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Edge universality of correlated Gaussians
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Abstract

We consider a Gaussian random matrix with correlated entries that have a power law
decay of order d > 2 and prove universality for the extreme eigenvalues. A local law is
proved using the self-consistent equation combined with a decomposition of the matrix.
This local law along with concentration of eigenvalues around the edge allows us to
get a bound for extreme eigenvalues. Using a recent result of the Dyson-Brownian
motion, we prove universality of extreme eigenvalues.
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1 Introduction

The Wigner-Dyson-Mehta conjecture asserts that the local eigenvalue statistics of large
random matrices are universal in the sense that they depend only on the symmetry class
of the model - real symmetric or complex Hermitian - but are otherwise independent
of the underlying details of the model. There are two types of universality results.
Bulk universality involves the spacing distribution eigenvalues that lie well within the
support of the limiting spectral distribution, while edge universality involves the extreme
eigenvalues.

There has recently been a lot of progress made in proving the Wigner-Dyson-Mehta
conjecture in a increasingly large class of models. In [7, 8, 10, 11, 14, 13], universality
was proved for Wigner matrices whose entries are independent and have identical
variance; parallel results are obtained independently in various cases in [18, 17]. In
[3, 1], this type of result was extended to more general variance patterns, while still
maintaining the independence of matrix entries.

Most of the previous works rely heavily on the independence between matrix entries,
and deal with bulk universality. Only recently have people proved results on models with
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Edge universality of correlated Gaussians

general correlation structure. In [6, 4, 5], bulk universality is proved for matrices where
the correlation decays fast enough, e.g., faster than polynomial decay. In a recent paper
[9], Erdos et al. consider a model where the correlation between matrix entries has a
power law decay of order d > 12 in the long range and d > 2 in the short range. They use
a combinatorial expansion to get optimal local law, then prove bulk universality. They
remark in Example 2.12 that in the Gaussian case, d > 2 for both long range and short
range correlation is sufficient to satisfy the assumptions of their main theorem.

In this paper, we prove edge universality for Gaussian matrices with a correlation
structure that decays as a power law of order d > 2, namely |E [h;;hy] | <
where h;; are the entries of the random matrix H.

1
=T+l

By a standard rule of thumb, it is much easier to prove universality when the matrix
being considered is closer to one such that all elements are independent. When we
have stronger correlations it becomes significantly more difficult to apply the few known
algebraic techniques to derive a local law. When one applies row removal to get a
self-consistent equation, the correlations make it significantly more difficult to bound the
error term. When applying the loop equation, one would also derive poor concentration
bounds through naive choices of the integrating region. It is believed that d > 2 is the
optimal region where one might still be able to get universality estimates. It becomes
most difficult to prove the local law in this regime and one has to be very careful with
controlling errors.

In order to deal with the difficulty involved in deriving some of these error estimates, it
becomes necessary to expand the matrix to large orders and perform a sophisticated
combinatorial expansion of the matrix entries of the Green’s function. We give a proof of
this result that does not require this expansion or a corresponding fluctuation averaging
type ! result, instead we rely on a decomposition of Gaussian random variable.

Correlated matrices regularly occur in various statistical applications. A population
researcher may seek to determine the existence of various subpopulations, where the
correlations within one subpopulation are greater than those between different subpopu-
lations. Biological researchers studying genetic history of species or protein structure
and gene expression use these sorts of correlations to determine the genealogical re-
lationship of species or to construct a map between parts of DNA and the protein it
encodes. Since the decay d > 2 is optimal, proving universality in this regime would get
a statement that would be robust for all possible applications.

We follow a three step strategy to prove universality:

1. Prove a local law for the empirical eigenvalue distribution at small scales.

2. Study the convergence of the DBM (Dyson-Brownian motion) in short time scales
to local equilibrium.

3. Prove that the eigenvalue spacing distribution does not change too much during
the short time evolution of DBM.

Step 1, finding the local law, is generally the most difficult and model dependent. The
strategy in proving this local law is deriving a self-consistent equation for the Green’s
function G = (H — z)~ L.

One can heuristically derive a self consistent equation by taking expectation and per-
forming integration by parts on G(H — z) = I. One notices that there is a linear operator

1Fluctation Averaging is a central limit theorem type result on the diagonal elements of the Green’s function.
Since these elements are correlated, a proof of this averaging requires analyzing higher order terms in a
combinatorial expansion of the Green’s function. See [12] Ch 10.
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S such that E [G(—S(G) — z)] = 1. Removing the expectation creates some error term.
The goal is to show that a small error exists with high probability on our matrix ensemble,
as is done in [4, 6].

From [6], it is known that the self-consistent equation for correlated matrix entries is of
the form G(—S(G) — z) = I. This can be transformed into the following vector equation
via local Fourier transform.

9(@)(=¥(g)(x) —2) =1, wxel0,1]% (1.1)

where ¥ : L>°([0,1]?) — L*°([0,1]?) is an integral operator, which is the continuous
version of S. There are two difficulties in our case: getting a small error for our
self-consistent equation and proving the stability of the equation near the edge.

In order to get a small error for the self-consistent equation, we avoid the procedure
of removing blocks of elements, which requires combinatorial expansion, but instead
applied integration by parts and concentration results along a careful decomposition
of the probability space. This gives us a weak local law which can be bootstrapped to
give an even better bound for the expected value of the Green’s function. Once we
have bounds on the expected value, we use the concentration of eigenvalues about its
mean value in order to show a version of upper bound for the top eigenvalue along the
edge.

In order to prove the stability, we first embed the matrix space into the continuous
space C>°([0,1]?), up to small errors. However, entry-wise error is not small enough to
allow this embedding. We noticed the fact that the operator S has a smoothing effect
and will reduce the error. The smoothing effect of S is due to the fact that it acts as a
convolution with a decaying function; this convolution effectively regularizes the error.
A double iteration of the operator F/(G) = (—S(G) — z)~! created a matrix F(F(G)) that
satisfies

F(F(G))=F(F(F(Q@)))+R, (1.2)

where R has sufficiently fast decay on off-diagonal entries. A similar strategy based on
the smoothing effect of F' is also used in [5]. Then we can embed and apply stability of
the continuous solution. In order to prove the decay properties of the double iteration,
we applied a perturbation around a fixed matrix that is known to have decay of matrix
entries.

With sufficiently strong upper bounds on the top eigenvalue and lower bounds on the
bottom eigenvalue, we are able to use the result of [16] to get universality for the
extreme eigenvalues conditioned on a sub-o-field, where the scaling factors and edge
locations vary. Then we prove the existence of a scaling factor uniform for all matrices
in the model, which gives us the final universality statement.

The main novelties in this paper are: the usage of a Gaussian random variable decompo-
sition, which allows us to get better concentration estimates for the Green’s function
about its expected value; the extension of the result of [16] via uniformization of scal-
ing factors; improving the analysis of stability of the self-consistent equations in the
slow-decay regime where d > 2.

The structure of this paper is as follows. The second section is devoted to proving a
self-consistent equation with sufficiently small error. The third section of this paper
involves proving stability of the self-consistent equation to get a local law to prove an
upper bound on eigenvalues. The final section uses this upper bound in order to prove
universality.
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2 Derivation of self-consistent equation

2.1 The model and assumptions

Before we start defining our model, we will start with some preliminary notation. As
is standard, the GOE is a matrix (Z;; + ij-) where the Z;; are i.i.d. copies of an i.i.d.

random variable N (0, 5&).

We need a notion of toroidal distance in order to later define correlation decay. In the
sequel, we will use letters i, j, k, [ as indices for the matrix entries; for an N by N matrix,
we view these indices as elements in Zy = Z/NZ. On Z/NZ we define the natural
distance distz/nz(i,j) := min{|i — j + kN||k € Z}, which for simplicity of notation we
still denote by |i — j| unless there is danger of confusion.

Definition 2.1 (Correlated Gaussian Ensembles). For N € IN, we consider a symmetric
matrix H = (hgjv))lgi,jgN whose entries are centered Gaussian random variables with
correlation 51(]]\,2 = NE [hg;v)h,(flv)} . For simplicity of notation we omit superscript (N)
notation.

We need the following assumptions on the behavior of the ;i

1. We have a limiting profile for the covariances. Assume there is a Lipschitz function
¢ :T? x Z? — R such that

Eijre = o(i/N,j/N,k —i,l —5) + O(N~), Vi < k,j <. (2.1)

2. There is correlation decay

1 1
ol <2 ) — § . 2.2
fﬂd'—clmax{(uk|+j1|+1)d (Zl|+Jk|+1)d} @2

for some d > 2.
3. We have a nonsingularity condition. We assume that the covariance matrix &;;y; is
strictly positive semidefinite.
[€lijke >0 (2.3)

Since we are dealing with Gaussian matrices, this is equivalent to co > 0, such that
H allows a decomposition
H=cX+Y, (2.4)

where X is a GOE matrix independent from Y .

Remark 2.2. The third nonsingularity condition was used used to gain control of an
inverse operation during our study of the loop equation.

There are examples of Gaussian ensembles with correlation decay that do not satisfy
universality. As a simple counterexample, consider the following ensemble matrix

H=G®X (2.5)

where G is a GOE matrix and X can be the 2 by 2 identity matrix or the 2 x 2 matrix
with all 1s. If X were the identity, all eigenvalues appear with double multiplicity and
universality cannot hold. If X was the all 1 matrix, then it would have half rank. The
small GOE component causes sufficient spreading of the eigenvalues to get universality.

Remark 2.3. Though writing our ensemble in the form H = c; X +Y where X and Y
are independent would suggest that we use results from free probability to prove a local
law, we would need to have local law results on the matrix Y. Howeverhere, Y is a
Gaussian matrix of a similar type as H and we do not know a priori good local laws for
Y. Our method here avoids this issue of infinite regress.
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We fix as a control parameter an arbitary « € (2,d). We say that a constant is universal if
it only depends on ¢y, co,d, @ and ¢. In this paper, we denote a < b if there is a universal
constant ¢ > 0 such that a < cb. We also denote a ~ 1 ifa < 1and 1 < a.

For 5 > 0 and any matrix A (finite square or infinite) we define the following norms,

Al :=sup (|Ay|(1+ i — 1)°), [Aleo = mé}X|Aij|- (2.6)
1,7 2

Our main result is the following.
Theorem 2.4. Let H be a Correlated Gaussian Ensemble as in Definition 2.1.

Let \; < --- < Ay be the eigenvalues of H. Let ;\1 <... < 5\1\/ be the eigenvalues of an
N by N GOE matrix.

There exists a universal constant v such that for any f € C'(R*!), the following

inequality holds for N large enough for some small ¢ > 0.
ELf (7N (A2 = M),y N2 (= M) 2.7
E[f(N*3(Xs — A1), . N?3(\, = M) < N~€ '

2.2 The loop equation

The following lemma is one of the building blocks of the loop equation.

Lemma 2.5. Let Z = (Zy)}_, be a centered Gaussian random vector in R” with covari-
ance matrix > € RP*P. Let f € C'(RP).Then,

E[f(2)2] =Y E0:f(2)] Sx, V1 <1 < p.
k=1

Proof. This directly follows from an identity known as Stein’s lemma, which says that if
X ~ N(0,1) and h € C*(R), then E[h(X)X] = E[h'(X)]. O

We also use the following decomposition lemma, which allows us to construct a special
sigma algebra. We then derive the loop equation by taking the conditional expecta-
tion with respect to this sigma algebra. As we will see later, this sigma algebra has
the benefit that we can get strong concentration bounds upon removing conditional
expectation.

Lemma 2.6. Let Z = (Z;)}_, be a centered Gaussian random vector. Let 1 < q < p.
Then, there is a constant matrix (ax;)1<i<q,q+1<k<p Such that

q
Zy = ZaklZl + Z,
=1

where the collection (Z;){_, U (Zy)? forms a Gaussian random vector such that the

~ k=q+1
latter (Z)},_, ., are independent from the former (Z;)]_,

+

Proof. This can be done by a carefully chosen linear transform. O

We start with the trivial matrix identity G(H — z) = I, which can be written as fol-
lows

> Girhij — 2Gij =655, i,j € Z/NZ. (2.8)
k

EJP 24 (2019), paper 44. http://www.imstat.org/ejp/
Page 5/25


https://doi.org/10.1214/19-EJP273
http://www.imstat.org/ejp/

Edge universality of correlated Gaussians

Without loss of generality, fix 7 = 1. According to Lemma 2.6 we may write,

N

hap = Z%bmhm + ha, (2.9)
k=1

where h,, is a Gaussian random variable that is independent from (hx1)i<k<n. In

particular, v,1x1 = dak, a1 = 0, Va € Z/NZ. In order to apply Lemma 2.5 on (2.8),

let 71 be the o-algebra generated by (hqp)a1,51. Define the conditional expectation
operator

Ei[] :==E[|A].
We will then be able to apply Lemma 2.5 to get the following
1
0 = ;E1 (Girhia] = 2E1[Ga] = — % kzb B [GiaGrrl€abir — 2E1[Ga . (2.10)

For technical reasons, we define the cut-off version of ¢ as follows,
€ty = min{max{&r;, —c2i — 4|4, 3li — j 7} (2.11)

, so that giklj has a power-law decay as ¢ and j gets farther. Define a linear map
S RNXN 5 RNXN by,

1 ~
(SQM))pg = 72 Y EpapgMas- (2.12)
b

Therefore, (2.10) is equivalent to

—IE; [[GS(G)}H} — zIEq [Gﬂ} =0;1 + O(N_l Héaix ‘le|2). (2.13)

Notice that the expectation operator IE; is equivalent to integrating over N weakly
dependent Gaussian random variables, we may remove the expectation up to the cost
of some small error terms, after which, we would get a self-consistent equation in the
following form.

G(-S(G) — z) = I + error. (2.14)

Define a map F : RV*N — RV*N via
F(M)=(—2z—-S(M))" " (2.15)

Then the above equation can be written as the perturbation of a fixed point equa-
tion
G = F(G) + error. (2.16)

Here the error is entry-wise bounded by roughly O((Nn)~2). However, this entry-wise
bound is not strong enough to use the stability of the equation G = F(G). Therefore, we
iterate the map F on G to get

F(F(G)) = F(F(F(Q))) + new error. (2.17)

The new error term has a power-law decay on the off-diagonal entries; this comes from
two facts that will be established in detail later. The first is the fact that the S(G)
operator acts like a convolution operator with &;;; which allows us to get decay on the
entries of S(G). Secondly, we use the fact that the inverse of a matrix whose entries
have decay will also have decay of such order. Hence, two applications of F' will give us
an error that is much smaller than the original error and we can get a good estimate
on F(F(G)). Using F(F(G)) we can recover G and get a bound on |G — G| where Gj is
some deterministic matrix.
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2.3 Limiting version of self-consistent equation

In order to define a local law, we need a space in which we can define our limiting self-
consistent equation. This limiting equation is best described as the space of convolution
operators on the torus.

Consider K := C(T?) and K, := {g € K|Img(s,u) > 0,Vs,u € T}. Recall the function ¢
in (2.1). Define
(s, t,u,v) := Z(;S s, t, k1) g 2mi(uk—vl) (2.18)

The argument in Lemma 4.15 of [6] can be modified to show that ¢ ~ 1. We give a brief
summary of that argument as follows. One can write, by the definition of profile,

//@(9,¢,s,t)g(€,¢)2d9d¢:Nlim VarYy (2.19)

where Yy = % >, ; hijg(i/N, j/N)e*™(#*=1) VarYy can be controlled via the decay
assumptions on §;;;;. Choosing g carefully gives pointwise bounds on ¢. This is the only
place where the argument differs from Lemma 4.15 in [6] which used the finite range of
correlations.

The decay condition (2.2) guarantees that ¢ is Lipschitz. Define ¥ : K, — K, via
W(h)(s,u) = [[32 (s, t,u,v)h(t,v)dtdv and @ : K; — Ky via ®(h) := (=¥(h) — 2)"".
Consider the fixed point equation g = ®(g), or equivalently,

9(=¥(g) —2) =1 (2.20)
This will be the infinite limit of our earlier matrix equation

G(-S(G)—z2) =1 (2.21)
With a proper embedding of the infinite solution g in a finite matrix space, the equation

(2.20) can be understood as a small perturbation of (2.21)

Equations like (2.20) are studied in detail in [2]. Since the function ¢ is bounded above
and below away from 0, the function ® satisfies conditions A1-A3 and the block fully
indecomposable ? condition of Definition 2.9 of [2]. Also, since ¢ is Lipschitz, it satisfies
(2.22) in that article. Therefore, their Theorem 2.6 says that the above equation has a
unique solution g € K, and there is a universal constant cs < oo such that

sup ||glleo < c3. (2.22)
zeCt
Let m(z) := [ sz g(s,u)dsdu. Then m is the Stieltjes transform of a compactly supported
probablhty measure v on R, i.e.,
d
m(z) = / vdn) s e o, (2.23)
RL—Z

Then Theorem 2.6 in [2] says that v has a 3-Holder continuous density p € C.(R) such
that it has square-root behavior at the left and right edges, i.e., let

Ey :=infsuppr, FEpg :=supsuppvr. (2.24)

2This is a condition relating to the positivity of the coefficients of 1. This allows for some regularity of the
solution and is easily checked for 1
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Then, there are ¢y, cgr > 0 s.t.
p(Ep+1) =cVi+O0(@t), p(Er—t)=cpVt+O(t), ast— 0. (2.25)

For h € K, define the Fourier coefficients h (s, k) fqr s,u)e”2™ktdy, On K we may
define a norm ||-||g for § > 0:

|h]lg == sup ZIfl(s,k)l(l + |K])7. (2.26)

seT ke

In view of Theorem 3.2 of this work, it is easy to see that ||g|lo V ||¢7 |« < 1 on any
bounded subdomain of C*. For any N € IN, define a discretization operator D) : K —
CNXN by

D(h)i; == h(i/N,j —i). (2.27)
We have the following lemma concerning the discretization D(g):
Lemma 2.7. Let a,b € K. Assume that b is Lipschitz in the first variable in the sense
that |b(s,u) — b(s',u)| < L|s — §'|,Vs, s’ € T,u € T. Then, | D(a)D(b) — D(ab)|| < N~2(L +
1]|a) la]la, also, || D(a)D(b)* — D(ab)|| < N~z (L + ||b||a)|lal|« where we specifically need
a>2

Proof. By definition, (D(a)D(b)— D(ab));; = 3=, a(i/N,k—i)(b(k/N,j—k)—b(i/N, j—k)),
therefore, using the decay of @ and the Lipschitz continuity of b, we have

lalla LIk —1i]
|(D(a)D(b) — D(ab)),,| <Z| e N SN LL)al|a- (2.28)
D(a)D(b) — D(ab)|la < llallallblla, hence
|(D(a)D(b) — D(ab))i;| < llallallblla(l+ | =)~ (2.29)

Therefore [|D(a)D(b) — D(ab)|lime i S (L + [[Blla)lalla SN2 A [K]72) S N73(L +
b]la)llallo- Here we used the fact that o > 2 to get decay. Similarly, the {! — ! norm
is bounded by the same quantity, hence the operator norm has the same bound by
interpolation. The second estimate follows from a similar argument. O

Fix z; in the following, we will let g(s, ¢) be the solution of (2.20) at this point z. We now
define Z(z) := {|g(s, t)||s,t € T}. Equation (2.20) gives us that Z is bounded away from
0 and +o0. For K > 0 let D = {z € C"||z| < K}.

Corollary 2.8. There is an N(K) > 0 such that for any N > N(K) and z € Dk, the
singular spectrum of D(g) is in the N~ (log N)~'-neighborhood of Z(z).

Proof. Let 0 < 1 be some parameter to be chosen. Let z € R s.t. dist(x, Z(z)) > 6. Let
I(D(9)D(g)* = 2*)D(h) — I|| <[ D(9)D(9)" — D(lgI) I D(R)]
+[D(lg]* = #*)D(h) — D).

According to Lemma 2.7, we have ||(D(g)D(g)* — 22)D(h) — I|| < N~2]||h||2 + L], where
L is the Lipschitz constant of h with respect to the first variable. By chain rule we
know that ||h"]|s < 073 < 672 and hence ||(D(g9)D(g)* —
22)D(h) — I|| < N~263. Choose § = N~ (log N)~L. Then D(g)D(g)* — 22 is invertible
for N large enough. That means z is not in the singular spectrum of D(g). O

EJP 24 (2019), paper 44. http://www.imstat.org/ejp/
Page 8/25


https://doi.org/10.1214/19-EJP273
http://www.imstat.org/ejp/

Edge universality of correlated Gaussians

Corollary 2.9. Let R := D(g)(—S(D(g)) — z) — I. Then, for any z € Dk,
|Rij| < C(K)NT A li— 5|72 (2.30)

In particular, |R|| < C(K)N~=.

Proof. According to Lemma 2.7 and equation (2.20), we know
[(D(9)(=D(¥(9)) —2) = Dl S NP ALi—j| 72

By definition, (D(¥(9)))x = Y_, [y ¢(k/N,t,1 = k,p)g(t, p)dt,
(S(D(@)) = ~ > pq @(k/N,q/N,l —k,p)g(q/N,p). Using the Lipschitz-ness of ¢ and g,
we have |(D(¥(9))r — (S(D(9)))k1)] < N~ A |k —1|~2. Therefore,

[(D(9)(=8(D(9)) = 2) = Disl SN AJi— 5172,

as desired. O

Corollary 2.10. Recall the definition (2.15) of F'. For all sufficiently large N, there
exists a constant ¢ > 0 such that |F(D(g)) — D(g)|| V |[F(F(D(g))) — D(g)| < cN~=. In
particular, the singular spectrum of F(D(g)) and F(F(D(g))) are contained in a compact
subset of R .

Proof. Using the notation from the previous corollary, if D(g)(—S(D(g)) — z) — I = R,
then

F(D(g)) = (I + R)~'D(g).

Since ||R|| < N2 and |D(g)|| < 1, we know ||(I + R)"'D(g) — D(g)|| < N~2. From
perturbation theory we know that the singular spectrum of F'(D(g)) is within N~ = of that
of D(g), therefore it is a compact subset of R ;. On the other hand, a simple algebraic
calculation yields

F(F(D(9))) = (I + F(D(9))S(F(D(g))R)) " F(D(g))-

Note that |F(D(g))S(F(D(g))R)|| < Nz, so the singular spectrum of F(F(D(g))) is
within the O(N~2) neighborhood of that of F(F(D)), hence is a compact subset of
R.. 0

For z € CT, define

k(z) := dist(z,suppv), p(z):=p(Rez), w(z):= /{(z)% + p(2)2. (2.31)

Theorem 2.8 in [2] implies the following stability result:

Lemma 2.11. There is a universal constant cg such that if g € K satisfies

g(=¥(g) —2)=1+r (2.32)

and ||§ — gl < co(k3 + p), then [|§ — gllo < g lw™.
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2.4 Concentration lemmas

The following lemma says that a Lipschitz function of weakly dependent Gaussian random
variables concentrates around its expectation.

Lemma 2.12. Let X = (X1, -, X,,) be an array of centered Gaussian random variables
with covariance matrix . Let f : RN — R be a Lipschitz function, such that |f(x) —
f)| < Llz —y|, Y2,y € RN. Then

2

PIf(X) - Ef(X)] > < 2e 7751, Vit > 0.

Proof. Let Y = ¥~1/2X so that Y is an n-dimensional random vector with independent
N(0,1) components. In [19],

+2

P Hf(zéy) —Ef(zéy)‘ > t} <2e 7 forallt > 0.

Here L, is the Lipschitz constant for the function y — f (E%y). It is easy to see that
Ly < L||2||2, which concludes the proof. O

In the future, we will frequently use the following lemma.
Lemma 2.13. Let A € CV*V . Assume that there are § > 0,0 > 1, s.t.

|41 < B((Ji — 4]+ 1) + N-1).V1 < i,j < n. Then ||A] < %. More generally, for any

p € [1,+00], we have ||Al|p—ir < %.

Proof. Without loss of generality let 5 = 1. For any vector v € R",

[Av|oo = max | ZAkiUi|
i

< [Jof oo max (Zmz’ —H+ 1)+ N1)>

K2

—+oo
< v oo (/ e %z + 1) .
1

Therefore, ||Al[j~ i~ < %. Similarly, ||All;i o = ||A* 1o o1 < %. By interpolation,
1 1-1 30
Al e < 1A e ANl S0 < 5= VP € [1, 400]. =

Recall that in Section 2.2 we defined a map S (see (2.12)). Thanks to the decay condition
(2.2), the operator S is a bounded operator, as will be seen in the following lemma.

Lemma 2.14. Let A € CV*~ . Then there is a universal constant ¢ > 0 such that the
following inequalities hold.

1. [[S(A)]la-1 < e[ Al
2. 1S(A)|lip—ir < c|A]oo, VP € [1, +00].
3. 1S(A)la < cllAfla-1-
4. I5(A)lla-y < cllAll.
EJP 24 (2019), paper 44. http://www.imstat.org/ejp/
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Proof. By definition [S(A);| = |4 ), &y Aul < 4= 3, [€mj]. According to (2.2),
N 2 €kt S et Hence [S(A4)5] < % which implies the first inequal-
ity. Setting # = d — 1 in Lemma 2.13, we see that ||S(A)|ir—r S |Als, VD € [1,+00],
1S(A)is| = 1% Yops EimgAr| <
(1 + i = jD)~% Xk [Aml S (1 + |i — j])~?. This proves the third inequality. As for the
fourth inequality, we use Cauchy-Schwarz inequality to see that

1541 < % (Zealénsl?)” (Tual4ul?)” S @+l = iDF) Al =

2.5 Error estimate

Recall the decomposition (2.9)

N

hab = Y Yabkrhwr + hay,  Va,b € Z/NZ. (2.33)
k=1

Taking the co-variance with h;; for any [ € Z/NZ, we see that

N

Eabi1 = Z’Yubmgnm, Vi e Z/NZ.
k=1

Note that by assumption (2.2) the matrix 31 := (§1x1)1,kez/nNz Satisfies || S m
Y7 < c;'. Therefore Lemma 3.2 implies that |(S71);] < (1+]i — )~
and hence by Lemma 2.13 we have |2 | < c. Let V; denote the partial gradient with
respect to the first column (hy1)1<k<n. Use the fact that BG” = —G;uGy; and the chain
rule, we have

IV1Gs517 <D 1= GiaGrjvanea|” Y1 = Y GiaGrjéanir|*.
k a,b k a,b

In the second inequality above we have used the boundedness of ||¥]||. Let
I' =max |G| V1, 7:=maxImG,; V. (2.34)
2V %

Use the decay rate (2.2),

2
2 2 |Gial? |Gs|”
IV1Gy5l|* < €T Z(Z e +Z ECESY : (2.35)
k a

Since a — 1 > 1, the operator norm of the matrix < 4 is bounded by

1
la—R[+1)oT ) L <a k<N
C(a —2)71, according to Lemma 2.13. Therefore,

IV1Gy? < CT? <Z Gial” +) |G,,j|2> < CT2yp~ L. (2.36)
a b
In the second inequality we used Ward Identity. Similarly,

IVUGS(G))ijl] < IIZ ViGip(S(G))ps |l + HZ GipV1(S(G))ps - (2.37)

EJP 24 (2019), paper 44. http://www.imstat.org/ejp/
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Define a short-hand notation Qu := [[ViGrll. By (2.36) we have |[Q[2, < CT?yn~'.
Then

1
IVL(GS(G)ifll < D2 Qupl(S(Gps| + DGl 57 D 6kt 1@
? ? " (2.38)

T

< QLo S (Gl 1= + Qoo 3 > 1&pmisl-

k,l,p

Now we use the bound (2.36), and use the decay (2.2) as well as Lemma 2.14 to
see,

IV1(GS(@))i5? < CTH = (2.39)

The observation above yields the following lemma.
Lemma 2.15. Let » = E +in € CT and K > 1, then there is a universal constant ¢ > 0
such that

—GS(G) —Gz=I1+R,

where P [|R|0o >t /BT < K} < ONZee i > 1.

Proof. For any K > 0let y : R — [0,1] be a smooth function s.t. |x/| <1and x =1 on
[-K, K] and x = 0 outside [-3K, 3K]. Define

G = x(I)G.

Then ||VGy;||? < K2y~ '. According to Lemma 2.12,

- ~ Kny 2
Gii —E;Gii| >ty —| <2e7¢".
|G iGijl > Nﬁ]_ e

P

Note that G = G on the event {I' < K'}. Therefore,

K2
max |G1j — EJG”| Z t J,F S K S 2N2e_6t2.
1,3 N

On the other hand, in view of (2.39), a similar argument yields,

K4 2
max |(GS(G)s ~ B (GS(@))i| = 1y 5T < K] < aNZe e’
]

Now we go back to the identity (2.13), removing [E; at the cost of some error term, and
replacing 1 with a generic j, to see

P

P

-GS(G)-Gz=I+R,
where P [|R|OO >t KN—:’,FSK} §2N26*0t2. .

In particular, for a crude bound, we may take ¢ = log N and take K = 2/n so that
P[I' > K] = 0. The lemma above yields,

Corollary 2.16. Let R satisfy
G(-S(G)—z2)=I+R.

Then |R|s < 215X with probability 1 — N—¢log N,
n

SN
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3 The local law for correlated Gaussian ensembles
3.1 Power law decay of inverse matrices
Lemma 3.1. Let A, B € CN*V, 3, 5, > 1, then

HAB”min{ﬁl,ﬁg} < Cminﬁl,ﬁg ”A”ﬂl ||B||ﬁ2

Proof. Note that by definition, Bot | Bllmings,.3 < I All, || Blls,, so it is suf-
ficient to prove the case where 61 B2 = [. Without loss of generality assume
|Alls = |Blls = 1, then,

1 1
(AB <2 g o

Since either |i — j| or |j — k| is > |i — k|/2, the above quantity is bounded by

(AB)u] <2 1 2 (1+2/+mdx)
ik =~ . )
1+ " BoRys (L4 I)P = (14 1i5H)s b

ZGZ

which is bounded by 25“%(1 + i — k[)P. =

The following argument is based off a similar argument of Jaffard [15].

Theorem 3.2. Letd > % and assume that a matrix A = I + B (finite or infinite) satisfies
|IB|l <1 and |A|lg < +oo. Then, for any § > 0, there exists a polynomial dependent on d
and § > 0 such that [A™"[|4-1/2-5 < Pas((|Alla: 7=57)-

Ifd > 1 and there exists an € > 0 such that ||B|| <1 —¢, then ||[A™||q—s < C(5,¢, || Alla)-

We will show matrix element decay of the solution to the self-consistent equation. Though
we will only really apply this to the solution of the limiting equation (2.21), the following
theorem will phrase the result in terms of Matrices for convenience of notation.

Proposition 3.3. Let M be the solution to the following equation
M(—z-S8S(M))=1.

where S is defined by (2.12) for a covariance structure &;;i; with decay d > 2. If there
exists a constant ¢ > 0 such that | M|, ||M || < ¢, then we have that || M|, < C(c, ).

Proof. Notice that we are able to write
M= ((My*MYH)~H (M) (3.1)

By the equation of M, we have M ~! = —z— S(M). Let us first estimate the decay of M ~!.
By Lemma 2.14 we have HM‘lHd_% = [|-2 = S(M)|4—1 < [[M]. By Lemma 3.1 we have
M= (M1)* |41 < [[M]]*. We would now like to apply theorem 3.2 to (M~ (M ~")*)~1.

For any general positive semi-definite matrix, A, we will be able to write it as A =
Al*’\ [I + B] where \; and ), are respectively the largest and smallest eigenvalues of A.

W
SiTan
The 1mportant factor r = 1 — || B|| will be 5 + 4—. Theorem 3.2 now shows that the matrix

decay of A~! will be the same matrix decay of A.

Theorem 3.2 is applied to the matrix [ + B. The operator norm bound on B will be 2
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Applying this logic to the positive semidefinite matrix (—z — S(M))(—z — S(M))*, one
will obtain that A\; and ),, are both of some bounded constant order. Thus, we see we
have matrix decay of order d — %

Finally, we apply Lemma 3.1 to the equation (3.1). Notice that the two terms (M ~1)*
and ((M~')M~1)~! both have decay d — 5. Thus, we see the product, and thus M, will
have a decay of order d — %

One we know M has decay d — % we can show that S(M) has even better decay; it will
have decay of order a. We can repeat the same argument, but with this better decay
estimate, to show that M has matrix decay of order «. O

Now we define J : CV*¥ — K, such that for any A € CVN*¥ and i € Z/NZ, u € T,

i+ LN/2)
J(A)(i/N,u) = Z Ay iy e (3.2)
k=i— | N/2]

and J(A)(s,u) is linear in s for s € [i/N, (i + 1)/N]. It is easy to check that
D(J(A) = A, VAe NV, (3.3)

Proposition 3.4. Consider a fixed bounded subset U C CT. There are constants ¢, C > 0
such that if | /(M) = gloc < ¢, then |[F(M) = F(D(g))[la—1 V [|F(F(M)) = F(F(D(9)))lla <
ClJ(M)—=gloo and |[F(M)—D(g)|oc V|F(F(M)) =D(g)|oc < C(|J(M)=gloc+N"2),Vz€U.

Proof. Let A:= F(D(g)) and R := S(M — D(g)). Then

F(M)— A= i A(RA)*.
k=1

Hence || F(M)=Alla-1 < 3332, [A(RA)* [[a-1. Itis easy to see that || Rla—1 < ¢[J(M) gl
for some universal constant ¢ > 0. By Lemma 3.1 we have ||A(RA)*|o—1 < (c|J(M) —
gloo)¥. Therefore, taking e small enough, we have ||F(M) — F(D(g))|la—1 < C|J(M) — g|oo-

Next, we define R’ = S(F(M) — F(D(g))), A’ = F(F(D(g))). Then ||R'||o < ¢’e according
to the above argument. We have

F(F(M))— A = i A'(RANE.
k=1

By Lemma 3.1 we have ||A'(R'A")*||, < (¢|J(M) — g|s)®. Therefore, taking ¢ small
enough, we have ||F(F(M)) — F(F(D(g9)))lla < ClJ(M) — g|oo-

The last claim follows from the estimates above and Corollary 2.10. O

3.2 Local law
Recall definition (2.31) and (2.34), for a constant 7" > 0 to be chosen, define
D:={z€C"|z| <T,Imz > (log N)'’ N~ w4} (3.4)

Theorem 3.5 (Local law). Define A(z) := |D(g) — G|. For N large enough, we have

sup A(z) < (lo N4< V)wl,
sup A(2) < (log V) (/-

EJP 24 (2019), paper 44. http://www.imstat.org/ejp/
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with probability 1 — e=23(108 N)* [ yc >

I
sup A(z) < (log N)® kL, (Np)~ w2,
z€DY, N77

with probability 1 — e~2s(log N)*

Proof. Take K :=log N, and let {z;} be an N ~*-net of D. Define

Nl()

Q= [ J{A() € (K A(Np) 2w ! K~ W)}
k=1

Then by Proposition 3.4, on {2 we have
F(F(GQ)(=S(F(F(G)) —z) = + R,

where R < |R|s. Then J(F(F(G)) (=¥ (J(F(F(®)))) — 2) = 14+ O(|R|ss + N™1). By
Proposition 3.4, on Q we have |F(F(G)) — D(g)|so < K 'w+ N~2, which is < w.

~

We can then apply stability Lemma 2.11 to J(F(F(G))) which approximately satisfies
the self-consistent equation. This would then imply that ||J(F(F(G))) — gllco < (|R|eo +
N-Yw~!. Discretizing this would give the inequality |F(F(G)) — D(g)|lcc < (IRl +
N~Hw™!. Due to the closeness of G and F(G) and F(G) to F(F(G)) from the self-
consistent equation, this inequality would imply that A(2) = |G — D(9)|ec S (|R|oo +
N-HwL,

Therefore, on Q2 we have |R|w 2 K4\ﬁ(N7))*%. By Lemma 2.15 we know P [Q] <
2N12¢—e(oeN)*  On O, we either have inf.cp |G — D(g)|oe > K 'w/2 or sup,cp |G —
D(g)| < 2K*,/5(Nn)~2. The latter is true with probability 1 — (2 N)* since if we take
the T in the definition of D to be a large enough constant, then the former case holds
with O(e~“(°e M*) probability. O

Corollary 3.6. Let a > 0 be a small constant. Then on
D' :={ze€D|k > N}

we have

[E[G] - D(g)| < (logN)'® (zviws i <Nn1>2w5) '

Proof. By integration by parts,
-E[GS(G)] -E[G]z=1.
Let R = (|Gij — D(9)ij)1<ij<n-
~E[G]S(E[G]) - E[G] 2 = [ +E[(R)S(R)] = I + E [O(|D(9) - GI%.)] -
Repeating the argument in the proof of Theorem 3.5 on I [G] instead of G, we have

E[G] = D(g)l SE[O(D(g) - GI3)] w ™.

~

We use Theorem 3.5 and the crude bound Imm < nx~2 to get the conclusion. O

Remark 3.7. When we proved this local law, the only error estimates that depended
strongly on the particular model we are considering are the stability results for the
limiting vector equation. When considering the case of sample covariance matrices,
though they are not exactly considered in the context of our proof, the stability results
and the square root behavior at the right edge hold. Thus, we will be able to prove a
local law for sample covariance matrices.

EJP 24 (2019), paper 44. http://www.imstat.org/ejp/
Page 15/25


https://doi.org/10.1214/19-EJP273
http://www.imstat.org/ejp/

Edge universality of correlated Gaussians

3.3 Upper bound of top eigenvalue

In the previous section, we have established optimal term-wise estimates on the entries
of the Green’s function. Estimates of the trace of the trace of the Green’s function,
however, are generally better due to Central Limit Theorem type cancellations.

One way to see this is to prove a Fluctuating Averaging Lemma [12], which would involve
combinatorial expansions. In the Gaussian case, we can implicitly see the same effect
by using a general result of the concentration of the largest eigenvalue along with our
optimal term-wise estimates for the Green’s function. The following lemma makes this
intuition rigorous.

Lemma 3.8. For N € N, consider a family of random measures puy = Z,]Ll 0, where
A1 > --- > Ay such that there is a deterministic 5\1 satisfying \1 = 5\1 + O(N*%“) for
any ¢ > 0. Assume that there exists a deterministic measure v whose Green’s function
satisfies

Ui

Im[m,|(z +in) < C’\/m. (3.5)
where k := dist(supp(v), ) and that
I [ (2)] = 1m0, (2)] = o(N7277). (3.6)

for some vy > 0 and all z = E + in with dist(E,supp(v)) > N~ andn > N~9~= for some
d,e > 0.

Then, dist()\;,supp(v)) < N=¢ for some ¢ > 0.

Proof. Assume for contradiction that A, lies outside a distance N~¢ of supp(v) for some
¢’ smaller than the e such that condition (3.6) holds for z = F + in with dist(E, supp(v)) >
N~¢. The exact value of ¢ will be specified later. By our concentration result of \;
around )\;, this is equivalent to assuming that A1 will be a distance N—¢ away from

supp(v)

We know that \; will always be in a N ~!/2*¢ neighborhood of A1, we will be able to prove
that the integral of the Green’s function in a neighborhood around \; will always be
bounded below by a constant times N L.

More specifically, we would have that

1 1 n
N = ~ T s 5dE < I (B +in)dE, 7
N_C/,N()\I_E)2+n2 —C/I m[my, |(E + in) (3.7)

letting = [A\; — Nfz\;’ A+ ij\;] with 7/ < 4 A 6/2 and 7 to be N~/2-%_ One should realize

that with the above conditions, n will always be less than N -1/2=7" The term in the

middle of the above inequality is 3 Im[x]; noting that § Im[x-] is positive in general

and using the definition of the Green’s function, we get the second inequality.

To see why the first inequality is true, one should first realize that a one sided 7
neighborhood of A\; will always lie in the interval I for sufficiently large N; this is our
concentration assumption A\; = A; + o(N_%J“E) where we can choose ¢ less than +'.
Without loss of generality, we may assume that [ := [\ —m, Aq]isin 1.

For E € I, one would be able to bound the function g below by % The integral

n
- (E—=2)?

of this function over I would then clearly be bounded below by % We see that we can
set C' = 2 for example.
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We now take the expectation of (3.7) to get,

% < C/Im[E . JJ(E + in)dE (3.8)
I
< C”/ 0(11) —l—C’/Im[mu](E—i—in)dE (3.9
- I N§+“’ I
< c’ C'Q Lo N (3.10)

/\/dlbt E, suppv) \/]V\/S\l.

In (3.8) we used the assumption (3.6) while in (3. 10) we used the fact that v satisfies
(3.5). In the final line, we used the assumption that )\1 lies at a distance of N—¢ from the
support of v, which is at a much greater scale than the length of I.

Notice that we have set = N~1/279 for § positive and can now choose N—¢ .=
N-—min(e6/4) and see that the error of (3.10) will be % This contradiction implies
that for large N, A1 must necessarily be of distance less than IV ~< from the support of
supp v. By concentration of A\; around A1, we would know that all A\; will be less than
N—¢ from the support of v. O

Theorem 3.9. For random matrix ensembles satisfying the conditions of Definition 2.1,
there exists an € > 0 such that all eigenvalues lie within distance N~°¢ from the edge of
the ensemble.

Proof. We would like to apply Lemma 3.8. First notice that by Gaussian concentration,

we are able to prove that the distance of |A; — E[\]] < % with probability 1 —

O(N~<leN) We thus put A\; = E[)\;] in the assumption of Lemma 3.8.

Then we check that the error bounds in Corollary 3.6 are sufficient for our purposes.
The error that appears there is

1 1
E[G] — D(9)|s < (log N)6 , )
B16] - Do)l £ (08 M) (s + 77727 )
By the definition of D and the Lipschitz continuity of g, we have |E [+ Tr G| — m,| =
O(N~—277) for some v > 0 as long as we have 7 > N~3/4t% and x ~ N~ for e very small
and ¢ > 0. Since J can be arbitrarily small, we may choose 7 such that N=3/4t0 « n «
N~1/2 and we can apply Lemma 3.8. O

4 Universality

In the previous section, we proved a local law for my as well as an improved local law
for IE [my], and combining it with the concentration of the top eigenvalue to prove an
upper bound on the top eigenvalue. According to a recent result by Landon and Yau
[16] below, the local law with upper bound on the top eigenvalue is sufficient to prove
universality near the edge.

Theorem 4.1. Let n* = N~ for some 0 < ¢* < % We call a deterministic matrix V
n*-regular if it satisfies the following properties.

1. There exists a constant Cy > 0 such that for -1 < E <0,n* <7 <10,

17 < Im[my(E +1n)] < C

vVIE+1n

Ui

NCET
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and for 0 < E < 1, (n*)'/2|E| + n* <n < 10,

1 .
o, VIEl+n < Imlmy (B +in)] < Cy /B[ + .
2. There exists no eigenvalue of V in the region [—n*,0].
3. We have |V| < N¢V for some Cy > 0.

Consider the ensemble V; = V + /tG. Where G is an independent GOE ensemble. Lett
satisfy N~¢ >t > N°n* and let F : R**! — R be a test function such that ||F||., < C and
|Flls < C. Then there are deterministic parameters v, ~ 1 and E_ such that

IE[F(yoN?*(\iy — E_), ..%0N?/3(\;, — E_))]
—Egop[F(N*?(A +2),..N*3(A +2))] < N

The first expectation is with respect to the eigenvalues of the ensemble V, with A\ <
Ao < ... < An. The latter expectation is taken with respect to the eigenvalues j\i of a
GOE which are ordered 5\1 < ;\2 <. < ;\N. ig is the first index i such that ith smallest
eigenvalue of V is greater than —%.

Call H the ensemble with correlation structure &;;;. Theorem 3.9 combined with 3.5
shows that there exists a parameter ® > 0 such that with high probability a matrix M
produced by H would be n* regular for any N~¢ such that ¢ < ®. We choose some
¢ < ® sufficiently small and set t = N~¢. We will use this ¢ whenever referenced in
the following sections. It will be important to choose ¢ sufficiently small in the coming
sections.

In order to apply the theorem, we would like to write our matrix ensemble in the
from H = H' + +/tG, where G is a standard GOE matrix and H’ is a matrix ensemble
independent from G.

Recall the notation ;;; from equation (2.1). We can let H = (h;j) be the auxiliary
Gaussian ensemble whose correlation structure is given by

Eiine = Eijkt — t0ij=ki (4.1)

We see that when N is large enough, H' has positive semidefinite correlation matrix and
so we can construct the ensemble H’. Since H’ is a correlated Gaussian ensemble, we
have a local law as in Theorem 3.5 well as bounds for the extremal eigenvalues as in
Theorem 3.9.

We will apply (4.1) as follows. H from our original Gaussian ensemble can be written
as H' + v/tG where H' is produced from our auxiliary ensemble and G is a GOE matrix
independent from H’. Let U be a unitary matrix such that V := U*H'U is a diagonal
matrix. Notice that U*HU has the same eigenvalues as H and can be written as
U*HU =V + \/EG where G is a GOE matrix. This is possible as the GOE is invariant
under unitary transformations.

We can condition on the matrix H’ and apply the Theorem 4.1. The ensemble H' + /tG
with fixed H' and G a GOE has eigenvalue density near the left edge described by

P (B) =/ E = EL(t)(+'(t)"/*(1 + 1?0(| E — EL(1)])) (4.2)

for ct? > E > E’ (t). E’ (t) will be called the edge of this ensemble and +/(t) will be
called the scaling factor. This is the content of lemma 2.3 of [16]. The universality result
coming from applying Thorem 4.1 is:
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B [F(oN*/* (A1 = E_), .qoN** (A = E2))] 4.3)
~Egor[F(N??(\ +2),..N¥3(\; +2))] < N~°.

where A\; < A\g < ... < Ay are the eigenvalues of the considered matrix H' + VG with
H’ fixed and \; < A3 < ..\y are the eigenvalues of a GOE matrix.

We used for N large enough, the smallest eigenvalue of H' is of distance less than 1/2
from the edge, so the index iy is 1. The only issue with (4.3) is that 7 is a function of the
initial data, we will make this a universal constant in the next section.

4.1 Changing the scaling factor

A priori, the scaling factor v appearing in (4.3) is only known to be a function of the
initial matrix H’ used as an input to Theorem 4.1. However, we have explicit complex
analytic equations determining the scaling factors depending on the initial data. By using
Rouche’s Theorem, the local law, and the Lipschitz continuity of the Green function, we
can show that these equations are stable to small perturbations of the initial data. This
allows us to show with high probability that the scaling factor will not change too much
for two different initial data points and we can choose a common scaling factor ~ for the
entire ensemble.

Theorem 4.2. Recall the auxiliary model H' with correlation structure as given in (4.1)
which has regularity n* = N~®. Lett = N~ with 0 < ¢ < ® being chosen sufficiently
small.

Consider two distinct matrices H| and H) coming from the Gaussian ensemble with
correlation structure ¢;;,. Write the measure of the ensemble H; + /sG as p;(E) with
edges E’ (s),scaling factors v'(s) and Stietljes transforms m’. We have the relation

7H(t) =7 (t) = O(t) (4.4)
The above theorem will show that any two matrices produced from H' will asymptotically
have the same scaling factor.
Proof. Define z; as follows where « is a parameter dependent on ¢ to be specified later.
2 —tmi(z) = EL(t) + K (4.5)
The importance of the point z; is contained in the following relation.
mi(z) = mi(E(t) + k) (4.6)

This is a standard property of the free convolution, one can refer to equation to equations
(7.2) and (7.3) of [16] for a proof.

We can determine scaling factors using the following relation.
(o) (EL(t) + k) — Py (B2 (1) + k)] = Im[mg[21]] — Im[mg 2] (4.7)

= Im[mg[z1]] — Im[mg[z1]] + Im[mg[z1]] — Im[m{[z2]]. (4.8)

In (4.8), the first term can be bounded by a sufficiently good local law. The second term
can be bounded by a Lipschitz condition provided |z; — 22| are sufficiently close to each
other.

We will now attempt to bound the quantity |z; — 23|.
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Lemma 4.3. Recall all the definitions from the previous Theorem 4.2. Choose k in (4.5)
to be t>*¢ for e > 0 very small. Then there exists a small parameter § > € such that for N
large enough we have

|21 — 2| < t2F° (4.9)

Proof. We have that
21 —tmi(21) — (20 — tm?(2)) = (EL(t) — E(t)). (4.10)
(21 = z2) = t(my (z1) — my (22)) = (BL(t) — E2(1)) + t(mg (22) — mf (22)). (4.11)

We will try to prove that |z; — 25| is sufficiently small. We will do this by appealing to
Rouche’s Theorem and a Local Law bound to the second term on the RHS of (4.11).

We will now address the Local Law portion of the above estimate. We have
Im[z;] = tIm[m} (B (t) + &)] (4.12)
by taking imaginary parts of (4.5) and (4.6).

Using the fact that the imaginary part of the Stieltjes transform along the real axis will
be the density, we have that for k < ct?

Im[m; (EX(t) + k)] = O(V/k) (4.13)

We use the expansion (4.2) and use the fact that v, =< 1. The latter fact is again an
explicit calculation of the free convolution as can be seen in Lemma 2.3 of [16].

The last two equations show that Im|z1] < t\/k. If we take s =< t>*¢, we get Im[z;] =< t>+</2.
Recalling that we set ¢ of the order N~¢ for ¢ very small, we see that under our choice
of & we have Im[z;] < N~2¢(1+</4) and we should be in a region we can apply the local
law 3.5.

To confirm this carefully, note that dist(zy, supp v) > Imz] so the following should hold
Im[zl] — N—2¢v(l+e/4) > (IOg N)ION—I(N2/3(—2¢)(1+6))—4 > (IOg N)log log NN_l/Q.

The point z; is in the region D when when we have that ¢ is sufficiently small. Clearly,
we would also have that a circle of radius ¢ around z; for § > ¢/2 would also lie in the
region D . This choice of § will be important later when we apply Rouche’s theorem in a
circle around z;. Notice that we can apply the same logic to z,

Applying Theorem 3.5, we get
[mi (z2) = mi(22)] < 2(log N)*(/1/(N1m(z)))(Im(2)) ~*/*

with exponentially high probability. The fact that we have a factor of v/N in the denomi-
nator in the right hand side of the last line shows that

[y (22) — mi(22)] < 7 (4.14)
provided ¢ is sufficiently small.

Recall that the auxiliary ensemble that produced H’ is * regular for n* = N~®. Using the
bound on extreme eigenvalues from Theorem 3.9 we know that there is a deterministic
E_ such that with high probability both

|EL(t)— E_|<N~®
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®
We may set ¢ < 5 to get the bound

|EL(t) — B2 (t)| < t3. (4.15)

Using the local law on m; and the Lipschitz continuity of the limiting distribution, we
know that there is a constant K such that for all pairs (a, b) in a circle of radius O(#>*?)
around the point z; we have

Im{(a) —m{(b)| < K|a — bl (4.16)

for a finite constant K. Choosing 6 > § ensures that since Im(z;] < 2% this circle is
indeed in a region where we can apply the local law.

On this circle of radius R we see that the left hand side of (4.11) has lower bound
|21 — 20| — timl(z1) — ml(22)| > |21 — 2|(1 — Kt) > O(t**?) (4.17)

where Kt will decay to O for N large enough. Here we used the Lipschitz continuity of
(4.16) to bound the terms involving the Stieltjes transforms.

Combining estimates (4.14) and (4.15) we can get an upper bound on the left hand side
of (4.11) as
|EL (t) — E%(t)] + t|m} (22) — m?(z0)| < 3 (4.18)

Thus, on this circle of radius R, we see that the right hand side of (4.11) will be less than
the left hand side of (4.11) in absolute value on the boundary.

If the right hand side of (4.11) were 0, then we would clearly have the unique solution
292 = z1. Rouche’s theorem then shows that there is a solution such that |20 — 21| < R =
t2+6. O

Putting the estimate (4.9) back into (4.8) with x = ¢2*¢.
(Vl(t))71/2t1+6/2(1 + t720(t2+6)) _ (72(t))—1/2t1+6(1 + t720(t2+e) (4.19)
< 7t Imlmg[z]] — Imfmg[z1]] + Imfmg[z1]] — Immg[z]]] < > + K2+

For the first term in the second line, we used the local law around z; to bound the
quantity by 3 for the second quantity we used Lipschitz continuity of m2 combined with
the estimate on |z; — 29| coming from (4.3).

Notice that if we now have that

)T =) > (4.20)
then it would clearly be impossible for the inequality in (4.19) to hold.
We can turn this into an o(1) bound on |y!(t) — v%(¢)| using the facts that v!(¢) are O(1)

quantities. O

One should note that this argument will also work to show that v!(t) is of O(t) distance
from the scaling factor corresponding to the empirical spectral distribution of the
ensemble H.

4.2 Final universality result

Using the scaling results coming from the previous section we can translate (4.3) as
follows.
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Theorem 4.4. Let H be the Gaussian ensemble with correlation structure ;;;,; satisfying
the assumptions of Section 2.1. There exists a deterministic scaling factor v depending
on the ensemble H such that the following inequality holds for functions F : R¥ — R
such that || F||oc, |[VFlee < C,
[Eu[F(yN?3 Ay = A1), .y N3 (A — A1) (4.21)
—Eeoe[F(N?3(Ay — A1), ..N¥3(A, = A1) < N~°.

where \| < \g

Proof. First, notice that we can find a function F : R**! — R such that ||F|/» and
IVF||s are bounded and

F(Il, ..Z'k+1) = G(l’l — X2,...T1 — $k+1).

Recall from earlier discussion that we can write any matrix from the ensemble H as
H' + +/tG where H' is Gaussian with correlation structure with correlation structure
Eabed — tdap—cq and G is an independent GOE matrix.

Let  be the set in which we know that H’ has sufficiently good regularity so that (4.3)
holds for the function F. On €2, we would like to change the scaling factor vy to 7, which
is the scaling factor at the edge for the spectral density corresponding to H.

From Theorem 4.2, we know that the difference between the ~, appearing in (4.3) and
the ~ appearing here is of the order ¢t = N~¢. Finally, one can use F is Lipschitz as well
as the fact that the N?/3();, — E_) are bounded to say that

|[F(YN?*/3(\y — E_), .AN*3(\x — E_))—

F(yoN*3(\ — E_),..7oN*3(\ — E_))| < CkN~%/2,
We can take expectation of the above quantity in the ensemble H’ + v/tG with G an
independent GOE and apply the triangle inequality with (4.3) to prove

\Eg: [F(yN?3(\y — EM), ..., yN?/3(\), — EM))

—Ecor[F(N*?(A\1 +2),..N¥3(A\, +2))]| < N~°.

Translating this statement to G, we get on the set {2 we have

B [GYNY3 (A — Aa),y ooy VN3 (AN — Ag)

] (4.22)
—Egoe|G(N??(A1 — Xa), .N?/3(Ay — M) < N7€.

One would now like to remove the conditional expectation in the above expression.
Namely, we would like to integrate (4.22) in 2 while using the trivial bound that |Ey/[G] —
Ecor|G]| is bounded by a constant on the complement of . We thus get the full
universality statement

B [GOYN2(A = Xa), .., YN?3 (A1 — Ag))

i)l (4.23)
—Egoe|G(NY3(A1 — Xa), .N23 (A — \p))]| < N~<.

as desired.

Remark 4.5. As long as we know that a version of the Dyson-Brownian Motion result
holds for sample covariance matrices, then we will be able prove edge universality using
the local law and edge upper bound for the top eigenvalue results from the previous
section. O
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A Decay of inverse matrices

In this section we prove Theorem 3.2. Let B = I — A. Since ||B|| < 1, We can expand
Al = ZZOZO B*. We need the following lemma to bound each term. For simplicity, we
will prove the statement of polynomial decay of inverse of order 1 for matrix decay of
order 2 + §. The following proof can readily be generalized to show decay of inverse of
order d — 1 — 4, § > 0, given matrix decay of order d for d > 2.

Lemma A.1l. We have that

1+ 18]
2

| B"||la < En*( ). (A.1)

where E is a function that, upon fixing § is only polynomially dependent on || B||24s and
1 — ||B|| while x is dependent only on é.

Proof. We want to compute the entries of [B"];;. We will now define two auxiliary
matrices Bl = Buyx[|z — y| < 35*] and [Bly, = 5 Byyxle — | > £E)
Notice that we have the following identity
n—1
j = kI[B"je =n Y (B)'BB" """, (A.2)
i=0
We now use the following interpolation identity which appears in [15].
Lemma A.2. If | M||;2 < oo and | N||;= < oo, then we have that

(MBN)yy| < | M|l || Bll 25| N2 (A.3)

Proof. Notice that the decay of B is order 1 + § with coefficient || B||,,s. Thus we can

say that B exists in 4 for ¢ > 145+ More specifically we have

IB|| < E||Bll2+s (A.4)

where E is a constant that depends on .

Also see that [(MBN),,| = | < Me,, BNe, > | where ¢, is the canonical basis of our
matrix space. By Young’s inequality, we can say that

IBNeylliz < B Bll2+slNeyllz < E|lBlla+s| V|- (A.5)

The above equation is the result of Young’s convolution inequality

1+ gl < [[f1lpllgllq

with14+r~! =p~l4+¢ . Hereweuser =p = % and ¢ = 1 with the ¢ norm begin taken on
the B term and the p norm taken on the Ne, term. We finally apply the Cauchy-Schwarz
inequality to | < Me,, BNe, > | < E||M]||;2||B|l24s|| N |2 O

Applying the above lemma to each term of the form BiBB"i~!, we will be able to say
that [B'BB"~71];; <||B||"||Bl|2+s||B||"~*~'. Finally, we would like to relate || B|| back to
| B||. By triangle inequality, this would amount to estimating || B||. Notice that we

|5l
have that || B|| < E||Bl|2+s-
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Thus, to get that ||B| is sufficiently close to ||B||, we would need to assume a few
2E||Bll2+s

conditions on |i — j|. If we assume that |j — i| > n=1-7p", then we would know that
B 1-||B] _ 14|IB]
1Bl <|IBll + —= = =%~

Assuming this condition on |j — ¢|, we find that

3y gr—ie L+ 1Bl -

[BBB" " ij < (= )" [Bll2ss.

Thus, we find that in (A.2) we have a bound of n(%)”’l ||Bl|2+s In the case that |j — i
is less than n%, we find that we have |j —i|[B"];; < n%. A trivial bound for
|i — j|[B™];; would be a sum of the two quantities that we have derived above. O
With the lemma in hand, we are able to say that

Al < 315" .

Al < B < E—w———. (A.6)

(1= [1Bl)**

n=1

and we are done.

Remark A.3. If we want to show decay of inverse of orderd > a > d — % with coefficient
of decay dependent only polynomially on ||A||; and || — B||, then we would need a better
interpolation result as appears in [15].

The main issue is that we are no longer able to estimate quantities like < M ei|BN e; >
in (A.2) using the l; norms of M and N and instead one must use the [, norms of M and
N for p between 1 and 2.

One must then interpolate the I, norm of M and N of with the /; norm and the appropriate
«a norm like

2-1 523
IBllir < cpll BliT 1IBllj2 ™ (A7)

The bounding of |j — k|*[B"];; then becomes a recurrence relation.

_132-1 n_1)(2—2
IBlla <C|BllalIB*"[1& 1B~V E) (A.8)
n—1
+ Y (1B lall B )7 || B DGR

i=1

If one would want to prove inductively the bound that || B, ||, < n*R"™, then placing this
estimate inside the double product || B?|||B"~*"!|| and applying the trivial bound that
i*(n — i — 1)k < n2* we would want n?*~%) < n*. One notices now that this is only

possible if we have that 2 — % < 1 orp < 4. We could only choose p < 3 if we choose
a<d-— %

If one has the comfort that ||I — A|| is bounded away from 0, then one can analyze the
recursion at any order « < d but the growth of the alpha norm in the recursion will no
longer be ||I — A|| but some parameter r > ||[I — A||.
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