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RANDOM MATRICES: UNIVERSALITY OF LOCAL SPECTRAL
STATISTICS OF NON-HERMITIAN MATRICES

BY TERENCE TAO' AND VAN VU2
UCLA and Yale University

It is a classical result of Ginibre that the normalized bulk k-point correla-
tion functions of a complex n x n Gaussian matrix with independent entries
of mean zero and unit variance are asymptotically given by the determinan-
tal point process on C with kernel Koo (z, w) := %e—\z|2/2—\w|2/2+zu_) in the
limit n — oo. In this paper, we show that this asymptotic law is universal
among all random n x n matrices M, whose entries are jointly indepen-
dent, exponentially decaying, have independent real and imaginary parts and
whose moments match that of the complex Gaussian ensemble to fourth or-
der. Analogous results at the edge of the spectrum are also obtained. As an
application, we extend a central limit theorem for the number of eigenvalues
of complex Gaussian matrices in a small disk to these more general ensem-
bles.

These results are non-Hermitian analogues of some recent universality re-
sults for Hermitian Wigner matrices. However, a key new difficulty arises in
the non-Hermitian case, due to the instability of the spectrum for such ma-
trices. To resolve this issue, we the need to work with the log-determinants
log | det(M,, — z()| rather than with the Stieltjes transform % tr(M, — 10)71 N
in order to exploit Girko’s Hermitization method. Our main tools are a four
moment theorem for these log-determinants, together with a strong concen-
tration result for the log-determinants in the Gaussian case. The latter is es-
tablished by studying the solutions of a certain nonlinear stochastic difference
equation.

With some extra consideration, we can extend our arguments to the real
case, proving universality for correlation functions of real matrices which
match the real Gaussian ensemble to the fourth order. As an application, we
show that a real n x n matrix whose entries are jointly independent, expo-
nentially decaying and whose moments match the real Gaussian ensemble to

fourth order has / %[—" + o(/n) real eigenvalues asymptotically almost surely.

1. Introduction. Let M, be a random n x n matrix with complex entries,
which is not necessarily assumed to be Hermitian, and can be either a continuous or
discrete ensemble of matrices. Then, counting multiplicities, there are n complex
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(algebraic) eigenvalues, which we enumerate in an arbitrary fashion as
MMy, ..., An(My) € C.

One can then define, for each 1 < k < n, the k-point correlation function
,(lk) = p,(lk)[Mn] :Ck > Rt

of the random matrix ensemble M,, by requiring that

/ F(Zlv""Zk)/o,gk)(ZI,...,Zk)dzl---dzk
Ck
(1.1)
=E Y F(u (M), ki (M)

1<iy,...,ix<n, distinct

for all continuous, compactly supported test functions F, where dz denotes
Lebesgue measure on the complex plane C. Note that this definition does not de-
pend on the exact order in which the eigenvalues of M,, are enumerated.

If M,, is an absolutely continuous matrix ensemble with a continuous density
function, then ,o(k) is a continuous function; but if M,, is a discrete ensemble then
p® is merely a nonnegative measure.> In the absolutely continuous case with a
continuous density function, one can equivalently define p,(,k) (z1, ..., zx) for dis-
tinct z1, ..., zx to be the quantity such that the probability that there is an eigen-
value of M,, in each of the disks {z:|z —z;| < e} fori =1,..., k is asymptotically
P21, 2 + o(1)(red)* in the limit & — 0

We note two model cases of continuous matrix ensembles that are of interest.
The first is the real Gaussian matrix ensemble,* in which coefficients &; j are in-
dependent and identically distributed (or i.i.d. for short) and have the distribution
N (0, 1) of the real Gaussian with mean zero and variance one. We will discuss
this case in more detail later, but for now we will focus instead on the simpler
and better understood case of the complex Gaussian matrix ensemble, in which
the &;; are i.i.d. with the distribution of a complex Gaussian N (0, 1)¢ with mean
zero and variance one [or in other words, the probability distribution of each §;;
is %e"“z dz, and the real and imaginary parts of &;; independently have the dis-
tribution N (0, 1/2)r]. As is well known, the correlation functions of a complex
Gaussian matrix are given by the explicit Ginibre formula [26]

k
3Here, we have abused notation by identifying a measure p,(,k) (z1,.--,2k)dzy - -+ dzj with its
density ,o,gk).

4Strictly speaking, the real Gaussian matrix ensemble is only absolutely continuous with respect
to Lebesgue measure on the space of real n x n matrices, rather than on the space of complex n x n
matrices. However, both ensembles are still continuous in the sense that any individual matrix occurs
in the ensemble with probability zero.
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where K, : C x C — C is the kernel

R e Gk
(1.3) Kn(z,w) = —e >
j=0 7
In particular, one has
1 n—1,_12j
(1.4) pV@) =Ku(z,2) = —e Y =
T i Jj!

and thus (by Taylor expansion of e~ 2 |2) one has the asymptotic

1
Pr(,l)(\/ﬁZ) — ;1|z\§1

as n — oo for almost every z € C. This gives the well-known circular law for com-
plex Gaussian matrices, namely that the empirical spectral distribution of ﬁMn

converges (in expectation, at least) to the circular measure %1 B(0,1) dz, where we
use B(zo,r) :={z € C:|z — z0| < r} to denote an open disk in the complex plane.
Informally, this means that the eigenvalues of M, are asymptotically uniformly
distributed on the disk B(0, /7). The circular law is also known to hold for many
other ensembles of matrices, and for several modes of convergence. In particular,
it holds (both in probability and in the almost sure sense) for random matrices with
i.i.d. entries having mean 0 and variance 1; see the surveys [5, 52] for further dis-
cussion of this and related results. Figures 2 and 3 later in this paper illustrate the
circular law for two model instances of i.i.d. ensembles, namely the real Gaussian
and real Bernoulli ensembles.
We also remark that from the obvious inequality

2j 00 2j
R
Jj! = !

and (1.4) we have the uniform bound

-1

=

Jj=0

|Kn(z, 2)| Sl
T

for all z, and hence by positivity of p,(,z)(z, w) =K, (z, ) K, (w, w) — |K,(z, w)|2
we also have

1
(1.5) |Kn(z, w)| < —

b4
for all z, w. In particular, from (1.2) one has

(1.6) 0<p) L (wi ... w) <Ck

n,21,-
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in the case of the complex Gaussian ensemble for all wy, ..., w; € C, all n, and
some constant Cy depending only on k. (Indeed, from the Hadamard inequality one
can take Cy = 7 —Kkk/2, e.g.) This uniform bound will be technically convenient
for some of our applications. We will also need an analogous bound for the real
Gaussian ensemble; see Lemma 11 below.

Our first main result is to show a universality result of the k-point correlation

functions p,gkgl (W1, ..., wg), in the spirit of the “four moment theorems” for
Wigner matrices that first appeared in [55]. Very roughly speaking, the result is that
(when measured in the vague topology), the asymptotic behavior of these correla-
tion functions for matrices with independent entries depend only on the first four
moments of the entries, though due to our reliance on the Lindeberg exchange
method, we will also need to require these matrices to match moments with the
complex Gaussian ensemble. To make this statement more precise, we will need
some further notation.

DEFINITION 1 (Independent-entry matrices). An independent-entry matrix
ensemble is an ensemble of random n x n matrices M, = (§;)1<i, j<n, Where the
&;; are independent and complex random variables, each with mean zero and vari-
ance one; we call the &;; the atom distributions of M,,. We say that the independent-
entry matrix has independent real and imaginary parts if for each 1 <i, j <n,
Re(§;;), Im(&;;) are independent. We say that the matrix obeys condition (C1) if
one has

P(|&;| > t) < Cexp(—t°)

for some fixed C, ¢ > 0 (independent of n) and all i, j.
If k > 0, we say that two independent-entry matrix ensembles M,, = (§;;)1<i, j<n
and M;, = (& Dizij=n have matching moments to order k if one has
b
(1.7) ERe(&;)* Im(éij)b = ERe("g‘i’j)a Im(éi/j) ,
whenever 1 <i,j <n,a,b>0anda+b <k.

Our first main result is then as follows.

THEOREM 2 (Four moment theorem for complex matrices). Let M,, M,, be
independent-entry matrix ensembles with independent real and imaginary parts,
obeying condition (C1), such that M,, and M,, both match moments with the com-
plex Gaussian matrix ensemble to third order, and match moments with each other
to fourth order. Let k > 1 be a fixed integer, let 71, ..., zx € C be bounded (thus
lzil < C foralli=1,...,k and some fixed C > 0), and let F:Ck = C be a
smooth function, which admits a decomposition of the form

(1.8) F(wi,...,w) =Y Fi(wy) - Fi(wp)
i=1
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for some fixed m and some smooth functions F; j;:C — C fori=1,...,m and
j=1,..., k supported on the disk {w : |w| < C} obeying the derivative bounds’
(1.9) [VOF; j(w)| < C

forallO<a<S5,i=1,....m, j=1,...,k and w € C, and some fixed C. Let

p,(lk), ,5,5/() be the correlation functions for M, M,,, respectively. Then

/Ck F(wl,...,wk)p,(,k)(\/ﬁzl +wi, ..., /nz +wp)dwy - dwy

:/U F(wl,...,wk)ﬁ,(lk)(\/ﬁm +wi, ..., /nz +wp)dwi - - dwy
+0(n™)

for some absolute constant ¢ > 0 (independent of k). Furthermore, the implicit
constant in the O (n~°) notation is uniform over all 71, ..., zy in the bounded re-
gion {z:|z| = C}.

REMARK 3. The regularity hypotheses on the test function F here are some-
what technical, but they are needed to obtain the uniform polynomial decay
O (n™°) in the conclusion, which is useful for several applications. Note that by
rescaling one could allow the bound C in (1.9) to be enlarged somewhat, to C nc/%,
without impacting the conclusion [other than to degrade the O (n~¢) error slightly
to O(n~¢/?)]. If one is only seeking a qualitative error term of o(1), then by ap-
plying the Stone—Weierstrass theorem, one only needs F to be continuous and
compactly supported, instead of having a smooth factorization of the form (1.8);
see the proof of Corollary 7 below. Also, if F' is smooth and compactly supported,
then by using a partial Fourier expansion one can again obtain a polynomial decay
rate O (n~°) (with the implied constant depending on the bounds on finitely many
derivatives of F'). It is possible to improve the value of ¢ somewhat by adding
additional matching moment hypotheses, but then one also requires the derivative
bounds (1.9) for a larger range of exponents a; we will not quantify this variant of
Theorem 2 here. The requirement that M,,, M, match the complex Gaussian en-
semble to third order can be removed if z1, ..., zx stays a bounded distance away
from the origin, using an extremely recent result of Bourgade, Yau, and Yin [8];
see Remark 22.

Theorem 2 is motivated by the phenomenon, first observed in [55], that the
asymptotic local statistics of the spectrum of a random Hermitian matrix of Wigner
type typically depend only on the first four moments of the entries; formalizations

3See Section 3 for the definition of the a-fold gradient V4 F; ;.
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of this phenomenon are known as four moment theorems. In particular, Corollary 7
is analogous6 to the four moment theorems in [55], Theorems 11 and 38.

REMARK 4. The hypothesis of independent real and imaginary parts is pri-
marily for reasons of notational convenience, and it is likely that this hypothesis
could be dropped from our results. Note that when M, and M, have independent
real and imaginary parts, the moment matching condition (1.7) simplifies to

ERe(&;))" =ERe(&/;)"

and

EIm(&;)” = EIm(&],)"
forl <i,j<nand0<a,b<k.

It is also likely that the exponential decay condition in condition (C1) could be
replaced with a bound on a sufficiently high moment of the entries. We will how-
ever not pursue these refinements here. The vague convergence in the conclusion
is natural given that the ensemble M, is permitted to be discrete (so that ,o,gk) could
be a discrete measure, rather than a continuous function). In analogy with the Her-
mitian theory (see, e.g., [56]), it is reasonable to conjecture that stronger modes of
convergence become available if some additional regularity hypotheses are placed
on the entries, but we will not pursue such matters here.

We now discuss some applications of Theorem 2. The first application concerns
the asymptotic behavior of the k-point correlation functions as n — oo. In the case
when M), is drawn from the complex Gaussian ensemble, these asymptotics have
been well understood since the work of Ginibre [26]. To recall these asymptotics,
we introduce the following functions.

DEFINITION 5 (Asymptotic kernel). For complex numbers z1, 22, wi, wa, de-
fine the kernel K ;, ;, (w1, w2) by the following rules:

(1) If z1 # z2, then Ko 7, 2, (w1, w2) :=0.
(i1) If z1 =zp and |z1| > 1, then Ko 7, 7, (w1, wp) :=0.

_ 29 2 =
(iii) Ifz1 =zp and |z1]| < 1, then KOO,Z],Zz(wl’ wy) = %e lwil*/2=[wa|”/2+wrwy

6Thanks to more recent results by many authors [16, 20-22, 53, 56], these results are no longer the
sharpest results available in the Wigner setting, as the moment matching conditions have now largely
been removed, the exponential decay condition relaxed to a finite moment condition, and the bulk
results extended to the edge; see the discussion in [56] or the surveys [15, 28, 43, 49] for surveys for
more details. In view of these results, it is reasonable to conjecture the moment matching assumptions
in Theorem 2 or Corollary 7 may be relaxed; see Remark 22 for some very recent developments in
this direction.
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(iv) If z; =z and |z1]| = 1, then
1 - /1 1
Koo.zy.2, (W1, w) := _e.—lwl|2/2—|wz|2/2+w1w2(5 + 3 erf(—\/E(zlu_)z + wlzz))).
T

Here,

2 z _p
erf(z) := ﬁ/(; e dt

is the usual error function, defined for all complex z, where the integral is over an
arbitrary contour from O to z. For complex numbers z, ..., 2x, w1, ..., Wk, define
the correlation function

k .
IO(()Q),ZI ,,,,, Zk(wlv ceey wk) = det(KOO,Zi,Zj (wls w]))lfl,jfk

In the model case when z1, ..., zx all avoid the unit circle {z € C:|z| = 1}, the
kernel simplifies to

KOO,Z[,Z_,' (U)i, w/) - IZiZZj llzi|<1Koo(wi» U)j),
where

Kooz, w) im ~eiP/2-0l 2420

T
The kernel K , can also be interpreted as the reproducing kernel for the orthogonal
projection in L2(C) to (the closure of) the space of functions f(z) that become
holomorphic after multiplication by eI/ 2, or equivalently to the closed span of
ke /2 fork =0,1,....

LEMMA 6 (Kernel asymptotics). Lef z1, ..., 2k, W1, - .., Wk be fixed complex
numbers for some fixed k, and let M, be drawn from the complex Gaussian ensem-
ble. Then we have’

(1.10)  pPWnzi+wi. ... Vaze+w) = oL (wi . w) +o(1).

.....

If none of the 71, ..., zx lie on the unit circle, then we may improve the error term
o(1) to O(exp(—dn)) for some fixed § > 0.

Now suppose that zi,...,27k, W1, ..., W are allowed to vary in n, but that
the 21, ..., w1, ..., wg remain bounded (i.e., |z;|, |w;| < C for some fixed C and
all 1 <i <k) and the zy, ..., 7z, stay bounded away from the unit circle (i.e.,
l|1zi| — 1| = € for some fixed ¢ > 0 and all 1 <i < k). Then one still has the asymp-
totic (1.10). In other words, the decay rate of the error term o(1) in (1.10) is uni-
form across all choices of 71, ..., 2k, W1, ..., Wk in the ranges specified above.

7See Section 3 for the asymptotic notational conventions we will use in this paper.
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PROOF. This is a well-known asymptotic (see, e.g., [35, 37] or [7]). For sake
of completeness, we have written a proof of these standard facts at Appendix B of
the copy of this paper at arXiv:1206.1893v3. [J

(k)

From this lemma, we conclude in particular that pog 7, ..o, (w1, ..., wg) > 0 for
allk,zy, ..., 2k, Wy, ..., Wk, which [when combined with (1.5)] yields the uniform
bound

|KOO,ZI,Z2(w11 wZ)} < ;

for all zy, z2, w1, wyp € C. In particular, we have

(1.11) 0<p®) i ..., w) <Cy
for all wy, ..., wy € C and some constant Cy depending only on k.

Using Theorem 2, we may extend the above asymptotics for complex Gaus-
sian matrices to more general ensembles (including some discrete ensembles), as
follows.

COROLLARY 7 (Universality for complex matrices). Let M, be an indepen-
dent-entry matrix ensemble with independent real and imaginary parts, obeying
condition (C1), and which matches moments with the complex Gaussian matrix
ensemble to fourth order. Then for any fixed (i.e., independent of n), fixed k > 1
and fixed z1, ..., zx € C, and any fixed continuous, compactly supported function
F:Ck — C, one has

[ P w0 p P Wiz 4w iz w) - duy

.....

In other words, the asymptotic (1.10) is valid in the vague topology for this ensem-
ble. If F is furthermore assumed to be smooth, then we may improve the o(1) error
term here to O (n™°) for some fixed ¢ > 0.

PROOF. From Theorem 2 and Lemma 6, we obtain Corollary 7 in the case
when F' admits a decomposition of the form given in Theorem 2 [and in this case
the o(1) error can be improved to O (n~¢)]. The more general case of continuous,
compactly supported F' can then be deduced by using the Stone—Weierstrass the-
orem to approximate a continuous F' by an approximant F of the form (1.8) [and
by using a further function of the form in Theorem 2 and (1.11) to upper bound
the error]. When F is smooth, one can replace the use of the Stone—Weierstrass
theorem by a more quantitative partial Fourier series expansion of F (extended
periodically in a suitable fashion), followed by a multiplication by a smooth cutoff
function, taking advantage of the rapid decrease of the Fourier coefficients in the
smooth case; we omit the standard details. [
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REMARK 8. Note that in contrast to the situation in Theorem 2, the parameters
21, ..., 2k in Corollary 7 are required to be fixed in n, as opposed to being allowed
to vary in n. Related to this, the error term o(1) in Corollary 7 is not asserted to
be uniform in the choice of z1, ..., z, in contrast to the uniformity in Theorem 2.
Indeed, given that the limiting correlation function ,ogé) z1....z; behaves discontin-
uously in z1, ..., zx whenever two of the z; collide, or when one of the z; crosses
the unit circle, one would not expect such uniformity in Corollary 7. Thus, while
Corollary 7 describes more explicitly the limiting behavior (in certain regimes) of
the correlation functions p©, we regard Theorem 2 as the more precise statement
regarding the asymptotics of these functions.

In the Hermitian case, four moment theorems can be used to extend various facts
about the asymptotic spectral distribution of special matrix ensembles (such as the
Gaussian unitary ensemble) to other matrix ensembles which obey appropriate mo-
ment matching conditions. Similarly, by using Theorem 2, one may extend some
facts about eigenvalues of complex Gaussian matrices can now be extended to i.i.d.
matrix models that match the complex Gaussian ensemble to fourth order, although
in some “global” cases the extension is only partial in nature due to the “local” na-
ture of the four moment theorem. Rather than provide an exhaustive list of such
applications, we will present just one representative such application, namely that
of (partially) extending the following central limit theorem of Rider [39].

THEOREM 9 (Central limit theorem, Gaussian case). Let M, be drawn from
the complex Gaussian ensemble. Let r > 0 be a real number (depending on n)
such that 1/r,r/n'? = o(1). Let zo be a complex number (also depending on n)
such that |zo| < (1 — €)/n for some fixed ¢ > 0. Let NB(z,r) be the number of
eigenvalues of My, in the ball B(zg,r) :={z € C:|z — zo| < r}. Then we have

Npgor) =12
i MO
in the sense of distributions. In fact, we have the slightly stronger statement that

Non —r2\* k

for all fixed natural numbers k > 0.

PROOF. From the general Costin—Lebowitz central limit theorem for determi-
nantal point processes [12, 46, 47], we know that

NB(zy,r) = ENB(z,r)
(Var NB(zo,r)) 172

— N, Dr
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provided that Var Np(,, ) — 00; indeed, an inspection of the proof in [46] gives
the slightly stronger assertion that

E(NB(ZOJ) —ENp(.n
(Var NB(Zo,r)) 172
for any fixed k£ > 0. Thus, it will suffice to establish the asymptotics

ENp(zp.r) = (1 + 0(1))7‘2

k
) — EN(0, D%

and
Var Np(zy.ry = (14 o(1))7 ~1/?r.
Using (1.1), (1.2), one can write the left-hand sides here as

f Kn(z,2)dz
B(zo,r)

[ Keod-[ [ |KGw dd
B(zo,r) B(zo,r) J B(z0,7)
2

respectively. By Lemma 6, the former expression converges to || B(z0.r) %dz =r-.
Lemma 6 also reveals that the second expression is asymptotically independent
of zg, and so one may without loss of generality take zp = 0. But then the re-
quired asymptotic follows from [39], Theorem 1.6 (after allowing for the different
normalization for M, in that paper). U

and

Using Theorem 2, we may extend this result to more general ensembles, at least
in the small radius case.

COROLLARY 10 (Central limit theorem, general case). Let M,, be an indepen-
dent-entry matrix ensemble with independent real and imaginary parts, obeying
condition (C1), such that M,, matches moments with the complex Gaussian matrix
ensemble to fourth order. Then the conclusion of Theorem 9 for My, holds provided

that one has the additional assumption r < noM,

We prove this result in Section 6.3. The restriction to small radii » < n°" ap-
pears to be a largely technical restriction, relating to the need to take arbitrarily
high moments in order to establish a central limit theorem; see, for instance, Fig-
ure 1 for some numerical evidence that the central limit theorem should in fact hold
for larger radii as well (and for real matrices as well as complex ones). It seems
likely that one can also obtain extensions of many of the other results in [39] (or
related papers, such as [32, 38]) on Gaussian fluctuations from the circular law
from the complex Gaussian ensemble to other ensembles that match the complex
Gaussian ensemble to a sufficiently large number of moments, but we will not pur-
sue such results here. We remark that for macroscopic statistics % 1 F(hi//n)
with F fixed and analytic, such extensions (without the need for matching mo-
ments beyond the second moment) were already established in [40].



792 T. TAO AND V. VU

ECDF Plot for the Number of Eigenvalues (in the circle of radius 1/3)
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FIG. 1. The cumulative distribution function for the number of eigenvalues in the disk B(0, \/n/3)
of real Gaussian and real Bernoulli matrices of size 10,000 x 10,000, after normalizing the mean by
n/9 and variance by /n. Thanks to Ke Wang for the data and figure.

1.1. The real case and applications. There is a (more complicated) ana-
logue of Theorem 2 in which the complex entries are replaced by real ones.
This has the effect of forcing the spectrum Ai(M,),...,A,(M,) to split into
some number Ay r(Mp), ..., Angm,],R(M,) of real eigenvalues, together with
some number Ay c, (M), ..., )MN@[M”],(C +(My) of complex eigenvalues in the
upper half-plane C,. := {z € C:Im(z) > 0}, as well as their complex conjugates
A, (My), ..., pc.(My), where Nr[M,], Nc, [M,] denote the number of real
eigenvalues of M, and the number of eigenvalues of M, in the upper half-plane,
respectively (so in particular, Ng[M,]+2Nc [M,] = n almost surely). Because of
this additional structure of the eigenvalues, it is no longer convenient to consider
the correlation functions ,o,gk) :Ck — R* as defined in (1.1), since they become
singular when one or more of the variables is real. Instead, it is more convenient
to work with the correlation functions p,(,k’l) Rk x (Cl+ — Rt defined for k,1 >0
by the formula

v[ék/\C] F(x17""xk7zlﬂ"'9zl)
+

x ptkd)

(x1,...,xk,z1,...,zl)dx1 dxkdzl--- le
(1.13)
=E Z Z F()‘il,R(MVl)’ ceey )"ik,R(Mn)s

I<ij<--<ig<Nr[Mp] 1<ji<-<ji=Nc, [My]

)\’jl,(c+ (Mn)7 LR )\'j[,(c+(Mn))'
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Again, the exact ordering of the eigenvalues here is unimportant. When the law
of M, has a continuous density with respect to Lebesgue measure on real matri-
ces (which is, e.g., the case with the real Gaussian ensemble), one can interpret

p,(,k’l)(xl, ey Xky 215 ..., 2y) for distinct xq, ..., xx € Rand z1, ...,z € Cy as the
unique real number such that, as ¢ — 0, the probability of simultaneously having
an eigenvalue of M, in each of the intervals (x; — ¢, x; +¢) fori =1,...,k and in

each of the disks B(z;,¢) for j=1,...,lis equal to
(1+oM)p*D(xy, ... xp 21, ..., Zl)(28)k(7182)l

in the limit as ¢ — 0.
Define C_ :={z € C:Im(z) < 0} and C, :=C, UC_ = C\ R. We extend

the correlation functions p,(lk’l) from R¥ x (Cﬂ_ to RF x (Ci by requiring that the
functions be invariant with respect to conjugations of any of the / coefficients of C!.

We then extend ,o,(lk’l) by zero from RF x (ka to R¥ x C!.

When M, is given by the real Gaussian ensemble, the correlation functions
,o,gk’l) were computed by a variety of methods, for both odd and even n, in [1, 6, 7,
23, 30, 44, 45] (with the (k,!) = (1, 0), (0, 1) cases worked out previously in [13,
14, 34], building in turn on the foundational work of Ginibre [26]). The precise
formulae for these correlation functions are somewhat complicated and involve
Pfaffians of a certain 2 x 2 matrix kernel; see Appendix B for the formulae when
n is even, and [23, 44] for the case when n is odd. To avoid some technical issues,
we shall restrict attention to the case when 7 is even, although it is virtually certain
that the results here should also extend to the odd »n case.

For technical reasons, we will need the following variant of (1.6).

LEMMA 11 (Uniform bound on correlation functions). Let k,l > 0 be fixed
natural numbers, let n be even, and let M,, be drawn from the real Gaussian en-
semble. Then for all x1,...,xx € Rand z1, ...,z < C one has

0<pPr, .. oxezr, .o 2) < Cry
for some fixed Cy | depending only on k, 1.

This lemma follows fairly easily from the computations in [7]; we give the de-
tails in Appendix B. We will need this lemma in order to control the event of having
two real eigenvalues that are very close to each other, or a complex eigenvalue very
close to the real axis, as in those cases, one is close to a transition in which two

real eigenvalues become complex or vice versa, creating a potential instability in

the correlation functions ,o,gk’l) . One can in fact establish stronger level repulsion

estimates which provide some decay on p,(,k’l)(xl, eeey Xky 21, -+, 27) as two of the
X1, ..., Xk, 21, .-, 21 gt close to each other, or as one of the z; gets close to the
real axis, but we will not need such estimates here.

We then have the following analogue of Theorem 2, which is the second main

result of this paper:
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THEOREM 12 (Four moment theorem for real matrices). Let M,, M,, be
independent-entry matrix ensembles with real coefficients, obeying condition (C1),
such that M,, and Mn both match moments with the real Gaussian matrix ensemble
to fourth order. Let k,l > 0 be fixed integers, and let x1, ..., xx and 71, ...,71 € C
be bounded. Assume that n is even. Let F:R¥ x C! — C be a smooth function
which admits a decomposition of the form

m
F(ylooos Yk Wi oo w) =Y Git(y) -+~ Gix () Fin(wi) -+ Fi g (wy)
i=1
for some fixed m and some smooth functions G;,:R — C and F; ;:C — C
fori=1,....m, p=1,....,kand j=1,...,1 supported on the interval {y €
R:|y| < C} and disk {w € C:|w| < C}, respectively, obeying the derivative
bounds

|VG;, Fijw)|<C

forall0<a<5,i=1,. p=1...,k j=1,. lyeRandwe(Cand

some fixed C. Let ,onk b
tively. Then

[ / Fyl, ooy Y, W1,y ovo, wy)
REJC!

x pD (nxy + y1, <oy xe + v,
Vnzi+wi, ..., nzi +w)dws - dwpdy; - - dyy

=/ / FOt, oo, Vi, Wiy ovn, wy)
RKJC!

x RO (nxy +y1, ... Xk + i
Vnzi+wi, ..., nz +w)dw; - dwpdyy - dyg

, p(k l) be the correlatlon functzons for M, M,,, respec-

+0(n™°)
for some absolute constant ¢ > 0 (independent of k,l). Furthermore, the implicit
constant in the O (n~°) notation is uniform over all x1, ..., xy and z1, . .., z; in the

bounded regions {x e R:|x| < C} and {z € C:|z| < C}, respectively.

As will be seen in Section 6.2, the proof of Theorem 12 proceeds along the same
lines as Theorem 2, but with some additional arguments involving Lemma 11 re-
quired to prevent pairs of eigenvalues from escaping or entering the real axis due
to collisions. It is because of these additional arguments that matching to fourth
order, rather than third order, is required. It is, however, expected that the moment
conditions should be relaxed; see, for instance, Figures 2 and 3 for the close resem-
blance in spectral statistics between real Gaussian and Bernoulli matrices, which
only match to third order rather than to fourth order.
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. 3 ; )
Gaussian x 10 Zoom in around the real line

-1 -0.5 0 0.5 1

FI1G. 2. The spectrum of a random real Gaussian 10,000 x 10,000 matrix, with additional detail
near the origin to show the concentration on the real axis. Thanks to Ke Wang for the data and figure.

REMARK 13. In [44], some explicit formulae for the correlation functions of
real Gaussian matrices in the case of odd n were given, while in [23] a relationship
between the correlation functions for odd and even n is established. In principle,
one could use either of these two results to extend Lemma 11 to the odd n case.
Once the odd case of Lemma 11 is obtained, Theorem 12 extends automatically to
this case. Due to space limitations, we do not attempt to execute this calculation
here.

We now turn to applications of Theorem 12. In the complex case, the asymp-
totics for complex Gaussian matrices given in Lemma 6 could be extended to other

independent-entry matrices using Theorem 2, yielding Corollary 7. We now de-

Bernoulli x107° Zoom in around the real line

-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1

FI1G. 3. The spectrum of a random real Bernoulli 10,000 x 10,000 matrix, with additional detail
near the origin. Thanks to Ke Wang for the data and figure.
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velop some analogous results in the real Gaussian case. We first recall the follow-
ing result of Borodin and Sinclair [7].

LEMMA 14 (Kernel asymptotics, real case). Let k,! > 0 be fixed natural num-
bers, and let 7 be a fixed complex number. Assume either that k = 0, or that 7 is

real. Then there is a function pc()]é:lz) :RF x C! — R with the property that one has
the pointwise convergence

PP (nz+y1, . Nz v izt wi, . Vnz + wy)

_>Péﬁ:lz)()’l,---»)’kawl,---,wl)

as n — oo, provided that My, is drawn from the real Gaussian ensemble and n is
restricted to be even.

PROOF. See [6], Section 7, or [7], Section 8. The limit pé’;? is explicitly com-

puted in these references, although when z is real the limit is quite complicated,
being given in terms of a Pfaffian of a moderately complicated matrix kernel in-

volving the error function erf. However, when z is strictly complex the limit is

the same as in the complex Gaussian case, thus ,oég’,lz) = ,oéé), z....z5 see [7] for fur-

ther details. It is likely that the same asymptotic also holds for odd n, by using
the explicit formulae in [44] or the relation between the odd and even n correla-
tion functions given in [23]; if the restriction to even # is similarly dropped from
Lemma 11, then Corollary 15 below can be extended to the odd n case. However,
we will not pursue this matter here. [

We can then obtain the following universality theorem for the correlation func-
tions of real matrices.

COROLLARY 15 (Universality for real matrices). Let M,, be an independent-
entry matrix ensemble with real coefficients obeying condition (C1), and which
matches moments with the real Gaussian matrix ensemble to fourth order. Assume
n is even. Let k,l > 0 be fixed natural numbers, and let 7 be a fixed complex
number. Assume either that k = 0, or that 7 is real. Let F:R* x C! — R* be a
fixed continuous, compactly supported function. Then

/ / F(yl?""yk7w1""7wl)
rEJoL

x pkD (fnz 4+ y1, ..., vnz + .,
nz4+wi, ..., /nz+w)dwy - dwidy - - dyx

%\/\/ F(yl""’yk’wlﬂ""wl)
R JC!

< pED 1y w L w) dwy - dwdyy - dyy,

k,l . .
where ,OC(,OJC)1 ,,,,, Xt Z1sozy 1S as in Lemma 14.
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PROOF. In the case when M,, is drawn from the real Gaussian ensemble, this
follows from Lemmas 14 and 11, and the dominated convergence theorem. The ex-
tension to more general independent-entry matrices then follows from Theorem 12
by repeating the arguments used to prove Corollary 7. [J

As in the complex case, Theorem 12 can be used to (partially) extend various-
known facts about the distribution of the eigenvalues of a real Gaussian matrices to
other real independent-entry matrices. Rather than giving an exhaustive list of such
extensions, we illustrate this with two sample applications. Let Ngr(M,,) denote the
number of real zeroes of a random matrix M,,. Thanks to earlier results [14, 24],
we have the following asymptotics.

THEOREM 16 (Real eigenvalues of a real Gaussian matrix). Let M, be drawn
from the real Gaussian ensemble. Then

2n
ENr(M,) = \/;—i- o)

Var Nr(M,,) = (2 — ﬁ)\/g + o(/1).

and

PROOF. The expectation bound was established in [14], and the variance
bound in [24]. In fact, more precise asymptotics are available for both the expec-
tation and the variance; we refer the reader to these two papers [14, 24] for further
details. [J

By using the above universality results, we may partially extend this result to
more general ensembles:

COROLLARY 17 (Real eigenvalues of a real matrix). Let M, be an indepen-
dent-entry matrix ensemble with real coefficients obeying condition (C1), and
which matches moments with the real Gaussian matrix ensemble to fourth order.
Assume n is even. Then

2
ENR(M,) =,/;" +0(n'?)

Var Ng (M) = O (n' ™)

for some fixed c > 0. In particular, from Chebyshev’s inequality, we have

2 ,
NR<Mn>=,/;”+ 0(n'/>=

with probability 1 — O(n_c/),for some fixed ¢’ > 0.

and
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FIG. 4. The empirical average number of real eigenvalues of 200 samples of real Gaussian and
real Bernoulli matrices of various sizes, plotted against % Thanks to Ke Wang for the data and
figure.

We prove this result in Section 6.3. See Figure 4 for a numerical illustration of
this theorem.

As another quick application, we can show for many ensembles that most of the
eigenvalues are simple.

COROLLARY 18 (Most eigenvalues simple). Let M,, be an independent matrix
ensemble obeying condition (C1), and which matches moments with the real or
complex Gaussian matrix to fourth order. In the real case, assume n is even. Then
with probability 1 — O (n~¢), at most O(n'~°) of the complex eigenvalues, and
O (n'/>=) of the real eigenvalues, are repeated, for some fixed ¢ > 0.

We establish this result in Section 6.3 also. It should in fact be the case that with
overwhelming probability, none of the eigenvalues are repeated, but this seems to
be beyond the reach of our methods.

2. Key ideas and a sketch of the proof. The proof of the four moment theo-
rem for (Hermitian) Wigner ensembles in [55] is based on the Lindeberg exchange
strategy, in which one shows that various statistics of ensembles are stable with
respect to the swapping of one or two of the coefficients of that ensemble. The
original argument in [55] was based on a swapping analysis of individual eigen-
values A; (M},), which was somewhat complicated technically; butin [21, 31] it was
observed that one could work instead with the simpler swapping analysis of resol-
vents® (or Green’s functions) R(z) := (W, — z)~}, particularly if one was mainly

8Here and in the sequel, we adopt the abbreviation z for the scalar multiple z/ of the identity
matrix.
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focused on obtaining a four moment theorem for correlation functions, rather than
for individual eigenvalues (which in any event are not natural to work with in the
non-Hermitian case). In all of these arguments for Wigner matrices, a key role was
played by the local semicircle law, which could in turn be proven by exploiting
concentration results for the Stieltjes transform s(z) := %trace(Wn —z) ' ofa
Wigner matrix. Again, we refer the reader to the preceding surveys for details.

Our strategy of proof of Theorem 2 and Theorem 12 is broadly analogous to
that in the Hermitian case, in that it relies on a four moment theorem (Theorem 25
below) and on a local circular law (Theorem 20 below). However, this is highly
nontrivial to execute this plan. We are going to need a number of new ideas, coming
from different fields of mathematics, and a fair amount of delicate analysis using
advanced sharp concentration tools.

To start, there is an essential difference between handling non-Hermitian and
Hermitian matrices, namely that the spectrum of a non-Hermitian matrix is highly
unstable (see [3] for a discussion). Due to this difficulty, even the (global) circu-
lar law, which is the non-Hermitian analogue of Wigner semi-circle law, required
several decades of effort to prove, and was solved completely only recently (see
the surveys [5, 52] for further discussion). For this reason, it is no longer practi-
cal to make the resolvent (M,, — z)_1 [and the closely related Stieltjes transform
%trace(Mn — 2)7!] the principal object of study. Instead, following the founda-
tional works of Girko [27] and Brown [10], we shall focus on the log-determinant

log|det(M,, — z)|

for a complex number parameter z.
The log-determinant is connected to the eigenvalues of the i.i.d. matrix M, via
the obvious identity

n
2.1 log|det(M,, — z)| = Zlog|k,~ (M) — z|.
i=1
In order to restrict to a local region, our idea is to use Jensen’s formula. Suppose
that f is an analytic function in a region in the complex plane which contains the
closed disk D of radius r about the origin, ay, az, ..., a, are the zeros of f in the
interior of D (counting multiplicity), and f(0) # 0, then

k
;|
log| £(0)| = Zlog -
i=1

1 2
+E/0 log| £ (re¥=1%)| do.

Applied Jensen’s formula to (2.1), we obtain

-
log|det(M,, — zo)| = — Z log FRTAEE
1<i<n: 2 (My)eB(zo.r) it¥n) =20

2.2) -
J
+ —/ log|det(M,, — zo — re¥™1%)| do
27 Jo
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for any ball B(zg, r) (with the convention that both sides are equal to —oco when
Zo is an eigenvalue of M,,).

From (2.2), we see (in principle, at least) that information on the (joint) dis-
tribution of the log-determinants log | det(M,, — z)| for various values of z should
lead to information on the eigenvalues of M,,, and in particular on the k-point cor-
relation functions p,(,k) of M. As Jensen formula is a classical tool in complex
analysis, this step looks quite robust and would potentially find applications in the
study of local properties of many other random processes.

On the other hand, we can also write the log-determinant in terms of the Her-
mitian 2n x 2n random matrix

_ 1 0 M, —z
(2.3) Wh,z = N <(Mn _ o) 0 )

via the easily verified identity
(2.4) log|det(M,, — z)| = 3 log|det W,, .| + inlogn.

This observation is known as the Girko Hermitization trick, and in principle re-
duces the spectral theory of non-Hermitian matrices to the spectral theory of Her-
mitian matrices.

The log-determinant of W, ; is in turn related to other spectral information
of W, ., such as the Stieltjes transform®

1
sw, . (E + V=1n):= 7 trace(W,,; — E — \/—_177)_1)

n

of W, ., for instance, via the identity

T
2.5) 1og|detW,,,Z|:10g1det(wn,z—~/—1T)|—2n1m/ sw (V=T dn,
v

valid for arbitrary 7 > 0. Thus, in principle at least, information on the distribution
of the Stieltjes transform sy, . will imply information on the log-determinant of
W, ., and hence on M, — z, which in turn gives information on the eigenvalue
distribution of M,,. This is the route taken, for instance, to establish the circular
law for i.i.d. matrices; see [5, 52] for further discussion. There is a nontrivial issue
with the possible divergence or instability of the integral in (2.5) near n = 0, but it
is now well understood how to control this issue via a regularization or truncation
of this integral, provided that one has adequate bounds on the least singular value
of W, ;; again, see [5, 52] for further discussion. Fortunately, we and many other
researchers have proved such bounds in previous papers, using methods from a
seemingly unrelated area of Additive Combinatorics (see Proposition 27 below).

9We use +/—1 to denote the standard imaginary unit, in order to free up the symbol i to be an index
of summation.
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There is a significant technical issue arising from the fact that formulae such as
(2.5) or (2.2) require one to control the value of various random functions, such as
log-determinants or Stieltjes transforms, for an uncountable number of choices of
parameters such as z and 7, so that one can no longer directly use union bound to
control exceptional events when the expected control on these quantities fails. To
overcome this, we appeal to the Monte Carlo method, frequently used in combi-
natorics and theoretical compute science. This method enables us to use random
sampling arguments to replace many of these integral expressions by discrete, ran-
dom, approximations, to which the union bound can be safely applied (see Sec-
tion 5).

The application of the Monte Carlo method (Lemma 36), on the other hand, is
far from straightforward, since in certain situations (see Section 6), the variance is
too high and so the bound implied by Lemma 36 becomes rather weak. We handle
this situation by a variance reduction argument, exploiting analytical properties of
the relevant functions. This step also looks robust and may be useful for practition-
ers of the Monte Carlo method in other fields.

After these steps, the rest of the proof essentially boils down to error control,
in form of a sharp concentration inequality (Theorem 33), which will be done by
analyzing a delicate (and rather unstable) random process, using recent martingale
inequalities and various ad hoc ideas.

REMARK 19. For Hermitian ensembles, swapping methods (such as the four
moment theorem) are not the only way to obtain universality results; there is also
an important class of methods (such as the local relaxation flow method) that are
based on analysing the effect of a Dyson-type Brownian motion on the spectrum of
a random matrix ensemble; see, for example, [15]. However, there is a significant
obstruction to adapting such methods to the non-Hermitian setting, because the
equations of the analogue to Dyson Brownian motion either'® couple together the
eigenvectors and the eigenvalues in a complicated fashion, or need to be phrased
in terms of a triangular form of the matrix, rather than a diagonal one (cf. [35]).
We were unable to resolve these difficulties in the non-Hermitian case, and rely
solely on swapping methods instead; unfortunately, this then requires us to place
moment matching hypotheses on our matrix ensembles. It seems of interest to
develop further tools that are able to remove these moment matching hypotheses
in non-Hermitian settings.

100ne can explain this by observing that in the Hermitian case, the eigenvalues determine the matrix
up to a U, (C) symmetry, but in the non-Hermitian case the symmetry group is now the much larger
group G L, (C). Dyson Brownian motion is U, (C)-invariant, but is not G L, (C)-invariant, which is
why this motion can be reduced to dynamics purely on eigenvalues in the Hermitian case but not in
the non-Hermitian one.
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2.1. Key propositions. The proof of Theorem 2 relies on two key facts, both
of which may be of independent interest. The first is a “local circular law.” Given
a subset €2 of the complex plane, let

No=NqlM,]:=|{1 <i<n:7M,) e}

denote the number of eigenvalues of M, in 2.

THEOREM 20 (Local circular law). Let M;, = (§;j)1<i, j<n be an independent-
entry matrix with independent real and imaginary parts obeying condition (C1),
and which matches either the real or complex Gaussian matrix to third order. Then
for any fixed C > 0, one has with overwhelming probability'! that

1
2.6 N = —1 dz + 0(n°M
(2.6) Ban= [ lesvadit (n”r)

uniformly for all zo € B(0, C/n) and all r > 1. In particular, we have
2.7) NB(Z(),V) < n”(l)rz

with overwhelming probability, uniformly for all zo € B(0, C+/n) and all r > 1.

REMARK 21. The bound (2.6) is probably not best possible, even if one ig-
nores the n°() term. In the complex Gaussian case, it has been shown [39] that the
variance of Npz,.r) is actually of order r, suggesting a fluctuation of O (n°Mrl/2)
rather than O (n°Vr); the closely related results in Theorem 9 and Corollary 10
also support this prediction. Also notice that we assume only three matching mo-
ments in this theorem, so the statement applies, for instance, to random sign matri-
ces (which match the real Gaussian ensemble to third order). For our applications
to Theorems 2, 12, we do not need the full strength (2.6) of the above theorem; the
weaker bound (2.7) will suffice.

REMARK 22. Very recently, Bourgade, Yau and Yin [8] have established a
variant of Theorem 20 (and also Theorem 25) which does not require matching
to third order, but with the disk B(zo, ) assumed to lie a distance at least £./n
from the circle {|z] = /n} for some fixed & > 0. By using the main result of [8]
as a substitute for Theorem 20 (and also Theorem 25), we may similarly remove
the third-order matching hypotheses from Theorem 2, at least in the case when
71, ..., 2k stay a distance e4/n from the circle {|z| = 4/n}. Since the initial release
of this paper, an alternate proof of Theorem 20 (in the case when one matches
the complex Gaussian ensemble to third order, as opposed to the real Gaussian
ensemble) which works both in the bulk and in the edge was given in [9].

ISee Section 3 for a definition of this term, and for the definition of asymptotic notation such as
o(1) and K.
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The second key fact is a “four moment theorem” for the log-determinants
log |det(M,, — 2)|:

THEOREM 23 (Four moment theorem for determinants). Let cg > 0 be a suffi-
ciently small absolute constant. Let M,,, M, be two independent random matrices
with independent real and imaginary parts obeying condition (C1), which match
each other to fourth order, and which both match the real Gaussian matrix (or both
match the complex Gaussian matrix) to third order. Let 1 <k <n, let C > 0 be
fixed, and let 71, ...,z € B(0,C\/n). Let G R > Cbea smooth function obey-
ing the derivative bounds

IVIG(x1,...,x0)| <« n

forall j=0,...,5and xy, ..., xx €R, where V denotes the gradient in RX. Then
we have

EG (log|det(M,, — z1)|, ..., log|det(M,, — zx)|)
=EG(log|det(M, — z1)|, ..., log|det(M] — z¢)|) + O (n~°)

with the convention that the expression G(log|det(M,, — z1)|, ..., log|det(M,, —
Zx)|) vanishes if one of the 71, . .., zx is an eigenvalue of M,,, and similarly for the
expression G(log|det(M, — z1)|, ..., log|det(M], — zi)I).

The proof of Theorem 2 follows fairly easily from Theorem 20 [in fact, we will
only need the weaker conclusion (2.7)] and Theorem 23 [and (1.10)], using the
well-known connection between spectral statistics and the log-determinant which
goes back to the work of Girko [27] and Brown [10], and which was mentioned
previously in this Introduction; we give this implication in Section 6. A slightly
more sophisticated version of the same argument also works to give Theorem 12;
we give this implication in Section 6.2.

It remains to establish the local circular law (Theorem 20) and the four mo-
ment theorem for log-determinants (Theorem 23). The key lemma in the estab-
lishment of the local circular law is the following concentration result for the log-
determinant.

DEFINITION 24 (Concentration). Let n > 1 be a large parameter, and let X
be a real or complex random variable depending on n. We say that X concentrates
around M for some deterministic scalar M (depending on n) if one has

X=M+0nW)

with overwhelming probability. Equivalently, for every e, A > 0 independent of #,
one has X = M + O (n®) outside of an event of probability O(n=*). We say that
X concentrates if it concentrates around some M.
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THEOREM 25 (Concentration bound on log-determinant). Let M, =
(ij)1<i, j<n be an independent-entry matrix obeying condition (C1) and matching
the real or complex Gaussian ensemble to third order. Then for any fixed C > 0,
and any zo € B(0, C), log|det(M, — zo~/n)| concentrates around %nlogn +
%n(lz()l2 — 1) for |z0| <1 and around %nlogn + nlog|zol for |zo| = 1, uniformly
in zg.

REMARK 26. The reason we require only three moments in this theorem in-
stead of four (as in the previous theorem) is that in this theorem the error in Defi-
nition 24 is allowed to be a positive power of n while in the previous one it needs
to be a negative power. We remark that this theorem is consistent with (2.1) and
the circular law; indeed, the quantity | BO.1) %log |z — zo|dz can be computed

to be equal to %(lz()|2 — 1) when |zo| <1 and log|zg| when |zg| > 1. As in Re-
mark 22, a variant of Theorem 25 without the third order hypothesis, but requiring
zo bounded away from the circle {|z| = 1}, was recently given in [8].

We give the derivation of Theorem 20 from Theorem 25 in Section 5. The main
tools are Jensen’s formula (2.2) and a random sampling argument to approximate
the integral in (2.2) by a Monte Carlo type sum, which can then be estimated by
Theorem 25.

It remains to establish Theorem 23 and Theorem 25. For both of these theorems,
we will work with the Hermitian matrix W, ; defined in (2.3), taking advantage of
the identity (2.4). In order to manipulate quantities such as the log-determinant
of W, . efficiently, we will need some basic estimates on the spectrum of this
operator (as well as on related objects, such as resolvent coefficients). We first
need a lower bound on the least singular value that is already in the literature.

PROPOSITION 27 (Least singular value). Let M,, be an independent-entry ma-
trix ensemble with independent real and imaginary parts, obeying condition (C1),
and let 7o € B(0, C+/n) for some fixed C > 0. Then with overwhelming probabil-
ity, one has

inf |A;(Wy.o)| =n~1o8m,
n

I<i<
Furthermore, for any fixed cy > 0 one has
P(inf [3;(Wy )| <n!/270) <=0/,
1<i<n

The bounds in the tail probability are uniform in zy.

PROOF. Note from (2.3) that inf;<; <, |[A; (W, ;)| is the least singular value of
ﬁ(Mn — z). The first bound then follows from [51], Theorem 2.5 (and can also

be deduced from the second bound). The lower bound n~!°2” can be improved to
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any bound decaying faster than a polynomial, but for our applications any lower
bound of the form exp(—n"(l)) will suffice. The second bound follows from [54],
Theorem 3.2 (and can also be essentially derived from the results in [41], after
adapting those results to the case of random matrices whose entries are uncentered
[i.e., can have nonzero mean]). We remark that in the zq case, significantly sharper
bounds can be obtained; see [41] for details. [J

REMARK 28. The proof of this bound relies heavily on the so-called inverse
Littlewood—Offord theory introduced by the authors in [59], which was motivated
by Additive Combinatorics (see [50], Chapter 7), a seemingly unrelated area. In-
terestingly, this is, at this point, the only way to obtain good lower bound on the
least singular values of random matrices when the ensemble is discrete (see also
[41, 42, 52] for more results and discussion).

Next, we establish some bounds on the counting function
Np=|{1<i<n:x(W,,) el}|

and on coefficients R(+/—1n);; of the resolvents R(v/—1n) := (W, ; — =1}
on the imaginary axis.

PROPOSITION 29 (Crude upper bound on Nj). Let M, be an independent-
entry matrix ensemble with independent real and imaginary parts, obeying condi-
tion (C1). Let C > 0 be fixed, and let zo € B(0, C+/n). Then with overwhelming
probability, one has

Ny < n°D(1+n1))

for all intervals 1. The bounds in the tail probability [and in the o(1) exponent]
are uniform in zg.

REMARK 30. It is likely that one can strengthen Proposition 29 to a “local
distorted quarter-circular law” that gives more accurate upper and lower bounds
on Ny, analogous to the local semicircular law from [17-19] (or, for that matter,
the local circular law given by Theorem 20). However, we will not need such
improvements here.

PROPOSITION 31 (Resolvent bounds). Let M,, be an independent-entry ma-
trix ensemble with independent real and imaginary parts, obeying condition (C1).
Let C > 0 be fixed, and let zo € B(0, C+/n). Then with overwhelming probability,
one has

1
R/ =Ty | < n0<‘>(1 T E>

foralln>0andalll1 <i,j<n.
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REMARK 32. One can also establish similar bounds on the resolvent (as well
as closely related delocalization bounds on eigenvectors) for more general spec-
tral parameters E + /—17. However, in our application we will only need the
resolvent bounds in the £ = 0 case.

Propositions 29 and 31 are proven by standard Stieltjes transform techniques,
based on analysis of the self-consistent equation of W, ; as studied, for instance,
by Bai [3], combined with concentration of measure results on quadratic forms.
The arguments are well established in the literature; indeed, the z = 0 case of
these theorems essentially appeared in [21, 57], while the analogous estimates for
Wigner matrices appeared in [17-19, 55]. As the proofs of these results are fairly
routine modifications of existing arguments in the literature, we will place the
proof of these propositions in Appendix A. We remark that in the very recent
paper [8], some stronger eigenvalue rigidity estimates for W, , are obtained (at
least for z staying away from the unit circle {|z| = 1}), which among other things
allows one to prove variants of Theorem 25 and Theorem 20 without the moment
matching hypothesis, and without the need to study the Gaussian case separately
(see Theorem 33 below).

One can use Propositions 27, 29, 31 to regularize the log-determinant of W, ,
and then show that this log-determinant is quite stable with respect to swapping
(real and imaginary parts of) individual entries of the M, ;, so long as one keeps the
matching moments assumption. In particular, one can now establish Theorem 23
without much difficulty, using standard resolvent perturbation arguments; see Sec-
tion 8. A similar argument, which we give in Section 10, reduces Theorem 25 to
the Gaussian case. Thus, after all these works, the remaining task is to prove:

THEOREM 33. Theorem 25 holds when M, is drawn from the real or complex
Gaussian ensemble.

We prove this theorem in Section 9. This section is the most technically in-
volved part of the paper. The starting point is to use an idea from our previous pa-
per [58], which studied the limiting distribution of the log-determinant of a shifted
GUE matrix. In that paper, the first step was to conjugate the GUE matrix into the
Trotter tridiagonal form [60], so that the log-determinant could be computed in
terms of the solution to a certain linear stochastic difference equation. In the case
in this paper, the analogue of the Trotter tridiagonal form is a Hessenberg matrix
form (i.e., a matrix form which vanishes above the upper diagonal), which (after
some linear algebraic transformations) can be used to express the log-determinant
log | det(M,, — zp+/n)| in terms of the solution to a certain nonlinear stochastic dif-
ference equation. This Hessenberg form of the complex Gaussian ensemble was
introduced in [33], although the difference equation we derive is different from
the one used in that paper. To obtain the desired level of concentration in the
log-determinant, the main difficulty is then to satisfactorily control the interplay
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between the diffusive components of this stochastic difference equation, and the
stable and unstable equilibria of the nonlinearity, and in particular to show that
the deviation of the solution from the stable equilibrium behaves like a martin-
gale. This then allows us to deduce the desired concentration from a martingale
concentration result (see Proposition 35 below).

3. Notation. Throughout this paper, n is a natural number parameter going
off to infinity. A quantity is said to be fixed if it does not depend on n. We write
X=0J),X<KLY,Y=2(X),or Y > X if one has | X| < CY for some fixed C,
and X = o(Y) if one has X/Y — 0 as n — o0o. Absolute constants such as Cjy
or cg are always understood to be fixed.

We say that an event E occurs with overwhelming probability if it occurs with
probability 1 — O (n~4) for all fixed A > 0. We use 1z to denote the indicator
of E, thus 1g equals 1 when E is true and 0 when E is false. We also write 1g(x)
for 1cq.

As we will be using two-dimensional integration on the complex plane C :=
{z=x ++/—1y:x,y € R} far more often than we will be using contour integra-
tion, we use dz = dx dy to denote Lebesgue measure on the complex numbers,
rather than the complex line element dx + /—1dy.

We use N (u, o2 to denote a real Gaussian distribution of mean i and vari-

ance o2, so that the probability distribution is given by \/%e_(x_“)z/ 20% gx.
v

Similarly, we let N (u, 02)¢c denote the complex Gaussian distribution of p and
variance o2, so that the probability distribution is given by #e"z_’”z/ o’ dz.
Of course, the two distributions are closely related: the real and imaginary parts of
N(u, o) are independent copies of N(Re u, O'Z/Z)R and N(Im u, oz/Z)R, re-
spectively. In a similar spirit, for any natural number, we use x; r to denote the real

x distribution with i degrees of freedom, thus x; r =, /512 4+ 4 él.z for indepen-
dent copies £, ..., & of N(0, 1)r. Similarly, we use x; ¢ to denote the complex

x distribution with i degrees of freedom, thus y; c =,/ 12 + -+ é;‘iz for indepen-
dent copies &1, ..., & of N(0, 1)c. Again, the two distributions are closely related:
one has x; c = %XZLR for all ;.

If F:Ck > C is a smooth function, we use VF(zi,...,zx) to denote
the 2k-dimensional vector whose components are the partial derivatives

oF aF . . .
TRez; (Z1y s 2h)s al—m(zl,...,zk) for i =1,..., k. Iterating this, we can de-

fine V' F(z1, ..., zr) for any natural number a as a tensor with (2k)? coefficients,
each of which is an a-fold partial derivative of F at zy, ..., zx. The magnitude
IVAF(z1,...,zx)| is then defined as the £2 norm of these coefficients; similarly
for functions defined on R¥ instead of C*.

4. A concentration inequality. In this section, we recall a martingale
type concentration inequality which will be useful in our arguments. Let ¥ =
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Y(,...,&,) be a random variable depending on independent atom variables
& €C.Forl <i<nand§& = (&,...,&) € C", define the martingale differences
4.1) Ci(§) =|E(Y|§1,....6) —EY &1, ..., &1

The classical Azuma’s inequality (see, e.g., [2]) states that if C; < «; with prob-
ability one, then

P<|Y —~EY|>2 ial?) = 0(exp(—2(»%))).

In applications, the assumption that C; < «; with probability one sometimes
fails. However, we can overcome this using a trick from [61]. In particular, the
following is a simple variant of [61], Lemma 3.1.

PROPOSITION 34. For any «; > 0, we have the inequality

P(lY —EY|>2 ia?) = 0(exp(—R(1%))) + zn:P(C,- &) > ;).

PROOF. For each &, let i¢ be the first index where C;(§) > «;. Thus, the sets
B; := {&|ig =i} are disjoint. Define a function Y'(§) of & which agrees with Y (§)
for & in the complement of | J; B;, with Y'(§) :=Ep, Y if £ € B;. It is clear that Y’
and Y has the same mean and

P(Y #Y') <) P(Ci(§) = ;).
i=1

Moreover, Y’ satisfies the condition of Azuma’s inequality, so

P<|Y’ —EY'| > x@) < exp(—Q(2?))

and the bound follows. [J
We have the following useful corollary.

PROPOSITION 35 (Martingale concentration). Let &1, ..., &, be independent
complex random variables of mean zero and |&| = n°V with overwhelming
probability for all i. Let «y, ..., o, > 0 be positive real numbers, and for each
i=1,....n,letci(&1,...,&_1) be a complex random variable depending only on
&1,...,&—1 obeying the bound

lcir, .. &imD)| <
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with overwhelming probability. Define Y := 37 _, ci(&1,...,&-1)&. Then

L2
Y| <« n°® (Za,2>

i=1

with overwhelming probability.

PROOF. Let C;(£) be the martingale difference (4.1). It is easy to see that
Ci(§) = |ci(&1,...,&_1)&|. By the assumptions, C;(&) < n°Da; with over-
whelming probability. Now apply Proposition 34 with a suitable choice of pa-
rameter A =n°1. 0O

5. From log-determinant concentration to the local circular law. In this
section, we prove Theorem 20 using Theorem 25. The first step is to deduce the
crude bound (2.7) from Theorem 25. We first make some basic reductions. By a
covering argument and the union bound it suffices to establish the claim for r = 1
and for a fixed zo € B(0,2C/n).

The main tool will be Jensen’s formula (2.2). Applying this to the disk B(zg, 2),
we see in particular that

NB(z,1)

5.1 1 (2
1) < E/o (log|det(M,, — zo — 2¢¥~")| — log|det(M,, — zo)|) 6.

Let A > 1 be an arbitrary fixed quantity. In view of (5.1), it suffices to show that
1 2
2—/ (log|det(M,, — zo — 2¢¥~19)| — log|det(M, — z0)|)d6 = O (n°)
T JO

with probability 1 — O (n=4).
We will control this integral'? by a Monte Carlo sum, using the following stan-
dard sampling lemma.

LEMMA 36 (Monte Carlo sampling lemma). Let (X, ) be a probabil-
ity space, and let F:X — C be a square-integrable function. Let m > 1, let
X1,...,Xm be drawn independently at random from X with distribution u, and
let S be the empirical average

1
S:=—(F(x1)+ -+ F(xn)).
m

120ne can also control this integral by a Riemann sum, using an argument similar to that used to
prove Theorem 20 below. On the other hand, we will use Lemma 36 again in Section 6, and one
can view the arguments below as a simplified warmup for the more complicated arguments in that
section.



810 T. TAO AND V. VU

Then S has mean [y F du and variance [y(F — [x F du)?d . In particular, by
Chebyshev’s inequality, one has

1 2
P(S—/quik)f—Z/(F—/qu) du
X mA- Jx X

for any A > 0, or equivalently, for any § > 0 one has with probability at least 1 — §

that
5= Jranl< ([ (r- foran) an)

PROOF. The random variables F(x;) fori =1, ..., m are jointly independent
with mean [y F du and variance %fX(F — [y Fdp)*du. Averaging these vari-
ables, we obtain the claim. 0O

We apply this lemma to the probability space X := [0, 27r] with uniform mea-
sure % d6, and to the function

F(0) :=log|det(M, — zo — 2¢¥~1%)| — log|det(M, — z0)|.

Observe that for any complex number z, the function log|z — 2e‘/__19| has an
L?(X) norm of O(1). Thus, by the triangle inequality and (2.1), we have the crude

bound
2
/(F—/ qu) dp < n’.
X X

Wesetd :=n~4 and m :=nt2 Let 6y, ..., 6, be drawn independently uniformly
at random from X (and independently of M,) and set ® := (61, ...,6,). Let &
denote the event that the inequality

ol (- o) )

holds, and let & denote the event that the inequality

llog|det(M — zo — 2¢¥~19)| — log|det(M,, — z0)|| < n°
holds for all j =1,...,m. Call a pair (M, ®) is good if £ and &, both hold. It
suffices to show that the probability that a pair (M, ®) (with M = M,,) is good is
1—0m™4).

By Lemma 36, for each fixed M, the probability that & fails is at most § =
n~4. Moreover, by Theorem 25, we see that for each fixed 6;, the probability
that |log | det(M — zo — 2¢¥=19))| — log | det(M, — z0)|| < n® fails is less than
O(n~2472). Thus, by the union bound, the probability that (M, ®) is not good
(over the product space M, x X™) is at most

nAdmx 0nA) = 0(n 4,
concluding the proof of (2.7).
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Now we are ready to prove Theorem 20. We assume r > 10 as the claim
follows trivially from Theorem 25 otherwise. Consider the circle Cy , := {z €
C: |z — zo| = r}. By the pigeonhole pr1n01p1e there is some 0 < j < n such that
the ——nelghborhood of the circle Cj := Cy, r; Withrj :=r— LZ contains no eigen-
Values of M,, (notice that these nelghborhoods are disjoint). If Jj is such an index,
we see from (2.1) that the function

F(0) :=log|det(M, — zo — rje~V~1%)| — log|det(M, — z0)]
then has a Lipschitz norm of O(no(l)) on [0, 2rr]. Setting m := nA*2 for a suf-
ficiently large constant A, we then see from quadrature that the Riemann sum
% Y i F(2mwk/m) approximates the integral % 02” F(0)d6 within an additive
error at most n°W). By (2.2), we conclude that

> logL EZF(k/m)—i—O( n°M).

i —
|Ai —zol<r; | 2l

On the other hand, from Theorem 25 (after applying rescaling by ./n) and the
union bound we see that with overwhelming probability, we have

Fik/m) = G (2o +rje’™Mm) = Gzo) + 0 (n")

for all 1 <k <m, where G(z) is defined as 2(|z|2 —n) for |z| < 4/n, and nlog ljl

for |z| > +/n. Applying quadrature again, we conclude (for A large enough) that

; 1 2
Gey=— Y log—t—+ 5/0 G(z0 +rjeY™1")d0 + 0 (n°D).

imzol<r; %0l

A similar argument (replacing r by r — 1) shows that with overwhelming proba-
bility, there exists 0 < j’ < n such that

N I’j/ -1
G(zo0)=— Z log 7”\1’ o

|)»,'—Z()|<rj/—l

1 21
+ 2—/ G(zo+ (rj — De¥Y 1) d0 + 0 (n°DY).
T JOo

Also, from (2.7) and a simple covering argument, we know that with overwhelming
probability, there are at most O (n°(1'r) eigenvalues in the annular region between
Cy, ri—1 and Cy, ,, and in this region, the quantities log Treol k and log % =zl A have

magnltude O(1/r). We may thus subtract the above two estlmates and Conclude
that

ri 1 2
0= —N(z0,7)log -~ +—/ G(ZO+rje*/__19)d9
r 1 27 Jo

(5.2)

1 21
= 2—/ G(z0+ (rjr — )e¥ 19 do + 0 (n°M).
T JO
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On the other hand, from applying Green’s theorem'?

f F(AG() —AG(z)F(z)dzzf F(z)iG(z)— iF(z)G(z)

to the domain Q2 := B(zo,7;) \ B(z0, ¢) with F'(z) :=log | Z |, and then sending
& — 0, one sees that

1 1 2
G(z0) = AG(2)log d”_f Glzo+r;eV 1) do
o B(z0.7}) |z — zol 27 Jo

where A is the usual Laplacian on C; one easily computes that AG(z) =21, < S
and thus

2
G(ZO)Z—% By A=VTIO8 ZO|dZ+%/O G(z0 +rje¥ 1) ap
Similarly, one has
G(z())z—l 1 loggdz
7 JB(zo.ry—1) A=V 20l

1 2
+—f G(zo+ (rj — DeY™1%) b
2
ri— 1

Subtracting, and observing that the integrands 1, . /; log =20l zo\’ 1, 1< mlog ol

have magnitude O(1/r) in the annular region between C, ri—1 and Cy ,, we
conclude that

1 Y —To
0=_/B —zynde x log +Ef0 G(zo+rje¥ 1) do

(z0,r) T r;

1 2
= 2—/ G(z0+ (rj — )e¥ ™19 do + 0 (n°M).
T Jo ’

Comparing this with (5.2), we conclude with overwhelming probability that

! 1
<NB(Z0J) /‘B(Z r) T 1|z|<fdz> X log 1 = 0(’10( ))

Since log is comparable to 1/r, we obtain (2. 6) as desired.

6. Reduction to the four moment theorem and log-determinant concentra-
tion. We now begin the task of proving Theorem 2 and Theorem 12, by reducing
it the four moment theorem for determinants (Theorem 23) and the local circular
law (Proposition 20). In the preceding section, of course, the local circular law has
been reduced in turn to the concentration of the log-determinant (Theorem 25).

13The function G has a mild singularity on the circle |z| = /i, but one can verify that as the
first derivatives of G remain continuous across this circle, there is no difficulty in applying Green’s
theorem even when B(zq, r j) crosses this circle.
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6.1. The complex case. We begin with Theorem 2, deferring the slightly more
complicated argument for Theorem 12 to the end of this section.

Let M,, M,, be as in Theorem 2. Call a statistic S(M,,) of (the law of) a random
matrix M, asymptotically (M, M,,) insensitive, or insensitive for short, if we have

S(My) — S(My) = O(n™)

for some fixed ¢ > 0. Our objective is then to show that the statistic

(6.1) fck F(wy, ..., w)pP (Vnzi +wi, ... vz +wi) dwy - duy

is insensitive for all fixed kK > 1 and all F of the form (1.8) for some fixed m > 1.

Fix k; we may assume inductively that the claim has already been proven for all
smaller k. By linearity we may take m = 1, thus we may assume that F takes the
tensor product form

(6.2) F(wy, ..., wy) = Fir(wy) - - - Fie(wg)

for some smooth, compactly supported Fi, ..., Fy:C — C supported on a fixed
ball, with bounds on derivatives up to second order.

Henceforth, we assume that F is in tensor product form (6.2). By (1.1) and the
inclusion—exclusion formula, we may thus write (6.1) in this case as

k
(6.3) E[] X, F
j=1
plus a fixed finite number of lower order terms that are of the form (6.1) for a
smaller value of k (and a different choice of F;), where X, IF is the linear statistic

n
Xe,.F =) Fi(hi(My) — V/nz;).
i=1

By the induction hypothesis, it thus suffices to show that the expression (6.3) is
insensitive.

Using the local circular law (Proposition 20), we see that for any 1 < j <k, one
has X;; r, = 0 (n°D) with overwhelming probability. Thus, one can truncate the
product function ¢y, ..., {x > &1 - - - & and write

k
E[]X.,.r,=EG(X..p..... Xz r) + O(n”P)
j=1
for any fixed B, where G is a smooth truncation of the product function

C1y-v.s Sk > L1+ &k to the region &y, ..., = n°1 Thus, it suffices to show
that the quantity

(6.4) EG(X;, rs - Xg R
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is insensitive whenever G : CK — C is a smooth function obeying the bounds
(6.5) VG, ... <n°®

for all fixed j and all ¢y, ..., & € C.

Fix G. As is standard in the spectral theory of random non-Hermitian matri-
ces (cf. [10, 27]), we now express the linear statistics X 2. Fj in terms of the log-
determinant (2.1). By Green’s theorem, we have

(6.6) Xk :/(C10g|det(Mn —2)|Hj(2)dz,

where H; : C — C is the function

1
Hj(z) = —gAFj(Z— Vnzj)

and A is the Laplacian on C. From the derivative and support bounds on F;, we
see that H; is supported on B(y/nz, C) and is bounded.

Naively, to control (6.6), one would apply Lemma 36 with the function
log | det(M,, —z)|H(z). Unfortunately, the variance of this expression is too large,
due to the contributions of the eigenvalues far away from /nz;. To cancel'* off
these contributions, we exploit the fact that H;(z), being the Laplacian of a smooth
compactly supported function, is orthogonal to all harmonic functions, and in par-
ticular to all (real-)linear functions:

[C(a +bRe(z) + cIm(z))Hj(z) dz = 0.

(Recall that we use dz to denote Lebesgue measure on C.) We will need a reference
element w; o drawn uniformly at random from B(y/nz;, 1) (independently of M,
and the w; ;), and let L(z) = L j(z) denote the random linear function which equals

log |det(M,, — z)| for z=w; 0, wjo+ 1, w;o+ /—1. More explicitly, one has
L(z) :=log|det(M,, — w; 0)|
+ (log|det(M,, — wj o — 1)| — log|det(M,, — w; 0)|) Re(z — w; 0)
+ (log|det(M,, — wj 0 — ~/—1)| — log|det(M,, — w;0)|)

x Im(z — wj o).

6.7)

REMARK 37. There is some freedom in how to select L(z); for instance, it
is arguably more natural to replace the coefficients log |det(M, — w; o — 1)| —
log|det(M, — wj )| and log|det(M, — wjo — ~/—1)| — log|det(M, — w; )|
in the above formula by the Taylor coefficients % log|det(M, — wj o — t)lli=0

141t is natural to expect that these nonlocal contributions can be canceled, since the statistics X 2. Fi
are clearly local in nature.
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and %bg |det(M, — w;o — ~/—11)||;=0 instead. However, this would require
extending the four moment theorem for log-determinants to derivatives of log-
determinants, which can be done but will not be pursued here.

Subtracting off L(z), we have

6.8) X, p, = /C K;(2)dz,
where K j : C — C is the random function
(6.9) K (z) := (log|det(M,, — 2)| — L(2))H, ().

Let us control the L2 norm

1Kl = </(C|Kj(2)|2dz)l/2

of this quantity.

LEMMA 38. Forany € > 0, one has
(6.10) IKjll 2 < nfto®
with probability 1l — O(n~%) and all 1 < j <k.

PROOF. By the union bound, it suffices to prove the claim for a single k. We
cansplit K; =37, K; ;(z), where

K i(z) := (log|r; (M) — z| — Li(2)) H;(2)

and L; :C — C is the random linear function that equals log|A;(M,) — z| when
Z=wj 0, wjo+ 1, wjo+ +—1. By the triangle inequality, we thus have

n
||Kj||L2§Z||Kj,i||L2-
i=1

Thanks to Proposition 20, we know with overwhelming probability that one has
(6.11) N, g <n®Or?

for all r. Let us condition on the event that this holds, and then freeze M,, (so that
the only remaining source of randomness is w; o). In particular, the eigenvalues
Ai (M) are now deterministic.

Let Co > 1 be such that H; is supported in B(zo4/n,Co). If 1 <i <n
is such that 1;(M,) € B(z jﬁ, 2Cyp), then a short computation (based on the
square-integrability of the logarithm function) shows that the expected value of
|Kjill,2 (averaged over all choices of w;o) is O(1). On the other hand, if
Ai(My) & B(z; /n,2Cy), then the second derivatives of log|A;(M,) — z| has size
O(1/|ri(My) — zjﬁ|2) on B(z+/n,2Cp). From this and Taylor expansion, one
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sees that the function log |A;(M,) — z| — L;(z) has magnitude O (1/|A; (M) —
Zjﬁlz) on this ball, and so || K; ; || ; 2 has this size as well. Summing, we conclude
that the (conditional) expected value of || K || ;2 is at most

(6.12) < Z :
' i=1 1+|)"1(Mn)_zj\/’/_l|2

We claim that the summation in (6.12) has magnitude O (n°(") with overwhelm-
ing probability, which will give the claim from Markov’s inequality. To see this,
first observe that the eigenvalues A;(M,) with |A;(M,) — z jﬁ | > 4/n certainly
contribute at most O (1) in total to the above sum. Next, from (6.11) we see
that with overwhelming probability that there are only O (n°(1) eigenvalues with
|Ai (M) — zj+/n| < 1, giving another contribution of 0 (n°M) to the above sum.
Similarly, for any 2% between 1 and \/n, another application of (6.11) reveals
that the eigenvalues with 2k < A (M) — z jﬁ | < 2k+1 contribute another term
of O(m°W) to the above sum with overwhelming probability. As there are only
O (log «/n) = O (n°W) possible choices for k, the claim then follows by summing
all the contributions estimated above. [J

Now let ¢ > 0 be a sufficiently small fixed constant that will be chosen later.
Setm := |_n108], and foreach 1 < j <kletw;i,..., w; , be drawn uniformly at
random from B(\/nz j» Co) (independently of M, and w; ). By (6.10), (6.8) and
Lemma 36, we see that with probability 1 — O (n~?), one has

nC? &
Xor=—2Y Kj(wj)+ O(n ¥+,
m
i=1

In particular, from (6.5) we see that with probability 1 — O (n~¢), one has

TC? &
G(XzFsevos Xo ) = G<<70 ZKj(wj,i))
i=1

and hence

> + 0(n738+0(1))
1<j<k

nCi & |
EG(X; r - Xo R :EG((7 ZKj(wj,i)> ) + O(n—8+0( ))_
i=1 1<j<k

Thus, to show that (6.4) is insensitive, it suffices to show that

TC?
o))
i=1 1<j<k

is insensitive, uniformly for all deterministic choices of w; o € B(y/nz j» 1) and
wj; € B(y/nzj,Cp) for 1 < j <k and 1 <i <m. But this follows from the four
moment theorem (Theorem 23), if ¢ is small enough; indeed, once the w; o, w; ;
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are conditioned to be deterministic, we see from (6.9), (6.7) that the quantities
K j(w; ;) can be expressed as deterministic linear combinations of a bounded num-
ber of log-determinants log | det(M, — z)|, with coefficients uniformly bounded
in n [recall that w;; — w; o= O(Cp) and that the H; are uniformly bounded].
This concludes the derivation of Theorem 2 from Theorem 23 and Proposition 20.

0.2. The real case. "We now turn to the proof of Theorem 12. Let M,, be as in
Theorem 12, and let M,, be a real Gaussian matrix. Our task is to show that that
the quantity

// Fyty oo, Y, Wiy o vn, W)
RkJCm

(6.13) x pP (Snxy + y1, o Vnxic+
Vnzi+wi, .. nz w)dwy - dwpdyy - dyg
is insensitive whenever k,[ > 0 are fixed, x1,...,xr € R and z;,...,7 € C are

bounded, and F decomposes as in Theorem 12.
By induction on k + 1/, much as in the complex case, and separating the spectrum
into contributions from R, C, C_, it thus suffices to show that the quantity

k l !
(6.14) E(]_[ Xxi,Fi,R) (]‘[ ij,G].,Q) ( ]‘[ XZ;_/’G;_H(C_>
i=1 j'=1

j=1

is insensitive, where k, [, I are fixed, x1,...,xx € Rand z1,...,21,2},...,2, € C
are bounded,

Xy R = > F(ri(My) — v/nx)

1<i<n:A;(M,)eR
and
XG0y = > G(Ai(My,) — v/nz)
1<i<n:Aij(M,)eCy

and the F;:R - C,G;:C— C, G',,: C — C are smooth functions supported on
bounded sets obeying the bounds

|VAF;(x)

’ ’

VG @), [VIG )| < C

for all 0 <a <5, x € R, z € C. Indeed, one can express any statistic of the
form (6.13) as a linear combination of a bounded number of statistics of the
form (6.14), plus a bounded number of additional statistics of the form (6.13) with
smaller values of k + [.

As the spectrum is symmetric around the real axis, one has

XZ,G,(C, = XZ,&,(C+’
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where é(z) := G(z). Thus, we may concatenate the G ; with the G’j,, and assume

without loss of generality that I’ = 0, thus we are now seeking to establish the
insensitivity of

k l
(615) E(H XXI,E,R>(1_[XZ],GJ,C+>
i=1

j=1

On the other hand, by repeating the remainder of the arguments for the complex
case with essentially no changes, we can show that the quantity

m
(6.16) E[]X.,.n,
p=1
is insensitive for any fixed m, any bounded complex numbers z1, ..., Z,;, and any
smooth H), : C — C supported in a bounded set and obeying the bounds
[VHp(2)| < C

forall 0 <a <5 and z € C, where
Xz,H = Z H()\.i(Mn) - Z).
I<i<n

Thus, the remaining task is to deduce the insensitivity of (6.15) from the insensi-
tivity of (6.16).

Specializing (6.16) to the case when z,, = z is independent of p, and H, = H
is real-valued, we see that
is insensitive for any m. In particular, we see from (the smooth version of)
Urysohn’s lemma and Lemma 11 that we have the bound

(6.17) ENZ‘(Z\/,—Z’C)

for any fixed radius C and any bounded complex number z, where No = No[M,,]
denotes the number of eigenvalues of M, in 2. Among other things, this implies
that

(6.18) E| X, 5" ElXy, 6,0, <1

for any fixed A and all i, j.
To proceed further, we need a level repulsion result.

<1

LEMMA 39 (Weak level repulsion). Let C > 0 be fixed, x € R be bounded,
and & be such that n=° < e < C for a sufficiently small fixed cy > 0, and let E; c ¢
be the event that there are two eigenvalues L;(My), A j(My) in the strip Sy c ¢ =
{z € B(x+/n,C):1Im(z) <&} with i # j such that |\;(M,) — Aj(My)| < 2¢e. Then
P(E, c.c) < &, where the implied constant in the < notation is independent of .
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PROOF. In this proof, all implied constants in the < notation are understood
to be independent of ¢. By a covering argument, it suffices to show that

2
P(Np(x ynti,100) 2 2) K€

uniformly for all t = O(1).

Let H be a nonnegative bump function supported on B(, 20¢) that equals one
on B(t, 10g). Then the expression X)zc’ g — X, g2 1s nonnegative, and is at least 2
when Np(, /541 106) = 2. Thus, by Markov’s inequality it suffices to show that

EX: — X, 2 < &2

By the insensitivity of (6.16) and the lower bound on ¢, it suffices to verify
the claim when M,, is drawn from the real Gaussian distribution. [Note that the
derivatives of H, H? can be as large as O(¢~?()), causing additional factors of
0 (e~ 9WM) to appear in the error term created when swapping M, with the real
Gaussian ensemble, but the n~¢ gain coming from the insensitivity will counteract
this if co is small enough.]

We split

Xx,H = Xx,H,R + 2Xx,H,(C+

and similarly for H2. It will suffice to establish the estimates

(6.19) EX] yp— X, g <&,
(6.20) EX, nrX:nc, <&
and

2 2
6.21) EX2 o, <2

The left-hand sides of (6.19), (6.20), (6.21) may be expanded as
/R/Rp,ﬁz’o) (xv/n+y, x/n+y)HH(Y)dydy',

[ [ ety e+ D HO)H ) dy dz
and
/@ POV (xi/n + ) H?(2) dz
—I—Z/(C+ /<c+ 00D (x/n + 2, x/n + w)H (2)H (w) dz dw,

respectively. Using Lemma 11, we see that these expressions are O(e?) as re-
quired. O
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REMARK 40. Infact, a closer inspection of the explicit form of the correlation
functions reveals that one can gain some additional powers of ¢ here, giving a
stronger amount of level repulsion, but for our purposes any bound that goes to
zero as ¢ — 0 will suffice.

From the symmetry of the spectrum, we observe that if Ey ¢ does not hold,
then there cannot be any strictly complex eigenvalue A;(M},) in the strip Sy c.e,
since in that case A; (M) would be distinct eigenvalue in the strip at a distance at
most 2¢ from A; (M,). In particular, we see that

(622) P(NSX,C,S\[X«/E*CJC«/E‘FC] = O) =1- 0(8)

Informally, this estimate tells us that we can usually thicken the interval [x/n —
C, x/n + C] to the strip Sy, ¢ . without encountering any additional spectrum.

Fix & := n~° for some sufficiently small fixed ¢y > 0. We can use (6.22) to sim-
plify the expression (6.15) in two ways. First, thanks to (6.22), (6.18) and Holder’s
inequality, we may replace each of the G; in (6.14) with a function G ;j that van-
ishes on the strip {z — z; :|Im(z)| < &}, while only picking up an error of O (&)
for some fixed ¢ > 0, which will be acceptable from the choice of ¢. By discarding
the component of G below the strip, we may then assume G is supported on the
half-space C —z;. In particular, we have

X600 = X560
Also, by performing a smooth truncation, we see that we have the derivative
bounds V“G =0 D) forall0<a <5.

Second, by another application of (6.22), (6.18), and Holder’s inequality, we
may “thicken” each factor Xy, r, r by replacing it with X, where F;:C— Cis
a smooth extension of F; that is supported on the strip {z: | Im(z)| < ¢}, while only
acquiring an error of O(g¢) for some fixed ¢ > 0. Again, we have the derivative
bounds V¢ I?,- = 0 2D) for 0 < a < 5. From the insensitivity of (6.16) [and
using the n~¢ gain coming from insensitivity to absorb all O (¢~?(1) losses from
the derivative bounds], we see that

(6.23) (]_[ X, ) (]‘[ X, c,)

is insensitive, which by the preceding discussion yields (for cp small enough)
that (6.15) is insensitive also, as required. This concludes the derivation of The-
orem 12 from Theorem 23 and Proposition 20.

6.3. Quick applications. As quick consequences of Theorems 2 and 12, we
now prove Corollaries 10, 17 and 18.

We first prove we prove Corollary 18. Let M, be as in that theorem. Set ¢ :=
n~— for some sufficiently small ¢y > 0. A routine modification of the proof of
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Lemma 39 (or, alternatively, Theorem 12 combined with Lemma 11) shows that
for any z € B(0, O(4/n)), one has

0 4
E 2KL¢€7,
(NB(z,s))

when |Imz| > ¢, if ¢p is small enough; in particular, the expected number of
eigenvalues in B(z, &) which are repeated is O(e*). We then cover B(0, 3/n)
by O(n/ez) balls B(z,e) with |Imz| > ¢, together with the strip {z:|Imz| < &}.
By (6.22) (or Theorem 12 and Lemma 11) and linearity of expectation, the strip
contains O (g+/n) eigenvalues. By [4, 25], the spectral radius of M, is known to
equal (1 4+ o(1))/n with overwhelming probability.!> We conclude that the ex-
pected number of repeated complex eigenvalues is at most

0(n/e2) x O(e*) + O(e/n) + O(n~'10),

which becomes O (n!~¢) for some fixed ¢ > 0; a similar argument gives a bound
of O (n'/?>¢) for the expected number of repeated real eigenvalues. The claim now
follows from Markov’s inequality.

Now we prove Corollary 17. Let M,, be as in that theorem. As mentioned previ-
ously, the spectral radius of M), is known to equal (1 + o(1))/n with overwhelm-
ing probability. In particular, we have

ENg(M,) =EN|_3 /i 3 m (M) + O (n ')

(say). By the smooth form of Urysohn’s lemma, we can select fixed smooth, non-
negative functions F_, F such that we have the pointwise bounds

li—22) < F_ <1233 < F+ < 1_4.4).

By definition of ,0(1’0), we observe that
EN 2 aym (M) < [ o0 )P (/v d
<EN;_3 /n3yn(Mn)
< [ PO Fy /v da

=EN_4maymMn).

By smoothly partitioning Fx (x/4/n) into O (4/n) pieces supported on intervals of
size O(1), and applying Theorem 12 to each piece, we see upon summing that the
two integrals above are only modified by O (n!/?>=¢) for some fixed ¢ > 0 if we

15 Actually, for this argument, the easier bound of O(1) would suffice, which can be obtained by
a variety of methods, for example, by an epsilon net argument or by Talagrand’s inequality [48].
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replace M, with a real Gaussian matrix M,,. On the other hand, when M), is real
Gaussian we see from Theorem 16 (and the spectral radius bound) that

, , 2n
EN_y jn2ym(My), EN_4maym(M,) = — + o).

Putting these bounds together, we obtain the expectation claim of Corollary 17.
The variance claim is similar. Indeed, we have

ENg(M,)* = EN{_3 ji 3 m (Ma)” + O (n™)
(say) and

EN,_ Mn2</ L) () F_ 2
(=2, 2m] (Mn)™ < P (X)F_(x/+/n)” dx

+ / / p@O ()Y (x/o/0) F—(y/~/n) dx dy
RJR
<EN353m (Mn)’
< / PO (1) Fy (v //m)2 dx
R

+ f / p@O (. ) Fy (x /1) Fi (y/ /) dx dy
RJR

<EN_y /maym(Mn)*.

From Theorem 12 and smooth decomposition, we see that all of the above inte-
grals vary by O(n'~¢) at most for some fixed ¢ > 0 if M, is replaced with a real
Gaussian matrix, and then the variance claim can be deduced from Theorem 16
and the spectral radius bound as before.

REMARK 41. A similar argument shows that in the complex case, the ex-
pected number of real eigenvalues is O(n'/?7¢), which can be improved to
O(n=*) for any A > 0 if one assumes sufficiently many matching moments de-
pending on A. Of course, one expects typically in this case that there are no real
eigenvalues whatsoever (and this is almost surely the case when the matrix ensem-
ble is continuous), but this is beyond the ability of our current methods to establish
in the case of discrete complex matrices.

Finally, we prove Corollary 10. Let M,,, zo, r be as in that theorem, and let Mn
be drawn from the complex Gaussian matrix ensemble. Let ¢ = o(1) be a slowly
decaying function of n to be chosen later. Let R be any rectangle in B(0, 100,/n)
of side length 1 x n™%, and let 3R be the rectangle with the same center as R
but three times the side lengths. By the smooth form of Urysohn’s lemma, we can
construct a smooth function F : C — R™ with the pointwise bounds

Ir < F <13p
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such that |V/ F| <« n/¢ for all 0 < j < 5. Applying Corollary 15 (to n=>¢F), we
conclude that

f F@p, @ de = f F@p" @) dz+ 0 (=)
¢ C

for some absolute constant c¢. On the other hand, from (1.5) we see that
Jc F(z)ﬁ,gl)(z) dz < n~ ¢, since 3R has area O (n™%). Since ¢ = o(1), we conclude
that

L F@n @ dz <™
and in particular that
(6.24) ENgR(M,) <n™*.
A similar argument (with larger values of k) gives
(6.25) ENg, (My) -+~ N, (My) <n”*,

whenever k is fixed and Ry, ..., Ry are 1 x n~¢ rectangles (possibly overlapping)
in B(0, 100/n).

Now let G :C — R™ be a smooth function supported on B(zg, r +n~¢) which
equals 1 on B(zg, r) and has the derivative bounds |V/G| « n’é forall 0 < j<5.
By covering the annulus B(zg, r +n~%) \ B(zp, r) by O (r) rectangles of dimension
1 x n™¢, we see from (6.24) that

ENB(Zo,rJrn*S)\B(zo,r)(Mn) Lrn~ ¢
and similarly from (6.25) one has
ENB(ZO,V‘Hl*S)\B(Zo,r) (Mn)k < i"kl’l_kg

for any fixed k. Since we are assuming r < n°(", we conclude (if & decays to zero
sufficiently slowly) that

ENB(sg,r-+n-)\B(ao,r) (M) = 0(1)
for all k. In particular, if we introduce the linear statistic
o1 G (M) =12

P12 —1/4
we see from the triangle inequality that the asymptotics

Npor) — 17\ k

(6.26) X =

for all fixed k > 0 are equivalent to the asymptotics

EXK - EN(, D).
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Let X be the analogue of X for M,,. From Theorem 9 and the preceding arguments,
we have

EXK - EN(0, D&
and so it will suffice to show that
ExF—EXF=0(1)

for all fixed k > 1. By (6.26) and the hypotheses that 1 <r < n°W and ¢ = o(1),
it will suffice to show that

E(Z G (xi (M,o)) - E(Z G (ki (M‘n») = 0(r9Wn et o)
i=1 i=1

for all fixed k£ > 0 and some fixed ¢ > 0 (which will in fact turn out to be uni-
form in k, although we will not need this fact). Expanding out the kth powers and
collecting terms'® depending on the multiplicities of the i indices, we see that it
suffices to show that

E Y G (M) GW (i, (My))

I<ij<--<ipy=<n
— G (kiy (W) -+ G (i (BE)
_ 00Ot

for all fixed k', ay,...,a > 1 and some fixed ¢ > 0, where k :=a; + --- + ay.
But the left-hand side can be rewritten using (1.1) as

k
[ck<1_[ G(Zj)aj>(/>,(1k)(21,---,Zk) — 01, ) dzy - - dz.
j=l1

One can smoothly decompose (]—[’J‘-:1 G(z;)%) as the sum of O (r0®0, 0
smooth functions supported on balls of bounded radius, whose derivatives up to
fifth order are all uniformly bounded. Applying Theorem 2 to each such function
and summing, one obtains the claim.

REMARK 42. The main reason why the radius r was restricted to be O (n°M)
was because of the need to obtain asymptotics for kth moments for arbitrary
fixed k. For any given k, the above arguments show that one obtains the right
asymptotics for all » < n/* for some absolute constant ¢ > 0. If one increases the
number of matching moment assumptions, one can increase the value of k, but we
were unable to find an argument that allowed one to take r as large as n* for some
fixed @ > O independent of k, even after assuming a large number of matching
moments.

16The observant reader will note that this step is inverting one of the first steps in the proof of
Theorem 2 given previously, and one could shorten the total length of the argument here if desired
by skipping directly to that point of the proof of Theorem 2 and continuing onward from there.
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7. Resolvent swapping. In this section, we recall some facts about the stabil-
ity of the resolvent of Hermitian matrices with respect to permutation in just one
or two entries, in order to perform swapping arguments. Such swapping arguments
were introduced to random matrix theory in [11], and first applied to establish uni-
versality results for local spectral statistics in [55]. In [21], it was observed that
the stability analysis of such swapping was particularly simple if one worked with
the resolvents (or Green’s function) rather than with individual eigenvalues. Our
formalization of this analysis here is drawn from [58]. We will use this resolvent
swapping analysis twice in this paper; once to establish the four moment theorem
for the determinant (Theorem 23) in Section 8, and once to deduce concentra-
tion of the log-determinant for i.i.d. matrices (Theorem 25) from concentration for
Gaussian matrices (Theorem 33) in Section 10.

We will need the matrix norm

|All(co,1y = sup |ajjl
1<i,j<n

and the following definition.

DEFINITION 43 (Elementary matrix). An elementary matrix is a matrix which
has one of the following forms:

(7.1) V =eqe), eqep +epes, N —lege; — N —lepe)

with 1 < a, b < n distinct, where eq, ..., e, is the standard basis of C".

Let Mg be a Hermitian matrix, let z = E +in be a complex number, and let V be
an elementary matrix. We then introduce, for each ¢ € R, the Hermitian matrices

Ml‘ = M0+ V,

1
Wt
the resolvents
(7.2) R =R(E+in) =M, —E—in~!
and the Stieltjes transform

1
st i=5:(E +1in):=—trace R,(E +in).
n

We have the following Neumann series expansion.

LEMMA 44 (Neumann series). Let My be a Hermitian n x n matrix, let E € R,
n>0,andt €R, and let V be an elementary matrix. Suppose one has

(7.3) 111 Roll 00,1y = 0(+/).
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Then one has the Neumann series formula

(7.4) Ri=Ro+ Z(—ﬁ) (RoV) Ry

with the right-hand side being absolutely convergent, where R; is defined by (7.2).
Furthermore, we have

(7.5) Rt 1l (00,1) < (14 0(D) I Roll (0, 1)-

j=1

In practice, we will have = n?0) (from a decay hypothesis on the atom dis-
tribution) and || Ro || (c0,1) = n 9 (from eigenvector delocalization and a level re-
pulsion hypothesis), where ¢y > 0 is a small constant, so (7.3) is quite a mild
condition.

PROOF OF LEMMA 44. See [58], Lemma 12. [
We now can describe the dependence of s; on ¢:

PROPOSITION 45 (Taylor expansion of s;). Let the notation be as above, and
suppose that (7.3) holds. Let k > 1 be fixed. Then one has

k
st =50+ Z n_]/zc]ﬂ
j=1

p— 1 1
n 0<n (k+1)/2|t|k+1||RO||’(<;31)mm(llRoll(oo,l)’ E))

where the coefficients c are independent of t and obey the bounds

(7.6)

) ) 1
a.7) 1< I Rolls, 1y min 1 Rl %)
foralll <j<k.

PROOF. See [58], Proposition 13. [

8. Proof of the four moment theorem. We now prove Theorem 23.

We begin with some simple reductions. Observe that each entry &;; of M, has
size at most O (n°(1) with overwhelming probability. Thus, by modifying the dis-
tributions of the &;; slightly (taking care to retain the moment matching property!”)
and assume that all entries surely have size O (n°M). Thus,

(81) ||Mn||(oo,1)’ My/l H(oo,l) < l’lo(l).

17A1ternatively, one can allow the moments to deviate from each other by, say, O(n_loo), which
one can verify will not affect the argument. See [3], Chapter 2, or [36], Appendix A, for details.
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We may also assume that G is bounded by 1 rather than by n?, since the general
claim then follows by normalizing G and shrinking cp as necessary; thus,
(8.2) |G(x1,....,x0)| =<1

for all x,...,x; € R.
Fix M,, M, . Recall that a statistic S is asymptotically (M, M, )-insensitive, or
insensitive for short, if one has

|S(M,)) — S(M))| <n™¢

for some fixed ¢ > 0. By shrinking ¢ if necessary, our task is thus to show that the
quantity

EG (log|det(M,, — z1)

..., log|det(M, — z)|)

is insensitive.

The next step is to use (2.4) to replace the log-determinants log | det(M,, — z)|
with the log-determinants log | det W,, .|, where the W,, ; are defined by (2.3). After
translating and rescaling the function G, we thus see that it suffices to show that

EG (log|det(W,, ;))], ..., log|det(W, ;) |)

is insensitive.
We observe the identity

T
log|det(W,, ;)| = log|det(W,, ;; — v/ —1T)| — nIm/0 si(v=1n)dn

forany T > O forall 1 < j <k, where 5;(z) := %trace(Wn,Zj — z)~ ! is the Stielt-
jes transform, as can be seen by writing everything in terms of the eigenvalues
of W,,,Zj. If we set T :=n'%_ then we see that

10g|det(Wn,zj — 4/_1T)| =nlogT + log]det(l — n_lOOWn,ZJ‘)|
=nlogT + 0(n~'9)

(say), thanks to (8.1) and the hypothesis that z; lies in B(0, (1 — 8)/n). Thus, by
translating G again, it suffices to show that the quantity

EG((nIm/On]OOsj(\/—_ln)drO >

k
Jj=1
is insensitive.
We need to truncate away from the event that W), ., has an eigenvalue too close
to zero. Let x :R — R be a smooth cutoff to the region |x| < n3% that equals 1

for |x| < n3¢ /2. From Proposition 27 and the union bound, we have with prob-
ability 1 — O(n~+°()) that there are no eigenvalues of W, . ; in the interval

[—n!=2¢0 p=1=2¢0] forall 1 < Jj < k. Combining this with Proposition 29 and a
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dyadic decomposition, we conclude that with probability 1 — O (n=%+°(1)) one
has

|II1'1S] (\/_—ln—l—4co)| < nZC(H-U(l)
for all 1 < j < k. In particular, one has
x(Imsj(v/—1n~1740)) =1

with overwhelming probability.
In view of this fact and (8.2), it suffices to show that the quantity

”]00
—1—4cp\\k
(8.3) EG(nIm/O sj(\/—ln)dn)x((lmsj(\/—ln C0))].:1)
is insensitive.
Call a statistic S very highly insensitive if one has

|S(My) — S(M;)| <n™>¢

for some fixed ¢ > 0. By swapping the real and imaginary parts of the components
of M, with those of M, one at a time, we see from telescoping series that it will
suffice to show that (8.3) is very highly insensitive whenever M,, and M), are iden-
tical in all but one entry, and in that entry either the real parts are identical, or the
imaginary parts are identical.

Fix M,, M| as indicated. Then for each 1 < j <k, one has

1
Wn,Zj = Wn,Zj,O +—=£&V,

Jn
’ 1 ’
Wn,Zj = Wn,zj,O + ﬁg v,

where &, &' are real random variables that match to order 4 and have the magnitude
bound

(8.4) 1§ 1,

V' is an elementary matrix, and W), ;; o is a random Hermitian matrix independent
of both & and &’. To emphasize this representation, and to bring the notation closer

é,‘ < no(l)’

to that of the preceding section, we rewrite s; as séj ), where
. 1 .
s,(J)(z) 1= — trace Rt(j)(z)
2n
and

) 1 -1
R (2) = Wn,zj,o-l-ﬁtV—z .



UNIVERSALITY FOR NON-HERMITIAN MATRICES 829

Our task is now to show that the quantity

nIOO .
(8.5) EG(nIm/ sé”(«/—_ln)dn)x((Ims“)(\/—_ln‘l““‘o))’f_)

j=1

only changes by O (n~2~) when £ is replaced by &'.
We now place some bounds on R, ) (2).

LEMMA 46 (Eigenvector delocalization). Let 1 < j <k, and suppose that we
are in the event that x (Ims;(+/— 1n—1740)) is nonzero. Then with overwhelming
probability, one has

(8.6) supHR(])(«/—ln) oo,y K70

and hence [by Lemma 44 and (8.4), swapping the roles of & and 0]

(8.7) supHR(j)(«/—ln) oo,y <0
n>

The bounds in the above lemma are similar to those from Proposition 31 (and
Proposition 31 will be used in the proof of the lemma), but the point here is that the
bounds remain uniform in the limit » — 0, whereas the bounds in Proposition 31
blow up at that limit.

PROOF OF LEMMA 46. By hypothesis and the support of x, one has

|Ims(])( [ n~1- 4c0)|<<n—300

The left-hand side can be expanded as

1
72 4cq
Z )\‘ (Wn ZJ)Z +n—2 8co

and so we obtain the lower bound
(8.8) i (Wi ;) 3> 01700/

forall i.
From Proposition 31, one already has

sup ”R(J)( /_177)”(00,1) < n°®
n>1/n
with overwhelming probability. In particular, for each 1 < j <k and > 1/n, one
has
N T

Y L= <n o(l).
n ; )\i(Wn,zj)z +n?
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Combining this with (8.8), we see that
n * 2
n |el u;|
— ———=<<n
n ; )‘i(Wn,Zj)z + 772

forall n > 0,1 < j <k,and 1 <!/ <n. By dyadic summation, we conclude that

0(co)

Xn: leju;|? « n0)
(i (Wae) 2+ D12
for all n > 1/n, and thus by Cauchy—Schwarz one has
Lo~ (efui)(epui)
n 2 i (Waz)) —~/—1np
forallp >0and 1 < j <k and 1 <[, m < n. But the left-hand side is the Im
coefficient of R;j )(J—_l 1), and the claim follows. [

« 0

We now condition to the event that (8.7) holds for all 1 < j < k; Lemma 46
ensures us that the error in doing so is O4 (n~4) for any A. Then by Proposition 45,
we have

4
. . - - 1
s W = s (V=) + 3 &n7 12 () + 0 (n~ /2O min(l» —)
i=1 "

for each j and all > 0, and similarly with & replaced by &, where the coefficients

clgj ) enjoy the bounds

; 1
]ci(j)] < n0to min(l, %)

From this and Taylor expansion, we see that the expression

100
G(nIm'/(; se(v/—1n) dn)x(ImSg(E+«/—_ln_l_4C°))

is equal to a polynomial of degree at most 4 in n with coefficients independent
of 1, plus an error of O (n~>/>+9(0)) which gives the claim for cq small enough.

REMARK 47. If one assumes more than four matching moments, one can im-
prove the final constant ¢ in the conclusion of Theorem 23. However, it appears
that one cannot make c¢ arbitrarily large with this method, basically because the
Taylor expansion becomes unfavorable when cy is too large.

9. Concentration of log-determinant for Gaussian matrices. In this sec-
tion, we establish Theorem 33. Fix zg € B(0, C); all our implied constants will
be uniform in zg. Define o to be the quantity o := %(|Z0|2 — 1) if |zg9] <1, and
a = log|zo| if |zg| > 1. Our task is to show that log | det(M,, — zo/n)| concen-
trates around %n logn 4+ an.
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9.1. The upper bound. In this section, we prove that with overwhelming prob-
ability
log|det(M,, — zo/n)| < %n logn + an +n°W,

which is the upper bound of what we need. In fact, the statement (which is based on
the second moment method) holds for general random matrices with non-Gaussian
entries.

PROPOSITION 48 (Upper bound on log-determinant). Let M,, = (§;j)1<i,j<n
be a random matrix with independent entries having mean zero and variance one.
Then for any zg € C, one has

log|det(M,, — zov/n)| < %nlogn +an+ 0(n°M)

with overwhelming probability.
The key is the following lemma.

LEMMA 49. Let M, = (§;j)1<i,j<n be a random matrix as above. Then for
any zo € C, one has

©.1) E|det(M,, — z0v/m)|* < nlexp(|zo|*n)
for all zg. When |zo| > 1, we have the variant bound
9.2) E|det(M, — zov/m)|* < n"+|zo*".

PROOF. By cofactor expansion, one has

det(M, — z0v/m) = Y, sgn(0) [ [ Eioi) — 20v/n 1o (i)=i)-
i=1

o€es,

where S, is the set of permutations on {1, ..., n}. We can rewrite this expression

as
Z Z FA,o,

AC{1,...n} 6ESy.A

where S, 4 is the set of permutations o € S, that fix A, thus o (i) =i foralli € A,
and

Fao = (—20vm)" ] &ici)-
igA
As the &;; are jointly independent and have mean zero, we see that EF g o Fyr o0 =0

whenever (A,o0) # (A’,0’). Also, as the &; j also have unit variance, we have
E|F4 o |> = |z0)*'41n!4l. We conclude that

EldetM, —z20vm))> = > 3 JzolPlnll,

AC{1,...,n} 6 €S,
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Write j = |A|. For each choice of j =0, ..., n, there are ]'(}’lnilj)' choices for A,
and (n — j)! choices for 0. We conclude that

n

E|det(M,, — zov/m)[> =n! >

=

|z01%/n/

(This formula is well known in the literature; see, e.g., [13], Theorem 3.1.) Since
o0 27 9
lzo|%/ n/
> =exp(lzol’n)
j=0 7

we obtain (9.1).
.
Now suppose that |zg| > 1, then the terms ‘ZOlj,jnj are nondecreasing in j, and

are thus each bounded by |z|**n" /n!, and (9.2) follows. [

From Lemma 49 and Stirling’s formula, we see that
E|det(M,, — z0/n)|* < exp(nlogn + 2an + 0 (n°M))
and thus by Markov’s inequality we see that
|det(M,, — Zo«/ﬁ)|2 <exp(nlogn + 2an + 0 (n°1))

with overwhelming probability, which gives Proposition 48 as desired.

9.2. Hessenberg form. To complete the proof of Theorem 33, we need to show
the lower bound

log|det(M,, — zo/n)| > Anlogn +an — 0(n°V)

with overwhelming probability. As we shall see later, the fact that we only seek
a one-sided bound now instead of a two-sided one will lead to some convenient
simplifications to the argument.'®

Now we will make essential use of the fact that the entries are Gaussian. The
first step is to conjugate a complex Gaussian matrix into an almost lower-triangular
form first observed in [33], in the spirit of the tridiagonalization of GUE matrices
first observed by Trotter [60], as follows.

181f one really wished, one could adapt the arguments below to also give the upper bound, giving an
alternate proof of Proposition 48, but this argument would be more complicated than the proof given
in the previous section, and we will not pursue it here.
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PROPOSITION 50 (Hessenberg matrix form). [33] Let M, be a complex Gaus-
sian matrix, and let M), be the random matrix

&n Xn—1,C 0 0 -0
&1 €2 Xn-2C 0 e 0
M = 5?1 5?2 5?3 Xn—.S,(C 0 ’
En—1 En-12 En-13 En—D4 - X1C
5,,,1 En2 §n3 5}14 T gnn

where §;j for 1 < j <i <nareli.i.d. copies of the complex Gaussian N (0, 1)c, and
foreachl <i <n—1, x; c is a complex y distribution of i degrees of freedom (see
Section 3 for definitions), with the &;; and x; c being jointly independent. Then the
spectrum of M, has the same distribution as the spectrum of M),.

The same result holds when M, is a real Gaussian matrix, except that &;; are
now i.i.d. copies of the real Gaussian N (0, 1)r, and the x; c are replaced with real
x distributions x; g with i degrees of freedom.

PROOF. This result appears in [33], Section 2, but for the convenience of the
reader we supply a proof here. We establish the complex case only, as the real case
is similar, making the obvious changes (such as replacing the unitary matrices in
the argument below by orthogonal matrices instead).

The idea will be to exploit the unitary invariance of complex Gaussian vectors
by taking a complex Gaussian matrix M, and conjugating it by unitary matrices
(which will depend on M),) until one arrives at a matrix with the distribution of M),.

Write the first row of M, as (£11,...,&1,). Then there is a unitary transfor-
mation U; that preserves the first basis vector ey, and maps (£11,...,&1,) to
(11, xn—1.c,0,...,0), where x,_1.c is a complex yx distribution with n — 1 de-
grees of freedom. If we then conjugate M, by Uj, and use the fact that the con-
jugate of a Gaussian vector by a unitary matrix that is independent of that vector,
remains distributed as a Gaussian vector, we see that the conjugate U1 M, U] to a
matrix takes the form

&un xp-1c O -+ 0
&1 &n &3 - &y

&nl En2 &3 0 Emn
where the &;; coefficients appearing in this matrix are i.i.d. copies of N (0, )¢ (and
are not necessarily equal to the corresponding coefficients of M,), and x,—1 c is
independent of all of the &;;.
We may then find another unitary transformation U, that preserves e; and ey,
and maps the second row (&1, ..., &,) of U1 M, U] to (621, 622, xu—2,C, 0, ..., 0),
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where x,_» c is distributed by the complex x distribution with n — 2 degrees of
freedom. Conjugating U1 M, U by Us, we arrive at a matrix of the form

&1l Xn-1,C 0 o -~ 0
&1 & xp—2c O - 0
&1 & £33 &4 - &y |

Snl SnZ §n3 t %—nn
where the &;; coefficients appearing in this matrix are again i.i.d. copies of
N (O, )¢ (though they are not necessarily identical to their counterparts in the
previous matrix Uy M, U}), and x,_1,c and x,_> c are independent of each other

and of the &;;. Iterating this procedure a total of n — 1 times, we obtain the claim.
g

We now use this conjugated form of the complex Gaussian matrix M, to de-
scribe the characteristic polynomial det(M,, — zo/n).

PROPOSITION 51. Let zg be a complex number, and let M,, be a complex
Gaussian matrix. Let x1.c, - .., Xn—1,c be a sequence of independent random vari-
ables distributed according to the complex y distributions with 1,...,n — 1 de-
grees of freedom, respectively. Let &1, ..., &, be another sequence of independent
random variables distributed according to the complex Gaussian N (0, 1)¢, and in-
dependent of the x;. Define the sequence ay, ..., a, of complex random variables
recursively by setting

9.3) ay:=§& —z0/n
and
—20+/n4;

i) = et b
v |ai| + Xn—i,(C

fori=1,...,n— 1. (Note that the a; are almost surely well defined.) Then the
random variable

9.4)

n—1
(n |ai|2+x,f_i,c)an
i=1

has the same distribution as det(M,, — zo/n).

The same conclusions hold when M, is a real Gaussian matrix, after replacing
& with copies of the real Gaussian N(0, 1)c, and replacing x; c with a real x
distribution x; g with i degrees of freedom.
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We remark that in [33] a slightly different stochastic equation (a Hilbert space
variant of the Pélya urn process) for the determinants det(M,, — zo+/n) were given,
in which the value of each determinant was influenced by a Gaussian variable
whose variance depended on all of the determinants of the top left k£ x k minors
fork=1,...,n — 1. In contrast, the recurrence here is more explicitly Markovian
in the sense that the state a; | of the recursion at time i 4+ 1 only depends (stochas-
tically) on the state a; at the immediately preceding time. We will rely heavily on
the Markovian nature of the process in the subsequent analysis.

PROOF OF PROPOSITION 51.  Again, we argue for the complex Gaussian case
only, as the real Gaussian case proceeds similarly with the obvious modifications.

By Proposition 50, det(M, — zo/n) has the same distribution as det(M), —
z0+/n). The strategy is then to manipulate M, — zp+/n by elementary column op-
erations that preserve the determinant, until it becomes a lower triangular matrix
whose diagonal entries have the joint distribution of (,/|a;|* + X}%—i,(C)?z_ll’ a,, at
which point the claim follows.

We turn to the details. Writing &) := &11, we see that M), — Z04/n can be written

as
ai Xn—1,C 0 0 0
£1  En—z0vn  Xn-2C 0 0
&31 3 £33 — 200/ fn-3C - 0
En-1 Em-1)2 En-13  Sm—na - X1,C
En1 En2 n3 Ena R ZO«/E

Note that there is a unitary matrix U1 whose action on row vectors (multiplying on
the right) maps (a1, xp—1,c,0,...,0) to ( la1]? + Xr%—l,(C’ 0,...,0), and which
only modifies the first two coefficients of a row vector. This corresponds to a col-
umn operation that modifies the first two columns of a matrix in a unitary fashion
(by multiplying that matrix on the right by U;). Because complex Gaussian vectors
remain Gaussian after unitary transformations, we see (after a brief computation)
that this transformation maps the second row (&1, 22 — zo/7, Xn—2.C, 0, ..., 0)
of the above matrix to a vector of the form

(*, —2ovnar 0),

B B +$25 Xn—2,(C» 9
Y, |all + Xn_l’(c

where & is a complex Gaussian (formed by some combination of &; and &)
and * is a quantity whose exact value will not be relevant for us. By (9.4), we
may denote the second coefficient of this vector by a>. The remaining rows of
the matrix have their distribution unchanged by the unitary matrix Uj, because
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their first two entries form a complex Gaussian vector. Thus, after applying the U
column operation to the above matrix, we arrive at a matrix with the distribution

Va4 xi_ ¢ 0 0 0 0

* a Xn—2,C 0 ce 0
&1 £ &3—z20N Xn-3.C - 0
En—1)1 En-1)2 En—1)3 En-14 - X1,C
Enl snl é:n?) Sn4 te Enn - ZO\/E

where the &;; here are i.i.d. copies of N(0, I)¢ that are independent of a;, a
and the x; ¢ (and which are not necessarily identical to their counterparts in the
previous matrix under consideration). Of course, the determinant of this matrix has
the same distribution as the determinant of the preceding matrix.

In a similar fashion, we may find a unitary matrix U, whose action on row vec-

tors maps (%, a1, xp—2.c,0,...,0) to (%, Jlaz|? + X;%—Z,(C’O’ ...,0), and which

only modifies the second and third coefficients of a row vector. Applying the as-
sociated column operation, and arguing as before, we arrive at a matrix with the
distribution

a4+ xi_ ¢ 0 0 0o - 0
sk Nlaal® + x7_s ¢ 0 0 0

* * as Xn-3.C - 0 ,
En—1)1 En—1)2 En—13 Em—1a - X1,C
gnl 'i:nZ $n3 §n4 ce 5nn - ZO\/E

where again the values of the entries marked * are not relevant for us. Iterating
this procedure a total of n — 1 times, we finally arrive at a lower triangular matrix
whose diagonal entries have the distribution of

(Vi + 52 1 o1l + 52 s co oo lan1 2 + x e an)

and whose determinant has the same distribution as that of M, — zo/n or M,, —
z0+/n. The claim follows. [

9.3. A nonlinear stochastic difference equation. For the sake of exposition, we
now specialize to the complex Gaussian case; the case when M, is a real Gaussian
is similar and we will indicate at various junctures what changes need to be made.

From Proposition 51, we see that log | det(M,, — zo/n)| has the same distribu-
tion as
n—1
Y log(lail* + %, c) + loglan.
i=1

9.5 :
9.5) .
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It thus suffices to establish the lower bound
1! 1
(9.6) > Z log(|a;|* + x,%_,-’(c) +logla,| > Enlogn +an —n°D
i=1
with overwhelming probability.
We first note that as the distribution of log | det(M,, — zo+/n)| is invariant with

respect to phase rotation zg — zoeV¥ ~'?, we may assume without loss of generality
that zg is real and nonpositive, thus

lzolv/naj

ajiy] \= ——
2
v |a; |2 + Xn—iC

REMARK 52. In the real Gaussian case, one does not have phase rotation

9.7 +&it1.

invariance. However, by making the change of variables a; := a;e™ ~1% one can
obtain the variant

|20l+/na;
9.8) Gy = G =+ &
|a;| +Xn—i,]R
to (9.7), where ";‘i’ L=V *1"9&41. It will turn out that this recurrence is simi-

lar enough to (9.7) that the arguments below used to study (9.7) can be adapted
to (9.8); the Si/ are no longer identically distributed, but they still have mean zero,
variance one, and are jointly independent, and this is all that is needed in the argu-
ments that follow.

The random variable X,%_i ¢ has mean n — i and variance n — i. As such, it is
natural to make the change of variables

Xn—i,C =0 =1 +~n =iy,

where the 71, ..., n,—1 have mean zero, variance one and are independent of each
other and of the &;.

REMARK 53. For real Gaussian matrices, the situation is very similar, except
that the error terms 7,_; now have variance two instead of one. However, this
will not significantly affect the concentration results for the log-determinant in this
paper. (This will however presumably affect any central limit theorems one could
establish for the log-determinant, in analogy with [58], though we will not pursue
such theorems here.)

We now pause to perform a technical truncation. As the &; are distributed in a
Gaussian fashion, we know that

9.9) sup |&] <n’

1<i<n
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with overwhelming probability. Similarly, standard asymptotics for chi-square dis-
tributions also give the bound
9.10) sup [n;| <n’®)
1<i<n
with overwhelming probability (this bound also follows from Proposition 35).

We may now condition on the event that (9.9), (9.10) hold [for a suitable
choice of the o(1) decay exponent]. Importantly, the joint independence of the
&1,..-,&, 11, ..., ny—1 remain unchanged by this conditioning. Of course, the
distribution of the & and 5; will be slightly distorted by this conditioning, but
this will not cause a difficulty in practice, as the mean, variances, and higher mo-
ments of these variables are only modified by 0 (n—190) (say) at most, and also we
will at key junctures in the proof be able to undo the conditioning (after accepting
an event of negligible probability) in order to restore the original distributions of
& and n; if needed.

We return to the task of proving (9.6). We write (9.7) as

, |z0lv/na;
ai+] =
\/|ai|2+7’l —i+n—in—i

We will treat this as a nonlinear stochastic difference equation in the a;. If we ig-
nore the diffusion terms 7n,_;, &1, we see that (9.11) is governed by the dynamics
of the maps

9.11)

+&it1-

. |z0|+/na

J0al?+n—i

as 7 increases from 1 to n — 1. In the regime i < (1 — |zo|?)n, we see that this
map has a stable fixed point at zero, while in the regime i > (1 — |zg|2)n, this map

(9.12)

has an unstable fixed point at zero and a fixed circle at |a| = ,/|z0|?n — (n — i).
This suggests that |a;| should concentrate somehow around O for i < (1 — lzo|*)n
and around ,/|zo|2n — (n — i) for i > (1 — |zo|*)n. In particular, this leads to the
heuristic

lai|* + Xr%—i,(C ~ max(n — i, |z()|2n).
Note from the integral test that

n—1

3 Zlogmax(n — i, ]z0%n)

i=1

1 n
(9.13) = 5/ logmax(n — t, |z0>n) dt + O (n°1)
1

1
= Enlogn +an+ 0n°W),
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where the second identity follows from a routine integration (treating the cases
|zo| <1 and |zg| > 1 separately). This gives heuristic support for the desired
bound (9.6).

We now make the above analysis rigorous. Because we are only seeking a lower
bound (9.6), the main task will be to obtain lower bounds that are roughly of the
form

2 2 . 2
lai|” + x;_i.c Z max(n — i, |zo|"n)

with overwhelming probability. In the “early regime” i < (1 — |zo|*)n, we will
be able to achieve this easily from the trivial bound |a;| > 0. In the “late regime”
i>(1- |zO|2)n, the main difficulty is then to show (with overwhelming probabil-
ity) that a; avoids the unstable fixed point at zero, and instead is essentially at least
as far away from the origin as the fixed circle |a| = /|zo|?n — (n — ).

We turn to the details. We begin with a crude bound on the magnitude of the
quantities a;.

LEMMA 54 (Crude lower bound). Almost surely [after conditioning to (9.9)
and (9.10)], one has

9.14) sup |a;| < (14 |zol)v/n
1<i<n

and with overwhelming probability

(9.15) inf |a;| > exp(—n°D).

1<i<n

PROOF. From (9.3), (9.9), we see that we have

lai| <24/n.

From (9.7) (trivially bounding y,—; from below by zero), we have

lai+1] < lzolv/n + |&it1]

and so the bound (9.14) follows from (9.9) and the assumption that |zg| < 1.
Now we prove (9.15). Let A > 0 be fixed. Observe that &1 has a bounded density
function [even after conditioning on (9.9)], so from (9.3) we have

laj| >n~4

with probability!® 1 — O(n=24). In a similar spirit, for any i = 1,...,n — 1,
&+1 has a bounded density function, so from (9.7) or (9.11) (after temporarily
conditioning a; and 7,_; to be fixed) that

—A
laiv1|>n

1911 the real Gaussian case, the n—24 factor worsens to n_A, but this does not impact the final
conclusion.
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with probability 1 — O (n~24). By the union bound, we conclude that

inf |a;| > nA4
1<i<n

with probability 1 — O (n~24F!). Diagonalizing in A, we obtain the claim. [J

From this lemma, we conclude that
(9.16) log |a;| = n°®M
with overwhelming probability for each 1 <i < n. To show (9.6), it thus suffices

to establish, for each fixed ¢ > 0, that
1 1
3 > log(lail* + xp—ic) = Enlogn +an—0(n%®)
i=1
with overwhelming probability, where the implied constant in the O (¢) notation is
understood to be independent of ¢ of course.
In view of (9.13), it will suffice to show that

©.17) > (log(lail* + x;_; ¢) — logmax(n — i, |z0|*n)) = —0 (n°®)
nf<i<n—né¢

with overwhelming probability, as the contributions of the i within n® of 1 or n
can be controlled by O (n® +o(1)) thanks to Lemma 54.

9.4. Lower bound at early times. We partition ) .c_;,_,c(log(|a; % +
Xfﬂ.’c) — logmax(n — i, Iz()|2n)) into two parts, according to the heuristics fol-
lowing (9.12). The following simple lemma handles the first part of the partition.

LEMMA 55 (Concentration at early times). One has

Z log(la; > + X;%—i,@) — logmax(n — i, |z0/*n)
né <i<min((1—|zo|?)n+|zo|n1/2+¢ , n—nt)
> —0(n%®)

with overwhelming probability.

PROOF. We abbreviate the summation as ) ;. The key observation here is that
we need only a lower bound, so we can use the trivial inequality

log(|ai|* + xn—i.c) = 10g xn—i.C-
It suffices to show that

(9.18) Z|log(n — i) — logmax(n — i, |zo/*n)| = O (n9®)

4
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and

(9.19) > log xr_ic — logn —i) = 0 (n?®)

with overwhelming probability.

We first verify (9.18). The summand is only nonzero when i = (1 — lzol®)n + j
for some 0 < j < min(|zg|n'/?*, |z0|?n — n?), and so one can bound the left-hand
side of (9.18) by

> [log(|z0*n — j) — log(lzo[*n)|.
0<j<min(|zp|n!/2%¢,]z0|2n—n®)
When j < |zo|2n — n®, we may bound
: J

log(lzo>n — j) — log(|zo|*n)| <« n®H ———

|log(lzol“n — j) —log(|zol"n)| P
and the claim then follows by summing over all 0 < j < |zq|n!/?+¢.
Now we verify (9.19), which is quite standard. Writing X;%—i,(c =n—1i-+

/n —in,—i, we can write the left-hand side of (9.19) as
NMn—i
lo <1 + )
Xi: 8 Vn—i
From Taylor expansion and (9.10) we then have

Nn—i Nn—i no(l))
log| 1 = o .
g( +n—i) «/n—i+ (n—i

The sum of the error term is acceptable, so it suffices to show that

Mn—i 0(e)
—— =(0(n

with overwhelming probability. But this follows?" from Proposition 35. [J

REMARK 56. Following the heuristics after (9.12), it would be more natural
to consider n® < i < (1 — |zo|*)n. The extra term |zg|n'/>*¢ in the upper bound of
i is needed for a technical reason which will be clear in the analysis of larger i (see
Lemma 58).

20Stri(:tly speaking, Proposition 35 does not apply directly because the mean of the random variables
na—i deviates very slightly from zero when the conditioning (9.10) is applied. However, one can first
apply Proposition 35 to the unconditioned variables 7, _;, and then apply the conditioning (9.10) that
is in force elsewhere in this argument, noting that such conditioning does not affect the property of
an event occurring with overwhelming probability.
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9.5. Concentration at late times. Define
©-20) io := max(n, (1 — [z0/%)n + |z0ln"/>**).

In view of Lemma 55, we see that to prove (9.17) it now suffices to establish the
lower bound

(9.21) > log(lail* + xp_i ¢) — log(lzol*n) = O (n°®)
ig<i<n—n?

with overwhelming probability. In fact, we only need the lower bound from (9.21),
but the argument given here gives the matching upper bound as well with no addi-
tional effort.

Let us first deal with the easy case when

(922) |ZO| < n—1/2+4008

(say). In this case, there are only O (n8%%) terms in the sum, and from Lemma 54
(discarding the nonnegative Xr%—i,(C term) each term is at least — O (n°1), so the
claim (9.21) follows immediately. [Note that the summation is in fact empty un-
less |zo| > n~1/?2%¢/2 5o the log(lz()lzn) term is O (n°(").] Thus, in the arguments
below we can assume that

(923) |ZO| > n71/2+4008.
Observe from (9.7) that

|aiv1 — &1

log(|ai|* + Xs_; ¢) — log(lzol*n) = log |ai|?
1

From telescoping series and (9.16) we have

Y
T log |Clz+12| — 0(n°M)
|a; |

ig<i<n—n®

with overwhelming probability, so by the triangle inequality it suffices to show that

. _ s, 2
Z log |Clz+1 $z+1| :0(’10(8))

ig<i<n—n® |Cl,‘+1|2

with overwhelming probability. We can rewrite

2
laiv1 —&nl* ‘1 n §it1
laiy11? aj |’
where
|z0lv/na;
9.24) aj :=aj41 —&iy1 =

V0ail? + xn-1.c
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It suffices to show that

Z log‘l + gi—i/—l
ig<i<n—n® ai

= 0(n%®)

with overwhelming probability.
The heart of the matter will be the following lemma.

LEMMA 57. With overwhelming probability
(9.25) la)] > n ™19 (i — (1 = |z0/%)n) "2
holds for all i <i <n —n®.

Assuming this lemma for the moment, we can then use it to conclude the proof
as follows. For any iy <i <n — n?, one has

926) (i — (1= lz0P)n)""? > (io — (1 = Izol)n) " = (lzoln'/2+#) /2 = n200¢

by (9.20) and (9.23), and thus by Lemma 57

|al{| > nlOOs

with overwhelming probability. From this and (9.9), we see that

51'4:1 —o(1):

i
indeed, the same argument gives the more precise bound
§iv1
/
i

<<n0(8)(l _ (1 _ |Z0|2)n)71/2.

Performing a Taylor expansion (up to the second-order term), we conclude that

it
/
i

I+

=Re&1/a] + 0@ (i — (1 —|z01%)n) 7))

log

with overwhelming probability.

The error terms O (n9® (i — (1 — |z0|*)n)~!) sum to O (n9®), so it suffices to
show that
(9.27) 3 Sitl _ 0(n0®)

. a:
ig<i<n—n?® 1

with overwhelming probability. But from (9.25), one has

1 _
— =0n%®(i — (1—|z0n) ")
i
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with overwhelming probability. Also, the coefficient i depends on &1, ..., & and

X1,Cs - -+» Xn,c and is independent of &, 41, ..., &,, so the sum in (9.27) becomes a
martingale sum.”! The claim then follows from Proposition 35.
It remains to prove (9.25). From (9.7), (9.24), (9.9), we have

aj =aiy1 — &y =aip1 + 0(n°D)
and so by (9.26) it will suffice to establish the bound
(9.28) lai] > n~%% (i — (1 — |z0/*)n) "/

with overwhelming probability for each ip <i <n —n® 4 1.

In order to prove (9.28), let us first establish a preliminary largeness result on a;,
which uses the diffusive term &; 41 in (9.7) to push this random variable away from
the unstable equilibrium O of the map (9.12).

LEMMA 58 (Initial largeness). With overwhelming probability, one has

(9.29) sup la;| > A,

max (ip—(1/2)|zo|n'/2*+¢,0)<i <io
where A is the quantity

PROOF. Suppose first that
io — %lzoln'/*¢ <0.

By (9.20), this implies that |zg| >> 1, and then from (9.3), (9.9) we have |a;| >
n'/2, which certainly gives (9.29) in this case. Thus, we may assume that

io — Slzoln'/*™¢ > 0.
It will suffice to show that, for each integer

. 1/2 . .
io — %lzoln'/*¢ <iy <ip

and each fixed (i.e., conditioned) choice of &1, ...,&;, and x,—1.C, ..., Xn—i,> ONE
has
(9.30) sup la;| > A

i1 <i<ij+|zolnl/2+e/2

with conditional probability at least ¢ for some fixed ¢ > 0. Indeed, we can
. . . . /2, .
choose in the interval [ig — %Iz()lnl/ 2te o —lzoln'/21E/2] at least % initial points

21Again, strictly speaking one should apply Proposition 35 to the unconditioned variables and then
apply the conditioning (9.9), (9.10), as in Lemma 55.
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i1, ..., Iy so that the distance between any two of them is at least IzOInl/ 2+e/2 1f
we let E;j for j =1, ..., m be the event that (9.30) holds with i replaced by i},
then the above claim asserts that after conditioning on the failure of the events
Ey, ..., Ej_1, the event E; holds with conditional probability at least g. Multi-
plying the conditional probabilities together, we then obtain (9.29) with a failure
probability of at most

(1 - q)ng/2/4$

which is O (n~4) for any fixed A > 0 as required.

Fix io — 3|zoln'/**® <ij <igand &, ..., &, and xu—1,C, - .-, Xn—i,,C; all prob-
abilities in this argument are now understood to be conditioned on these choices.
The quantity a;, is now deterministic, and we may of course assume that

(9.31) lai, | < A

as the claim is trivial otherwise. We may also condition on the event that (9.10)
hold. Let is := i1 + |zoln'/?4/2|. Our goal is to show that

P( sup il >A) > 1.
i1<i<ip

For technical reasons [having to do with the contractive nature of the recur-
sion (9.7) when a; becomes large], it will be convenient to replace the random
process a; by a slightly truncated random process a; for ip <i < iy, which is de-
fined by setting a;, := a;, and

|z0lv/na;
Jmin(al, A2 + x2_,

for i1 <i < ip. From an induction on the upper range i» of the i parameter, we see
that

(9.32) 51,‘.1_1 =

+&it1

sup lai| <A < sup |a;| <A

i1 <i<ip i1 <i<ip
and in particular

la,| >A — sup |ai| > A.

i1<i<ip
Thus, it will suffice to show that
(9.33) P(la;,| > A) > 1.

By a standard Paley—Zygmund type argument, it will suffice to obtain the lower
bound

(9.34) Eld;,|? > |zo|n!/>T¢/2
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on the second moment, and the upper bound
(9.35) Ela;,|* < lzol’n'** + |zoln'/*+*Ela;, |
on the fourth moment. Indeed, if p denotes the probability in (9.33), then from
Holder’s inequality one has

Ela,|* < A* + p'(Ela, |*)

and then from (9.35) and (9.34) (and the definition of A) we obtain p > 1 as
required.

It remains to establish (9.34) and (9.35). For this, we will use (9.32) to track the
growth of the moments E|d;|?, E|a;|* as i increases from i1 to i5.

Letiy <i < ij. From (9.32), we thus have

' |z0l+/na;
\/min(|Ezi|, A24+n—i+n—in,_

The quantity &;4; has mean O (n~199), variance 1 + O (n~199) [the O (n~19) er-
rors arising from our conditioning to (9.9)], and is independent of the other random
variables on the right-hand side. Thus [using (9.14)], we have

‘ |20l +/ndi ‘2
Jmin(i@il, A2 +n =i +v/n—in, )

Upper bounding min(|d;|, A) by A and n — i by |z0|?/n — |zo|n'/?>7¢ /2, and us-
ing (9.10) (which we recall that we have conditioned on), we conclude that

min(|a;|, A): +n — i +~n —ina_i < |z0/*n.

1/2

2

Eldi+11> =E

+&in1

Eld1|>=E +1+ 0(n_90).

This implies that
(9.36) Eldi4 11> > El@ )+ 14+ 0(n™).

Iterating this > lzo|n/21€/2 times, we obtain (9.34) as required.
Now we turn to (9.35). Again, we leti; <i < ip. From (9.32), we have

‘ |zo|+/na; tE +
i+l -
\/min(ldi|, A4+n—i+n—in,_;

Expanding out the left-hand side using the independence and moment properties
of &;+1, we can estimate the above expression as

E‘ |20lv/ndj '4
Jmin(d; ], A2 40 — i+ —ina-i
~ 2
N O(E‘ |z0lv/na; ‘ N 1>'
Jmin(@il, A2 +n — i + =i,

Elgi1|*=E
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Using (9.9), (9.10) and the bound n — i > |z9|?n — O(|zo|n'/?*%), and discarding
the nonnegative min(|a; |, A)? term, we then obtain the upper bound
937 Elaii|* < (1+ 0(I1zol~'n™"*7))Ela[* + O (Blail® + 1),
via a routine calculation. From (9.36), we have

Ela;|* < Elay, |
From (9.31), we also have
Ela; [* < lzol*n'**;

if we then iterate (9.37) 0(|zO|n1/2+8/2) times, we obtain (9.35) as desired. [

Now we need to use the repulsive properties of (9.12) near the origin to propa-
gate this initial largeness to later values of i. The key proposition is the following.

PROPOSITION 59. Let iy < iy <ip» <n —n®/2. Let E;, ;, be the event that

la;| < % i — (1= |z0|®)n for all iy <i <i>. Then we have with overwhelming
probability that

cip — (1 —|zo/?)n\ 270
lai, |1 £ >(1+ 1= Jaol?) ) (lai,| + O (n*VVi—i1))1E

i1,ip — |Zo|2n

i1:ip
for some constant ¢ > 0.

PROOF. The probability in question will be computed over the product space
generated by &;, n; with i; <i <15, conditioning all the other &;, n; to be fixed. In

particular, a;, is now deterministic.
For any i] <i < i, we see from (9.11) that

(9.38) ai+1=pBia; +&i+1,

where §; is the positive real number

L |20/

: \/Iai|2+n—i+«/mnn_i.
Next, from iterating (9.38) we have

aiz:)’il,iz(‘lil"‘ > 5i1,i$i+1>,

i1<i<ip

B

. _p—1 -1
where )/,'1’,'2 = ,3,'1 ---,3,'2_1 and 5,'1,,' = 'Bi1 le .
As the event E;, ; contains E;, ;, for iy <i <ip, we have

039 anle,, =vialen(at Y daibils,,).

1<i<ip
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Notice that if E;, ; holds, then

jail> < 10 = (1 = lzol)n),
which is equivalent to
lail>+n—i <|zol’n — %(z’ — (1 =1z201*)n).
On the other hand, since
i — (1= lzol*)n = iy — (1 = |zo*)n = |zoln /> /2
and n — i < |z0|*n, we deduce from (9.10) that
jail* +n =i +~n—inu—i < lzol’n = (i — (1= |z0l*)n)

(say) if n is large enough. This gives a bound of the form

i—(—lzoP)n 1= =lzol)n

Bi=1+c 1+c¢
|201%n

|z0l?n

for some absolute constants ¢ > 0.
From the definition of y;, we conclude the lower bound

i — (1= |zolHm) 27"
(9.40) |yil,i2|1Eil,i2 > (1 +c |Z()|2n ) lEil,i2
and the upper bound
(9.41) 18iy,illE; ; < 1E; ; < 1.

ipi —

Let us now make a critical observation that the random variable §;, ;1 Ej.i
depends on &,...,& (and on the xjc,...,xs—1,c) but is independent of
& +1,-..,&,. This enables us to apply Proposition 35, from which we can con-
clude that with overwhelming probability

©42) Y Siilg, i =00 Plia— i) = 0(n"DVia —iy),

1<i<ip

concluding the proof. [J

COROLLARY 60. Assume that |a;,| > n€/ 10712 \here

|ZO|2n 2 J
T::t log“n |.
i—(—|zPn ¢

Then 1g, ; . =0 holds with overwhelming probability.
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PROOF. Assume, for contradiction, that there is a fixed A such that P(1g,) >
n~4. By the previous lemma, we can assume that

ciy — (1 —1z0/*)n
lzo|?n

T
) (lai | + O(nO(l)ﬁ)lEil,i1+T)

|ail+T|1Ei1.i1+T = (1 +

holds with probability at least 1 — n~>4. Taking expectations, we conclude

Elai 47| = Elai 4111 4 4

i — (1 — 2 T
. (1 L ¢ |( |2Izol )n) (Elai,| + 0(n®DVT))(n=A — n=24),
Z0|°n

Since |a;, | > n®/10T1/2 and (1+ W}T > exp(clog? n) for some fixed

¢ > 0 by the definition of T, the RHS is bounded from below by
n~Aexp(clog’n) > n.
On the other hand, from Lemma 54 we have that

Elaj,+7] < (14 |z0l)v/n < /7,

yielding the desired contradiction. [

Next, we observe that a; cannot drop in magnitude too quickly once it is some-
what small [assuming the hypotheses (9.9), (9.10), of course].

LEMMA 61. Ifla;| < 3,/i — (1 — |z0/*)n then |a;| > |aj—1| —n°D.

PROOF. From (9.7), we have
|z0l/11
\/|ai71 2+ Xn—i+1,C

a —& = ai—1

and hence
|z0/°n

2 2
3 lai—11” = la; — &l".
i—1 n—i+1,
lai—11° + x C

We can rearrange this as

Xn—i+1,C Ia'
1
|z0?n — |a; — &2

laj—1|* = — &
By (9.10), we have
Xn—itic=n—1i+0(Vn— ino(l)) =n—i-+ O(no(l)lzolﬁ),

using the fact that in this range n — i < |zo|%n.
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From the assumption of the lemma, we have that

la; — &1* < 1(i — (1 = lz0/H)n) + 0 (n° V)i — (1 = |z0/)n)

and thus

2 2
Xn—i+1,C — |zol"n + |a; — &

<—=3(i — (1= Iz01%)n) + 0(n°Vzol/n) + 0 (0D Ji — (1 — |z0})n).

As i — (1 —|z0]?n) > |zo|n'/>*¢, we see that the right-hand side is negative for
n large enough, thus

Xn—i+1,C <1
lzol?n — la; — &> —

We thus have
lai 1] <lai —&;|,

which implies from (9.9) that |a;| > |aj—1| — n° as desired. [

We can now prove the lower bound (9.28) with overwhelming probability as
follows. We first condition on the event that the conclusion of Lemma 58 holds.
Now assume that there is some iy < i < n — n® such that

lai| < 3y/i — (1 = zo/?)n.

Let iy be the first such index. In particular,

(9.43) jaiy] < 3 Jia — (1= z202)n < 3 /i — (1 = |20 2)m.

By Lemma 58, we can then locate an index max(ig — %|zg|n1/z+8, O+1<i1<iy

such that |g;| < %,/i — (1 — |zo/®)n for all i} <i < iy (or in other words, E;, ;,

holds) and

a1l > 3/it = 1= (1= |zoP)n.

From Lemma 61, this implies in particular that

(9.44) jai, | = 0.499,/i1 — (1 = |z0/?)n.

From the above discussion and the union bound, it thus suffices to show that
for any given ip < iy < i <n —n®, the event that (9.43) and (9.44) and E;, ;, all
simultaneously hold, is false with overwhelming probability.
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Fix i1, ip. If ip — i; > T then by Corollary 60, 1Ei1,i2 = 0 with overwhelming
probability and we are done. In the other case io —i; < T, by Proposition 59, we
have with overwhelming probability

|ai2 | lEil’i2

ciy — (1 — |zo|?)n\ 271
Z (1+ 1 ( |Z0| ) ) (|a11|+0(n0(1) /l_l]))lE

|z0l?n

(9.45)

i1,in"

It now suffices to verify that if |a; | > 0.499\/1'1 — (1 =1z0|)n, E;, i, holds, and

laj,| < %\/ i — (1 — |z0|?)n, then the above inequality is violated. Notice that since

|z0l*n 1/2+¢

— = we have
i1—(1—|zo/?n) ’

ip—i1<T = log?n and i1 — (1 — |z0|*)n > |zoln

lai,| + O (n* Vi —iy) > 0.499\/1'1 — (1= |z0l2)n — O (n°VT1/2)
> %\/h — (1= lzo0l*)n.
As E;, ;, holds, it follows that the RHS of (9.45) is at least
%\/il — (1= lzol*)n > %\/iz — (1= lz0l°n)

again thanks to the fact that iy — i < T = o(i; — (1 — |zg|*)n). Our proof is com-
plete.

REMARK 62. All the above arguments go through without difficulty in the
real case, using (9.8) instead of (9.7), replacing a;, &;, xi.c by alf, S{, Xi.R, Tespec-
tively; we leave the details to the interested reader.

10. Concentration of log-determinant for i.i.d. matrices. Now that we have
established concentration of the log-determinant in the special case of real and
complex Gaussian matrices (Theorem 33), we are now ready to apply the resolvent
swapping machinery from Section 7 to obtain concentration for more general i.i.d.
matrices (Theorem 25).

Fix §, zo. Let W, ;, be defined as in (2.3). As in the previous section, set o equal
to %(|z()|2 — 1) if |z9] <1, and log |zo] if |zo| > 1. It suffices to show that

log|det(W,, z,)| = 2na + O (n°1)

with overwhelming probability, uniformly in zo. We may assume without loss of
generality that all entries of M,, are 0 (n°WM).
We observe the identity

T
log|det(W, ;)| = log|det(W, ;, — v/—1T)| — nIm/ s(~/—1n)dn
0
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for any T > 0, where s(z) := %trace(Wn, 0= z)~ ! is the Stieltjes transform, as
can be seen by writing everything in terms of the eigenvalues of W, ;. If we set
T :=n'%, then we see that

log|det(W,, ;, — v/—1T)| =nlog T + log|det(1 — n~1®W, )|
=nlogT + O(n~'%)

(say), thanks to (8.1) and the hypothesis that |z ;| < /n. Thus, it suffices to show
that

T
nIm/ s(v=1n)dn=nlogT — 2na + O(no(l))
0

with overwhelming probability.
Now we eliminate the contribution of very small 7.

LEMMA 63. One has
1/n
nIm/ s(vV—=1n)dn = 0(n°")
0
with overwhelming probability.

PROOF. From Proposition 31, we see with overwhelming probability that
1
s(v/—1n)| < n°D <1 + E)

for all > 0. This already handles the portion of the integral where 5 > n=2108"
(say). For the remaining portion when 0 < 1 < n~21°2” we observe from Propo-
sition 27 that with overwhelming probability, all eigenvalues of W, ., are at least
n~1°2" in magnitude, which implies that s(v/—17) = O (n'1°2") for all such 7,
and the claim follows. [J

Set X := nImflT/ns(J—_ln)dn and X, :=nlogT — 2n«. Fix arbitrary con-
stants A, € > 0. In view of the above lemma, it suffices to show that
P(IX — Xi| >n€) < n™ 4.
By Markov’s inequality, it suffices to show that for j =2|A/¢]
(10.1) E(X — X.) = 0(n’¢/?).

Without loss of generality, we may assume j to be large, for example, j > 5.
By Theorem 33, we know that a stronger bound

(10.2) E(X - X,)! <n€
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holds for the same range of j (for n sufficiently large depending on ¢ and j), where
X' is defined as in X but with M,, replaced by a random real or complex Gaussian
matrix M), that matches M, to third order.

We now execute the following swapping process. Start with the random Gaus-
sian matrix M, and in each step swap either the real or imaginary part of a Gaus-
sian entry of M, to the associated real or imaginary part of the corresponding
entry of M,,. The exact order in which we perform this swapping is not important,
so long as it is chosen in advance; for instance, one could use lexicographical or-
dering, swapping the real part and then the imaginary part for each entry in turn.
Let M,[,k], 0 < k < 2n2, be the resulting random matrix at time k& and define X [k]
accordingly. We will show, by induction on &, that

; k
(10.3) E(x™ - x,) < <1 + m)nf
for n sufficiently large depending on € and j (but not on k). Note that the base case
k = 0 of (10.3) holds thanks to (10.2), while the case k = 2n? implies (10.1) with
some room to spare.

For technical reasons, it is convenient to assume that |&], |£’| = n°") with prob-
ability one. This can be done replacing all entries &;; by §&; flléijl <logBn and &/ i by
Sl./jll &/ |<log® n* where B is a sufficiently large constant so that with overwhelming

probability |&;;] + |&/ J-| < logBn for all i, j. It is clear that any event that holds
with overwhelming probability in the truncated model also holds with overwhelm-
ing probability in the original one. Thus, we can reduce to the truncated case. At
this point, we would like to point out that the truncation does change the mo-
ments of the entries, but by a very small amount that will only introduce negligible
factors such as O (n~1%) to the swapping argument. Abusing the notion slightly,
from now on we still work with & and &’ but under the extra assumption that with
probability one |£], |£'| <log®n =n°W,
Fixastep0 <k < 212, and consider the difference

Dy = E(X[k-H] _ X*)j _ E(X[k] _ X*)j
(10.4)

- / E([(x% - x,)7 — (I — X,)7]|Mo) d Mo,

where My is obtained from X¥*1l by putting 0 at the swapping position (in other
words, My is the common part of M™ 1 and M1 and d My is the law of M.
Once conditioned on M, we can simplify the notation by replacing X% and
X+ by X¢ and X, respectively.

It is important to notice that since n > 1/n, we can bound |sg (v—1n)| crudely
by n with probability one (for any matrix M,Ek]). As T = n'%, this implies that
| XK « 1102 gnd

(10.5) |(X[k] _ X*)j _ (X[k+1] _ X*)j| < 102
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for any j, with probability one.
By Proposition 31, we see with overwhelming probability that

| Re (V=1 0.1y <P
for all n > n~!. In this case, by Lemma 44 and (8.4)

(10.6) HRO(,/_],’)H(OO’I) <« n°®

for all such ».

If (10.6) holds, we say that My is good. The contribution from bad My in the
RHS of (10.4) is very small. Indeed, by Proposition 31, we can assume that My is
bad with probability at most n~192/-100 By the upper bound (10.5), the integral
(in Dy) over the bad My is at most

(10.7) 5, —102j-100, 102 _ , —100

Let us now condition on a good M. By Proposition 45, we have
3
i —i 1
(10.8) se (V=T =s0+ 3 &~ (n) + 0(n_2+o<1>_),
. nn
i=1

where the coefficient ¢; () is independent of & and enjoys the bound |c;(n)| K
o L

nn’
Multiplying by n and taking the integral over 1, we obtain,
(10.9) Xe = X0+ P(€) + O (n= W),

where P = Z?=1 £in~1/2d; is a polynomial in £ with coefficients d; = O (n°"),
and X is a quantity independent of &. As |&| = n°()) with probability one, it fol-
lows that | X — Xo| = n~1/24+°() with probability one. Furthermore,

(10.10) Xe— Xo=Xo— X))+ P(E)+ 0(n‘2+”(1)),

We raise this equation to the power j, focusing on those terms of order &4 or
more. As d; = O(n°D), using the fact that |&| < n°") with probability one and
Jj > 5, we have

j—1
(10.11)  (Xg — X*)j =Pj(&)+ 0<n—2+0(1) Z 1Xo — X*|l +n—5/2+0(1)>’
=1

where P; is a polynomial of degree at most 3. Therefore,
E(X: — X,
(10.12)

j—1
— EP] &)+ 0 (n—2+0(1) Z |Xo — X*|/< + n—5/2+0(1)).
k=1
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Similarly,
E(X: — X,/

j—1
k=1

(10.13)

Here, the expectations are with respect to & and &’ (as we already conditioned
on a good My.) It follows that

E(X: — X)) — E(Xg — X,)/
(10.14) =E(P;¢) — Pj(§)

j—1
4 O(n—2+o(1) Z 1Xo — X, |¥ +n—5/2+o(l))‘
k=1

As already pointed out, the first three moments of & and £ do not entirely match
due to the truncation. However, by fixing B large enough, we can assume that the
truncation changes each moment by at most n~ for some sufficiently large C [we
need C to be larger than the absolute value of the coefficients of P;, which are of
size O (n9M), again thanks to the fact that |se (+/—1n)| < n with probability one].
This yields

E(Xe — X' —E(Xg — X,/

j—1
_ O(n—2+o(l) Z 1Xo — X, [k +n—5/2+o(1)>_
k=1

(10.15)

But | X — Xo| < n~ /220 with probability one, so (10.4) implies
E(Xs — X2/ — E(Xg — Xy’

(10.16) A
_ 0<n—2—|—o(l) Z EIX; — X*Ik _{_n—5/2+0(1)>‘
k=1
The right-hand side of (10.16) can be bounded as
(10.17) O (n= D min{E|X; — X*|/n=¢/4 n/?}),

where the bound comes from considering two cases E| X — X, |/ being not smaller
or smaller than n¢/2, and the Holder inequality.
Thus, conditioned on a good My, we have

[E(X: — X2/ —E(Xg — X/ | < n~ 2D min{| Xz — X*[/n=/%  n®/?),
Taking into account (10.7), we conclude
Dk << n—lOO + n_2_8/4jE|X$ _ X*|1 + n—2+8/2+0(1)

and the desired bound (10.3) on E(X*+11 — X )/ follows easily by the induction
hypothesis.
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APPENDIX A: SPECTRAL PROPERTIES OF W, ,

In this appendix, we prove Propositions 29 and 31. We fix M,,, C, z as in these
propositions. By truncation, we may assume that all the coefficients of M, have
magnitude 0 (n°WM).

A.l. Crude upper bound. We begin with Proposition 29, which we will
prove by modifying the argument from [55], Appendix C, and [57], Proposi-
tion 28. Write I = [E — n, E + n]. It suffices to establish the claim in the case
1/n <n <1, as the general case then follows from this case (and from the trivial
bound Nj < 2n). By rounding 5 to the nearest integer power of two, and using the
union bound, it suffices to establish the claim for a single n in this range, which
we now fix. Similarly, we may round E to a multiple of #; since the claim is easy
for (say) |E| > n'%; we see from the union bound that it suffices to establish the
claim for a single E, which we now also fix. By symmetry, we may take E > 0.

By a diagonalization argument, it will suffice to show for each fixed ¢ > O that
one has

NIE—n,E4n] < n'toy

with overwhelming probability. Accordingly, we assume for contradiction that

(A.1) Nig—y.E4n >0 0.

We use the Stieltjes transform

1
$(E +~/=Tn) = o trace(Wy,; = E —~/=Tn) .
n

Then
2n

1 U
msE V=D =5, 2 G — B

j=1
from (A.1) we thus have
Ims(E ++/—1n) > n°.

In particular, since
1 2n
s(E++/—1n) = > Y R(E+~—1n)j;
j=1

we see from the pigeonhole principle that we have
(A2) |R(E +~/—=1m) ;| > n°

for some 1 < j < 2n. By the union bound, it suffices to show that for each j, the
hypothesis (A.2) [combined with (A.1)] leads to a contradiction with overwhelm-
ing probability.
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Fix j; by symmetry, we may take j = 2n, thus
(A.3) |R(E + ~/=1n)2n20| > 1.
We expand W, ; as

W o.X
Wy,=( "° ) ,
e ( X* 0

where W, _ is the 2n — 1 x 2n — 1 Hermitian matrix

1
0 0 — (M, —
ﬁ( 1—2)
W, = 0 0 z ,
R 0
St

where M,,_ is the top left n — 1 x n — 1 minor of M,,, Z is the n — 1-dimensional

row vector with entries ﬁfnj for j=1,...,n—1, X is the 2n-dimensional col-
umn vector
X/
1
X = W(Snn —2)
0

and X' is the n — 1-dimensional column vector with entries ﬁé jn for j =
1,...,n—1.

By Schur’s complement, the resolvent coefficient R(E + =1 1)2n.2n Can be
expressed as
1

—E—J=1n-Y,

(A4) R(E + \/__177)2n,2n =

where Y, is the expression

Yo = X*(W, ,— E—/—1n)"'X,
By (A.3), we conclude that

|E+v/—=1n+Y,| <n™®

as Y, has a nonnegative imaginary part, we conclude that
(A.5) ImY, <n°.
Next, we apply the singular value decomposition to the n x n — 1 matrix
(ﬁ(MH ~2)

z
ui,...,u, in C", and an orthonormal basis of n — 1 left singular vectors in cr—1,

), generating an orthonormal basis of n right singular vectors
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associated to singular values o7, ..., 0, (with g, = 0). Then W,;’ . 1s conjugate to
the direct sum
n—1 0 o
W,;,ZEGB( | (;)esm)
j=1 %
and thus
(erz,z —E—v _177)71
B ”ebl 1 E++/—1In o o ( 1 )
_jzl oF —(E+/—1p)? oj E++/—1n E++/—1n

and thus

n—1

E+v-1 ~
ImY, =Y Im— Y1 S Xu)?
o o~ (E+v=1In)
1]’!71 1 - 2
= — | X uj|
2jzle:2i:1 €oj —(E+~—1n) !
77 }'l*l 1 - 2
= ——— | X"u;|,

21.:1621 |E—eaj|2+n2| /

where
X/
X=|1
(ﬁ(énn —z))

is the top half of X.

By (A.1) and the Cauchy interlacing law, we may find an interval [j_, j;] of
length j — j_ >> n'*¢y such that loj — E| <nforall j_ <j < j;. We conclude
that

> X <nn,
J-<Jj<j+

At this point, we will follow [19] and invoke a concentration estimate for

quadratic forms essentially due to Hanson and Wright [29, 62].

PROPOSITION 64 (Concentration). Let &1,...,&, be i.i.d. complex random
variables with mean zero, variance one, and bounded in magnitude by K for some
K > 1. Let X € C" be a random vector of the form Y + Z, where

&1
= :

&
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and Z is a random vector independent of Y. Let A = (a;j)1<i,j<n be a random
complex matrix that is also independent of Y . Then with overwhelming probability
one has

1
X*AX = —traceA+ Z*AZ
n

+o(k210gn( 1Al + %HAZ” + %”A*Z”))’

where ||A|F := (Zlgi,jgn Ial-jlz)l/2 is the Frobenius norm of A.

We remark that for our applications, one could also use Talagrand’s concentra-
tion inequality [48] as a substitute for this concentration inequality, at the cost of a
slight degradation in the bounds; see, for example, [55].

PROOF OF PROPOSITION 64. By conditioning, we may assume that Z, A are
deterministic (the failure probability in our estimates will be uniform in the choice
of Z, A). Let & :=&; /K. From [19], Proposition 4.5, we have

> aEiEi= ) aiE&EE; + O(IAllFlog’n)
1<i,j<n I<i,j=<n

with overwhelming probability. Multiplying by K?/n and noting that E&§; =
1=, we conclude that

Y*AY = ltraceA+ 0(%”% )
_n n F

with overwhelming probability. Meanwhile, from the Chernoff inequality we see

that
N K log’n
Y*AZ=0 IAZ]|
Jn

and similarly
K log?
Z*AY = 0( o8 nHA*ZH)
Jn

with overwhelming probability. The claim follows. [

Applying Proposition 64 (with A equal to the projection matrix A :=
Y <j<ji uju’;.), one has

) o
> |X*“j!2=%+‘

J-<i<i+

z 2

ﬁﬂ(en)
+ O(I’l_1+0(1)(j+ _jf _|_ 1)1/2)

+ O(n—1/2+o(1) )

%Tr(en)
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with overwhelming probability. By the arithmetic mean—geometric mean inequal-
ity, one has ||ﬁ71(en)||2 + O(n_1/2+0(1)|lﬁn(en)|l) > —p~ oM and we con-
clude that
> Xl > nn
J-<i<j+
with overwhelming probability (conditioning on M, _1, Z). Undoing the condi-

tioning, we thus obtain a contradiction with overwhelming probability, and Propo-
sition 29 follows.

A.2. Resolvent bounds. We now prove Proposition 31, by using a more com-
plicated variant of the arguments above. We first take advantage of the fact that the
spectral parameter »/—17 is on the imaginary axis to make some minor simplifi-
cations. Namely, we have

R(W=1n) = Wy, —~/—1p~!
—1
= Wn,z(le,z + 772) + _ln(an,z + 772)

Note from (2.3) that Wy% .t n2 is block-diagonal, and thus Wn,z(W;g,z + 772)_1

vanishes on the diagonal. We conclude that R(+/—17);; and s(+/—1n) are purely
imaginary (with nonnegative imaginary part) for 1 < j <n, with

-1

Ims(v/—1n) = itrace(W,%Z +7)7!
2n “
(A.6) n
= trace((M, — 2)*(M,, —2) + nz)_l.
Now we observe that it suffices to verify the claim for n > n~1*¢ for each
fixed c. To see this, observe that

n

2 2

g,
ImR(V—1n)jj=n) ——-f—
I = (W )2 402

for any 1 < j <2n, where uy, ..., us, are an orthonormal basis of eigenvectors
for W, ,, and uy_; is the jth coefficient of uy. Thus, if we can obtain Proposition 31
for n > n~1*¢, we conclude with overwhelming probability that

2n 2
1773 j| )
(A.7) n — - «n’
,; (W 0)? + 1

for all n > n~'*¢, and hence that

> lug ;1> < n°Py
1<k=<2n:Ak(Wn,2)<n
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for all n > n~'*¢. This implies that

> Jug j1> <D (n +n71F)
1<k<2n: g (W )<

for all n > 0. By dyadic summation [using the crude upper bound Ax (W, ;) =
0 (n°M)], this implies that

2n 2
ik, ;1 c+0(1)( 1 )
= <n 14+ —
,; (M (Wn )2 +n?)1/2 nn

for all n > 0. Similarly, with uy_; replaced by uy ;. By Cauchy—Schwarz, we con-
clude that

2n —_—
Uk, jUE,i

1; )Mk(Wn,z) - \/__177

for any 1 > 0. The left-hand side is R(v/—17); j- The claim then follows by using
a diagonalization argument.

A similar argument reveals that we may assume without loss of generality that
n is an integer power of two. Note that the above argument shows that one only
needs to verify the diagonal case i = j; by symmetry and the union bound we may
take i = j = 2n. The claim is trivially verified for > n'? (say), so we may assume
that 7 lies between n~ !¢ and n'?; by the union bound, we may now consider 7 as
fixed. By diagonalization (and the imaginary nature of the resolvent), it will now
suffice to show that

(A.8) Im R(v/=1)2n 20 < nHo0

with overwhelming probability.
From (A.4) [and the fact that R(v/—17)2, 2, is imaginary], we have

1
n+ImY,’

< nc+0(l) (1 + i)
nn

(A9) ImR(V _177)2n,2n =
where
Yo = X5 (W, , —v—1n)"'X.

From the block-diagonal nature of W,/l’ . as before, we see that ¥, is purely imagi-
nary, with nonnegative imaginary part; indeed, we have

(A.10) ImY, = nX*(AA* + %) ' X,

where A is the n x n — 1 matrix

A= (Mn_l _Z>.
Y
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Thus, we have the crude bound
1
(A.11) Im R(V—117)20,0n < o

which already takes care of the case when 7 is large (e.g., n > n=°).
On the other hand, we see from Proposition 64 that with overwhelming proba-
bility one has

2
Iz

T4 ZTe;l"(AA"‘ + nz)_len

~ 1~ 1 —
X*(AA* +7?) ' X = = trace(AA* + n?)
n
- -1
+ 0=V (AA"+ 1) )
+ 0(n_1+0(1)|Z|” (AA* + n2)—1en ”)
From the spectral theorem, one has
[(AA" +7°) en ] < (eh(AA" + %) en) 7!

and thus by Young’s inequality (or the arithmetic mean—geometric mean inequal-
ity)

2
n oMz [(AA* + nz)_len | = 0<%eZ(AA* + ﬂz)_len)

+ O(n_1+0(1)77_2).

Also, we may expand

n | 1/2

AN+ ) =Y —— ] .
H( ) ”F ; (Uj (A)2 + 772)2
where 01(A), ..., 0,(A) are the n singular values of A (thus one of these singular
values is automatically zero). From Proposition 29 and the Cauchy interlacing law,
we see with overwhelming probability that for any interval [—r, r], the number of
singular values of A in this interval is O (n°" (1 4 nr)). From dyadic summation,
we then see that

(A.12) [(AA* + %) o <D )2/,
Similarly, one has

n
1
trace(AA* + n? P Y —
( ) Jg O’j(A)Z + 772

and thus by interlacing

" 1 1
trace(AA* + n? 1= + O<—>
( ) 12::1 Uj(Mn _ Z)Z + 772 772
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But from (A.6) we have

n
1 n
=—s(v/—1
jZ::lij(f\/ln—z)ern2 n ( )
and thus
_ 1
(A.13) U trace(AA™ + 772) I s(v/—=1n) + 0(—)
n nn

Putting all this together with (A.10), we see that with overwhelming probability
one has

2
Z _
ImY, :Ims(«/—ln)—i—(l+0(1))|7|ne:(AA*+n2) Lo,

o) o)
o)+ o(m)
nn nn

—l4c

which, in view of the lower bound n > n , simplifies to

2
(A.14) ImY,=Ims(v—In)+(1+ 0(1))ﬂneZ(AA* + 772)_16,1 +o(1).
n

Now we evaluate the expression e (AA™ + 172)*1 ¢,. Observe that
(Myp—1 =) (My—1 —2)* + 10> (My —Z)Y*>
Y(My-1 — ) Yy*+n* )
By Schur’s complement, we thus have
e (AA* + D) e,
=1/(YY*+p?

-1
—Y(Myot = " (Mymt =) (M1 = 2" +0%) " (Mg = 2)Y).
One can simplify this using the identity
B*(BB*+ 1) 'B=1-n*(B*B+n>)"",
valid for any matrix B [which can be seen either from the singular value decom-

position, or by multiplying both sides of the identity by (B*B + 1%)] to conclude
that

1
Y (Mp—1 = 2*(My—1 —2) + D) 7Y
Applying Lemma 64, we see with overwhelming probability that

Y (My—1 — 2)*(My_1 —2) + 1) "' ¥*

ne*(AA* + %) e,

= Ztrace((Mn_l — )" (My—1 —2) + 772)_1

+ 0 TNy (Mt — 2)* (Maey — 2) + 17| 7).
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By mimicking the proof of (A.12), one has
| (Ma—t = 2)* (Mt = 2) + 0% | < n® D a2

with overwhelming probability. Similarly, by mimicking the proof of (A.13), one
has

Ztrace((M,,_l —2)"(Mp—1 —2) + 772)_1

1
=Ims(v/—1n) + 0(—)
nn
Putting these bounds together, we conclude that
B 1
n+Ims(v/—1n) + o(1)
with overwhelming probability; inserting this back into (A.14) and (A.9) we con-
clude that

ne*(AA* + %) e,

Im R (v _177)2n,2n
(A.15) - 1/(n T Ims(v/—17)
|z|*/n )
1+o0(1 1
+( o ))n—i-Ims(«/—ln)—Fo(l) +o(l)

with overwhelming probability.
Suppose now that |z|>/n > 1/2. Then we have

1z|%/n

‘y+ ‘>>1

for any y; this implies that the denominator in (A.15) has magnitude > 1, which
gives (A.8). Thus, we may assume that |z|2/n < 1/2.

The bound (A.15) similarly with the index 2n replaced by any other index.
Averaging over these indices, we obtain the self-consistent equation

Ims(\/—_ln)
1 2n

(A.16) =£Zl/<n+lms(\/—_1n)
i=1

21%/n
n+Ims(v/—1n) +o(1)
with overwhelming probability. If we write x := n + Ims(+/—17), we thus have

+ (1 +o0(1)) —|—0(1)>

1 1

2n
T ; x4+ o) ((2P/m/ G+ o) +o) "
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with overwhelming probability. Note that either x = o(1) or x + o(1) = (1 +
o(1))x. In the latter case, we can simplify the above equation as

1 & 1+o(1)

= L T e

i=1

and thus
= (14+o0())x .
x2+z2/n
In particular, this forces x2 + |z|?/n > 1 4+ o(1). Since we have assumed that

|z|>/n < 1/2, we conclude that x > 1/2 (say). We conclude that for each n™1+¢ <
n< n'0, we have

Ims(v/=1n) + n = o(1)
or
Ims(v/—1n) +n>1/2

with overwhelming probability. Rounding 7 to the nearest multiple of (say) n !¢
and using the union bound (and crude perturbation theory estimates), we conclude
with overwhelming probability that this dichotomy in fact holds for all n=!1¢ <
n < n1%. On the other hand, for n= n'0 one is clearly in the second case of the
dichotomy rather than the first. By continuity, we conclude that the second case of
this dichotomy in fact holds for all n~lte < n < n10: in particular, we have with
overwhelming probability that

0

Ims(v—1n) > 1,

when n~11¢ < n < n~°. Inserting this bound into (A.15), we conclude with over-
whelming probability that

Im R(vV—=1m2n0n K 1,

when n~!7¢ <y <n~¢, which gives Proposition 31 in this case. Finally, the case
n > n~ ¢ can be handled by (A.11).

c

REMARK 65. A refinement of the above analysis can be used to give more
precise control on the Stieltjes transform of W, ;, as well as the counting func-
tion N;. See [3] for more details.

APPENDIX B: ASYMPTOTICS FOR THE REAL GAUSSIAN ENSEMBLE

The purpose of this appendix is to establish Lemma 11. Our arguments here will
rely heavily on those in [7].
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By reflection, we may restrict attention to the case when zi, ..., z; lie in the
upper half-plane C_.. Our starting point is the explicit formula

K (xi, x;7) K (xi,zi)
k,l n A, Xj n\Ai,
plgl )(xl,---,xk,Z],---,Zl)=Pf<~ - / )
Kn(Zj,xi’) Kn(Zj,Zj') 1<i,i'<k;1<j,j'<l

for the correlation functions, where I?,, RUCH) x (RUC,) > My(C) is a
certain explicit 2 x 2 matrix kernel obeying the antisymmetry law

(B.1) K. ¢)=-K( o),

making the expression inside the Pfaffian Pf an antisymmetric 2(k + ) x 2(k + ()
matrix; see [7], Theorem 8. In view of this formula, we see that Lemma 11 will
follow if we can establish the uniform bound

Kq(2,2)=0(1)

forall ¢, e RUC,. N
To do this, we will need the explicit description of the kernel K,,. Following [7],
we will need the partial cosine and exponential functions

2—1
n/ y2m

cnp2(y) = mX:%) m,

L 14
ens2(y) == pa Py
as well as the function
2
=2 /2 7(n=3)/2 n—1 x2
LX) 1= fo(v/21 n—1 ( ’_>,

where erfc := 1 — erf is the complementary error function and

X
y(t, x) =/ y' e dy
0

is the incomplete gamma function. In [7], Theorem 8, the formula

En(%y/)::(ﬁin(%y/) S )

=Sy, y) ISMu(y,v")+E(v.v')

is given for the kernel K,, where E(y,y") is equal to 5 sgn(y y’) when y,y’
are real, and equal to 0 otherwise, and the scalar quantities DSn ., v), S v,y )
ISM,, (y,y’), are defined by the following formulae, depending on whether y, y’
are real or complex:
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(1) (Real-real case). If x, x’ € R, then

Syl im L el 1)

X, x") = —————e " eppa(xx’) + rya(x, x°),

n «/E n/2 n/2
e
DSy(x,x") := ———(x"—x)e " enn(xx’),

2
~ e X/2 ("2/2 ¢
[Sy(x,x") = // dt
n(x, x") NG sgn(x’) A \/_cn/z(x\/_)
—-()?/2 x2)2 ot
e
- 2t)dt.
Wi sgn(x)/o \/—Cn/Z( x'V/2r)

(2) (Complex—complex case). If z, 7/ € C, then

§n(z,z/)
e~ (1/2(z=7)? .

= ’ef(z/ - z)\/erfc(ﬁlm(z)) erfe(v2Im(z'))e ™ e, 2(22),
V2
mn(z,z/)
—-(1/2)(z=2)* )
= e (¢ = ) erfe(V2Im() erfe(V 2 Im(@) e e (c2).
I8 (2.2)
—(1/2E=7) =
= —eT(Z/ — Z)\/erfc(ﬁlm(z)) erfe(v2Im(z'))e % e, 2(22).

(3) (Real-complex case). If x € R and z € C, then
io—(1/2)(x—2)?
~ e x5 —
Sp(x,z) = — erfc(v2Im(z))e *7e, 2 (x2),

e—(1/D(—2)?

V2

e~ (1/D(x—2)?
NGz

ie—(1/2(x=2)?
V2r

AsE(y,y)is clearly bounded, it thus suffices [m view of (B 1)] to show that all
theexpressmns Sn(x x'), DSn(x x'), ISn(x x"), Sn(z ), DS,,(Z 7, ISn(z 7,
S (x,2), S (z,x), DS (x,2), IS (x,z)areall O(1) forx,x’ € Rand z,7 € C,.

Su(z,x) = erfc(x/ilm(z))e_”en/z(xz) +7rn/2(2, X),

DS,(x,2) = (z — x)y/erfe(v2Im(z)) e en 2 (x2),

IS,(x,2):=— erfc(v2Im(z))e ™ e, 2 (xZ) — irn 2 (Z, X).
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This will be a variant of the estimates in [7], Section 9, which were concerned with
the asymptotic values of these expressions as n — oo rather than uniform bounds.
WEe first dispose of the r;,/, terms. In the proof of [7], Corollary 9, the estimate

n—1
—(1/2)Re( Z)J—L
rnja(z, ) < e ‘ erf"(ﬁlm(Z))2n/2(n/2 — 1!

is established for any x € R and z € C". Using the standard bound

(B.2) erfe(x) = 0(16::)

for any x > 0, we thus have
|Z|n—1
200=D/2(p /2 — 1)1

lrna(z, x)| < o212

n—1 . . 2
But WM%D’ is one of the Taylor coefficients of ¢/"/2, and so

(B.3) rny2(z,x) = 0O(1).

Thus, we may ignore all terms involving r, 3.
Now we handle the real-real case. Recall from the triangle inequality and Taylor
expansion that

(B.4) lens2(2)| < enp2(lzl) < exp(lzl)
for any complex number z. Thus, for instance, we have
13, (x, x')| < exp(—(x — x')?/2 — xx' + |xx|) + 1 < 1

since the expression inside the exponential is either —(x — x")2/2 or —(x +x")%/2.
If one applies the same method to bound DS, (x, x’), one obtains.
Similarly, one has

|5:S‘n(x, )| < |x — x| exp(—(x —x/)2/2 —xx"+ |xx']).

This bound is O(1) when xx’ is positive, but can grow linearly when xx’ is neg-
ative. To deal with this issue, we need an alternate bound to (B.4) that saves an
additional polynomial factor in some cases:

LEMMA 66 (Alternate bound). For any complex number z, one has
1/2

lens2(2)| < exp(|zl)

llz] — z

with the convention that the right-hand side is infinite when z is a nonnegative real.
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PROOF. The claim is trivial for |z| < 1, so we may assume that |[z| > 1. Ob-
serve that

n/2 o Zn/2+1
(B.5) (Izl —Z)en/z(@:n;);!('“ —m) = (n/2)!"

An application of Stirling’s formula reveals that

Zm

5 =ofhaewte)

for all m, so the second term on the right-hand side of (B.5) is O (|z| |z|+/2 exp(|z])).
It thus suffices to show that

n/2  m

> %(m —m) = 0(jz|' exp(lz])).

m=0
By the triangle inequality, the left-hand side can be bounded by
Izl’” Izl’”
Yooz =m)+ Y = (m—zl).
mee ™ malel ™
This expression telescopes to

|Z|m+l

El

m!
where m := ||z|]. By Stirling’s formula, this expression is O(|z|'/?exp(|z|)) as
required. [J

Inserting this bound in the case when xx’ is negative, we conclude that

|DS, (x, x)| <« |x — x| exp(—(x — x')*/2 — xx" + |xx'|)

1
(xx/)l/Z

x| + [x'] 2
= WCXP(“}C' — |x/|) /2)

and one easily verifies that this expression is O(1).
Finally, to control 1S, (x, x"), it suffices by symmetry to show that

(x)?/)2 =t )
(B.6) /0 Jcn/z(x\/_ )dt = O(exp(x2/2)).

But by Taylor expansion we may bound ¢, /2 (x V/21) by cosh(x+/21). Since

/O(X) e Tcosh(x«/—) = £ o) /2< (%) —erf(LJ;M)),
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we see from (B.2) that the left-hand side of (B.6) is
< exp((x/)2/2) exp(—max(|x| — |x], 0)2/2) <exp(x?/2)
as required.
Next we turn to the complex—complex case. From (B.2) and (B.4), we see that
exp(—Im(z)* — Im(z')*)
(1 +1Im(z2))/2(1 +Im(z)) /2

Bule. )| <oxp(—3 Rel(a = 2)") )i
x exp(|zZ'| — Re(zZ')).

After some rearrangement, the right-hand side here becomes

|Z/—Z| exp(_l(ld_ |Z/D )
(1 +TIm(z)!/2(1 +Im(z")!/2 2 '

1/2(,11/2

If one uses Lemma 66 instead of (B.4), one gains an additional factor of %
Thus, it suffices to show that

|Z/_Z| m1n<1 |Z|1/2|Z/|1/2 )
(141Im(2))1/2(1 4+ Im(z"))!/? "zllz'| — 22|

1
X exp<—5(|z| - |z/|)2> < 1.

By symmetry, we may assume that 0 < Im(z) < Im(z’). We may assume that |z|
and |z’| are comparable and larger than 1, since otherwise the claim easily follows

(B.7)

from the exp(—5(|z] — |2')?) term.
Let 6 denote the angle subtended by z and z". Observe from the triangle inequal-
ity that

(B.8) 7' =z <« |lz] = ||| + Im(z) + |26
and
lzl|2'| = 22| > 1z1%6.

The first two terms on the right-hand side of (B.8) give an acceptable contribution
to (B.7) (bounding the minimum crudely by 1), so it suffices to show that

1216 min<1 =l ) <1
(14+Im(2))/2(1 4+ Im(z’))1/? " 1z]20 '

but this is clear after discarding the denominator and using the second term in the
minimum. This establishes the bO/l_lle 1S, (z, 7)) < 1. %milar arguments, which
we leave to the reader, show that |DS,(z,z)| < 1 and |IS,(z,7))| < 1.
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Finally, we turn to the real-complex case. Using (B.4) and (B.2), we can bound

exp(— Im(z)?)

L T2 SP(xE+ lxizl).

S0 (x, 2)| < exp(—% Re((x — 2)2))

The right-hand side simplifies to exp(—(x — |z|)2/2)/(1 + Im(z)Y/?), which is
clearly O(1).

A similar argument [using (B.3)] shows that §n (x,z2) = 0(1) and it?n (x,2) =
O(1). The bound 53’,1 (x,2) = O(1) can be established by the same arguments
used to handle the complex—complex case; we leave the details to the reader. This
completes the proof of Lemma 11.
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