9 d-droplets for a few values of d

S}, S being the droplet associated with d = 1, given in (1.25). Figure9 shows such
droplets for d € {1, 2, 3}.
}N

We rescale the process {¢;}]" about the origin via

2 .
Z‘]:(%)gé‘j5 J=15""N

and denote by Ry (¢) = ( )d Ry (¢) the 1-point function of the system {z N where
=) 3

(The rescaling order N 7 is chosen according to the mean sample spacing, which
follows the density ' A Qy near the origin.)

With a slight modification of our proof of Theorem 1.8 (i.e., by a similar argument
as used in [49]) one can obtain the following result.

Theorem 7.1 We have Ry — R uniformly on compact subsets of C, where
a [ 2
R(z) = 4 12772 Ky (jz| e Res / se P10 (s 242 ds. (7.4)
0

We now show that ford = 2andv € {£ %}, the process in (7.4) interpolates between
known point fields, namely between (1-dimensional) anti-symmetric sine-processes
and (2-dimensional) Mittag-Leffler fields.

To this end, we first note that passing to the limit as ¢ — oo in (7.4), we obtain the
limiting 1-point function

Rie=oc)(@) = 412172 K, (121D 1, (121Y). (7.5)

To obtain a 1 -dimensional perspective, we rescale once more Given the limiting
point-field {z;}{°, we pass to the system {Z J}°° | Where z; = =c2z; j- The corresponding

1-point functlons are related via R(z) =c 4R(c 2).
In the hmlt as c — 0, the functions R(c) converges to a limit R(c -0) which vanishes

on (C\(Uk 0€ e -R4) and is for any integer k given on the ray e = -R4 by

) =2 (0 = Lo DS (x), (x> 0).  (76)
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In the special cases when when d = 2 and v € {£1/2}, the 1-point function in
(7.5) becomes

e sinh(|z]?) if v = 41,

77
e~ cosh(|z]?) ifv = — a7

R(c=c0)(2) = {

1
5

The 1-point functions in (7.7) correspond precisely to the 1-point functions of the
degenerate elliptic determinantal point processes with root system C or D found by
Katori in [41, Theorem 3.5], and are special cases of Mittag-Leffler fields in [17].

On the other hand, ford =2 and v € {j:%}, the expression (7.6) reduces to

Re—oy() = 173 jfy =+l eR) (7.8)

which corresponds to the anti-symmetric sine point processes in [47, Section 13.1].

8 Further results and concluding remarks

In this section, we give further results and provide some concluding remarks. We shall
consider variants of our main model ensembles (generalized ALUE, induced AGUE,
hard edge ensembles) and compare with other related works.

8.1 Almost-Hermitian LUE with rectangular parameter

For a non-negative integer v (and 8 = 1), arandom sample {¢; }{V picked with respect
to the ALUE-potential Qn in (1.24) can be realized as the eigenvalues of the product
matrix X = XX} where

Xi=VI+1P+VI—10, Xa=VIi+tP-VI-10Q, t=1-%.
8.1)
here P and Q are rectangular matrices of size N x (N +v), with independent, centered,
complex Gaussian entries of variance ﬁ (see e.g., [4, 40]).

We now fix a > 0 and consider the case when v = vy (not necessarily an integer)
varies with N as

vy =aN - (14 0(1))

where 0(1) — 0 as N — oo. Thus we consider the potential

On (@) = flog [ Koy (ML) 1617 = (5= 1) - Rec. 8.2)

c

We shall use the code-notation ALUE () to denote a corresponding random sample
{¢; }f/ (and various limits as N — 00).
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By [4, Theorem 1], the droplet Sp,, is approximately given by the equation
(¢ —a =2+ (Nn/c*)? <4+ 1).

Note in particular that for @ > 0, the origin is outside of the droplet for large N since
(¢ +2)? > 4(a + 1). This makes the analysis somewhat easier, with more tools being
available.

Also note that Qy converges pointwise to the limit

V() =§& —alogé, £>0, (8.3)

and V = +o0 off of [0, 00). Cf. [4, Subsection 3.1].
It is well known (again [4] and references) that the equilibrium density in potential
(8.3) is the Marchenko-Pastur law omp(«) given by

oMP() (&) = ﬁ\/()w —E)E —A) 1p_ ), Ax=Ga+1£1D2
(8.4)

Now write cy (§) = % fR Ry (€ + in) dn for the usual cross-section. We have the
following result, which generalizes Theorem 1.6.

Theorem 8.1 (“Cross-section convergence for ALUE(«)”) We have the convergence
%CN — OMP(«) in the weak sense of measures, as N — oo.

Remark on the proof Our proof in the case @ = 0 in Sect. 4.2 generalizes without
difficulty to the case when o > 0, and in fact we could have treated the general case
a > 0 at once. Indeed, the j :th orthonormal polynomial g; in weight e NON/Z can
be taken as

N 2, ol 2. ! NQN=c?
6@ = Yov -9 0 - (S50 ). 6

With minor modifications, these polynomials can be analyzed using similar techniques
as in the case o = 0. Details are omitted. O
Now fix a bulk point p, (i.e., A— < psx < A4 ). We rescale the process {¢; }{V about
P+« as usual (see (1.12)) where Qy is given by (8.2), and denote by Ry the 1-point
function of the rescaled system {z j}{v . It is easy to see that the limit (1.7) is given by
p(ps) = 2¢/px for all a (cf. [4, Subsection 3.1] for details).
We have the following generalization of Theorem 1.7.

Theorem 8.2 ( “Bulk scaling limit for ALUE(«)”) For any o > 0, if A_ < pyx < Ax
and ifv > —1 is an integer then Ry — R locally uniformly where R(z) = F(2Im z)

and F(2) = y * L(—24.2a)(2), @ = a(px) = 5 - p(Px) - OMP(a) (D).

Remark on the proof Our proof in the case « = 0 in Sect. 5.2 generalizes in a
straightforward way to o > 0, using again the form of orthogonal polynomials (8.5).
We omit details. O
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8.2 Induced almost-Hermitian GUE

We now briefly consider the induced AGUE. This is a natural generalization of AGUE
introduced in the paper [7], obtained by inserting a point charge (of strength 2v) at the
origin.

For the definition, we fix ¢ > 0 and put

an (@) = 37 + 1 5.
Ne next fix a real number v > —1/2 and consider the potential

ON@) =gn@) + 2 log HE (8.6)

Let {¢; }11V be a random sample with respect to the corresponding Boltzmann-Gibbs
measure (1.2) (with 8 = 1) and rescale about the origin via z; = /NAgy - {;. Writing

R](\}””) (z) for the 1-point function of {z j}{v , it is natural to try to characterize limiting
1-point functions RO = limy_, oo R;}’k’c). It was observed in [7] that when v is an

integer, R™:9 ag well as a correlation kernel K ), can be obtained from the known
case v = 0 by an inductive procedure. For example, since K V=9 is nothing but the
kernel K from (1.20), we obtain after a brief computation

R (2) = R (2) = B0, 2)

) ) 8.7)
— p5(0,0) o12P <2c+zz> (20711) 2 (
=R (2) — poorr fc) lerf A + erf 7 1<,
. . (0,¢) 2
where we used the interpretation of the Berezin kernel B9 ©0,2) = % as

the difference R (z) — R (2), see e.g.,[13,Lemma 7.6.2]. A similar reasoning is
used in [7] to go from v = 1 to v = 2, and this procedure can in principle be repeated
to obtain correlation kernels for all positive integers v. (We are not aware a result for
general real v at this time.)

We now explain how the above kernels K ) (for integers v) interpolate between
known insertion ensembles in dimension one in [22, 43], and in dimension two from
the papers [17, 26]. It will suffice to treat the case v = 1 in detail.

More precisely, let V(£) be the Gaussian potential, V (§) = %g 2 for & € R and
~+o00 otherwise, and consider the corresponding insertion potential Vi (¢) = V(¢) +
%V—" log ‘l

It is shown in [43, Theorem 1.1] that in the appropriate scaling limit, a microscopic
correlation kernel at the origin takes the following form, for x, y € R with xy > 0

K09 = 303850, ),y o) = 1 @d, 1 (ro). (8.8)

On the other hand, taking Oy (¢) = |¢|? + log 7] and rescaling in a natural way
about the origin, one obtains a point field w1th correlation kernel
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(A)e=0,v=1 B)c=1l,v=1 (¢c)c=o0,v=1

Fig. 10 Graphs of Ry (x) and of RV (2), RY (2)

Kz, w) = Gz, w)P(v, 2),  Pla,2) = 42, (8.9)

where G is the Ginibre kernel (1.19) and y(a, z) is the lower incomplete Gamma
function. This kernel appears in [26] and in [17], for example.
Sending ¢ — oo in (8.7) we can recover (8.9), i.e.,

. —1z|? 1
Jim ROV =1-e" " = R @),

here, we have used R (z) — 1 as ¢ — oo and erf(x) — 1 as x — +o0.
To pass to the corresponding one-dimensional limit, after an appropriate rescaling,
we are led to consider the 1-point function

R (z) = éR(V’C)(é), a= %c.

Write K ©9 fora corresponding rescaled correlation kernel, R™9)(z) = K™9(z, 7).

By the discussion after the formulation of Theorem 1.4, we can arrange that
lime_,0 K©9 = 7 K" Hence R1“)(z) converges to Iéﬁg)(x) = nKﬂg)(x,x), as
¢ — 0if z = x is real (and R (z) — 0 otherwise) where

1 sin(rx—my) 1 sin(zx)sin(ry)
T x—y 72 Xy

1
KH(Q)(x,y) =

which is the same as (8.8) when v = 1.

We have shown that the 1-point function R interpolates between R]g ) and Rg)
when v = 1, see Fig. 10. As we indicated, a similar proof works in the case when v is
an arbitrary integer.

8.3 Almost-Hermitian hard-edge ensembles

Let (Qn){° be a suitable sequence of potentials, for instance the AGUE-potentials in
(1.24), or a more general admissible sequence in the sense of Sect. 2. In particular, the
potential Q y is real-analytic in a neighbourhood of the boundary 5S¢, .

In the hard edge setting we completely confine the gas to the droplet by redefining
the potential Q v by setting QO (¢) = +oo when ¢ ¢ Sp, . Similarly, we redefine the
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limiting potential V = lim Qy by setting V = +oo outside of Sy . This kind of hard
edge ensembles are studied in the papers [14-16, 21, 52].

Fix a point p, in the bulk, i.e., a point p, € R satisfying oy (ps) > 0. We also
assume that the limit p(p4) in (1.7) exists and is strictly positive. We recall that the
asymptotic height of the rescaled droplet is then given by the expression a(p,) in
(1.8), i.e.,

a(px) =5 - p(ps) - ov(ps).

Under these hypothesis we look at the cross-sections
en(py) = % / Ry (p« +in) dn,
R

where Ry is the 1-point function for the hard edge ensemble {¢; }Ilv associated with
the redefined potential. (So in particular Ry =0 on C\Sp,,.)

As in the case of “free-boundary ensembles”, we expect that the cross-sections
should enjoy the convergence %CN (p«) — oy (ps), but our above proofs in the
cases of AGUE/ALUE, which depend on computations with particular orthogonal
polynomials, do not immediately carry over to a hard edge setting. In order not to
complicate matters, let us assume for the sake of argument that this limit holds, i.e.,
that

lim cy(ps) =7 - ov(ps). (8.10)
N—o00

Given these assumptions, we now rescale about p, precisely as in the free-boundary
case (see (1.6)) and we write Ry for the 1-point function of the rescaled system.
The structure theorem for limiting kernels (analogue of Lemma 3.5) then takes the
following form.

Lemma 8.3 (“Structure of limiting hard edge kernels”) Under the above hypotheses,
there exists a sequence cn(z, w) of cocycles such that each subsequence of the kernels
cy K has a further subsequence which converges locally uniformly on the set

(ps) = {(z,w) € C% [Imz| < a(py), | Imw| < a(ps)}

to a Hermitian kernel of the form K (z, w) = G(z, w) - L(z, w) where G is the Ginibre
kernel and L is a Hermitian-analytic function on X (py).

Remark on the proof This follows by a simple adaptation of the normal-families
argument used in the proof of Lemma 3.5. See [15, Subection 1.9] for related com-
ments. O

By the lemma, we can form limiting 1-point functions R(z) = lim Ry, (z) which
are smooth in the strip | Im z| < a(p,) and satisfy R(z) = 0 when |Imz| > a(ps).
Since R is not identically zero by the assumption (8.10), we can assert that R > 0
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throughout the strip, and that Ward’s equation
0C(2) = R(2) =1 = AlogR(2),  |Imz| < a(ps) (8.11)

holds if we understand C(z) as the function

2
Bew = KGlis o). €@ = [ daw.

Note that (8.11) gives a hard edge analogue of Corollary 3.7. The proof in the hard
edge case works basically the same way as in the free boundary case, again see [15,
Subection 1.9].

Now recall the function F = y % 1(_24,24) appearing in the free boundary case
(Theorem 1.4), i.e.,

2a
L2
F(@) =y * 12420 (2) = \/%—n/ e 2C0" gy,
—2a

We can now state the following theorem.

Theorem 8.4 Under the above assumptions (in particular we assume that the cross-
section convergence (8.10) holds), each translation invariant limiting 1-point function
R at py is of the form

—%(ZIm 0?2

2a
R(z) = 1{|Imz|<a} : \/%7[ /2 ewdl, (8.12)
—2a

where a = a(py) is given in (1.8).

Proof We appeal to the characterization of translation invariant solutions to the hard
edge Ward equation (8.11) found in [15, Theorem 6], which gives that each translation
invariant R must be given by the formula (8.12) for some a > 0. Then the rescaled
version of the cross-section convergence (8.10) fixes the value of a as a(p.). O

The assumptions (cross-section convergence and translation invariance) may in
general be subtle to check, even in the simplest model cases such as for hard edge
AGUE. We shall not dwell on this matter here (it will be the topic of a forthcoming
study), but we remark that Theorem 8.4 yields further support for the conjecture in
[15] that the parameter-value a = a(p.) should yield the correct “physical” solution
to Ward’s equation in a strip.

See Fig. 11 for the 1-point density R in (8.12) for a few values of c.

8.4 Further related works

Beyond the topics we study in this work, there have been several investigations on
almost-Hermitian regime in various contexts. In [6], a fixed-trace version of AGUE
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(B) e=15 (c)e=2

Fig. 11 Graphs of natural candidates for limiting 1-point density R(z) about py = 0

is studied, which brings about some new challenges since this ensemble is not deter-
minantal. The paper [38] studies the interpolation problem between the Tracy-Widom
and Gumbel distributions. An almost-Hermitian analogue of the Jacobi unitary ensem-
ble was recently discovered in [48]. The bulk statistics for almost-Hermitian Gaussian
ensembles in orthogonal and symplectic symmetry classes are found in [29] and [39]
respectively, and edge statistics is studied in [8]. Analogous problems for Laguerre
ensembles are investigated in [2, 10]. These works, which construct 2 x 2 matrix-valued
kernels of Pfaffian point processes, use explicit computations with skew-orthogonal
polynomials.

We also want to mention the paper [30], where a different kind of almost-Hermitian
model is introduced, motivated by applications to resonance statistics in quantum
chaotic scattering. This model is non-determinantal, but in [30] it is argued that one
can still define determinantal universality limits given by certain explicit kernels.
Some rigorous results in this direction were obtained by Kozhan in [42]. (We thank
Yan Fyodorov for this remark.)

We finally want to mention that in dimensions 1 and 2, various microscopic limits
in the determinantal case § = 2 have been used to extract information about other
B-ensembles, and specifically, they were used to study “freezing transitions”, which
occur for large B, in [18, 46] and the references there. As far as we are aware, a
rigorous analysis for almost Hermitian S-ensembles, relying on properties of various
explicit kernels found above, has not yet been carried out, and could potentially be
quite interesting.
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Appendix A. Plancherel-Rotach asymptotics for Hermite polynomials

In this appendix we collect certain asymptotic formulas for Hermite polynomials which
are used in our proofs of cross-section convergence in Sect. 4.1 and of translation
invariance in Sect.ion 5.1. In both cases, we fix a point p € (-2, 2), and we look at

asymptotics for the scaled Hermite polynomial H,, (\/g f)wheren =N—1lorn =N

and ¢ is in a microscopic neighbourhood of p (of radius proportional to N~1/2) or
on the vertical line p + iR. Recall that here H,(z) = (—1)"e 2 I ,,e_Z2 is the n:th
“physicists’ Hermite polynomial”, which has leading coefficient 2".

It turns out that our desired estimates can be deduced using strong asymptotic
formulas of Plancherel-Rotach type, as given in the paper [57]. These formulas look
a little different depending on whether -2 < p <0, p =0,0r0 < p < 2.

The following partially overlapping asymptotic formulas are known. By [57, Corol-
lary 4.1], we have for z in a neighborhood of p, where 0 < p < 2,

Hy (\/;) =214 - 2yt

X 2,08 [(n+ Lyarccos § — %v/4— 22 — —] (14 o(1)).

(A.1)

For comparison, note that [57] uses monic orthogonal polynomials 7, rather than H,,
so H, = 2"m,. (There is a similar formula for —2 < p < 0 in [57], which we skip
stating here.)

In a microscopic neighbourhood of the origin, we have instead the following
Mehler-Heine formula (see [50, Section 18.11])

. 1
nll)ngo 2231{H (f) jEcosz, hm 22,”H2n+1( f)_ sinz, (A.2)

which holds uniformly for z in any compact subset of C.
Finally, for z in the complement of a neighbourhood of the interval [—2,2], we
have by [45, Lemma 2.5] or [57, Corollary 4.1]

(5 = e+ ) (25) T o
(A.3)

Using (A.1), (A.2) and Stirling’s formula, one easily obtains the following lemma.
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Lemma A.1 Suppose that |p| < o where o < 2 and fix M > 0. Then for all z with
|z] < M, we have

Hy (\/g b+ ﬁ> —eTP2YUNINTT.0(), (N = 00), (Ad)

where the O (1)-constant may depend on M and «.

A.1. Computation for cross-section
Again fix p with0 < p < 2.
Recall from (4.5) that the ——derlvatlve of the 1-point function with respect to

potential (1.13) obeys

y 1, Pyt
WW(]J_HW):_(I-FO(D)C\_@e 2 2NN-1)!

x Re {HN1 (\/g(eri%)) Hy (@p ~ ,%)ﬂ |

(A.5)

We use (A.1) to conclude that there is § = §(p) > 0 and k = k(§) > O such that
when |y| < §N, then

Hy (\@p - z%)) = ()35 cosh(ky) - O(1)
and
Hy— 1(f(p+zN)) = ()7 ¢ 57" . cosh(ky) - O(1).
Therefore there is a constant C such that for all |y| < N,

LR 2y < e cosh (ky),

where C; = C{(C, k) is a new constant.

On the other hand, for y such that [y|/N > §, lettingz = p — i %

Hy (\@(p - i%>> Hy- (\@(p + i%>> < Co(R)N 1 | BV PN FRe LGV )

< GV G e,
Combining all of the above, we obtain that

R (p+ig) < Ce” 27" max{1, y2N N~N} cosh? (ky). (A.6)
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This latter estimate (A.6) is used in Sect. 4.1 to deduce convergence of cross-sections
of the AGUE.

Appendix B. Plancherel-Rotach asymptotics for Laguerre
polynomials

In this appendix, we explain how to deduce certain asymptotic formulas for Laguerre
polynomials, which were used in our proof of translation invariance of bulk scaling
limits for the ALUE, in Sect. 5.2. More precisely, we shall adapt to our present situation
some Plancherel-Rotach type asymptotic formulas from Vanlessen’s paper [56].

Fix a small 6 > 0 and define a “bulk region” by

Bs={ze€C;8§<Rez<1-6, -8 <Jz <6}

The following lemma is a special case of [56, Theorem 2.4, (b)].

Lemma B.1 For z € Bs we have the following form of Plancherel-Rotach asymptotic
for Laguerre polynomials, as n — oo.

1 1

LY (4nz) = (4nz) 22 /o(1 — 2)) 202 (UEedy3
x [cos(2n‘/z(1 —2) = @n+a+ Darccos vz + T)(1+ O(1/n)

+cosny/z(1 —2) — (2n + a — 1) arccos /Z + %)0(1/;1)] .
(B.1)

Proof We explain how to see this formula from [56, Theorem 2.4, (b)]. Consider the
Laguerre-type weight
X

wx) =x% ", x € [0, 00).

We denote that the associated orthonormal polynomials (on R) are given in terms of
the Laguerre polynomials LS by

po0) = () L. (B.2)

Then by [56, Theorem 2.4, (b)] (in the special case m = 1, Q(x) = x, A; = %,
B© =4, B, = 4n) we have that for z as above,

Pa(Ba?) = (Bo2)™2eCBIR [ 2l

X |:cos(%(oz + 1)arccos(2z — 1) —rn /Z Yn(s)ds — %)(1 + O0(1/n))
1

+cos(%(a — l)arccos(Qz — 1) —mn /Z Yn(s)ds — %)O(l/n)] .
1
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Here the function f lz Y, (s)ds is explicitly computable (see [56, Remark 2.5, 3.14,
3.15]) and the result is

/vwn(s)ds = 5 H,(2)y/z(1 — 2) — 2 arccos /z,
1

where H,, is certain polynomial with real coefficients of degree m — 1, i.e., it is a

constant. (Indeed, H), is the polynomial appearing in the density 5,/ lx;" H,(x) of
the associated equilibrium measure.)

In the special case when Q(x) = x, we have H, (x) = 4, (again see [56, Remark
2.3]) thus

Z
/ Yn(s)ds = 2(\/z(1 — 2) — arccos 4/2).
1
Combining all of the above we obtain that when Q(x) = x,

pu(4nz) = (4n2)" 2 2ny/2(1 = 2) 72012
X [cos(%((x + 1) arccos(2z — 1) — 2n(m
—arccos \/z) — T) - (1 4+ O(1/n))
+cos(%(a — 1)arccos(2z — 1) — 2n(m
— arccos A/7) — %)0(1/;1)] .

Note that since arccos(2z — 1) = 2 arccos 4/z, we can simplify above expression as
pa(4nz) = (4n2)~ 2 Qny/z(1 — 2)) 72712
X [cos(Zn\/z(l —2)— (2n 4+ o + 1) arccos /7 + %) - (1 4+ 0(1/n))
+cos(2ny/z(1 —z) — (2n + a — 1) arccos 4/z7 + %)O(I/n)] .

Now (B.1) follows from this and the relation (B.2). m]

B.1. Computation for translation invariance

We now use Lemma B.1 to verify the following estimate, which is used in our proof
of translation invariance in Sect. 5.2. We will use the notation in Sect. 5.2, i.e., we fix
apoint py € I, = [, 4 — o] where @ > 0 is small and we write

@) = ps+ P+ o(h).

Moreover, weputa = % and b = &5 — 1.
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Lemma B.2 [n the above setting, we have as N — o0,

_ _ a2=b2 L@+ )
L] v a b NC( ))Lv+1 2b N 2

N4v—1 0.

_ 1

L Np*+§p*+26\/p*z+
. . 1 a

O(N~1). Hence by (B.1) together with the asymptotic (%)2 =n2-(14+o0(1)),

we obtain

Proof Recall that we have for p, € I, we have “zz_b

LY (4nz) = (4nz) 2 (2 \/2(1 — 2) 22712 0 (1)

(B.3)
n71/262nz -0(1).

Settingn = N + v — 1 and thenn = N — 1 we obtain

_ b2\ (@)

L2 (BN (@) = N 2TNE o
_ a272 Z(z

LY (SN £ (@) = NT2 NS o,

which completes the computation.
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