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Abstract

A Laplacian matrix is a real symmetric matrix whose row and column sums are zero.
We investigate the limiting distribution of the largest eigenvalues of a Laplacian
random matrix with Gaussian entries. Unlike many classical matrix ensembles, this
random matrix model contains dependent entries. Our main results show that the
extreme eigenvalues of this model exhibit Poisson statistics. In particular, after
properly shifting and scaling, we show that the largest eigenvalue converges to the
Gumbel distribution as the dimension of the matrix tends to infinity. While the largest
diagonal entry is also shown to have Gumbel fluctuations, there is a rather surprising
difference between its deterministic centering term and the centering term required
for the largest eigenvalues.
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1 Introduction

The famous Tracy-Widom distribution appears as the limiting distribution for the
largest eigenvalue of many classical random matrix ensembles [14, 30,42,43,47,48,
53, 54,56,59,63,64,73,74,75]. However, for many other matrix ensembles—such as
those containing certain structural properties or significantly less independence—other
distributions can appear as the limiting law for the largest eigenvalue [20, 46, 58].

The present paper focuses on the limiting distributions for the largest eigenvalues of
random Laplacian matrices with Gaussian entries.
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Extreme eigenvalues of Laplacian random matrices

Definition 1.1. For an n X n real symmetric matrix A, we define the Laplacian matrix
L4 of A as
La:=Dy— A,

where D4 = (D;;) is the diagonal matrix containing the row sums of A:

Dii = zn: A”
j=1

We refer to L 4 as a Laplacian matrix.

Every real symmetric matrix that maps the all-ones vector to zero can be represented
as the Laplacian matrix £4 of some real symmetric matrix A. In the literature, Laplacian
matrices are also known as Markov matrices.

When A is a random real symmetric matrix, we say £ 4 is a random Laplacian matrix.
Random Laplacian matrices play an important role in many applications involving
complex graphs [25], analysis of algorithms for the Z, synchronization problem [12],
community detection in the stochastic block model [1], and other optimization problems
in semidefinite programming [12]. In the theoretical physics literature, random Laplacian
matrices have also been used to study random impedance networks [39, 68].

This paper focuses on the fluctuations of the largest eigenvalues of £, when A is
drawn from the Gaussian Orthogonal Ensemble. Recall that an n x n real symmetric
matrix A is drawn from the Gaussian Orthogonal Ensemble (GOE) if the upper-triangular
entries A;;, 1 <14 < j < n are independent Gaussian random variables, where A;; has
mean zero and variance % and ¢;; is the Kronecker delta.

When A is drawn from the GOE, the limiting empirical spectral distribution for £ 4
is given by the free convolution of the semicircle law and the Gaussian distribution
[21,24,29] (see also the earlier derivations given in [39, 68]). More generally, this is
also the limiting spectral distribution of £4 when A is a properly normalized Wigner
matrix [21, 24, 29]; extensions of this result are also known for generalized Wigner
matrices [24], inhomogeneous and dilute Erdés-Rényi random graphs [23,44], and block
Laplacian matrices [28]. Moreover, the asymptotic location of the largest eigenvalue of
L 4, for a large class of Wigner matrices A, has been established by Ding and Jiang [29].
When A is an n x n matrix drawn from the GOE, these results show that the largest
eigenvalue of £ 4 is asymptotically close to v/2logn as the dimension n tends to infinity.
The generalized Wigner case was studied in [24], while the smallest eigenvalues were
investigated in [45]. Spectral norm bounds are also known [21, 24].

The goal of this paper is to study the largest eigenvalues of £, when A is drawn from
the GOE. This particular random matrix appears in the Z, synchronization problem of
recovering binary labels with Gaussian noise [12]. While we focus on the edge of the
spectrum, the eigenvalues in the bulk (and corresponding eigenvectors) were studied by
Huang and Landon [41] for the case when A is a Wigner matrix or the adjacency matrix
of a sparse Erd6-Rényi random graph. Similar to [41], we also use resolvent techniques
to prove our main results.

For any n x n real symmetric matrix M, we let A\,(M) < --- < A\ (M) be the or-
dered eigenvalues of M. Recall that the standard Gumbel distribution has cumulative
distribution function

F(x) :=exp (fe*‘”) , z € R. (1.1)

Define

loglogn + log(4m) — 2
n =21 and bn == /21 — . 1.2
a v/2logn V2logn NG (1.2)

While our main results describe the joint behavior of several eigenvalues, for simplic-
ity, we start with the largest eigenvalue of £ 4, which we show has Gumbel fluctuations.
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Theorem 1.2 (Largest eigenvalue). Let A be an n X n matrix drawn from the GOE. Then
the centered and rescaled largest eigenvalue of L 4

anp (>\1(£A) - bn)

converges in distribution as n — oo to the standard Gumbel distribution, where a,, and
b,, are defined in (1.2).

Remark 1.3. By symmetry, an analogous version of Theorem 1.2 holds for the smallest
eigenvalue of L 4 as well.

The value of the centering term b,, is surprising as it does not coincide with the
location of the largest diagonal entry of £ 4. It was widely suspected that the behavior
of the largest eigenvalue of £ 4 was dictated by the largest diagonal entry.! The largest
diagonal entry of £, does indeed have a Gumbel distribution but with a different
deterministic shift. Define

loglogn + log(4m)
b= /21 — . 1.3
ni= v2iogn 2yZlogn (1.3)

It is shown in Appendix A that, when A is drawn from the GOE, the centered and rescaled
largest diagonal entry of £ 4
/
an (1212%([:,4)% — bn)

converges in distribution as n — oo to the standard Gumbel distribution, where a,, is
specified in (1.2). In other words, while the scaling factors are the same, the centering
terms for the largest eigenvalue and the largest diagonal entry are different. The terms
a, and b}, are the correct scaling and centering terms, respectively, when considering
the limiting fluctuations for the maximum of n independent and identically distributed
(iid) standard Gaussian random variables (see, for example, [51, Theorem 1.5.3]), as
described below. We refer the reader to [51,61] for more details concerning the extreme
values of sequences of iid random variables.

The difference between b,, and b/, is can be explained by considering solutions E of
the equation

by — E —Rem(E +in~'/*) =0, (1.4)

where m is the Stieltjes transform of the free convolution of the semicircle law and the
Gaussian distribution, see (2.19) for a precise definition. As we show below, F ~ b,,+ i ~
b),, and equations similar to (1.4) have previously appeared in the study of deformed
Wigner matrices as describing approximate locations of the largest eigenvalues, see for
example [52]. This shift by i can also be thought of as an example of the Baik-Ben
Arous-Péché (BBP) [11] phenomenon for the largest eigenvalues of random matrices
with large deformations.

It is useful to compare our results with those of classical extreme value theory. To

that end, for each n > 1, let &1,...,&, be a sample of n iid standard Gaussian random
variables, and let 55") > 55") > ... > ¢ e their order statistics. Classical results

(see, for instance, [51, Theorem 1.5.3]) imply that the scaled and centered largest order
statistic

an (€ — b))

converges in distribution to the standard Gumbel distribution as n — oo, where a,
is defined in (1.2) and b/, is defined in (1.3). More generally, for any fixed integer

1In fact, this was the result of [7], which unfortunately contains an error in its proof [8].
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k > 1, there exists (see, for example, [51] Theorem 2.3.1 and the remarks thereafter) a
non-trivial joint cumulative distribution F}, : R¥ — [0, 1] so that

lim P (an( gn) fb’n) < xl,...,an< ,i”) fb;l) < xk) = Fi(x1,...,28) (1.5)

n—oo

for any fixed 1, ...,z € R. (In particular, F} is the cumulative distribution function of
the standard Gumbel distribution.) By using the correct deterministic centering term,
we show the same behavior for the k largest eigenvalues of L 4.

Theorem 1.4 (k largest eigenvalues). Let A be an n X n matrix drawn from the GOE,
and fix an integer k > 1. Then, for any fixed z1,...,x; € R,
lim P (a'n (/\1(LA) - bn) STy, 0 ()\k(‘CA) - bn) < ka) = Fk(mla oo 7Jf‘k)>

n—roo

where a,, and b,, are defined in (1.2) and F}, is defined in (1.5).

Theorem 1.2 follows immediately from Theorem 1.4 by taking £ = 1. In addition,
Theorem 1.4 allows us to study the gaps between the eigenvalues. While one can
consider the joint distribution of gaps between several consecutive eigenvalues, for
simplicity we only present a result for the limiting gap distribution of the largest two
eigenvalues.

Corollary 1.5 (Gap distribution). Let A be an n X n matrix drawn from the GOE. Then,
for any x > 0,
lim P (a, (M (La) —A2(La)) >2x)=e"7,

n—oo

where a,, is defined in (1.2).

Proof. In view of Theorem 1.4, the function F5 defined in (1.5) describes the limiting
joint distribution of a,, (A1 (L4) — b,,) and a,, (A2(L4) — b,,). F5 also describes the limiting
joint distribution of the largest order statistics a,, (55") — b;) and a, (52") — b;), where
the limiting gap distribution can be deduced from standard techniques in extreme value
theory (see, for instance, [26,61]). O

In addition to Corollary 1.5, Theorem 1.4 also allows us to show that the extreme
eigenvalues exhibit Poisson statistics. To this end, let P, be the random point process
constructed from the rescaled eigenvalues of L 4:

P =D baa(y(La)—ba); (1.6)
j=1

where a,, and b,, are defined in (1.2) and d,, is a point mass at .

Corollary 1.6 (Poisson point process limit of extreme eigenvalues). Let A be ann X n
matrix drawn from the GOE. Then the random point process P,,, defined in (1.6) and
constructed from the eigenvalues of L 4, converges in distribution in the vague topology
as n — oo to the Poisson point process P with intensity measure p with density du =
e Tdx.

Remark 1.7. By symmetry, analogous versions of Theorem 1.4, Corollary 1.5, and
Corollary 1.6 hold for the smallest eigenvalue of £, as well.

In contrast to many classical models of random matrices with Gaussian entries, where
the limiting behavior of the eigenvalues at the edge is describe by a determinantal point
process [74,75], Corollary 1.6 shows Poisson statistics for the extreme eigenvalues.
In random matrix theory, Poisson statistics also describe the extreme eigenvalues for
matrices with heavy-tailed or sparse entries (see, for example, [3,9, 65,66, 67] and
references therein).
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We note that the Poisson point process P also arises when one considers the largest
order statistics from a sample &, ..., &, of n iid standard normal random variables. That
is, if 5%") > ¢ > ... > ¢l are the order statistics of &1, ... ,&,, then it follows from
standard results (see, for example, [61] Proposition 3.21) that the point process

n
Qn = z; 6an(5§n)*b%)
j:

converges in distribution in the vague topology as n — oo to the Poisson point process P.
Recall that a,, is defined in (1.2) and ¥/, is defined in (1.3).

In many matrix models with Gaussian entries (such as the GOE), there are explicit
formulas for the density of the eigenvalues. The authors are not aware of any formulas
for the eigenvalues of £4 when A is drawn from the GOE. In particular, £, is not
orthogonally invariant in this case. The proof of Theorem 1.4—which is outlined in
Section 2 below—instead relies on comparing the largest eigenvalues of £, to the
largest eigenvalues of a matrix model with independent entries and then applying
resolvent techniques to analyze this new model. The fact that the entries are Gaussian is
crucial to our method, but we conjecture that Theorem 1.4 should still hold when A is a
Wigner matrix with some appropriate moment assumptions on the entries.

To conclude this section, we present the proof of Corollary 1.6 using Theorem 1.4.

Proof of Corollary 1.6. We begin with some preliminaries. Let a € R, and fix an integer
k > 0. It follows that

P(Pn([a,0)) = k) = P(an(A(La) = bn) > a).

Thus, from Theorem 1.4, we conclude that P, ([a,0)) converges in distribution to
P([a,00)) for any a € R. In particular, this implies that {P,,([a, 00))}»>1 is tight. Hence,
for any a € R and any € > 0, there exists an integer N > 0 so that

P(P,([a,00)) > N) <e (1.7)

for all n and
P(P([a,0)) > N) < e. (1.8)

We will now use (1.7) and (1.8) to prove Corollary 1.6. In view of Theorem 16.16
in [49] or alternatively the results in Chapter 4.2 of [50], it suffices to show that P, (U)
converges in distribution to P(U) for any set U C R which is a union of finitely many
disjoint bounded intervals. In addition, since P(P({c}) > 0) = 0 for all ¢ € R, it suffices
to assume that U = [a3,b1) U --- U [a;,b;) for some integer | > 1 and real numbers
ay; < by <--- < a <b. Thus, by writing each interval [a;, ;) as the difference of [a;, 00)
and [b;, ), we find

P(P.(U)=k)= Z pl(ﬁ?jl,...,kz,jz

k1,J1,50,K1,]1
where the sum on the right-hand side is over all non-negative integers k1, j1, ..., ki, Ji SO
that k1 —j1 + ko —jo+ -+ k;— 751 =k and
(n)
Py .k
=P (Pn(la1,00)) = k1, Pp([b1,00)) = j1,..., Pn([ar, 00)) = ki, Pp([bi, 00)) = i) .
Since
P b = PN 41(£a) = b) < a1 < an(Ap, (£a) = ba), -
an(>‘jz+1(£A) —bn) <b < an(/\jz (La) = bn)),
EJP 30 (2025), paper 104. https://www.imstat.org/ejp
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(n)

by Theorem 1.4 each p *;

Pky g1, kg

= IP(P([G17OO)) = kl,P([bl,OO)) :jh"'

converges to py, ;... k.j;» where (see Lemma 3.11)

»P([alvoo)) = kl,P([bl,OO)) = Jl) .

Lete > 0. By (1.7) and (1.8) (and the fact that {p"’ i K11, kegi>0 1S @ collection

k1,51,

of probabilities of disjoint events) there exists NV > 0 so that

N

(n) - (n)
Z Phy v ek Z Phyjr kg | < €

2Ji

k1,J1,--- k51 k1,15, k1,01
and
N
E Pky g1, kg — E Pki,j1,ekrgn| < &
k1,415, K1,01 k1,d1,--k1,01
where the notation »_; , , . denotes the sum }_, . . . with the addjl\:nonal re-
striction that none of the indices k1, ji, ..., ki, ji exceed N. In particular, 37, ,
denotes a finite sum, and hence
N N
lim (n) = ; ;
n— 00 pkl,jl,...,kl,jl - pklv]lv--wkh]l'
k1,515, k1,01 k1,J1,--,k1,01
Therefore, we conclude that
N
§ Pk jiekigy — € S § Pk i, ki
k1,J1,0,Kk1,J1 k1,715,141
N
< lims (n). 4
<lminf Y0 gl g
k1,J1,--,k1,01
< Timi Z (n). 4
< lim inf Pley ook i
k1,J1,--,k1,01
: (n)
< limsup Z Py jr,ekrin
n— o0 . .
k1,315,141
N
. (n)
< limsup Z 1 TR T t+e
n— oo . .
k1,J1,-ki,J1
N
< E Dk jrsekingy T €
k1,J1,-,k1,d1
< E Dk jr,eekiygy T E-
k1,J1,--,k1,01

Since € > 0 was arbitrary, the proof is complete.

O

We would like to mention that after this article appeared on arXiv, the PhD thesis
of R. Rivier addresses the convergence of the extreme eigenvalues of the Laplacian of
random sparse Erdds-Rényi graphs to a point process [62]. The argument in this thesis
is combinatorial in nature and does not extend to the dense regime.
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2 Overview and main reduction

Let A be an n x n matrix drawn from the GOE. Define
L:=D-A, (2.1)

where D is an n x n diagonal matrix with iid standard normal entries, independent of A.
We will show that the largest eigenvalues of L have the same asymptotic behavior as
that described in Theorem 1.4.

Theorem 2.1. Let L be the n x n random matrix defined above, and fix an integer k > 1.
Then, for any fixed x1,...,2; € R,

lim P (a, (A (L) —bp) <x1,... a5 (Me(L) = bp) < xg) = Fr(x1,...,28),

n— oo

where a,, and b,, are defined in (1.2) and Fj}, is defined in (1.5).

Remark 2.2. Since L has the same distribution as D + A and A — D, Theorem 2.1 also
applies to the largest eigenvalues of these matrices. In fact, in the forthcoming proofs, it
will sometimes be convenient to work with these other, equivalent expressions for L.

Theorem 2.1 was motivated by many results in the literature for models of deformed
Wigner matrices, including the results in [22,40,46, 52,55, 60] and references therein.
In this section, we prove Theorem 1.4 using Theorem 2.1. We begin by introducing the
notation used here and throughout the paper.

2.1 Notation

For a complex number z, we let Re(z) be the real part and Im(z) be the imaginary
part of z. We will use i for both the imaginary unit and as an index in summations;
the reader can tell the difference based on context. We denote the upper-half plane as
Ci :={z € C:Im(z) > 0}.

For a matrix A, we let A;; be the (i, j)-entry of A. The transpose of A is denoted A7,
and A* is the conjugate transpose of A. We use tr A to denote the trace of A, and det A is
the determinant of A. If A is an n x n real symmetric matrix, we let A, (4) <--- < A\1(A4)
be its eigenvalues. For any matrix M, let || M| be its spectral norm (also known as the
operator norm). We let I be the identity matrix. If M is a square matrix and z € C, we
will sometimes write M + z for the matrix M + zI. For a vector v, we use ||v||2 to mean
the standard Euclidean norm.

For an event E, P(E) is its probability. We let 1z be the indicator function of the
event E. For a random variable &, E¢ is its expectation. E4¢ is the expectation of ¢
with respect to the GOE matrix A and Ep€ is its expectation with respect to the random
diagonal matrix D.

For a natural number n, we let [n] = {1,...,n} be the discrete interval. For a finite
set S, |S| will denote the cardinality of S. The function log(-) will always denote the
natural logarithm.

Asymptotic notation is used under the assumption that n tends to infinity, unless
otherwise noted. Weuse X = O(Y), ¥ = Q(X), X <Y, or Y > X to denote the
estimate | X| < CY for some constant C' > 0, independent of n, and alln > C. If C
depends on other parameters, e.g. C' = Ck17k27,,_7kp, we indicate this with subscripts, e.g.
X = O, ks,....k,(Y). The notation X = o(Y’) denotes the estimate |X| < ¢, Y for some
sequence (c,) that converges to zero as n — oo, and, following a similar convention,
X = w(Y) means | X| > ¢,Y for some sequence (c,) that converges to infinity as n — oc.
Finally, we write X =O(Y) if X <« ¥V <« X.

EJP 30 (2025), paper 104. https://www.imstat.org/ejp
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2.2 Proof of Theorem 1.4

Using Theorem 2.1, we now complete the proof of Theorem 1.4.

We begin with an observation from [41]. Let A be an n x n matrix drawn from the
GOE and L4 its corresponding Laplacian matrix as defined in Definition 1.1. Let R be
any fixed, n x n orthogonal matrix with last column

e:=(1/vn,...,1/v/n)T (2.2)

and we use the notation R = (R|e), where R contains the first n — 1 columns of R. The
eigenvalues of £, coincide with those of RTL4R. The set of eigenvalues of RTLAR
are simply the n — 1 eigenvalues of RT£ 4R along with a zero eigenvalue. In particular,
with probability 1 — o(1), the behavior of the largest eigenvalue of £ 4 will be that of the
largest eigenvalue of R £ 4 R since these largest eigenvalues are positive with probability
tending to one (see Theorem 1 in [29] or, alternatively, see the proof of Proposition 2.5
below).

Lemma 2.3 (Proposition 2.10, [41]). The random matrix RTL AR is equal in distribution
to the matrix A’ + RTDR + gI, where A’ is an (n — 1) x (n — 1) GOE matrix, D is ann x n
diagonal matrix with iid centered Gaussian random variables with variance n/(n — 1)
along the diagonal, g is a centered Gaussian random variable with variance 1/(n — 1),
and A’, D and g are jointly independent.

In the next lemma we make some minor reductions to remove some nuisances such
as the slight dimension discrepancy and the awkward variances.

Lemma 2.4. In the notation of Lemma 2.3, if we let W = A’ + ”T_lRTDR and W' =
A’ + RTDR + g¢I then for any k € [n], we have
P(A(W) — Me(W)]| > 24/logn/n) = O(1/n)

Proof. We use a simple coupling argument by placing W and W’ on the same probability
space. Since g is a Gaussian with variance 1/(n — 1), by Weyl’s inequality (also known as
Weyl’s perturbation theorem, see Corollary II1.2.6 in [16]) we have that

IA(W') = A (A' + RTDR)| < \/2logn/n.

with probability at least 1 — 1/n. Similarly, with probability 1 — O(1/n)
- 1 ~ 1, =
(W) = Ae(A” + RTDR)| < ~|R'DR|| < —||D|| = 3v/logn/n,

where ||l~)|| was controlled using standard bounds on the maximum of iid normal random
variables (see, for example, [69, Theorem 3]). Therefore, the result follows from the
triangle inequality and a union bound. O

In the final reduction, we compare RTDR + A’ to a slightly augmented matrix.

Proposition 2.5. We recall the notation of Lemma 2.3 and define

D::w/”*lb (2.3)
n
n—1 A Y
A':’/n<YT g,) (2.4)

where Y is a random vector in R®~! with entries that are independent, centered Gaus-
sians of variance ﬁ ¢’ is a centered gaussian random variable with variance % We

EJP 30 (2025), paper 104. https://www.imstat.org/ejp
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consider a probability space in which D, A’, Y and ¢ are all defined and are jointly
independent of each other. Then, for any fixed k independent of n,
P(|J\(RTDR + A') — \i(RTDR + A)| > loglogn/logn) = o(1).

Remark 2.6. The scaling in (2.3) and (2.4) are designed so that D has iid standard
Gaussian random variables along its diagonal and A is drawn from a GOE so it is
compatible with our previous notation.

Proof of Proposition 2.5. Again, we use a coupling argument by embedding RT DR + A’
in a slightly larger matrix. Note that A is drawn from an n x n GOE, so we define

Z:=R'DR+

n RTDR+ A" Y + RTDe
A= T T T ’
n—1 e DR+Y e ' De+g

We first establish that the largest eigenvalue of Z is sufficiently close to that of RTDR+A’.
As RTDR + A’ is a submatrix of Z, we immediately have that

M(RTDR+ A < M (2). (2.5)

To find a corresponding lower bound for \;(RTDR + A’), we consider the eigenvalue-
eigenvector equation for Z:

T / T
Zv:<RDR+A Y+R De)(w)z)\l(z)(w>. 2.6)

eTDR+Y"T eTDe+g t t
Here, v = 1;) is a unit eigenvector of A\;(Z), w € R"~! and ¢t € R. We observe that if
[wll2 >0,
wT T n_w T !
——(R"DR+ A" 7—— <M (R DR+ A"

w2 ~
by the Courant minimax principle. Considering the top n — 1 coordinates of equation
(2.6) yields

]l

(RTDR+ A)w+t(Y + RTDe) = A\ (Z)w. (2.7)
Multiplying this equation by % from the left and rearranging, we conclude that
2

T

w w

M(RYDR + A') >

> (R* DR+ A')
[[wll2

t
Tols = 1(Z)—mwT(Y+RTDe). (2.8)

Our next goal is to control the size of WwT(A’ + RTDe). We define the following
2
events, which we later show hold with probability 1 — o(1):

log 1
& = {HA’H < 10, ||eTDRH2 < 10, ||YH2 <10, ‘eTDe+g/| < ogogn}’

NG
& = {IY"R™D|> < v/loglogn, |[e" DRR" D> < /loglogn }
Ey = {\/logn <M(Z)<2 logn} )

We extract the final coordinate of equation (2.6) to obtain

(e"DR+YMw +t(e"De+g') = M\ (2)t. (2.9)

EJP 30 (2025), paper 104. https://www.imstat.org/ejp
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On the event £ = & N &y N E3, we have

(le™DRJlz + [V ]l2)[[wll2 _ 40
£\ (2) = Viogn’

which also assures us that ||w|j2 > 1/2 > 0 for all n sufficiently large. Left multiplying
equation (2.7) by YT yields

It < 2 (2.10)

YTRTDRw + YT A'w +tYT(Y + R"De) = A\ (Z)Y Tw.
This implies that on the event &,

[YTRTDl|a|| Ruwll2 + [Vl A"[[lwll2 + ¢ [13 + Y TRT Dl el

|YTw\ <

A(Z)
< Vloglogn + 100 + 4000/+/log n + 100+/log log n/+/logn
- Vlogn

log 1
e 2.11)
logn

Left multiplying equation (2.7) by e DR gives
e"DRRTDRw + e"DRA"w + te"DRY + te" DRRT De = )\ (Z)e" DRw
On the event £, we deduce that

le® DRRET D5 || Ruwlla + [le” DR]|a[|A"|[||wl]2

T
le* DRw| < M (Z)
n tlle" DRz Y2 + t|e" DRRT D||2le||
A(Z)
< 100+ Vioglogn + 4000/+/logn + 40+/loglog n/+/log n
- Viogn

log1
< |28 (2.12)
logn

Combining, equations (2.5), (2.8), (2.10), (2.11) and (2.12) we conclude that

loglogn

M(Z)—o ( ) <\(2) - ’”;'%wT(Y + RTDe)| < M (RTDR+ A') < M\ (2).

logn
Therefore,
P(IA(RTDR+ A') — M\ (Z)| > ¢)

< P(IM(RTDR+ A') = M(Z)| 2 €[€) + P(£°)
=o(1).

We can then remove the factor y/n/n — 1 using Weyl’s inequality (as in the proof of
Lemma 2.4) to conclude that

P\ (RYDR+ A") — A\ (RTDR + A)| > loglogn/logn) = o(1).

It remains to show that P(£) =1 — o(1). The bounds

loglogn
IA]l < 10, [|eTDR]||» < 10, [V ]| < 10,|e"De + /| < —5-28"
NG
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are straightforward (and sub-optimal) gaussian concentration or random matrix theory
results, so the proofs are omitted (see [19, Section 5.4], [10, Chapter 5]). For &, we first
observe that ||[YTRT||3 < ||Y||%. By Markov’s inequality,

T pT 2 2 _n_
BIY'RTDIS _ BIYIE _ w_

P(||YTRTD||3 > log1 < =
(I Iz = loglogn) < loglogn  ~ loglogn loglogn

Thus, with probability 1 — o(1),

[YTRTD]|; < \/loglogn.

We now bound ||e" DRRTD||,. As R is an orthogonal matrix, we have that

1 1
RR");; =1— — and (RR");; = ——
(RR™) —and (RR%);; = ——

for i # j. Therefore,

1
|le*DRRTDIF = > ~Dii(RR);; DF;(RR) jt Dy
0,5, k=1
n 2
1 1 2 1
iy (- 1) - Ay oo, (1- 1)
nia " " i#] "
1 2 12 1 2
+ o zDiiDjj + o z DiiDijkk~
i i#5,i 7k ki

Each sum on the right-hand side can be easily controlled via Markov’s inequality. For
the first sum, which is the dominant one,

1 — log 1 25" EDL
ni:l

2 nloglogn nloglogn

For the second sum,

o {(zi# Dngj)Q]

n4

IN

2
Pz > DiDj| =1
i#]
43, ,;(EDSED?, + EDLEDY,)

nt

= o(1),

where in the first equality we make use of the fact that odd moments of a centered
Gaussian random variable vanish. Similarly, for the third sum,

1 E 2 12
i#£]

For the final sum, we again make use of the fact that the odd moments of a centered
Gaussian random variable vanish to obtain

2
I 2
)Zi#jd#hk#i D”Dijkk

1
Plls 2. DuljDulz1] < :
n n
i#],j 7k k#i
1
=0(—= ).
n2
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Thus, with probability 1 — o(1),

le"DRRYD|5 < \/loglogn,

which completes the proof for &;.

Now, we show that P(£;) = 1 — o(1). The eigenvalues of R DR are the diagonal
entries of D, which are independent Gaussian random variables, so Al(ETDR) is the
maximum of n + 1 iid Gaussian random variables. The result easily follows from standard
results (see Proposition 3.4) and Weyl’s inequality as || A|| < 10 with probability 1 — o(1).
Thus, we have shown that with high probability,

IM(RTDR + A’) = M (R*DR + A)| = O(loglog n/ log n). (2.13)

We now can establish the result for a fixed k, independent of n. By Cauchy’s interlac-
ing theorem, we have that

Mes1(Z) < M(RTDR+ A') < \(2). (2.14)

Again, we consider the eigenvalue-eigenvector equation for Z:

_( R"TDR+ A" Y +R"De w) w
ZU_(eTDR+YT eTDe + ¢ e =M ) (2.15)

Here, v = (f) is a unit eigenvector of \x(Z), w € R"~! and ¢t € R. We observe that

(RTDR+ A" — M\(Z))w = —t(Y + R" De).

This implies that the least singular value of RTDR + A’ — \y(Z) is upper bounded
T T pT
by ¢ := ¢l Ylatlw B Dells  yye 1ot & be the event that vTogn < A\x(Z) < 2y/Iogn.

lwll2
Note that P(&},) = 1 — o(1) follows from Proposition 3.2. As before, on the event £N &},
¢ = O(loglogn/logn). As our matrices are symmetric, this implies that R DR+ A’ (Z)
has an eigenvalue with absolute value at most . In other words, there exists a &’ such

that

M (REDR+ A') — M\ (2)] < e

By Cauchy interlacing, k&’ can be chosen to be k—1 or k. We wish to exclude the possibility
that ¥’ = k — 1. Here, we use the spacing of the eigenvalues of Z. By Proposition 3.10
and a simple union bound,

Ae(2) = Aera(Z)] = Qlog™* n)

with high probability for all ¢ < k. Proposition 3.10 applies to D + A which by the
rotational invariance of the GOE also applies to Z (followed by Weyl’s inequality due to

the slight perturbation from the factor ,/-"+). Therefore, by (2.13), on the event £ N &;,

M2(RTDR + A’) — \o(RTDR + A)| = O(loglogn/ logn).
Iterating this argument a constant number of times shows that
IM(R*DR+ A') — M\((R*DR + A)| = O(loglog n/ log n)
for all ¢ < k, which completes the proof. O

We now summarize the reductions that culminate in the statement of Theorem 1.4.
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Proof of Theorem 1.4. We again use the notation introduced in Lemma 2.3 and Proposi-
tion 2.5, where all the random elements are placed on the same probability space. We
have the decomposition

an(M(A"+ RYDR + gI) — by) = an(A\(RTDR + A) — b,)
+ an(M(RTDR+ A') = \i{(R*DR + A))
+an(A(A"+ RYDR + gI) — M, (RTDR + A")).
By Theorem 2.1 and the rotational invariance of A, a,, (A (RTDR + A) — b,,) converges
in distribution as n — oo to the standard Gumbel distribution. By Lemma 2.4 and

Proposition 2.5, both
an(AM(RTDR + A') — M (D + A))
and ~
an(M (A + R*DR 4+ gI) — M\ (R*DR + A))

converge to zero in probability. Therefore, by Slutsky’s theorem,
an(M (A + RTDR + gI) — b,)

converges in distribution to the standard Gumbel distribution.
We let £ be the event that \;(£4) > 0 and £’ the event that \; (A’ + RTDR + gI) > 0.
Now, by Lemma 2.3,
and
M(A' 4+ RTDR + gI)1g

are equal in distribution. In addition, both
A(La)lge

and 3
M(A +RYDR + gI)1gre

converge to zero in probability since P(£°) + P(£°) = o(1) by the remarks preceding
Lemma 2.3. Therefore, we conclude that a,(A\;(L£4) — b,) converges in distribution to
the standard Gumbel distribution as well. O

2.3 Overview

The rest of the paper is devoted to the proof of Theorem 2.1. Our proof is based on
the resolvent approach, which compares the eigenvalues of L with the eigenvalues of D.
To this end, we define the resolvent matrices

G(z):=(L—-2"" and Q(2):=(D—-2)""

for . € C; := {# € C : Im(z) > 0}. Here, we use the convention that (L — z)~!
(alternatively, (D — z)~!) denotes the matrix (L — 2I)~! (alternatively, (D — zI)~!), where
1 is the identity matrix. Often, we will simply write G and @ for the matrices G(z) and
Q(z), respectively. We will define the Stieltjes transforms

1 1
mp(z) = —trG(z) and  s,(2) = —trQ(z). (2.16)
n n
The limiting Stieltjes transform of s,, is given by
s(z) = 9 (@) dx (2.17)
o0 T —Z
EJP 30 (2025), paper 104. https://www.imstat.org/ejp
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for z € C,, where

1 2
o —x%/2
T) = ——e (2.18)
o) =
is the density of the standard normal distribution. The limiting Stieltjes transform m
(which is the free convolution of the semicircle law with the standard normal distribution)
of m,, is uniquely defined as the solution of

m(z) = /00 &dag zeCyq, (2.19)

o T —2z—m(2)

where zm(z) — —1 as |z| — oo in the upper-half plane.
For fixed (small) § > 0, we define the spectral domains

Ss:={z€Cy:/(2—-0)logn < Re(z) < /3logn,n /* <Im(z) <1},
Ss:={z€Cy :/(2—-0)logn < Re(z) < \/3logn,Im(z) = n"1/4}

S5 :={z € €1 : /(2= d)logn < Re(z) < v/3logn,Tm(z) = v2n~'/*}.

Our method requires us to mostly work on 5‘5 and 5‘5 for some fixed § > 0, but it will
sometimes be more convenient to state results for the larger domain Ss. As is common
in the literature, we will often take E := Re(z) and 7 := Im(z2).

For any fixed z € C4, m,(#) is random and E 4m,(z) will denote its expectation with
respect to the GOE random matrix A.

Our key technical result is the following.

and

Theorem 2.7. There exists 6 > 0 so that

sup nn mp(2) — sp(z + Eam,(2))] = o(1)
z:E-‘rinES'gUSg

with overwhelming probability?.

Theorem 2.7 will allow us to compare the largest eigenvalue of L to the largest
eigenvalue of D, up to a small shift, which we will need to track carefully. Theorem
2.7 should be compared to other local laws in the random matrix theory literature such
as [4,5,10,13,15,18,31,32,33,34,35,36,37,38,42,43,54,60,71,72] and references
therein; however, the reader should be aware that this list is very incomplete and
represents only a small fraction of the known local law results.

2.4 Outline of the remainder of the article

In the next section, we gather some technical tools and their proofs that will be of
use in the rest of the argument. In Section 4, we prove a quantitative stability theorem
for approximate solutions of (2.19). Section 5 is devoted to the concentration of m,(z)
near its expectation IE 4m,,(z). Section 6 contains the proof of our main technical result,
Theorem 2.7. Finally, we combine all the results in Section 7 to prove Theorem 2.1.

3 Tools

This section introduces the tools we will need in the proof of Theorem 2.1. We begin
with a definition describing high probability events.

Definition 3.1 (High probability events). Let E be an event that depends on n.

2An event F holds with overwhelming probability if, for every p > 0, P(E) > 1 — Op(n~P); see Definition
3.1 for details.
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* FE holds asymptotically almost surely if P(E) = 1 — o(1).
» E holds with high probability if P(E) = 1 — O(n™°) for some constant ¢ > 0.
 E holds with overwhelming probability if, for every p > 0, P(E) > 1 — O,(nP).

For z = E + in € C,, the Ward identity states that
n ) 1
Y 1G;(2))F = = Tm Gi(2). (3.1)
j=1 g

If A and B are invertible matrices, the resolvent identity states that
Al -B =AY B-AB'=BYB-A)A". (3.2)

If ¢ is a Gaussian random variable with mean zero and variance ¢2 and f : R — C is
continuously differentiable, the Gaussian integration by parts formula states that

E[£f(§)] = o°E[f(€)), (3.3)

provided the expectations are finite.
Our next result bounds (via Chernoff’s inequality) the number of large entries in the
diagonal matrix D.

Proposition 3.2. Let D be the n x n diagonal matrix whose entries are iid standard
normal random variables. Then, for any € € (0,1/2), there exists § > 0 so that

’{1 <i<n:Dy>+(2- 5)logn}‘ — 0.(n)

with overwhelming probability. Similarly, for any ¢’ € (0,1/2), there exists a 6’ > 0 so

that
{1<i<n: D= V2= )logn}| = u(n)
with overwhelming probability.

Proof. Fix e € (0,1/2), and let 2¢ < § < 2. Let X; = Lip,.>/@=5tegn) and Sp = Yo X

logn

Chernoff’s inequality (see Theorem 2.1.3 in [70]) gives that for any A > 0

P (|Sn —ES,| > )\\/Var(Sn)> < C'max {exp(—c)\z),exp(—c/\\/Var(Sn))} (3.4)

for absolute constants C, ¢ > 0, where Var(S,,) is the variance of S,,. From the standard

bounds ) )
1 1 e 2 e 2

—— | —<PDy122) L ——, x>0
(I 363) V2r (Du z2) < xV 21

on standard Gaussian random variables it is straightforward to show that
nd/2

Viogn

Var(Xl) = P(Xl = 1)IP(X1 = 0) >

< ES, < n5/2,

P(D11 > /(2 —0)logn),

N =

and hence
nd/2 (1 1
24/2m(2 — §)logn (2—14)logn

Letting A = /Var(S,,) in (3.4) gives that

) < Var(S,) < n®/2, (3.5)

P (Sn > 2n5/2) < Cexp(—cVar(Sy)),

EJP 30 (2025), paper 104. https://www.imstat.org/ejp
Page 15/52


https://doi.org/10.1214/25-EJP1366
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Extreme eigenvalues of Laplacian random matrices

and lower bounding Var(S,,) by (3.5) completes the proof of the first statement.
For the last statement, letting A = /Var(S,,)/logn in (3.4) gives that

5/2

P (S, < ES, — Var(S,)/log’n) <P (Sn <

< — .
QIOgn) < Cexp(—cVar(S,)/logn)

Again, lower bounding Var(S,,) by (3.5) completes the proof. O

We will need the following general concentration result for the Stieltjes transform of
random symmetric matrices with independent entries.

Proposition 3.3 (Naive concentration of the Stieltjes transform). Let W be an n x n real
symmetric random matrix whose entries on and above the diagonal W;;, 1 <: < j < n
are independent random variables. Then

P ( 1 tr(W —2)~1 — ]El tr(W —2)~!
n

n

5 ¢ > < Ce—ct’
e — =~ e
nvn

for anyt > 0 and any z = E +in € C,, where C,c > 0 are absolute constants.

Proof. Fix z = E+in € C4 and let M be an n x n real symmetric matrix. Let M’ be an
n X n real symmetric matrix equal to M, up to possibly a single row and corresponding
column being different. Define R(z) = (M —2)~! and R/(z) = (M’ — z)~*. It follows from
the resolvent identity (3.2) that

rank (R(z) — R'(2)) < 2. (3.6)

It then follows that

1 1
—tr(M —2)"' = Ztr(M' —2)7!

~ - %tr (M=) — (M — )Y

I1R(2) = R (2)]]

< rank (R(z) — R'(2))

4

< —.
=

We can then conclude from McDiarmid’s inequality (see [57]) that

"

for any t > 0, where C, ¢ > 0 are absolute constants. O

1 1
(W =2) ' —E=tr(W — 2)7 !
- r( 2) - r( 2)

t )
> ) <Ce (3.7)
n\/ﬁ)

3.1 Basic concentration and linear algebra identities

We record several well-known concentration inequalities and algebraic identities that
will be of use. The first proposition is a strong concentration result for the maximum of a
sequence of iid Gaussian random variables.

Proposition 3.4 (Theorem 3 from [69]). Let X, ..., X,, be iid standard Gaussian random
variables. Define M, = maxi<i<n X;. Then, for anyt > 0,

P(|M,, —b,|) > t) < Cexp(—ct/logn).

where b), is defined in (1.3) and C, ¢ > 0 are absolute constants.

The next lemma is a convenient moment bound for a martingale difference sequence.
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Lemma 3.5 (Lemma 2.12 from [10]). Let {X} be a complex martingale difference
sequence and Fi, = o(X4,...,Xy) be the c-algebra generated by X1, ..., Xy. Then, for
anyp > 2,

E

P n p/2 n
<K,|E (Z Ek_leF) +EY Xk
k=1

k=1

S X
k=1

where K, is a constant that only depends on p and Ej_;[-] := E[-|Fj_1].

The next concentration lemma is helpful in controlling the deviation of a quadratic
form from its expectation.

Lemma 3.6 (Equation (3) from [2]). Let X be an n-vector containing iid standard Gaus-
sian random variables, A a deterministic n X n matrix and ¢ > 1 an integer. Then

E[X*AX — tr A|?* < Ky(tr AA*)*

where K, is a constant that only depends on /.
Finally, we will require the following algebraic identity in Section 5.

Lemma 3.7 (Theorem A.5 from [10]). Let A be an n X n symmetric matrix and Ay be the
k-th major submatrix of size (n — 1) x (n — 1). If A and Ay, are both invertible, then

1+ a,’;Agzak

AT o) = e A
k7K

where «y, is obtained from the k-th column of A by deleting the k-th entry.

3.2 Basic order statistics estimates

Let X1,..., X, be iid standard Gaussian random variables. If we order these random
variables in order of magnitude, we denote this by

Xy <+ < Xy < Xy

We define

and .
(z) = /_ 6 (1) dt.

We recall the well-known tail bounds

—z2/2 1 1 © 1 —z2/2
€ 2 €
- )< ——e /2t < (3.8)
s (33 $3> _/I V2T T oxV27
which hold for = > 0. Our first simple lemma captures the joint distribution between two

order statistics.

Lemma 3.8 (Chapter 2.2 of [26]). For 1 <r < s < n. Let f,) be the joint density of
Xy and X (). We have that for x >y,

nl®" " (y)p(y) [P (x) — 2(y)]° " p(a)[1 — @(x)]" !
rl(s —r —1)(n — s)! ’

f(r)(s) (1‘, y) =

We use the previous lemma to obtain some rough bounds on the gaps between the
extreme order statistics.
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Proposition 3.9. Consider a fixed k € IN. Then for é > 0,
P(X () = X(py1) <log™ /72 n) = Oy 5(log ™" n).

Proof. Applying Lemma 3.8, we can find the joint distribution of X(;) and X ;). For
x>y,

nldn—k-1 21 — ®(z)]F1
f(k)(k+1)(.%‘,y) = (z?zb;y_)(i(_) [11)! ( )} -

We let t = logfl/ 2=9 . Therefore, we have that

P(X) — Xpg1) <t) = / / Lo y<tf(e) (k1) (T, ) Lasy do dy

- _1 / / Loyt ® " ()0 (y)p(2)[1 — (2)]"  gsy da dy

Tl—

:m/ "y / $(2)[1 — ®(2)]F" da dy
n! oo ) - )
= '_1)'/ k- 1(y)¢(y) |: k(y)) . (1 (I)(y+t)) :| dy

kl(n—k -
n! Viogn B . - .
:W/ ‘I’"’”(yw(y)[“ i’<y>> _a @(:H)) ] "
LI e (- o)t (1-o(y+ )"
+k!(n—k—1)!/\/@¢) ‘ <y>¢<y>[ 2w (-2 }dy
:11+IQ.

We control I; first:

I < k+1 lognén—k—l d
1<n (W)o(y) dy

— 00
—2/3

1—-n
< nk+1/ unfkfl du
0

(n—k—1)+klogn)

Now, we consider ;. Note that in this integral, y > +/logn so we make use of (3.8)
frequently. Indeed, we obtain

e zm—n/'f-l)' /;; 2" (y)d(y) {(1 - 2@))’“ -0 t))k] "
= k'@n;i;m /:; " (y)o(y) ﬁfgi’“ - @’)(y“)g(z . <tz)/+ t>—2>k] "
T e e ) oWy [1 ety t)‘Q)’“] "
Sy o o) G0k [1 - ’“’“(1/+<1t/—y§y - t)‘Q)k] N
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] o0
< [ _ o—hvioEnt/2 ”—/ k-1 1— (N d
<[1-e | i o T e - ) dy
| 1
< _ —kvlognt/? n— n—k—1 o k
< |,
< 1— e—k\/lognt/2
= O(y/lognt),
as desired. O

The following proposition was used in the proof of Proposition 2.5.

Proposition 3.10. Let L be the matrix defined in (2.1). Consider a fixed k € IN. Then
ford >0,
P(Ak(L) = A1 (L) <log™/?70n) = 05(1).

The proof of Proposition 3.10 is a step in the proof of Theorem 2.1 given in Section
7. We emphasis that the only place where Proposition 3.10 is used is in the proof of
Proposition 2.5.

We were not able to find the following lemma in the literature, however it follows
implicitly from well known results on point processes and order statistics.
Lemma 3.11. Let X, X5, ... be a sequence of iid real random variables, a,, > 0 and b,
be sequences, and G a differentiable cumulative distribution function of some continuous
random variable. Let an) > Xé") > ... > X' be the order statistics of X1,..., X,. The
following are equivalent:

1. an(Xl(n) — b,,) converges in distribution as n — oo to some non-degenerate limit
with cumulative distribution function G.

2. There exists functions {G) : R*¥ — R}?°, such that for any k € N and any z; >
N Z T € R

lim P (an(Xl(n) —by) <x9,... ,an(X,gn) —b,) < 1‘k) = Gr(G(z1),...,G(zr)).

n—oo

3. The point process Z?:l da, (X,—b,) COnverges in distribution as n — oo to a Poisson
point process with intensity measure p with density f(z) = g((;”)) where G(z) > 0
and p([z,00)) = oo for any © € R such that G(z) = 0.

Proof. See [51] Theorems 2.3.1 and 2.3.2 for the equivalence of (2) and (1).
Assume (1), and fix = € R such that G(z) > 0. It is straightforward to check that

nlog (1 P(an(X; - by) > 2)) = log G(x) + o(1),

and thus
lim nP(an(X; —by) > ) = —log G(x).

n—oo

It then follows from [61] Proposition 3.21 that Z?zl da, (X,—b,) COnverges to a Poisson
point process with an intensity measure p such that p([z, 00)) = —log G(z).
Assume (3), and fix x € R. By [61] Proposition 3.21,

lim nP(a, (X1 —b,) > ) = —log G(x).

n—oo

One can then check that

lim P(a,(X™ —b,) < 2) = G(a).

n—roo

This completes the proof. O
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3.3 Basic Stieltjes transform and free probability estimates

This section isolates some useful estimates on s(z) and m(z), defined by (2.17) and
(2.19) respectively. Several of the proofs use a contour integral arguement, which is
given in detail in Lemma 3.13 below. We begin by stating a result of Biane [17] on free
convolutions of semicircle distributions and an arbitrary distribution. For convenience,
we specialize this result to the Gaussian distribution.

Lemma 3.12 (Corollaries 3 and 4 from [17]). Define the function v : R — [0, 00) by

e~ /2dl'

v(u) = inf {v >0

and the function v : R — R by

_"32/ 2dx
V27 / 2+ o(u)?
Then v is an increasing homeomorphism from R to R, and the free additive convolution

of the semicircle distribution and the standard Gaussian distribution has density p : R —
[0, 00) with

Y(u) = u+ (3.10)

p((u)) = —=. (3.11)

Moreover p is analytic where it is positive, and hence must be bounded.

The first lemma below is an important technical bound in our argument and is of
interest in its own right. It demonstrates that the free convolution of the semicircle
distribution with the standard Gaussian distribution is sub-Gaussian.

Lemma 3.13. Letp : R — [0,00) be the density of the free additive convolution of the
semicircle distribution and a standard Gaussian distribution. Then there exists some
constant C' > 0 such that p(z) < Ce*"/2 for all z € R.

Proof. Let p, v, and ¢ be as in Lemma 3.12. It is straight forward to see from the
definitions that v is an even function of u, and v (and hence ¢~!) is odd. From now on
we will assume v > 0 and in this proof we will use asymptotic notation under u — oo.
Consider R > 0 and curves 71, 72,73 in C where 7, is the straight line from (0, 0) to (R, 0),
72 is the counterclockwise circular arc from (R, 0) to (2R/+/5, R/v/5), and 3 the straight
line from (2R/+/5, R/\/5) to (0,0). Let v = 71 U2 U ~3. The residue theorem gives for R
sufficiently large
1 e /2y 1 e~ /2dz
V2 7{ (u—2)? +o()? x/ﬂﬁ (z = (u+iv(w))(z — (u—iv(u)))

2771 67(u+iv(u))2/2

V2r 2iv(u)

—u?/2
— zev(u)z/Qe—iuv(u) € / )
2 v(u)

Taking R — oo, it is straight forward to show

_u2 _$ _Z
\/?ev(u)z/Qe—iuv(u) e / /de / /de
2 o) Vor (u— ) Vor S (u—2)2 + v(u)?
(3.12)
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where 74, =< z=x+1iy € C|x > 0,y = /2 ; with orientation such that Re(z) is decreas-

ing. Note an equivalent definition of v is that v(u) is the unique solution to

e T /le,
,/27r/ (u—x)% 4 v(u)?

for u € R. For the first integral on the right-hand side of (3.12), note that

=1, (3.13)

7:v2/2dx 7912/2dx

\/ﬂ/ (u— ) +U(U)2_ \/ﬂ/ (u—2)? 4+ v(u)?’

The second integral on the right-hand side of (3.12) can also be bounded in modulus by
C/u2 for some absolute constant C' > 0. Consider this bound and (3.14) in (3.12) yields
that there exists some bounded function f : [0,00) — C such that

—u?/2
\/Fev(u)z/Qeiuv(u) € / —1— f(u)’
2 v(u) u?

v(u) = lff(u) - T ev(w)? /2 g=iuv(u) ;—u? /2 (3.15)
u? 2

It follows from Lemma 3.12 that v is bounded, and thus we get from (3.15) that v(u) — 0
as u — oo and there exists some constant C' > 0 such that

and

v(u) < Ce™/2 (3.16)

for u € R and absolute constant C' > 0.
We now turn our attention to ¢(u), in particular ¢ (u) — u. Using the contour v, we get

2
1 o —z%/2 . )
% (U Z)e dz = — ze'u(u)z/Qefzuv(u)efuﬁ/Q'
V2 Jy (u—2)% 4 v(u)? V 2
Again taking R — oo gives
/ (u—xz)e™® /2dl
Vor (u—2x)% 4+ v(u)?
1 / u—z)e* 2de _ Z‘\/?ev(qt)2/2e—iuv(u)e—u2/2
21 Jyy (u—2)% + v(u)? 2 ’
where the integral on the right-hand side is O (+). It is also straightforward to show
o)
2 po(u)? u/’

Thus we get ¥ (u) =u+ O (%) Thus there exists some bounded continuous function g
such that

_ o, 9()
blu) =u+ L2,
e (v (w)
_ — g u
u=v (V7 W) = v W + S
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Solving for 1 ~!(u), for u large enough, gives

wl(u):;<u+u 1—49(1/’_1(“)>>:u+0(i>. (3.17)

w2

Combining (3.16), (3.17), and Lemma 3.12 we see there exists some absolute constant
C’ > 0 such that p(u) < C'e=%*/2 for u € R. O

Our next lemma confirms that s(z) is bounded and Lipshitz continuous.

Lemma 3.14. There exists constants C,C’ > 0 such that

ls(2)l < C,

for all z € C, and s is C'-Lipschitz continuous on C. .

Proof. 1t is clear that s(z) and s'(z) are both uniformly bounded by 1 for Im(z) > 1. Let
~v:R — C be the curve y(t) =t + 2. Then for any z such that 0 < Im(z) < 1 Cauchy’s
integral formula (after passing from finite contours to the image of ~, similar to what
was done in the proof of Lemma 3.13) gives that

1
s(z) = iv2me /2 —|—/ — e 2y,
N W= 2
and .
§(2) = —iv2mze = /2 + / e M)
¥ (U) - Z)2
Both of which are uniformly bounded for 0 < Im(z) < 1. O

The next result establishes some simple asymptotics for s(z).

Lemma 3.15. The function z — 2* (s(z) + 1) is uniformly bounded on the strip {z € C :
0<Im(z) <1} CCy.

Proof. Let z € C with 0 < Im(z) < 1, and note

2(s+ 1) = o= [ 5

Let v : R — C, be the curve which is given piecewise by

e 2,

t—it/2, t < —4
YE) =<Kt +2i, —d<t<4
t+it)2, t >4

with left to right orientation. Similar to what was done in the proof of Lemma 3.13 we can
approximate R U v with finite contours moving from (—R, 0) to (R, 0), then counterclock-
wise from (R, 0) to v(2R/+/5), then along 7 to y(—2R/+/5) and finally counterclockwise
from v(—2R/+/5) to (—R,0). Applying Cauchy’s integral formula we see that

1 2T 429 L9 _22/9 1 ZW 279
— | —e de = 2miz2e > 2+ — | =7 /Pquw
\/27T/1R£E*Z V2T

v w—z
where the right-hand side is easily seen to be uniformly bounded for z with 0 < Im(z) <
1. O
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Biane [17, Lemma 3] provides a region where s is Lipschitz with Lipschitz constant
strictly less than 1. The next lemma gives a description of this region. This is a key
component of the stability result of Section 4.

Lemma 3.16. Fixt > 1, and define v; : R — [0,00) by

1 / e~ /2dy < 1
Vor Jr (u—m)2 402 — t [
Let Q) = {x +iy € C4 : y > v,(x)} be the region defined in [17, Lemma 3]. Then there

exists a constant C; > 0 such that v;(x) < Cte*””2/2 for all x € R and s is Lipschitz on )
with Lipschitz constant at most 1.

ve(u) = inf {v >0

Proof. The sub-Gaussian bound on v follows from a straightforward adaptation of the
proof of Lemma 3.13. The Lipschitz statement of s is the result of Biane [17, Lemma
3] O

The next lemma on the behavior of m(z) can be deduced from the proof of Lemma
3.4 in [41].
Lemma 3.17. There exists a constant C > 0 so that m is C-Lipschitz continuous on C
and

im(2)] <1

forall z € Cy.

The following lemma exhibits the asymptotic behavior of m(z) near infinity.
Lemma 3.18. On C,, m has the asymptotic expansion at infinity given by

m(z) = —% +0 (;) .

Proof. For z bounded away from the real line the result follows from a straightforward
application of the dominated convergence theorem. Applying Lemma 3.15 on the strip
{z € C:0 < Im(z) <1} and using that m is bounded, we obtain

m(z) = s(z +m(2))

which completes the proof. O

For brevity we omit the proof of the following lemma as it follows nearly identically
to Lemmas 3.15 and 3.18.

Lemma 3.19. On C,, m' has the asymptotic expansion at infinity given by
1 1

The lemma that follows controls the imaginary part of m(z) and is crucial in the
iteration argument in the proof of Theorem 2.1.

Lemma 3.20. Fix 0 < § < 2/9. Then,

sup Imm(z) = o(n~ /). (3.18)
z:E-‘rinESgUgg
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Proof. Let p be the density of the free additive convolution of the semicircle distribution
and a standard Gaussian distribution. Applying Lemma 3.13, we have

_ n
Imm(z)—Amp(u)du

n —u?/2

<C | — 1 ui/2g
= /waEMnf !
<C

U
lu—E|<g/a (U — E)? +n?

+C

e~ 2y,
. n
lu—E|>E/a (U — E)? +n?

E 2
’ —(3E/4)?/2 n
<C (77 e + E2>

—1/4
<" [ /3Tognnt/4n—201-3)/16 n
- ( g + (2—19)logn

= o(n /%),

e~/ 2qy,

for absolute constants C,C’,C"” > 0, completing the proof. O

The next results is also utilized in the proof of Theorem 2.1.
Lemma 3.21. Fix0 < § < 3. Then

1
sup ’Re m(E +in) — Rem(E + Z\/in)‘ =0 (1/2> . (3.19)
E+ineSs n

Proof. Let p be the density of the free additive convolution of the standard semicircle
measure and the standard Gaussian measure. Then

Rem(E + in) — Rem(E + ivV2n) = 7? / (u— E)p() du.  (3.20)

r ((u=E)?+n?) ((u— E)?+2n?)

Let 0 < ¢z < ¢1 < 1 be functions of £ and n such that i F — o0, QLE — 0. We
will break the right-hand side of (3.20) up into the integral over four subsets of R.
Define first the set Iy = {u : |u — E| > ¢ E}, where |E — u] is large. Then define
Iy ={u:cE > |u— E| > coE}, where |E — u| is not too large, but much larger then 7.
Next define the set I3 = {u: coF > |u — E| > n}, where |E — u] is roughly on the order of
n. Finally define I, = {u : |[u — E| <}, where |E — u| is smaller than 7. Let

(u— E)p(u)

Fenl®) = =B 4 o) (w — B + 2

We complete the proof by showing ’jlk fEm(u)du’ = 0(1) uniformly on S; for k = 1,2, 3,4
for ¢; = 1/\/E and c; = /7. Note that, by Lemma 3.13, there exists C' > 0 such that
p(u) < Ce=*/2 for all u € R.

I;: On I; we have |fg,(u)] < gl;(gl Recalling that p is a probability density the

conclusion is clear.
I5: On I we have that

61E2(01 — 62)

fEq(u)du] < ) exp (—(E — c1E)?/2) = o(1)
I C2E
uniformly on S; for § < 1/2.
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I3: On I3 we have that

coFE(coF —
< (24 n)

exp (—(E — 2E)?/2) = o(1)

fEn(uw)du
I3

uniformly on S; for § < 1/2.
I4: Finally on I, we have that

fEn(uw)du
Iy

< 5 exp (~(B = /2) = o)

uniformly on Sj for § < 1. O

In the final lemma of this section, we determine the existence and behavior of a
solution to an equation that appears in our analysis.

Lemma 3.22. Let X,, > 0 and n,, > 0 be such that X,, — oo and n,, — 0 as n — oco. Then
for any fixed n there exists a solution FE,, to the equation

X, — E, —Rem(E, +in,) =0, (3.21)

and E, = X,, + X%q + O (%) Moreover if v/3logn > X,, > /(2 —¢)logn for some
0<6<1/2, 1, =n"1% and E, is the solution to (3.21), then

Xn - En - Rem(En + Z\/§77n) = 0(7772L)

Proof. Existence of a solution to (3.21) follows from the intermediate value theorem.
The asymptotic statement is then an immediate applicationNOf Lemma 3.18. The final
statement follows from Lemma 3.21 after noting F,, + in, € Ss. O

4 Stability of the fixed point equation

In this section, we establis}} a stability property for approximate solutions of the
fixed-point equation (2.19) on Ss. Stability of similar equations was considered by the
third author and Vu in [60], though the techniques used there are not applied here.

Theorem 4.1 (Stability). For any § € (0,1), there exists C' > 0 so that the following
holds. Let {e,,} be a sequence of complex numbers so that |e,,| < 1 for alln and €, = o(1).
Assume m, is a complex number with Im m,, > 0 which satisfies

fitn, = (2 + 1n) + £n a.1)
for some z € Ss. Then |m(z) —my| < Cey, foralln > C.

Proof. It follows from Lemma 3.14 that m,, is bounded and from Lemma 3.17 that
|m(z)|] < 1. Let 3 and v, be defined as in Lemma 3.16. There exists a constant Ns € IN
depending only on § such that for n > N

va(Re(z + m(2))) < Ce~Re(ztm(2))*/2
< Ce~(B-1)?/2
_ CG—E2/26E6—1/2
< Ce~1/2p=(1-0/2) o/3log(n)
S n71/4

<n,
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for some absolute constant C' > 0. Thus is follows that z +m(z) € Q2. A similar argument
shows z + m,, € Qs. It then follows from Lemma 3.16 that

Im(2) = mn| < |s(z +m(2)) — s(z + mn)| + en

IN

1 -

—|m(z) — mn| +en.

2

A rearrangement completes the proof. O

5 Concentration of the Stieltjes transform

This section is devoted to the following bound.
Theorem 5.1 (Concentration). There exists § > 0 so that

sup nn |my(2) — Egmy,(2)] = o(1)
2=FE+ineSsUSs

with overwhelming probability.

Proof. By Proposition 3.2, there exists a 6’ > 0 such that
£ = {‘{1 <i<n:Dy;>+(2- 5/)10gn}‘ < nl/s}

holds with overwhelming probability. Thus, it suffices to prove the theorem conditioned
on the occurrence of £. As A is independent of &, for the sake of brevity, we omit this
conditioning from our notation. Furthermore, in the remainder of the proof, we will use
E tomean E4.

We let § = §’/2 and begin by considering a fixed 2z € Ss; U Ss. Let Ex denote the
conditional expectation with respect to the o-field generated by A;; with ¢, j > k, so that
E,m,(z) = Em,(z) and Eym,(z) = m,(z). Thus, m,(z) — Em,(z) can be written as the
following telescopic sum

n

mn(2) — Bmn(2) = Z (Ex—1mn(z) — Exmn(2)) = Z’Yk.
k=1

k=1

The following martingale argument is inspired by a similar calculation in [10, Chapter 6].
We let G, denote the resolvent of L after removing the k-th row and column and ay, is
obtained from the k-th column of L by removing the k-th entry. We then have that

1
Yo = —(Bgp_1tr(L —2)"F = Eptr(L — 2)71)
n
1
=— (Ek_l [tr(L —2) ™" —tr(Ly — 2) '] = Be[tr(L — 2) 7" — tr(Ly, — z)_l])
n
1 CLZG%ak — Eaka,”;Giak 1+ EakaZGiak
= —(Ep_1 — Eyg)
n ka —Z — CLZGkak ka —Z— a,*chak
B 1+ EakaZGiak
ka —Z— EakaZGkak
_ l(Ek—l B aZGiak — Eak*a,’;Gzak
n ka —Z— akaak
(14 E,, a;Giax)(a;Grax — B, a;Grax)
(ka —Z — a;;Gkak)(ka —Z — EakaZGkak)
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akGiak - = tr G2

ka —Z — akaak

B (14 L tr G})(a;Grar — * tr Gy,) )

= %(Ek—l — Ey) <

(ka —Z— a};Gkak)(ka —Z— %tr Gk)

where the third equality follows from Lemma 3.7 and E,, indicates expectation over the
random variables in a;.
We define the following quantities,

1
o = ajGiay — - tr G,
1 ~ 1

_ka—Z—QZGkCLk7 Bk_ka—Z—*tI‘Gk

1
Ly — 2z — %EtI‘Gk

b, =

1 A 1
5k = a,’;Gkak — —tr Gk, 5/@ = a,*chak — —Etr Gk
n n

1
6k=1+ﬁtI‘Gi,

so that
1< 1 & _
Ma(2) = Ema(2) = > (Bry — Br)awfy — -~ > (Bt — B )erdr BB
k=1 k=1
= Sl - SQ.

We will show that nn|Si| = o(1) and nn|Sz| = o(1) with overwhelming probability
uniformly for all z € SsU S5 This will be done via the method of moments. We begin with
S;. By Markov’s inequality, it suffices to bound E[nnS;|[* = E[n >, _ (Ex—1 — Ex)axfk]*
for ¢/ € IN.

By Lemma 3.5, for any ¢ > 1,

20

¢
<K (ZEkmakﬂk ) Jrzmnakﬂﬂ%

Z (Ex—1 — Ex)awfk
k=1

We use K to indicate a constant that only depends on ¢, but may change from line to
line. Since Im a;Grax > 0,

Bl <n~.
Therefore,
En) (Br1—Eo)apfe| <K |E (Z Ek|nak5k2) + ) Bl | . (5.1)
k=1 k=1 k=1

By Lemma 3.6,
E\ak|2£ < Kgn72ZE| tr GiGZQV.

Let £ denote the event that ||4| < 10. We have already seen that £ occurs with
overwhelming probability. Note that on the event £ N £’, due to Cauchy’s interlacing
theorem and Weyl’s inequality, with overwhelming probability, the eigenvalues of L after
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removing the k-th row and k-th column will have at most n'/4 eigenvalues larger than
v/ (2 — 26) log n (see Proposition 3.2) for n sufficiently large. Thus, we have

o [ 1 - 1
ORI = (Z O BP+ n2>2> et (Z (CYEEs 772)2> ter

i=1 i=1

< it 4+ Os(nlog ™2 n) + nn g
< 2% 4+ g (5.2)

The same argument establishes that with overwhelming probability,
tr GLG5 < n+nlgre. (5.3)
We now have that

Elag|* < K~ 2E|2n°/* + n?1g.|*
< K2 (0% 4 n*E1gre)
= K2 (nP4 + n2P(£°))
< K34
where the last line follows from the observation that since £’ occurs with overwhelming
probability, P(£¢) = O,(n~10%), say. Therefore, by equation (5.1),

20

1Y (Bro1 — Ex)obr

k=1

N ¢
E S K| E (Z Ek|770!k5k|2> /A

k=1

We now direct our attention to the remaining sum on the right-hand side. Observe
that

2 1 2
|k B| < GGy w Ok
T |Lgp — 2z — aZGkak Ly — 2z — a;Gkak
1 2
|a}Grax] w G
- |Im(ka —z— a,’;Gkak)| Ly — 2z — aszak
1, -3
<n 40,

where the last inequality follows from the observation that
la;Gra| <1+ af(Ly —2) N (Ly — 2) tap = = Im(Lyy, — 2 — a}Grag)

where L; denotes the matrix L with the k-th row and column removed. Thus, for a fixed
constant Ky > 0,

lanBel® < 4K aq + 40~ %1 5, 52k, -

We again have by Lemma 3.6 and (5.2) that for some constant K > 0,
s K 2 %2 —3/4
Ek|04k| < fQEktI‘Gka § K(n +Ek15/u).
n
We now return to bounding S;. Let I denote the indices such that D;; > /(2 — ¢’) log n.
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On the event &, |I| < n'/%, so we have that

n L
P(nn|Si| > ¢) < K¢ | E (Z Ek|nak5k2> 4 3/
k=1

¢ ¢
< Ky E(ZEkﬁakﬁk|2> + (ZEknakﬁk|2> +n /A

kel k¢l

4
S KZ E <Z Ek(4K0204i772 + 477_41|5k|>2K0)> + n_5£/8
k¢l

< KZ (n25n€/4 +n74én571 Z]P(Mgk‘ > QK()) +n5€/8>
k¢l

< K, (n“n“ > P(I8k] > 2K) + nf/‘*) , (5.4)

k¢l

where in the third inequality we have utilized the calculation

¢ ¢
E (Z Ek|77ak/8k|2> <E <Z Ekak|2>

kel kel
L
<E (Z K(n=%/* + Ek1g/c)>
kel
V4
<K (n P+ E (Z Eklgw>
kel
<K, (n—5e/8 + n=D/8| <Z ]E;ng))
kel
< K, (nw/g L pl-1/8 Z]P(E/C)>
kel
< K58, (5.5)

A nearly identical calculation justifies the fourth inequality in (5.4).
To control P(|8x| > 2K)p) in (5.4), we make the following observation. For k ¢ I,
1 1

bl < < < K.
5 | = (6/10)logn — |2 Etr Gy = °

B |R6(ka — 2z — %Etr Gk)
Therefore, if || > 2K then,

1 1
|ka -z — aZGkak| = |ka —z— —EtrGy + —EtrGg — aZGkak|

n n

= [0 — Ol
1

< Y
— 2K,
which implies that 0 > -

Thus, continuing from (5.4),

P(nn|Si| > €) < K¢ (n‘“n“ > P(|6k] > 1/2K0) + n_£/4> :
keI
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A straight-forward calculation shows that
B|6, — 0x]% < Kon™*. (5.6)

As the proof is similar to the many calculations we have done above, it is omitted. One
can find the analogous argument in Section 6.2.3 of [10].
By Markov’s inequality and equation (5.3),
1Y . |6 3¢
2Ky ) ~ (2Ko)¥
< Ko(B|og — 0[5 + E|6,[5%)
< Ko(n™* + E|6,[*)

P (|8k >

< Blai Gray — B ix Gyl
< Km™*.
We then have that
P(nn|S1| > ¢) < K, (77742”73@ +n,4/4) < KU/,

As { can be arbitrarily large, we have established that nn|S1| = o(1) uniformly in z, with
overwhelming probability.

We now show that nn|Sz| = o(1) with overwhelming probability. Again, the argument
is quite similar to the above, so we will be more brief. By Markov’s inequality,

20

E{nY r_(Ex_1 — Ey)erdrSBrBe

g2t

P(nn|S2| > ¢) <

By the same argument in (5.2), we have that || < 2 + n?l1gec. As £ occurs with
overwhelming probability, we omit the 1¢. term in the remainder of this calculation as it
is negligible as seen from (5.5).

We continue with

n 20

1Y (Br_1 — Br)erdrBibr

k=1

E

n £ n
<K |E (Z Ekn6k5kﬂk5k|2> + ) Elnerdr BBl

k=1 k=1

n ¢
<K |E (ZEkﬂ5k5kﬁ_k|2> +o

k=1

¢
sKe| B <Z Ek|n5kﬁk5k|2> + T

k¢l

‘
sKe| B <Z Ek|n5kﬁk6k|2> +n /8

k¢
The summands on the right-hand side can be bounded as follows:
10k BrBrl> < (2K0) 16k ]” + 07 10711 5, 5y > (20 )2
41512 —4)52
< (2Ko)™ 10k + 0710k 5,131 /(ax0) or 184121/ (450)-
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The final inequality is due to the observation that on the event that
* y—1 1 —1 2
|Lk-k —z— aka akHka -z — Eter | < (QKO) ,
either
|L}€k —Z— a,’;GglaM S 2K0

or 1
|Lir — 2 — —trG;1| < 2K,.
n

If |Lyx — 2 —a} Gy 'ax| < 2K, then on the event that |bx| < K, we have that 6] > 1/(2K0)
as before. On the other hand, if |Lyx — 2 — %tr G,:1| < 2K, then

1

bl =0
| = 5%,
which implies that |§| > 1/(2Kj). Returning to the moment calculation, we have

20

E|n> (Er-1 — Br)erdr BB

k=1

¢
2 2 —2152 —3¢4/8
< K E(ZEW 10" + Exn |5k|1|6k|or8k|zl/(21<o>> +n
kgl

¢

y —3¢/8

(77 +E ZEW |5k|1|6k|0r|5k|>1/(2K0)> +n~H
kel

~20,0-1 —3t/8
<n D Bk 5, or 5 15120y T )
k¢l

<K, <n”n“ > (BI6[*) 2P (16 > 1/(2K0)) + (P(|16k] > 1/(2K0))"/?
k¢l

+ n3€/8>

< K, <n22nz1z E6k|4£\/E|5k|2£+E|5k|22—|—n32/8)

kel
<K, (n—%n—z +n—3£/8)

< KenfiiZ/S'

Thus, we have shown that for a fixed z € S5 U S5, nn|mn,(z) — Em,(z)| = o(1) with
overwhelming probability where the probability and the o(1) error are uniform in z. To
extend this result to all z € 5’5 U 5”5, we observe that m,(z) is n?-Lipschitz so it suffices to
establish the result for an n3-net of S5 U Ss. Such a net will be of size at most O(n*) and
since an event that holds with overwhelming probability can tolerate a polynomial-sized
union bound, the result is proved. O

6 Proof of Theorem 2.7

We now turn to the proof of Theorem 2.7. We begin with some preliminary results
and notation we will need for the proof. For convenience, we establish the result for S
as an identical argument applies to Ss.
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Fix € € (0,1/100). Since A is a GOE matrix, it follows from standard norm bounds
(see, for example, [27, 76] and references therein) that ||A| < 3 with overwhelming
probability. Thus, by Proposition 3.2 and Weyl’s perturbation theorem (see, for instance,
Corollary III.2.6 in [16]), there exists § > 0 so that the event

{|{1§i§n:)\i(L)2 \/(2—25)10gn}|:O(n€)} (6.1)

holds with overwhelming probability. Moreover, by taking § smaller if needed, we can
also ensure the same value of § applies to the bounds in Theorem 5.1 and Proposition
3.2. For convenience, we define the event

5—{|{1<z<n Ai(L) > /(2 —20)logn}| = }
ﬂ{ up nn|mn<z>—EAmn<z>|=o<1>}

2=E+ineSs
ﬂ{ {1<i<n:Dy> m}‘ :Os(ns)}

to be the intersection of the events from (6.1), Theorem 5.1, and Proposition 3.2. It
follows that £ holds with overwhelming probability, and we will work on this event
throughout the proof. For the remainder of the proof, we consider ¢ and ¢ fixed. We
will allow implicit constants in our asymptotic notation to depend on these parameters
without denoting this dependence.

Since the event £ holds with overwhelming probability, we will often be able to insert
or remove the indicator function 1¢ into the expected value with only negligible error.
For example, using the naive bound, sup; ; |Gi;(2)| < [|G(2)]| < , we have

EY Gij(2) ]EZG” e + B Gij(2)1ee,
tJ

4,J

where
n? 1
EZG” Nee| < —IP(E ) =0, (npn)

for any p > 0. Here, we use the convention that all indices in the sums are over [n] unless
otherwise noted. In particular, taking p sufficiently large shows that

EZGU EZG” 15+0<7377>
i,J

for any z in the spectral domain Ss. In a similar way, one can apply the same procedure
to the conditional expectation 4 ), ; Gy;(2), where the error term

IE)A ZG” 18”

can be bounded with overwhelming probability using an L'-norm bound as above and
Markov’s inequality. We will often insert and remove indicator functions of events that
hold with overwhelming probability in this way. As the arguments are all of a similar
format, we will not always show all of the details, and we refer to this as procedure as
“inserting the indicator function using naive bounds.”

Theorem 2.7 focuses on the spectral domain 55 U 5‘5. However, it will sometimes be
convenient to work on the larger spectral domain S5. We begin with some initial bounds
for m,, in the spectral domain Ss.
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Lemma 6.1. With overwhelming probability,

1
sup E|m,(2)| + sup Ea|m,(2)| + sup |m,(z :O< )
sup Bl (2)]+ sup Bl ()] + sup e (2)] = O e

Proof. We start by bounding

sup E|m,(z)].
zZE€Ss

By inserting the indicator function of £ using naive bounds, it suffices to bound

sup E|m,(2)1¢|.
z€Ss

For z = E 4 in € S5, we have the uniform bound

1 — 1
E |mn(z)1g| <E- 1¢
"
1 1 1 1
SEL 2 glED ) g
n n 1 —
32 (L)>/(2—20) log g JA (D)</(2—20)Togn | °
< n
nn  nylogn’

where in the first sum we used that, on the event &, there are only O(n®) terms in the
sum and in the second sum we bounded the number of summands by n and used that

Nj(L) < /(2 —20)logn while E > /(2 — §) logn. Thus, since n > n~'/% and £ < 1/100,

we conclude that
1
sup E|m,(z)| = O .
ZESP5 ma(2)] <\/logn>

The same method also bounds sup,.g, Ea|m,(2)|, where we can again use naive
bounds to insert the the indicator function of £ into the conditional expectation. In this
case, one also needs to use a net argument and continuity to establish the result for all
z € Ss; we omit the details. The bound for sup,.g, |mn(2)| is also similar. However, in
this case, we do not have any expectation and can simply repeat the arguments above
by working on the event &£, which holds with overwhelming probability; we omit the
details. O

With Theorem 5.1 and Lemma 6.1 in hand, we can now complete the proof of Theorem
2.7.

Proof of Theorem 2.7. For z € Ss, we define
G:=G(z)

and
Q =Q(z+Eam,(2)),

where G(z) := (L — z)~! is the resolvent of L and Q(z) := (D — z)~! is the resolvent of D.

In particular, s,(z + Eqgmy(2)) = 2 trQ = EaL trQ since Q does not depend on A. By

T n

the resolvent identity (3.2), we have
1 1
Eam,(2) — sn(z + Eam,(2)) zlEAEtrG— EtrQ (6.2)

= EA% tr(GAQ) — EAmn(z)IEA% tr(GQ).
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We will apply the Gaussian integration by parts formula (3.3) to

1
Ea—tr(GAQ) = Z QiiEA[Gi Aji), (6.3)

,J

where we used the fact that @ is a diagonal matrix and does not depend on A (so we can
pull it out of the conditional expectation). A simple computation involving the resolvent
identity (3.2) shows that

0Gr ) GriGji+ GGy, ifi# j,
dAij GriGji, if i = j.

Thus, returning to (6.3) and applying (3.3), we obtain
1
EA, tI‘(GAQ f]EA Z QuG + EAmn( ) tI‘(QG),
which when combined with (6.2) yields
Eamy(2) — sp(z + Eamy(2)) = —lEA Z QuG% + ]EAmn( )tr(QG)  (6.4)
1
— EAmn(Z)EAE tr(GQ).

We aim to bound the terms on the right-hand side uniformly for z € Ss.
For the first term, we apply the Ward identity (3.1) to get

%EA ZQMGZQJ < EA% Z |Qii Z G|
7,] ? J

1
< EAnTn Z |Qis| Im G5

1

1
= A2y Xl: |Di; — z — Egm(z)] o
Define the event
1
F:=< sup Eam,(2) =0 ( ) , (6.5)
{2655 ' Viogn

and note that, by Lemma 6.1, F holds with overwhelming probability. By using naive
bounds, we can insert the indicator function of the event £ N F into the above equations
to obtain

1 1
An2n2|Dii—z—EAm(z)| o

1 1 1
— B4 Im Gy 1 —
Anzﬁzi: |Dii — 2z — Eam(z)] o mf+0<m7>

1 1

—Ej—— S Im Gy;1

Anz |Dj; — 2z — Eam(z2)| m enr
:D;; >4/ (2—26) logn

1 1 1
Eis— E ImGy;;1 —
+ An277 |Dii — z — Eam(z)] o gmt—‘_o(nn)
1:D;;<+/(2—26) logn
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with overwhelming probability.
Observe that since Re(z) > /(2 — ) log n, one has

|Di; — 2z —Eam(z)| > +/logn
on the event F whenever D;; < /(2 — 26) log n. Thus, we have

1 1
E Im Gyl
An? Z |Dii — 2z — Eam(z)| m enz
1:D;3<+/(2—26) logn
1
L ————=E I n(2)1
ny/1og 1 almm, (2)1enF
()
=0
nn
For the other term, we apply the naive bounds ||G|| < % and m to obtain
1 1 n® 1
Eq—- ImG;;1 _ = —_
A (e O < g 0 (nn>

:D;;>+/(2—26) logn

uniformly for z € Sj.
Combining the terms above, we conclude that, with overwhelming probability,

7EAZQMG2 - O( 177>

uniformly for z € 5’5. In view of (6.4), it remains to show
1 1 1
—Eamy(2) tr(QG) — Egmp(2)Es—tr(GQ) = o <> (6.6)
n n nmn

with overwhelming probability, uniformly for z € S5. We will use Theorem 5.1 to establish
(6.6). Indeed, by using naive bounds, we can insert the indicator function of the event
& N F, and it suffices to bound

sup E4
265'5

L 1 (2) t1(QG) — E [rn (2)] itr(am\ Lo

In order to bound this term, we will need the following result.
Lemma 6.2. One has

sup 1tr(GQ)’15m}-:O( ! )

Led, | logn

with probability 1.

We prove Lemma 6.2 below, but let us first complete the proof of Theorem 2.7. Indeed,
applying Lemma 6.2, we obtain

B | 1m0 (2) 1(QG) ~ Ba o (9] . 1(GQ)|1err |
< B [lma() - Bafma (9] 1(GQ) | 1207

1
< @EA [[mn(2) — Ea [mn(2)]] Lenz]
uniformly for z € Ss. Applying Theorem 5.1 (which we included in the event £ for just
this purpose) establishes (6.6). In view of (6.4), this completes the proof of Theorem
2.7. O
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We now give the proof of Lemma 6.2.

Proof of Lemma 6.2. By the Cauchy-Schwarz inequality, it suffices to show

1 1
sup — tr(GG*)1gnr = O (1 ) (6.7)
zes‘s n ogn
and
1 . 1
sup —tr(QQ")1gnr = O ) (6.8)
265'5 n Ogn

with probability 1. Fix z = EF 4+ in € Ss; all of our bounds will be uniform in z and hold
with probability 1.
For the term on the left-hand side of (6.7), we apply the spectral theorem to obtain

1 1 1
—tr(GG*)1 = — 1
(GG )Lenr nzj:(/\J(L)—E)M— 5lenr
.z !
on (W(L) = B2 25
J:x;(L)>+/(2—26) logn
1 1
— 1 .
+n Z A(L)— E)2+n? enr

Jix;(L)<+/(2—26) logn ( j(

Observe that, on the event &, the first sum only contains O(n®) terms, and so using a
naive bound we obtain

€

1 Z 1 1 < n 0 1
n (L) =B+ 2" = ap? — 7 \logn
7:x; (L)>+/(2—26) logn

with probability 1. For the second sum, we have
1 S 1
(A(L) = E)> +n* ~ logn

uniformly for z € S since \;(L) < /(2 — 20)logn and E > /(2 — §) logn. Thus, we find

1 > ! < —o( 1 )
— A L _E2 2 1 - 1
nj:Aj(L)< (2—25)10gn( i(L) )2+ nlogn ogn

with probability 1, where we bounded the total number of terms in this sum by n. This
completes the proof of (6.7).
The proof of (6.8) is similar. Since () is a diagonal matrix, we have

1 1 !
¢ )1 == 1
2 Qe = LD I T B

1 1
== S 1
n [Djj =z = Bam, ()27
j:Dj;>+/(2—26)logn
1 1
— 1 .
D Z Dj; — 2z — Bamn(2)]2 5™

j:Dj;j<+/(2—26)logn 7

On the event &, the first sum contains O(n®) terms, and so using a naive bound we obtain

L L e o
n D _ _ ]E " 2 ENF 72 - 1
njiDij (2—20) logn| 73 o Am (Z)l nm ogn
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with probability 1. We now turn our attention to the second sum. On the event F,
Esm,(z) is uniformly bounded for z € S;. Thus, on the event £ N F, whenever D;; <

v/ (2 —20)logn, we have

1 1
|Dj; — 2z —Eam,(2)]? > logn

uniformly for z € 5’5 since E > /(2 — 0) log n. Therefore, we conclude that

! > ! lenF € —— =0 ( ! )
. ENF =
" j:D;;<+/(2—28) logn |1Djj — 2 = Bamn(2)]? nlogn logn

with probability 1, and the proof is complete. O

We include the following extensions of Theorem 2.7, which we will need in the next
section.

Theorem 6.3. There exists § > 0 so that

sup v/ |[Emy(2) —m(z)| = o(1). (6.9)

ng(sUS(s

Remark 6.4. It is likely that the error term in (6.9) can be improved. However, we will
not need a sharp bound to prove our main results. In addition, the proof reveals that
(6.9) can be extended to hold for all z € S5, but we will not need a larger spectral domain
in this work.

Proof of Theorem 6.3. The proof is similar to the proof of Theorem 2.7. Again, for
notational convenience, we only prove this for S;. We outline the main ideas of the proof
here.

Fix ¢ € (0,1/100). Since A is a GOE matrix, it follows from standard norm bounds
(see, for example, [27, 76] and references therein) that ||A| < 3 with overwhelming
probability. Thus, by Proposition 3.2 and Weyl’s perturbation theorem (see, for instance,
Corollary II.2.6 in [16]), there exists § > 0 so that the event given in (6.1) holds with
overwhelming probability. Moreover, by taking § smaller if needed, we can also ensure
the same value of § applies to the bounds in Proposition 3.2. For convenience, we define
the event

é={l1<i<n: (L) > V2~ 2)logn}| = 0(n°)}
ﬂ { sup  /nn(log ”)3/4 M (2) — Emy,(2)] = 0(1)}

z2=E+inesS;
ﬂ{ (1<i<n:Dy> m}‘ :Og(nf)}

to be the intersection of the events from (6.1), Proposition 3.2, and Proposition 3.3.
Here, we applied Proposition 3.3 with ¢ = (log n)3/4 and then used continuity and a net
argument to extend the bound to all z € Ss. It follows that £ holds with overwhelming
probability, and we will work on this event throughout the proof.

For z € S5, we define

G :=G(7)
and
Q = Q(z + Em,(2)),

where G(z) := (L —2)~! is again the resolvent of L and Q(z) := (D — z)~! is the resolvent
of D.
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Similar to the proof of Theorem 2.7, we can use the resolvent identity (3.2) to write

Emy,(z) — Es,(z + Emy(2)) = IE% trG — ]E% tr@
= E% tr(GAQ) — Emn(z)IE‘% tr(GQ).

Applying the same Gaussian integration by parts argument from the proof of Theorem
2.7 and noting that
Es,(z + Emy,(2)) = s(z + Em,(2)),

we obtain

Enmy(2) — s(2 + Emn(2)) = %IE 3 QuG? + %]Emn(z) £(QG) (6.10)
%,

1
— Em,(2)E— tr(GQ).
n
Our goal is to bound the error terms on the right-hand side. The first term
1 2
—E Z QiiGy;
i
is handled using the Ward identity, exactly in the same way as it was bounded in the

proof of Theorem 2.7, and we omit the details.
We now turn to bounding the error term

1 1 1
EEmn(z) tr(QG) — Emn(z)Eﬁ tr(GQ)‘ <E [|mn(z) — E[my(2)]| ‘n tr(QG)H .
Using naive bounds, we can insert the indicator function of &, and it suffices to bound

B [ (2) - Bl ()| 5069 1.

We will need the following analogue of Lemma 6.2.

1tr(GQ)’1g :o( L )

logn

Lemma 6.5. One has

sup
zES’éUS’,;

with probability 1.

We provide the proof of Lemma 6.5 below, but first we complete the proof of Theorem
6.3. Indeed, we find

B {1, (2) = Blma (2] 0(QG) 1| < (B [lma() - Bl (21 1]

1
logn
1
vn(logn)t/4n

(k)

uniformly for z € Ss5. Here, we used Lemma 6.5 in the first bound and

<

sup  v/n(logm)¥/4 () — Ema(2)] = o(1),
z=E+in€Ss

which is part of the event &, in the second bound.
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Combining the bounds above with (6.10), we conclude that

sup vnn [Emy, (2) — s(z + Emp(2))] = o(1).
z€Ss

An application of Theorem 4.1 now completes the proof. O
We now outline the proof of Lemma 6.5.

Proof of Lemma 6.5. The proof of Lemma 6.5 follows the proof of Lemma 6.2 nearly
exactly. Only the following changes need to be made:

* One needs to replace the indicator function 1¢n7 with 1z and any use of the event
£ by E.

* Occurrences of E4m,(z) need to be replaced by Em,,(z).

* One does not need the event F to control Em,(z) (in fact, Em,,(z) is deterministic).
Instead, one can use that Em,(z) is bounded uniformly for z € S5 by Lemma
6.1. O

To conclude this section, we present the following concentration bound, which we
will also need in the next section.

Lemma 6.6. For any fixed § > 0, asymptotically almost surely, one has

sup  Vnn|Em,(2) — Eam, ()| = o(1). (6.11)
z2€S5USs
Proof. We will establish (6.11) by applying the Gaussian Poincaré inequality. Since
E4m,(z) only depends on the randomness from D, we will apply the tensorization
property of the Poincaré inequality to the n iid standard normal entries of D. We refer
the reader to Section 4.4 of [6] for further details concerning the Poincaré inequality
and its uses in random matrix theory.
Forany z := EF +1in € Ss U S5, we begin with

1
4 J
2

1
< EEZ zj:GjiGij ;

where the first inequality follows from the Gaussian Poincaré inequality and the second
from Jensen’s inequality. Here, we also used the fact that

OEAGy;
which can be deduced from the resolvent identity (3.2). Applying the triangle inequality
and the Ward identity (3.1), we obtain

= -Ea[G;Giy],

1
BIEsm, () — B () < By | 371Gy P
4 J

1

<
= n2n?

EY (ImGi,)’

1
< P EImm,(z)
1

L ——F,
n2n3y/logn
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where we used Lemma 6.1 in the last step. Thus, by Markov’s inequality, we conclude
that

sup P (|IEAmn(z) —Em,(2)| > (6.12)

1 1 1
S T P W
285085 Vnn(logn)t/4 nn  n3/4

We now extend the bound in (6.12) to hold simultaneously for all z € S5 by a net
argument. We note that all of our bounds below will hold uniformly for z € S5 U S[; Let
N be a W -net of S5 U S5. A counting argument shows that A/ can be chosen to
have cardinality

IN| = Os(v/nlog ).
Therefore, (6.12) together with the union bound implies that the event

1
s A )~ B2 € e |

holds with probability 1 — o(1). Let 7’ be the intersection of the event above with the
event F, defined in (6.5). It follows that F’ hold§ with probability 1 — o(1), and we will
prove that (6.11) holds on F’. Indeed, let z € S5 U S5 be arbitrary. Then there exists

z' € N so that
1

vn(logn)t/*

2 — 2] < (6.13)

Thus, on the event F’, we have

1

E m,(2") — Em, (2 _
|E m,(2") m, ()] < Jrn(log m)1/3

Moreover, by the resolvent identity (3.2), we find
1
(B, (2) — B ()] = [z = 2] [Etr(G(2)G(2")]

<|Z*ZHEZ |G (2)* +1Gi ()]

A

; [EImmy,(z) + EImm,(z"))

1
vnn(logn)3/4’

where we used the Ward identity (3.1), Lemma 6.1, and (6.13). Similarly, we have

<

[Bamn(z) = Eama(2)] < |z - 2 |*EAZ G (2)* +1Gi; ()]
i
|z = 2| /
= [E4Immg,(2) + EaImm,(2")]

1
v (logn)3/4’

where the final inequality holds on the event 7 D F'. Combining the bounds above, we

conclude that
1
|Eam,(2) — Em,(2)| =0 <\/ﬁ77> .

Since this bound holds uniformly for z € Ss U 5'5, the proof is complete. O

<
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7 Proof of Theorem 2.1

Tl}is sec~tion is devoted to the proof of Theor~em 2.1. In view of Theorem g.7 (noting
that S5, C S5, for any 0 < d; < d2), there exists § > 0 so that for any 0 < 6 < 9

sup nn | mp(2) — sn(z + Eam,(2))] = o(1) (7.1)
2=E+ineSsUSs

with overwhelming probability. Throughout this section we will make repeated use of
Proposition 3.2, so we fix 0 < § < ¢ such that

‘{1 <i1<n:Dy > m}’ — O(nl/mo)

with overwhelming probability. Considering imaginary parts, we conclude that, on the
same event as (7.1),

sup
Z:E+inES5US5

(N (L) = E)? + 2

n

j=1

n? +nImE m,(2)
(Djj — E—ReEamu(2))? + (n+ImEsm,(2))?

(7.2)
j=1
tends to 0.

We begin by noting that by applying Lemma 3.20 with Theorem 6.3 and Lemma 6.6,
we deduce that

sup ImEsm(z) = o(n) (7.3)
z=E+ineS;USs

with overwhelming probability. If F + in € Ss U S5 is chosen such that (Dj; — E —
ReE m,,(2))? = 0 for some j, then from (7.3)

i 7?4+ nImEam,(2) - n? +nImEsmy,(z)

= (Djj — E—ReEamy(2))2 + (n+ImEsm,(2))? — (n+ImEsm,(2))?
— P+ o(n?)
=1+o0(1).

Hence, the first sum must also be asymptotically at least 1. One way in which the first
sum can be close to 1 is if E is close to an eigenvalue of L and the other terms are
negligible. Bai and Silverstein (see [10, Chapter 6]) used this observation to show the
spectra of certain random matrix models separate. In this section, we use a similar
method (and an iteration argument) to precisely locate A\;(L). We then extend this
argument to \y(L),..., A\t (L) and complete the proof of Theorem 2.1.

For the remainder of this section we fix n = n=1/4. For any z; = E + in € Ss, let
29 = FE + i\/in and consider the differences

n n 2
n n
Il = - )
2 D -FFTE & - BFT 27
and
I — " n? +nImEsm,(21)
= (Djj = E—=ReBamn(21))? + (1 + ImEamn (21))?
- n n? + %T)ImEAmn(ZQ)
= (Djj — E—ReEamy,(22))? + (V20 +ImE m,(22))?2
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From (7.1) we have that
sup |1 — 2| = o(1), (7.4)
z1=E+in€eS;s

with overwhelming probability. Note that

I = zn: ' :
= (N(L) = B2 +0?) (N (L) = E)? +20?)
and
12 = .7771’
j=1 Bin
where
Bj, =((Dj; —E —Re EAmn(zl))2 + (n+Im EAmn(zl))Q)
X ((Dj; — E —ReEamp(22))* + (V20 + ImEamy (22))?),
and

Njn=1n" [(\/ﬁn + Im]EAmn(zQ))2 —(n+ ImEAmn(zl))2]

2
+nImEam,(z1) (\/577 + Im EAmn(zg))

1
— —=nImEsm,(z2) (n + Im IEAm,L(zl))2

V2
. [(Djj — E —ReEamn(22))’ — (Dj; — E — Re ]EAmn(zl))Q}
+nImE m,(z1) (D;; — E — ReEamn(22))?

1
— —=nImE m,(22) (D;; — E — Re Eama (1)) .
V2
In several steps we now show N;,, = 7*(1 4 o(1)) uniformly on S;. The implied
constants in our asymptotic notation in this section are uniform over j € [n]. From (7.3)
we see that

sup n? {(\/57] +ImIEAmn(22)>2 —(n+ ImEAmn(zl))Q} ’ =n*(1+40(1)), (7.5)

21:E+in€§5
and

2_ nIm EAmn(Zg)

7 (n+ImEamy (21))* = o(n"),

(7.6)

nImE s my(21) (\/577 4+ Im ]EAmn(zz))

uniformly for z; € Ss with overwhelming probability. The following lemma allows us to
control the terms of NN; , which involve ReE4m,,.

Lemma 7.1. There exists § > 0 such that
sup  |ReEasmy,(z1) — ReEamy(22)] = o (n_1/2) )
21 =E+’i77€§6
with overwhelming probability.

Lemma 7.1 is very similar to Lemma 3.21, however neither follows from the other
as we do not have a result comparing E m,(z) to m(z) within the appropriate error
o(n~1/2). The proof of Lemma 7.1 follows in a nearly identical way to the proof of Lemma
3.21, with summation replacing integration.
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Proof of Lemma 7.1. Fix E +in~'/* € S5. We begin by considering

1 ¢ (N - E)
Rem,, Rem,, — , 7.7
emn(z1) — Remn(22) n; (A — +77 ) (A — E)? +21%) 77
where we let A\, < .- < \; denote the eigenvalues of L. We divide {1,...,n} into

three subsets J; = {j : |\, — E| > VE}, Jo = {j : n”Y8E < |\; — E| < VE}, and
Js = {j : |\; — E| < n"Y/®E}. Note for any E € [\/(2—6)logn,/3logn], Jo, J3 C
{Jj: A > +(2—=08)logn —[(2-9) logn]1/4}. From standard bounds on ||A|| (see, for
example, [27,76] and references therein) and taking ¢ sufficiently small in Proposition
3.2, we have

ol sl < [ A = V2= 0)logn = [(2 = ) log ]/} = 0(!1)  (7.8)

with overwhelming probability. Note that

1 (\; — E) 2

_ Z 2 2 2 2 S 3/4 s (79)

n 2 (3 = B2 +02) (A — B2 +202) |~ (2 6)3/41og” "0

and so we focus on the sets where |\; — E| is small. For J, applying (7.8)

2(y\.
> (v %j«ﬁ BE o) = n P> Py — EP —E|3
j€J2 Y N j n n =
1/100

=10 ( “gg 7.10
n anEg ( )

= o(n”)

with overwhelming probability and implicit constants depending only on §. In a similar
fashion applying (7.8),

lz (N — E) ZU\)\ — E|

n 2 (O, BP0 (O - EP +27)| =0 &
<0 (n5 2 /3log nn1/100> (7.11)
= o(n%)

with overwhelming probability and implicit constants depending only on §. Combining
(7.7), (7.9), (7.10), and (7.11) we can conclude that

Rem,,(21) — Remy(22) = o(n?)
with overwhelming probability. Applying Theorem 5.1 we see that

[ReEam,(z1) — ReEam,(22)] < |ReEsm,,(21) — Remy,(21)]
+ |ReEamy,(22) — Remy(22)]
+ |Rem,(z1) — Remy,(22)]
= o(n*) + o(n?)
with overwhelming probablllty and implicit constants depending only on §. To extend to
the supremum over S; note that IE 4m,, (or any Stieltjes transform) is Lipschitz on Ss with

Lipschitz constant at most /n. Taking a F-net and using the union bound completes the
proof. O
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Thus we have from Lemma 3.17, Theorem 6.3, Lemma 6.6, and Lemma 7.1 that

7 [(Ds; = B = ReBama(z2))* = (Dj; = B = ReBama(x1))’]

= 772 [(2Dj; —2E — Re Eamy(22) — ReEamy(21)) (ReEam,(21) — ReE gm,, (22))]
=o(n*|Dj; — E — ReEamy(21))), (7.12)

with overwhelming probability.
To deal with the last term in N; ,,

nImEam,(z1) (Dj; — E — ReEamn(22))?

1 9 (7.13)
- ﬁnImEAmn(zg) (Djj — E —ReE smy,(z1))°,
note some algebra leads to
Imm,(z ),i Imm,(z )*EI (7.14)
n n |21 ﬂn n\?2) = n 1. .

Applying Theorem 5.1 (to drop IE4), (7.3) (to control the imaginary part of the Stieltjes
transforms), Lemma 7.1 (to compare the real parts of the Stieltjes transforms at different
inputs after factoring in a way similar to (7.12)), and (7.14) to (7.13) gives

nImEsm,(z1) (Dj; — E — Re E sy (22))*

1

_ ﬁnlm Eamy,(22) (Dj; — E — ReEgmy(21))?

_ (Djj —F— RQEAm7L(Zl))
n

uniformly for E € [\/(2 — ¢)logn,/3logn| and j € [n], with overwhelming probability.
Thus we conclude from (7.5), (7.6), (7.12), and (7.15) that

(7.15)

2
11 + 0(774‘Djj - F - RQEAmn(Zl)‘Q)

n

L=y (1 +0(1)) +n 1 (Dj; — E —ReBamn(21))* I + o(n*|D;; — E — ReEamy,(z1)]?)
B; ’

2,

j=1

(7.16)
with overwhelming probability. A straightforward application of Proposition 3.2 with
€ = 1/100 (similar to (7.10) and (7.11) in the proof of Lemma 7.1) yields

n

n* (Dj; — E— ReIE)Amn(zl))2

sup B =o(1) (7.17)
z1=E+in€Ss | j=1 s
and
- 4Dj; — E—ReE gmy(21)]?
. o(*|Dy; eBama(z)?)| _ ) o 18)
z1:E+in€S5 j=1 Bj,n

with overwhelming probability. Combining (7.4), (7.16), (7.17), and (7.18) we arrive at
the conclusion

sup  [(L+o() Iy — (1+0(1) ) 5| = o), (7.19)

Z1:E+i77€§5 j=1 7sn
with overwhelming probability, where we have pulled out (1 + o(1)) terms which are
uniform in j. At this point, we order the diagonal entries of D as D1y > D(g) > -+ > D(y).
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With the technical estimates complete we will now locate A, (L) with respect to D(y). Let
E(1) be a solution, whose existence is guaranteed by Lemma 3.22, to the equation

Duy — E —Rem(E +in) = 0. (7.20)

As we will see below, the solution E(l) to (7.20) is essentially the location of A\, (L). Before
proving this rigorously, let us see heuristically why this is the case. For z = E + i
very close to the largest eigenvalue of L, we can expect Imm,(z) to be dominated by
the largest term in the sum, and hence approximately %W and if we choose
E = X\ (L) we can expect that nnImm,(z) = 1. Applying this expected behavior to I,
we arrive at (7.20) as the equation making the “non-n” terms of the denominator of the
dominant summand (approximately) zero. We also point out that Lee and Schnelli [52,
Proposition 4.3] show a similar relationship between eigenvalues of deformed Wigner
matrices and the largest entry of the diagonal.

From Lemma 3.22 we see that asymptotically almost surely £y = D) + ﬁ +

O ( D%) ) . After noting D(1) = a, + o(1) asymptotically almost surely, from Theorem 6.3

that sup__p ;. 5,05, [Ea Rem,(2) — Rem(z)| = o(n), (7.3), and Lemma 7.1 we can see

that at Z1 = E(l) + ZT]

Bj,.n = (Rem(z) — ReEam,(21))? + (n +ImE m,(21))?)
x ((Rem(z1) — ReEamy(22))? + (\/577 +ImEgmy(22))?%)

(7.21)
= (o(n®) + (n+ o(m)?) (o) + (V21 + o(m))?)
=20 (1+0(1)),
where D ;, = D(l). We then conclude from (7.21) that
sup (14 0(1)) Z B, >3 (7.22)
Be [E(l)_asl/z ~E<1>+ﬁ] =1
Thus, from (7.19)
sup I >1/2 (7.23)

Ee [E(l)_ 31/27E(1)+ 31/2}
an An
asymptotically almost surely.

Assume, for the sake of contradiction, that there is not at least one eigenvalue of L
within 1/ a¥? of E(. Forany ¢’ > 0, E1) > /(2 — 0’) logn asymptotically almost surely.
By taking ¢’ sufficiently small and applying Proposition 3.2 there are at most O(n!/109)

eigenvalues of L greater than /(2 — 26")logn. If J = {j : A\;(L) > /(2 — 20’) log n}, then

asymptotically almost surely

6

4
I <o(1) 2774 + Z 17@6 =0(1)+ O (nS)Z/nlOO) =o(1), (7.24)

n

a contradiction of (7.19) and (7.23). Thus there must be at least one eigenvalue of L
within 1/ ai/ 2 of Eqy. Let §” > 0 be sufficiently small such that from Proposition 3.2
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J=1{j:D;; > /(2 ") logn} has O(n'/1%°) elements. Then,

sup Z ;

4
. “— Bjn
EG[E(l)—I—T/Q,\/S‘logn] jed
An

n 4
n
+ sup B
~ R
Be [E(l)Jr%/Q,x/Slogn] jgg
Ap

n

sup Z BT]

4
1 i—=1 7,m
Ec E(1)+T/2,\/310gn J
an

IN

4

6,4 U
Zann * Z (2—5”)4log2n

IN

jeJ jeJ
=o(1). (7.25)
Note to bound the denominator for the sum over .J in (7.25) we make use Lemma 3.19 to

deal with the non-linearity of the Stieltjes transform. Since ||L|| < /3logn asymptotically
almost surely, if there exists an eigenvalue of L beyond % of E(y), it would then follow

from the definition of I; that

) (7.26)

[N

sup Iy >
Ee E(1)+%/2.,\/310gn]
an

a contradiction of (7.19) and (7.25). Thus there cannot be an eigenvalue of L beyond %

of ;) asymptotically almost surely, and hence |\ (L) — E(y)| = O ((13%) asymptotically
almost surely. Using the asymptotic expansion in Lemma 3.22 and the fact that D) =
Vv2logn + o(1) asymptotically almost surely we see that with probability tending to one

1 1
Eqxnyw=D —_—t+ O — .
™ @+ v2logn + (logn>
Let b/, be defined as in (1.3), we conclude the proof of Theorem 2.1 in the case that k =1
by noting with probability tending to one
an()q(L) — bn) . an(E(l) — bn) + 0(1)
= an(D(l) — b/n) —+ O(].)

and hence for any z € R

lim P (an(A1(L) — by) <) = lim P (a, (D) — b)) <z +o0(1))

n— oo n— oo

where the last equality is a well known result for maximum of iid Gaussian random
variables (see, for instance, [51, Theorem 1.5.3]).
For any k € IN, we now define F(;) to be a solution to

D@y — E —Rem(E +in) = 0.

Again, using the asymptotic expansion in Lemma 3.22 we see that with probability
tending to one that
1 1
Ew=Dgpy+—=—=+0(—]). 7.27
(k) (k) V2logn (logn) ( )
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Above we showed that [A\;(L) — Eyy| = O (%) asymptotically almost surely, however

this comparison can be improved significantly to show [A\;(L) — E)| = o(n) for any fixed
k € IN. To this end, fix k¥ € IN and consider the first k eigenvalues \; (L) > \p(L) > --- >
Ar(L) of L. Using the notation above we have that

sup (I+o(1), — Z M =o(1) (7.28)

Ee [E(l)_ a31/2 Eay+ a31/2}

asymptotically almost surely. We also have with probability tending to one (see Proposi-
tion 3.9) that E(,) ¢ [E(l) - 7, Eqy + %} and hence

n 4
sup Z w = % +o(1). (7.29)
j=1

1 1 J,m
Ee [E(l)_ .3/2 B+ as/z}

Now let ¢, be such that ¢,n = E(;) — A1(L). From the above we know ¢,n € [— L, = ]

3/27 3/2
asymptotically almost surely. When E = A\;(L), I; > 1/2 and, using Lemma 3.19 (’ég cof{’érol
the non-linearity of m, the second sum of (7.28) is Wl(zﬂz) + 0(1), a contradiction of
(7.29) unless c,, = o(1). It then follows |\ (L) — E(y)| = o(n).

In fact, for any eigenvalue \;(L) € [E(l) - %,E(l) + %} the preceding argu-
ment shows |\;(L) — Ey| = o(n). If there argnN eigenvaaTues of L in the interval

Eqy — =7, Eqy + %/2} and hence within o(n) of E(;), then

N
sup 11> 5 + o))

Ee [E(l)f 031/2 B+ a31/2

We then see from (7.28) and (7.29) that N = 1.

We now outline the argument for locating A\2(L), as it is extremely similar to that of
A1(L). An identical argument to the establishment of (7.23) and (7.24) concludes there
must be at least one eigenvalue of L within ag)% of E(y) asymptotically almost surely.

After noting

no4

1 1

sup 5 (1+0(1)) —o(1),
1 1 i=1 ij”

EG[E(2>+ /2:E(1>*a3/2} J

3
An

we see that Ao (L) must be within %/2 of E(2y asymptotically almost surely. It then follows

in an identical manner to that of /{Ll(L) that [X\2(L) — E(9)| = o(n) asymptotically almost
surely. Union bounding we see

P ([[(A1, A2) = (Eqy, E@)ll = n) = o(1). (7.30)
Iterating for all 2 < j < k allows us to conclude

At this point it is worth noting Proposition 3.10 follows from Proposition 3.9, (7.27), and
(7.31). From (7.31) we have that for any Borel set B C R

P (an (A1, A2, ..., Ak) — bn) € B) =P (an (Da1y, D2y, - .-, Dy) — by,) € B)+0(1). (7.32)
Theorem 2.1 then follows from the definition of F}, (1.5), and (7.32) with the choice
k
B = szl(—oo,mj}.
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A Limiting law for largest diagonal entry (by Santiago Arenas-
Velilla and Victor Pérez-Abreu)
This appendix is devoted to the following result, which describes the fluctuations

of the largest diagonal entry of £, when A is drawn from the GOE. The arguments
presented here originally appeared in the preprint [7].

Theorem A.1. Let A be drawn from the GOE. Then the centered and rescaled largest
diagonal entry of L 4

an, ( max (L£4)i — b’n)

1<i<n
converges in distribution as n — oo to the standard Gumbel distribution, where a,, is
defined in (1.2) and b/, is defined in (1.3).

Proof. Let
T
v=(vi)jz = ((EA)M» (La)22,- - 7(£A)nn) ;

and note that v is a multivariate normal random vector with mean zero. The covariance
matrix, >, associated to v is of the form

n71 . . .
, ifi=j,
Yij = { " J

L otherwise.

The eigenvalues of ¥ are =2 (with multiplicity n — 1) and 222 (with multiplicity 1). Let
¥ = OAO”

be the spectral decomposition of 3, where O is an orthogonal matrix whose last column
is the vector e, defined in (2.2). We observe that

9= (g:)—y =2

is a vector of iid standard Gaussian random variables. Since

12w 2 or [ [n—2 o —2 n—2
M _ZoikAkkogj_C/ - ;Oikogj>+<\/ — =/ = | OnOy;.

k=1
we find that
_9 1 2n—2 L —2 ifi =1
sz _ IV Hr (VR o) il
ij 1 ( 2n—2 _ L—2) , otherwise.
n n n

V; = (21/29)
(]
n—2 1 2n — 2 n—2)\ w
= gi + — (\/ - \/ ) Z!M
n n n n
k=1
Taking a maximum over i € {1,2,...,n} yields
-2 1 2n — 2 -2\ —
maXUi:\/nmani+<\/ - _\/ﬂ )ng-
7 n 7 n n n
k=1
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After centering and scaling, we obtain that

n

an, 2n — 2 n—2)\ —
Jrn<\/ n \/ n )ng
k=1
Both of the latter two terms on the right-hand side converge to zero in probability. So
by Slutsky’s theorem, a,(max; v; — b)) converges to the Gumbel distribution, as it is

well-known (see, for instance, [51, Theorem 1.5.3]) that this is the limiting distribution
of a, (max; g; — bl,). O

-2
an(maxv; — b)) = a,(maxg; — b)) + a, (( n - 1) mang)
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