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CENTRAL LIMIT THEOREMS FOR LINEAR STATISTICS OF HEAVY
TAILED RANDOM MATRICES

FLORENT BENAYCH-GEORGES, ALICE GUIONNET, CAMILLE MALE

ABSTRACT. We show central limit theorems (CLT) for the Stieltjes transforms or more
general analytic functions of symmetric matrices with independent heavy tailed entries,
including entries in the domain of attraction of a-stable laws and entries with moments
exploding with the dimension, as in the adjacency matrices of Erdos-Rényi graphs. For
the second model, we also prove a central limit theorem of the moments of its empirical
eigenvalues distribution. The limit laws are Gaussian, but unlike to the case of standard
Wigner matrices, the normalization is the one of the classical CLT for independent random
variables.

1. INTRODUCTION AND STATEMENT OF RESULTS

Recall that a Wigner matrix is a symmetric random matrix A = (a; ;)i j=1...~ such that

1. the sub-diagonal entries of A are independent and identically distributed (i.i.d.),

2. the random variables v/ Na, ; are distributed according to a measure p that does
not depend on N and have all moments finite.

This model was introduced in 1956 by Wigner [37] who proved the convergence of the
moments

(1) lim E[% T(A7)] = / xpivg;ﬁdx

N—oo

when p is centered with unit variance. Moments can be easily replaced by bounded con-
tinuous functions in the above convergence and this convergence holds almost surely. As-
sumption 2 can also be weakened to assume only that the second moment is finite. The
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fluctuations around this limit or around the expectation were first studied by Jonsson [28]
in the (slightly different) Wishart model, then by Sinai and Soshnikov [35] with p < N'/2
possibly going to infinity with /N. Since then, a long list of further-reaching results have
been obtained: the central limit theorem was extended to so-called matrix models where
the entries interact via a potential in [27], the set of test functions was extended and the
assumptions on the entries of the Wigner matrices weakened in [7, [6l 29], a more gen-
eral model of band matrices was considered in [2] (see also [29] [5] for general covariance
matrices), unitary matrices where considered in [I9], and Chatterjee developed a general
approach to these questions in [I7], under the condition that the law p can be written as
a transport of the Gaussian law. Finally, but this is not really our concern here, the fluc-
tuations of the trace of words in several random matrices were studied in [16, 25| B32] 26].
It turns out that in these cases

Tr(A?) — E[ Tr(AP)]

converges towards a Gaussian variable whose covariance depends on the first four moments
of . Moments can also be replaced by regular enough functions and Assumption 2 can
be weakened to assume that the fourth moment only is finite. The latter condition is
however necessary as the covariance for the limiting Gaussian depends on it. The absence
of normalization by v/N shows that the eigenvalues of A fluctuate very little, as precisely
studied by Erdos, Schlein, Yau, Tao, Vu and their co-authors, who analyzed their rigidity

in e.g. [211 22, [36].

In this article, we extend these results for two variations of the Wigner matrix model
where Assumption 2 is removed or weakened: we consider cases where p does not have any
second moment or cases where p depends on N, with moments growing with N. In these
cases, Wigner’s convergence theorem ([Il) does not hold, even when moments are replaced
by smooth bounded functions. The analogue of the convergence ([Il) was studied when the
common law j of the entries of v/ NA belongs to the domain of attraction of an a-stable
law (in which case the normalization in V/N has to be adapted) or p depends on N and
has moments blowing up with N. We describe these models below more precisely.

Definition 1.1 (Models of symmetric heavy tailed matrices with i.i.d. sub-diagonal en-
tries).
Let A = (ai;)ij=1..n be a random symmetric matriz with i.i.d. sub-diagonal entries.

1. We say that A is a Lévy matrix of parameter o in |0, 2[ when A = X /ay where the

absolute values of the entries X;; of X are in the domain of attraction of a-stable
distribution, more precisely

@) P(1Xy] = u) = 2

uCl{
with a slowly varying function L, and

1
ay = inf{u : P (|X;;| > u) < N}



(an = L(N)NY, with L(-) a slowly varying function,).
2. We say that A is a Wigner matrix with exploding moments with parameter
(Ck)k>1 whenever the entries of A are centered, for any k > 1
2k
(3) NE[(a;;)*"] 2 Cr,
and ) ;~, Cy, > 0.

Notice that if there exists a C > 0 for a £ > 2, then actually C}, > 0 for any £ > 2
[31, Appendix A]. A Lévy matrix whose entries are truncated in an appropriate way is a
Wigner matrix with exploding moments [10, 3T], B8]. The adjacency matrix of an Erdos-
Rényi graph, i.e. a matrix A such that
(4) A;; = 1 with probability p/N and 0 with probability 1 — p/N,
is also an exploding moments Wigner matrix. In this case the fluctuations were already

studied in [34].

The weak convergence of the empirical eigenvalues distribution of a Lévy matrix has
been established in [10] (see also [I5, 8 I3]) where it was shown that for any bounded

continuous function f,
1
Jm L) = [ f@dn) s
where p1, is a heavy tailed probability measure which depends only on a. Moreover, i,
converges towards the semicircle law as a goes to 2.

The convergence in moments, in expectation and in probability, of the empirical eigen-
values distribution of a Wigner matrix with exploding moments has been established by
Zakharevich in [38]. If we assume that the sequence (Cy)r>; has at most exponential
growth, 7.e. that for a constant C', for all k,

(5) C, < Ck,

then for any continuous bounded function f,

Jm CT) = [ f@die@)  as

where ¢ is a probability measure which depends only on the sequence C := (Cj)g>1.

We shall first establish the fluctuations of moments of a Wigner matrix with exploding
moments around their limit, namely prove the following theorem.

Theorem 1.2 (The CLT for moments of Wigner matrices with exploding moments).
Let A = (a; ;)i j=1,..n be a Wigner matriz with exploding moments with parameter (Ci)p>1.
Then the process

(6) (JLN T AX —E [\/—% Tr AK} ) .

converges in distribution to a centered Gaussian process.
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The expression of the covariance of the process is of combinatorial nature, given it later
in Section 2 Formula ([B0) and Theorem 2.2

Note that the speed of the central limit theorem is N~'/? as for independent square
integrable random variables, differently from what happens for standard Wigner’s matrices.
This phenomenon has already been observed for adjacency matrix of random graphs [9] 20]
and we will see below that it also holds for Lévy matrices. It suggests that the repulsive
interactions exhibited by the eigenvalues of most models of random matrices with not too
large entries (see the first paragraph of this introduction) are absent or much less strong
in the context of heavy tailed matrices.

For Lévy matrices, moments do not make sense and one should consider smooth bounded
test functions. We start as is common in random matrix theory, with the study of the
normalized trace of the resolvant of A, given for z € C\R by

1
G(z) = ol

By the previous results, for both Lévy and exploding moments Wigner matrices satisfying
@), N7!'TrG(z) converges in probability to a deterministic limit as the parameter N
tends to infinity. We study the associated fluctuations. In fact, even in the case of Wigner
matrices with exploding moments, the CLT for moments does not imply a priori the CLT
for Stieltjes functions even though concentration inequalities hold on the right scale, see
[T4], as one cannot approximate for the total variation norm smooth bounded functions
by polynomials unless on compact subset, a point which is not clear in this heavy tail
setting. However, with additional arguments based on martingale technology, we shall
prove the following result, valid for both Lévy matrices and Wigner matrices with exploding
moients.

Theorem 1.3 (CLT for Stieltjes transforms). Let A be an N by N Hermitian matriz with
i.i.d. real entries below the diagonal defined in Definition L], satisfying ([Bl) in the case of
Wigner matrices with exploding moments. Let

(7) On(A) = E[QXP(—M|@11|2)],

defined for any A in C—, with C~ :={\ € C; S\ < 0}. Assume that there is a function ®
on C= such that as N — oo, we have the convergence

(8) N(gpn(A) =1) — @(A).
uniformly on compact subsets of C—.

Then, the process

1 1
9) (\/—N TrG(z) — \/—NE[Tr G(z)])ze(c\]R

converges in distribution (in the sense of finite marginals) to a centered compler Gaussian
process Z(z), z € C\R, whose covariance is defined by the formulas:

(10) 7Z(z2) = Z(z) and C(z,2):=E[Z(2)Z(2)] = L(z,2") — L(2) L(%'),
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where the analytic functions L(-) and L(-,-) are given respectively in Formulas ([I3) and
(@)
Note that the uniform convergence on compact subsets, in (§), implies that ® is analytic

on C~ and continuous on C—.

As a consequence, we can extend the central limit theorem to a larger class of functions.

Corollary 1.4. Let A be the set of analytic functions f on the strip {z = a + ib,a €
R, |b| < €} for some € > 0 so that there exists v > 1 so that for a large enough

(11) |flatie)| <a™7.
Then under the hypotheses of Theorem [L.3, the process
1 1
(12) (2w(5) = 5 Tr(A) = =BT ()]s f e A)

converges in law towards a centered Gaussian process (Z(f); f € A) with covariance de-

fined by the facts that Z(f) = Z(f), with [° the function of A defined by the formula
f(z):=[(z), and

Cov(f, g) := ﬁ / az / 42 f(2)g()C =z, 7).

where I' =] — 0o + i€, +00 + i€| U | 4+ 0o — i€, —o0 — ie[ and C(z, 2') is the function of (I0).
The result extends to the closure of A for the total variation norm.

Before giving the explicit form of the maps involved in the formula of the covariance, let
us first discuss the hypothesis made at Equation ().

e For a Lévy matrix, if A = X/ay with |X;;| in the domain of attraction of an a-
stable law, ij is in the domain of attraction of an a/2-stable law, and we have

(see [23]) that
d(\) = —o(iN)*/?
for some constant o > 0.
e For a Wigner matrix with exploding moments, at least on the formal level, we have
1 (—iN)k
R e DR
k>1
Therefore, if ([B]) holds together with the reinforcement of () into

sup NE[(aij)%} < C*,
N>1

NE[|CL11‘2]€] .

then (B) is satisfied. In particular, the case where A is the adjacency matrix of an
Erdos-Rényi graph defined at ({]) satisfies the assumptions with

d(N) = ple™ —1).
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The covariance in Theorem [[3]is defined in terms of the functions L(-) and L(-,-) that
have the following form: for any « in |0, 1] and any z, 2" in C\ R,

sgn (z)oo 1 )
(13) L(z) = —/ gaze’tzﬂz(t)dt
0
1
(14) L(z,2") = / U*(z, 2" )du, where
0
., ) sgn §(z)oo  psgn §(z)oo 1 o el gt (tt) )
(15) U(z,2) = i i Eaz,z,e = dtdt
and where the maps p.(t) and p (¢, t') are given as the non random limits
;| N
j=1
[ N
(17) Platt) = lim =—= > O(tGu(2);; +1Gi();5), as
k/N—=u j=1

where Gy (z) = (2 — A;,) 7! for Ay the matrix obtained from A by deleting the k-th row and
column, and G}(2') = (2' — A})~! for A} a copy of A where the entries (i, j) for 4, j > k are
independent of A; and the other are those of A;. Also, we assume t3z > 0 and 'Sz > 0
in (I6) and (I7).

The existence of the limits in (I6) and (7)) is a consequence of a generalized conver-
gence in moments, namely the convergence in distribution of traffics, of (A, A}) stated in
[31], see Lemma 32 However, under stronger assumptions, independent proofs of these
convergences and more intrinsic characterizations of p, and p? _, are provided in Theorems

and below.

Let us mention that the map (¢, z) +— p.(t) characterizes the limiting eigenvalues dis-
tribution of A, since under the assumptions of Theorem [[3] for all z € C*, we have the
almost sure convergence

: 1 . > ttz+p-(t)
A}linooNTrGN(z) —2/0 e dt.

This fact was known in the Lévy case [10] and is proved in Corollary 3.3l for Wigner matrices
with exploding moments.

Theorem 1.5 (A fixed point equation for p,(t)). We assume the hypotheses of Theorem
and, moreover, we assume that we have the following decomposition for all z € C~:

(18) o) = [ glo)eay
0
where g(y) is a function such that for some constants K,y > —1,k > 0, we have

(19) 9W)| < Kly<1y” + K1ys13", Yy > 0.
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Then the function (z € CT, X € RY) — p.(X) is analytic in its first argument and contin-
uous in the second, with non positive real part, and characterized among the set of such
functions by the formula

(20) p(N) = A / g(y)ev -0y,
0

The assumption (8] is satisfied for our main examples.

e In the heavy tailed case, we have ®(x) = —c(iz)?, hence the Hypothesis made at
(IR is true, with g(y) = Cy=~". Indeed, for any z € C*, an application of residues
formula gives

+o0
(21) ['(a/2) = —i/ (—izt)? e 2dt,
=0

(here, 7 has cut on R™).

e In the case of the Erdos-Rényi adjacency matrix, ®(z) = p(e”™ — 1) so that

(22) O(z) =—p /000 Jl(s)e¢d5 =—p /00 Jl(Qﬁ)eim_ls%ds

0

where Ji(s) = 5> 150 (k,(skﬁ is a Bessel function of the first kind. .J; is bounded

on R,.
e More generally, if ® is so that ®(z~!) is in L', by Fourier integral formula we can

write 1t . -
2(1) = / b, (y)evrdy
T _

o0

with ®_; the Fourier transform of ®(1/z). Hence, if ®_; is supported on Rt we
have

o) = [ by,
0
so that our hypothesis is satisfied if ®_; satisfies (IJ).

Note that the asymptotics of Wigner matrices with bound moments is also described by
20). In this case ®(\) = —i), so g(y) = —i and p,(t) = —it]\}im + Tr G(z), which leads
—00

to the classical quadratic equation

(23) s(z) == A}gr(lx)i TrG(z) = z%s(z)

Let us now give a fixed point characterization for the function p, ./(¢,t") of (I7).

Theorem 1.6 (A fixed point system of equations for p? ,(t,t')). We assume the hypotheses
of Theorem[L.3 and, moreover, we assume that ® satisfies the formula

(24) O(x +y) = / / it udT (v v)+/ei;du(v)+/ei%d,u(v')
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for some complex measures T, ;i on respectively R™ x R and R* such that for all b > 0,
[ e7td|u|(v) is finite for some constants K > 0, =1 < ~,7 <0 and k,x" > 0, we have

dfr Y v K / P
% < K (0o + v Luepnoof) (07 Loregoy + 0" Loepioo)

Then, p (t,s) = upg:i,(t, s)+(1 —u)pgﬁ, (t, s) where p*t, p»? are solution of the fized point
system of equations

. sgn,, 0o sgns 0o o (@ U,)
po(ts) = / / AT e AT (v, 0))
sgn, 0o sgn,s oo .
/ St du)+ [ e Dau()
0
) sgn, oo sgn,s 0o o u (v v)+(1 )[ ( )+ v
i o ”
pis) = [ [T et s o, )

sgn, 0o sgn.s oo )
(25) / e'terDdp(v) + / s ef (dp(v)
0 0

There is a unique analytic solution (p“', p“?) from A = {t/Sz > 0,5/32 > 0} into

{z: R(z) < 0}%.

In our main examples:

e (24)) is satisfied in the case of the Erdés-Rényi graph adjacency matrices. Indeed,
in this case, by (22),

O(z+y) = ple™ —1)
= ple® —1)(e! —1)+p(e® —1) —l—p(ey —1)

= p/oooJl(v)dv/OooJl( )dve4w

—p/ Ji(v)dve'= —p/ Ji(v)dv' e
0 0
so that if v denotes the measure on R* defined by

du(v) = Jl(wa)\%dv

then we can take 7 = pr®? and u = —pr, which satisfies our assumption with
v =~r=-1/2,K =Kk =0.



O(z

dr(v,v)

9

For Lévy matrices, where ®(z) = C,2®/2, ([24)) holds as well. In fact, in this case
we have for all z,y € C™,

1 1
1 -1 a/2
= Cu(—+-)
by <x+y>
11 .
- a/2 a/2 (l‘ +y) 2

— / dU}/ dw/ dea/Q 1 )a/2 1 —a/2 1 zwx—f—zw y( w(zty) 1)

so that our hypothesis holds with ¢ = 0 and

—a/2—1 af2—1 af2—1 af2—1 af2—1
dvdy’ = Cq < ucons’ duu*/ [(U - u) / (U/ - u) / — v (U/) / ]

It is not hard to verify that 7 satisfies our hypotheses with v =+ =1 — /4 and
K =r=0.

Let us conclude this introduction with three remarks.

(1)

Let A = X/ay, with X = (X;;) be a symmetric real N x N random matrix with
i.i.d. entries independent of N such that

P(X,| 2 w) = 20

)
U2

with L(-) a slowly varying function at +o0o0 and
1
ay = inf{u: P(|X;;| > u) < N}

(in other words, A is an o = 2 version of the Lévy matrices defined at Definition [).
Then using Example ¢) p. 44. of [23] instead of the hypothesis made at Equation
([@), one can prove that as N — oo, the empirical spectral law of A converges almost
surely to the semi-circle law with support [—2,2] (see (23])). This result somehow
“fills the gap” between heavy-tailed matrices and finite second moment Wigner
matrices. It allows for example to state that if P(|X;;| > u) ~ cu™?, with ¢ > 0,
even though the entries of X do not have any second moment, we have that the

empirical spectral law of % converges almost surely to the semi-circle law
cnlog(n)

with support [—2, 2].

About applications of our results to standard Wigner matrices, i.e. real sym-
metric matrices A with i.i.d. centered entries (up to the symmetry) with variance
1/N : one can see from the proofs that Theorems and and Corollary [L4]
also apply for such matrices and that the function ® of (§) is then linear, which
implies that L(z,2') = L(z)L(2") for all z, 2/, so that the covariance is null. In
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this case, ([20) is the self-consistent equation satisfied by the Stieltjes transform of
the semi-circle law, namely (23]), and Corollary [[4] only means that for functions
f € A, we have, for the convergence in probability,

Tr f(A) —E[Tr f(A)] = o(V'N).

When the entries of the Wigner matrix A have a fourth moment, (26]) does not
bring any new information, because it is already well-known that its LHT converges
in distribution to a Gaussian law. However, for Wigner matrices whose entries
have a second but not a fourth moment, (26) brings new information. Indeed,
for such matrices, which could be called “semi heavy-tailed random matrices”, the
convergence to the semi circle law holds (see [4] or the remark right above that
one) but the largest eigenvalues do not tend to the upper-bound of the support
of the semi-circle law, are asymptotically in the scale N 2" (with a € (2,4) as in
Equation (2]) when such an exponent exists) and distributed according to a Poisson
process (see [3]), and it is not clear what the rate of convergence to the semi-circle
law will be. Equation (Z6) says that this rate is < N~1/2,

About recentering with respect to the limit instead of the expectation, everything
depends only on the rate of convergence in (3)) or in (7). For instance, if NE(a?¥) —

Cr =o(v/N ) for any k£ > 1, then
VN E[iTrAk] . hmE[iTrAk] 0,
N N

N—o0 N—oo

but otherwise a non trivial recentering should occur. See the end of Section 2

Notation: In this article, the power functions are defined on C\R_ via the standard
determination of the argument on this set taking values in (—m, 7). The set C* (resp. C7)
denotes the open upper (resp. lower) half plane.

2. CLT FOR THE MOMENTS OF WIGNER MATRICES WITH EXPLODING MOMENTS

The goal of this section is to prove Theorem [[L2l In order to prove the CLT for the
moments of the empirical eigenvalues distribution of A, we use a modification of the method
of moments inspired by [30] which consists in studying more general functionals of the
entries of the matrix (the so-called traffic camulants) than only its moments. We describe
this approach below. Let A be a Wigner matrix with exploding moments. Let K > 1 be
an integer. The trace of the K-th power of A can be expanded in the following way.

N
1 1 o : . .
NTI'AK = N E A(’Ll,lg)...A(’LK_l,’LK)A(’LK,’Ll)

i1, J'K 1

— Z ZA i1,12) .. Alig—1,i5) Alig, i1),

weP K) IES

4
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where P(K) is the set of partitions of {1,..., K} and S, is the set of multi-indices i =
(i1,...,ix) in {1,..., N} such that n ~; m < i, = i,,.

We interpret 75 as a functional on graphs instead of partitions. Let 7 be a partition of
{1,...,K}. Let T™ = (V, E) be the undirected graph (with possibly multiple edges and
loops) whose set of vertices V' is m and with multi-set of edges E given by: there is one
edge between two blocks V; and V; of 7 for each n in {1,..., K’} such that n € V; and
n+ 1 € V; (with notation modulo K'). Then, one has

(27) n(m) = T} [T7]
if for graph T'= (V, E), we have denoted

(28) R0 =+ 3 [TA6).

¢:V—[N]eckE

injective
where [N] = {1,..., N} and for any edge e = {7, j} we have denoted A(¢(e)) = A(¢(i), ¢(j)).
There is no ambiguity in the previous definition since the matrix A is symmetric.

In order to prove the convergence of

(Zy(K)) ooy = (Tlﬁ Tr A — E[\/l—ﬁ TYAKDK>1

to a Gaussian process, it is sufficient to prove the convergence of

B () iy = (V0 B4

TeUrgP(K)

to a Gaussian process, since

(30) (1) = (X 2w(1)

TEP(K) Kzl

Before giving the proof of this fact, we recall a result from [31], namely the convergence of
7%[T™] for any partition 7. These limits are involved in our computation of the covariance
of the limiting process of (Z N<T7T>)NEUK73(K)’ and this convergence will be useful in the

proof of the CLT for Stieltjes transforms latter.

Proposition 2.1 (Convergence of generalized moments). Let A be a Wigner matriz with
exploding moments with parameter (Cy)g>1. For any partition m in UgP(K), with 7% [T

defined in (27),

a g
E[mR[T™] — °[T7]:= { [I51 G ifT™ is a fat tree,

N—o0 0 otherwise,

where a fat tree is a graph that becomes a tree when the multiplicity of the edges is forgotten,
and for T such a graph we have denoted qi the number of edges of T with multiplicity 2k.
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Theorem 2.2 (Fluctuations of generalized moments). Let A be a Wigner matriz with
exploding moments. Then, the process (ZN<T7T))7T€UK'P(K) defined by [29) converges to a

centered Gaussian process (z(T”)) ) whose covariance is given by: for any T™,T™,

TeEURP(K

E[2(T™)(T™)] = > 7°[1),

TEPy(T™1,T72)

where 70T is given by Proposition [21] and Py(T™,T™) is the set of graphs obtained by
considering disjoint copies of the graphs T™ and T™ and gluing them by requiring that
they have at least an edge (and therefore two “adjacent” vertices) in common.

Proof. We show the convergence of joint moments of (Z ~N(T 7T)) Gaussian distribution be-
ing characterized by its moments, this will prove the theorem. Let 71 = (V4, E4),...,T, =
(V,., E,,) be finite undirected graphs, each of them being of the form 7™ for a partition .
We first write

elon . zvm)] - g5 X B TT( TT Atese) ~2[ T] Atc0)
N2 D155 j=1 eckE; ecE:
#;:V;—[N] inj. WN(¢K__7¢7L) >
= Y & T e

o€P(Vi,...,Vn) (¢1,-,¢n)€ESS

where

e P(Vq,...,V,) is the set of partitions of the disjoint union of V1, ..., V,, whose blocks
contain at most one element of each V,

e S, is the set of families of injective maps, ¢; : V; — [N],j = 1,...,n, such that for
any v € V;,v' € Vjy, one has ¢;(v) = ¢/ (V) & v ~, 0.

First, it should be noticed that by invariance in law of A by conjugacy by permutation
matrices, for any o in P(Vi,...,V,) and (¢1,...,¢,) in Sy, the quantity wy(¢1,..., o)
depends only on 0. We then denote wy(0) = wn(¢1,...,¢,). Moreover, choosing a
partition in P(Vi, ..., V},) is equivalent to merge certain vertices of different graphs among
Ti,...,T,. We equip P(V4,...,V,) with the edges of T}, ..., T, and say that two vertices
are adjacent if there is an edge between them. We denote by Py(V1,...,V,) the subset
of P(Vi,...,V,) such that any graph has two adjacent vertices that are merged to two
adjacent vertices of an other graph. By the independence of the entries of X and the
centering of the components in wy, for any o in P(Vy,...,V,) \ P:(V4,...,V,) one has
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wn (o) = 0. Hence, since the cardinal of S, is (N—L\!a\)!’ we get

E[ZN(Tl)...ZN(Tn)} - ¥ N—SNL!)MN(U)

= lol)!

(31) = d o Ny (o) (1+O(NTY).

Let o in Py(V4,...,V,). We now analyze the term wy (o). We first expand its product.

orto) = 3 -1y [ T] T Alos)] < 12| ] Ates0)]

JjEB eck; j¢B eck;

Let B C {1,...,n}. Denote by Ty the graph obtained by merging the vertices of T},
J € B that belong to a same block of 0. For any £ > 1 denote by py the number of vertices
of T where k loops are attached. For any k > ¢ > 0, denote by g, the number of pair
of vertices that are linked by k edges in one direction and ¢ edges in the other. Denote by
pn the common law of the entries of v/ NA. By independence of the entries of A, for any
(¢1,...,¢,) in Sy, one has

[T atwen] = TT(£200)" (10

jEB ecE; k>1 Nz N2
tkd,LLN ) Pk tk”d,uN() Ak,e
(32) = NEBH( 11 fN—l ,
k>1 k,0>0

4

~\~

on(B)

where |Ep| is the number of edges of T once the multiplicity and the orientation of edges
are forgotten. Recall assumption ([B]): for any k& > 1,

\/Nai,j)%} B [ t**dun(t)
Nk—1 o

]\/vk_1 N—oo

NE[(a;;)*] = E[(
By the Cauchy-Schwarz inequality, for any k& > 1,
t|*1d | [ t2kd /
f| | kHMN pn (t thﬂN
1 Nk 1

Hence, since the measure py is centered, the quantity dy(B) is bounded. Denote 7T, the
graph obtained by merging the vertices of 71, ..., T, that belong to a same block of o, |E,|
its number of edges when orientation and multiplicity is forgotten, and by ¢, its number
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of components. We obtain from (31I) and (32)
E[ZN(Tl) . ZN(TH)}

=YY nEEEERw ol B) [[a (b (1 + o)
o€Ps(Vi,...,Vi) BC{1,...,n} j¢B

= Z Z Ne—5 x NIE|-IEsl-X ep B o Nlol—co—|Eo|
o€P;(V1,...,Vn) BC{1,...,n}

< (=1)"Play(B) ] on({5}) x (1+O(N )

Jj¢B

A partition o € Py(V4,...,V,) induces a partition o of {1,...,n}: i ~5 j if and only if
T; and T; belong to a same connected component of 7,,. Denote by Pa(n) the set of pair
partitions of {1,...,n}. One has

(33) N~ 7 = 1067’2 +O( )

{1Second}ly, ortlﬁ ilas |E,| — |Eg| — > j¢B |Egj] < 0 with equality if and only if B =
,...,n}, so tha

(34) NIEo=1Es|=¢5 1By = 1 5_ (..my FO(N™ b.

.....

Moreover, by the relation [24, Lemma 1.1] between the number of vertices, edges and
components of a graph, |o| — ¢, — |E,| is the number of cycles of T, the graph obtained
from T, by forgetting the multiplicity and the orientation of its edges. Hence, we have

(35) Nlrlmee=lBel — 12 et + O(NT).

By (33), B4) and (B3, if we denote iy (o) = dn({1,...,n}) we get
E [ZN(Tl) . ZN(Tn)]

- Z Z 1To’ is a forest of 3 trees 5N(J) =+ O<N71)

mEP2(n) UG'Pﬁ(Vl ..... Vn)

(36) = > I X mawe dnlo)+OWNTY,

m€P2(n) {i,jem acPy(Vi,Vj)

where we have used the independence of the entries of A to split . The case n = 2 gives

E|:ZN(T1)ZN(T2)] - Z ITJ is a tree 5(0) +O(1)7

o€Py(V1,V2)

J/

M(2)?;1,T2)
where §(0) = A}im dn (o), which exists since T, is a tree. Indeed, in the definition ([B2) of
—00
§(0), we have p, = g = 0 for any k # ¢. Moreover, we obtain that §(o) = 7°[T,] defined
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in Proposition 2] and the sum over o on P;(V;, V2) can be replaced by a sum over graphs
T obtained by identifying certain adjacent vertices of T} with adjacent edges Ty, since 79[T']
is zero if T is not a fat tree. We then obtain as expected the limiting covariance

MO(T, Ty = > [T).
TePy (T1,1%)

The general case n > 3 in ([30]) gives the Wick formula

E[ZN(Tl)...ZN(Tn)} = Y [ MOT.T) +o1),

T€P2(n) {i,j}em

which characterizes the Gaussian distribution. ]

Remark about the recentering with respect to the limit instead of the expectation: in
our computations, up to (B6) the errors terms are of order O(N 1), and so if NE[a}f] =
Cr+0(vV/N) for any k > 1, then 65 (o) = 6(0) + o(v/N) and hence one can replace the o(1)

by o(v/N) at the end of the proof.

3. CLT FOR STIELTJES TRANSFORM AND THE METHOD OF MARTINGALES

Let A = (a;;)ij=1,..n be either a Lévy matrix of parameter a € (0,2), or a Wigner
matrix with exploding moments of parameter (Cy)g>1. For any z in C\ R, recall that
G(z) = (z — A)~L. To prove Theorem [[L3, we show that any linear combination of the
random variables

Zn(z) = \/LNTrG(z) — E[\/Lﬁ TrG(z)}, z € C\R,

and their complex transposes converges in distribution to a complex Gaussian variable.

Since G(z) = G(2), it is enough to fix a linear combination
P

(37) M(N):=> " NiZn(z),
i=1

for some fixed p > 1 and Ay,...,\, € C, 2,...,2, € C\R, and prove that M(N) is
asymptotically Gaussian with the adequate covariance.

3.1. The method of martingales differences and reduction to the case p = 1. For
all N, we have

M(N)-E[M(N)] =>_ X, with X, i= (B, — Ej_1) [M(N)],
k=1

where E; denotes the conditional expectation with respect to the g-algebra generated by
the k first columns of A. In view of Theorem of the appendix about fluctuations of



16 FLORENT BENAYCH-GEORGES, ALICE GUIONNET, CAMILLE MALE

martingales, it is enough to prove that we have

(38) ZEk X3 — ZM (2,2;) — L(z)L(z)),

i,7=1

(39) ZEk Xl — ZM (#,7) = L(z)L(%))

zgl

and that for each ¢ > 0,
N
(40) ;EHXkFleze] s

Notice first that (B8)) implies ([B9). Let us now prove (@0). The proof of (B8] will then
be the main difficulty of the proof of Theorem L3l

Proof of ({A0). Let Ay be the symmetric matrix with size N —1 obtained by removing the k-
th row and the k-th column of A and set Gi(z) := ﬁ. Note that E,Gy(z) = E,_1Gi(2),

so that we can write

p
1
Xk = E )\z X (Ek — Ekfl)[—
=1 v N

Hence by (82) of Lemma in the appendix, there is C' such that for all N and all £,

(Tr G(z) — Tr Ge(=))].

Cmaxl- ‘)\ZH%ZZ‘il

VN

Thus for N large enough, we have that for all k, | X;|*1x,|>- = 0 and [{0) is proved. [

| Xk| <

We now pass to the main part of the proof of Theorem [[3] namely the proofs of (B8]
and (B9). It is divided into several steps.

Let us first show that we can get rid of the linear combination in (B7) and assume p = 1.
We have

Xy, = (B — Bjy) Z)\ — By [% Tr G(2)],

hence, as Tr G(z;) = Tr G(%;), both X? and | Xj|* are linear combinations of terms of the

form
1 1 /
(Ek — Ek,l)[ﬁ Tr G(Z)] X (Ek — Ek,l)[ﬁ Tr G(Z )],
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with z, 2" € C\R. As a consequence, we shall only fix z, 2z’ € C\R and prove that for

Y, = (B, — Ek_l)[% TrG(z)] and Y] :=(E;— qu)[% Tr G(2)],

we have the convergence in probability

(41) Cy =Y B[] < L(2,2) = L(z) L(2).

k=1

First, for G as introduced in the proof of ({0) above, as E;Gi(z) = Ex_1G(z) again,
we have Yy = (E — Ek,l)[ﬁ(Tr G(z) — Tr Gi(2))]. Hence by Lemma [6.5], we can write
1 1 + aZGk(z)Qak
42 Yi=—E; —E;_
where ay, is the k-th column of A where the k-th entry has been removed. To prove (@Il),
we shall first show that we can get rid of the off diagonal terms >, ax(j)ax(()Gr(2) ;e
and Y, ax(j)ar(€)(Gr(2)%);e in the above expression.

z — ap, — a;Gr(2)ay,’

3.2. Removing the off-diagonal terms. In this section, we prove that we can replace
Yy in (@) by
N-1 ‘
- 1 L+ 3000 ar(h)*(Gr(2)?)j

Yi=—=(E; —E;4 N—1 . ’
(43) 7 Y a0,

Note first that by Equation (85) of Lemma in the appendix, we have, with probability
one, for all z € C\R,

1+ 375 ak(5)*(Gr(2)) 5

- < 21zt
B P A
hence
- 4|zt
(44) W < 232

Lemma 3.1. Let ffk’ be defined in the same way as Yy in [#3), replacing z by 2'. Set also
N

(45) Cy =Y Ex [V,
k=1

Then for Cy defined as in [), as N — oo, we have the convergence

(46) Oy — Cy 25 0.
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Proof. First note that for both Lévy and exploding moments matrices, for any (N — 1) x
(N — 1) matrix B with spectral radius || B||,

a,Baj, = Z aw(j)*(B)j; +en(B)

where there exists 6 > 0 and a finite constant C' so that for all ¢ > 0, all matrix B,

C|Bl|? C
(47) P (len(B) 20 < DD O

By definition, en(B) = >_,; ar(f)ar(j) Bjx- In the case of exploding moments, we have
2 : , , N
E[‘EN(B)} ] = Z Z Elay(i)ay(7)bijax (i) ax (") bi ]
i#j #y

< 2 Ela(i)’|E[a(5)*] |bigl®

i#£]
2 27\2 2
< N(NE[ak(l) NIBI?,

from which (7)) follows by Tchebychev’s inequality with 6 = 1/2. For Lévy matrices, we

put for x € (0, ﬁ)

en(B) = Zak(@ak(j>B€j = (Limax; JapG) <N + Limax; Jap ()| > 8= )EN(B) -
i
By [10, Lemma 4.3], and the same computation as above, for any ¢ > 0 we have

. 2
P ({lewl 2 00 g < N°}) < ot

whereas there exists a finite constant C' so that

. C
IP’(mJaX|akj| >N ) < Vo’
which prove (1) in this setting with 20 = min{ax, 1 — 2k(2 — a)}.

We apply (@) with B = G}(z) and B = G(z)?*. Since the function of two complex vari-
ables p(x1,z5) := i—i; has a uniformly bounded gradient on the set {(z1,22) € C?; Sy <
0}, it follows that

1+a;Gr(2)?a, 1+ 2a()*(Gil(2)?) 5’
z — apr — a5 Gr(2)ag z— > ak())?Gr(2)j N

where |ey| < C'[|len(Gr(2))| + |en(Gr(2)?)]] for some finite constant C’. Now, we can use
&), [B2) and (RH) to assert that the two first terms, in (4]]), are bounded by a constant

(48)
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uniformly in N and k. Hence, €’y is uniformly bounded. It follows that there exists a finite
constant C” so that for any ¢t > 0,

E[ley]?] < N;I‘S + Ot + 40" /tC Wség}zzds'
Taking t = N~% we conclude
Elley ) < T8N
To sum up, we have
(49) Vi = Yi+ Vi =Y{+%,

where the error terms 7z, v, are O(N =279 x log N) uniformly in k for the L? norm.

But
Ay = YY) =YY = Yivh + Yive + vk,

so to conclude, it is enough to prove that the RHS is o(N 1) in L', uniformly in k. We
have

E[[Yirvi + Vi + wil] < W¥allzellvillee + 1%l llvellce + [lvellezligllee,
with Y}, = O~ (N"'/2) (and the same for ;) by (@) so that ([@J) implies that
E[|Acl] < C"log NN7172

which proves the lemma. O

It remains to prove that the sequence Cy introduced at (7)) converges in probability as
N goes to infinity. Note that we have

1
(50) Ciy = / NEj1 (Vi Violdu  with k(u) == [Nu].

u=0
By (@), the integrand is uniformly bounded by 4|3z|~!. Hence, by dominated convergence,

it is enough to prove that for any fixed v € (0,1), as k, N tend to infinity in such a way
that k/N — u, we have the convergence in probability of

(51) NE,_1[V,.Y,].
Now, set
(52) b L+ 37, a(7)%(Gr(2)?) ;12 () (Ge(=))y
=Y a(h)2Gu(2) N a(h)Ga(2)

We have VNY, = (Ex — Ex_1) fr and the same for ffk', SO
NE,1(Y2Y)) = By [Ey fiBr fr] — Bt frEr1 .
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Let us denote by E,, the expectation with respect to the randomness of the k-th column
of A (i.e. the conditional expectation with respect to the o-algebra generated by the a;;’s
such that k ¢ {i,j}). Note that E;_; = E,, o E; = E; o E,,, hence

NE; 1(YiYy) = Bay [Bi fiEr fi] — BaBa, fi X ExEa, fi.

Now, note that if one introduces (on a possibly enlarged probability space where the
conditional expectations Ej_q, Eg, E,, keep their definitions as the conditional expectations
with respect to the same o-algebras as above) an N x N random symmetric matrix

(53) A" = [ajh<ijen
such that:
e the a};’s such that i > k and j > k are i.i.d. copies of a;; (modulo the fact that A’

is symmetric), independent of A,
e for all other pairs (4, ), a;; = ay,

then we have

ExfiBefi = Ee(fe < fi),
where f}/ is defined out of A" in the same way as f; is defined out of A in (52)) (note that
the k-th column is the same in A and in A’). It follows that

NE; (ViYy) = Ea [Ex(fi X fi)] — ExEa, fi X ExEa, fi
(54> = Ek[Eak(fk X fli‘/)] - EkEakfk X EkEakf]é
We shall in the sequel prove that as N tends to infinity, regardless to the value of k, we
have the almost sure convergences
(55> Eakfk — L(Z) Eakflé — L(Z/)

and that for any fixed u € (0,1), as N, k tend to infinity in such a way that k/N — wu,
we have the almost sure convergence

(56> Eak (fk‘ X flg) — \11“(27,2/)_

The convergences of (B3] and (B6]) are based on an abstract convergence result stated in
next section, where we use the convergence of generalized moments of Proposition 211
They are stated in Lemmas B.4] and respectively.

Note that by Lemma [6.6]
(57) | fil < 41927,

so once (53) and (B6) proved, the convergences will also hold in L?, hence by continuity of
the conditional expectations, we will have the convergence in L?

Ep[Ea, (fiw X fw)] — EaBay fi X Bila, fi — W*(2,2") = L(2)L(Z).

Thus by (B4]), we will have proved the convergence of (BIl), hence concluded the proof
of the theorem.
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3.3. An abstract convergence result. Remember that A, = (a;;) is the square matrix
of size N — 1 obtained by removed the k-th row and the k-th column of A, that Gi(z) =
(z — Aj)~! and that A} is a copy of Ay where the entries (i, j) for 4,7 > k are independent
of Aj and the other are those of Aj. We denote G} (2') = (2 — A})~!

Lemma 3.2. As N goes to infinity and % tends to w in (0,1), the random probability
measure on C?
N—-1

1
kN
(58) Vi = T D ey 22 € CAR.
j=1
converges weakly almost surely to a non random probability measure vy, on C2.

Proof. By e.g. Theorem C.8 of [1], it is enough to prove that for any bounded and Lipschitz
function f VkN( f) converges almost surely to v ,(f). Moreover, adapting the proof of
Lemma [6.4], one can easily see that for any such f,

Vo () = B ()]

converges almost surely to zero. The only modification of the proof is to complete the
resolvent identity by remarking that

(2= Ar) 77 = (2= A7) = (2= A7) 72 (2(Ap = AY) — (Ap — AY)? =247 (A — A7) (2 — Ap) 7,

which gives that this matrix has rank bounded by 3 x rank(A — B). Hence it is enough to
prove that the deterministic sequence E[v kN( - )] converges weakly. These measures are

supported by the compact subset B(0,|3z|7!)2, hence the sequence is tight and it suffices
to prove that it admits at most one accumulation point.

Let us show how the Lévy case can be deduced from the case of Wigner matrices with
exploding moments. For any B > 0, let us introduce the truncated matrices

B .__ 1B
A" = (i 0y 1<B)ig=1,..8 AT = (0510 1<B)ig=1,..,N

These matrices are Wigner matrices with exploding moments with rescaled moments that
satisfy (@) (see [31], Section 1.2.1] or [I0, Section 9]). Introduce the random probability
measure VkNB defined as Vk]\,[, except than A and A’ are replaced by A® and A’ B and
similarly the matrices Gy p(z ) and G, p(2'). By Lemma 2.4 of [I0], we know that for any
e > 0, there exist B(e) > 0 and, for any B > B(e), 6(¢) > 0 such that with probability at
least 1 — e %(&BN

rank(Aj, — AP) + rank(A}, — AL%) < e(N —1).

Moreover, we can adapt arguments of [T0] (see also Equation (91) of [12] ) to get that with
probability at least 1 — BN for any 1-Lipschitz function f on B(0, |3z|~!)2, we have

WEd () - Vf,’i/V’B(f)l < 2|2 T ST+ 3182+ 3IS e
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Hence it suffices to prove the weak convergence of [E [ufi\,[ (- )] when A is a Wigner matrix
with exploding moments. Since these measures are uniformly compactly supported, it is
sufficient to prove the convergence in moments.

We consider a polynomial P = 71" x5?T3™? and remark that
]- — n — m n — m
ES)(P)] = E [ﬁ D (Gr(2)55) " (Gil(2)3) ™ (Gil2)5) " (G2 5) 2]

Jj=1

N -1
where o denotes the Hadamard (entry-wise) product of matrices and
M :=Mo---oM.
—_—

n

— B[ 6™ 0 a7 ™ o Gyl 0 ()™

We set {1 = ny +my and lo = ny +my. Let (Y5, Y])iz1,..0, j=1,..c, De a family of random
variables such that for any p;,q; > 0,
0 I

(59> E[Hyipi HYJ/%]

=1 j=1
1 1 1 1
= ElﬁTr[Az o0 Al o ALY o~-~oA;€qz2H.

Such a family exists by Proposition [6.8 By [31], Proposition 3.10], the couple of random
matrices (A, A’) satisfies the so-called convergence in distribution of traffics, which implies
the convergence in moments of (Y;,Y});;. For reader’s convenience, we give the limiting
value of (B9), even if we do not use it later. It is obtained by applying the rule of the
so-called traffic freeness in [31].

1 2
(60) E [ 1 1] Yj'qﬂ'] — PO a(T™),
=1 =1 T P (V)

where

1. we have considered T the graph whose edges are labelled by indeterminates a and
a’, obtained by

e considering the disjoint union of the graphs with vertices 1,...,p; and edges
{1,2},....{pi — 1, pi}, {psi, 1} labelled a, i = 1,..., (4,
e considering the disjoint union of the graphs with vertices 1,...,¢; and edges

{1,2},...,{¢; — 1,¢;},{qg;, 1} labelled o, j = 1,..., 05,
e identifying the vertex 1 of each of these graphs (we get a connected graph,
bouquet of cycles),
2. we have denoted by V7 is the set of vertices of T', P(Vr) is the set of partitions of
Vr and T™ denotes the graph obtained by identifying the vertices of 7" that belong
to a same block of m,
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3. the quantity 7°[T™] is as in Proposition R.T],
4. we have set
E Vi V
04<T7r) = 1y the edges linking adjacent Vertices}u| 1l (1 - u)‘ 2|7
= of V2 have the same label
Ve=V1UuVs

where the sum is over all partitions of the set V. of vertices of 7™ and |E;]| is the
number of edges between adjacent vertices of V;, i =1, 2.

Formula (60) could also be derived by the same techniques than those developed in
Section The random variables Y; and Y] are distributed according to the limiting
eigenvalues distribution of A. Moreover, following the proof of [38 Proposition 10], the
exponential power series of this measure has a positive radius of convergence. So, by
a generalization of [I1, Theorem 30.1] to the multi-dimensional case, we get that the
distribution of (Y;, Y;) is characterized by its moments. Then, we get that (Y;, Y}) converges
weakly to a family of random variables (i, y}). We set f.(y) = (z —y)~'. We then obtain
the convergence

Ep2r)] = B TLA00 [0 = B T £ 16
Hence E[Vfg( +)] converges weakly. O

This convergence could also be proven without Proposition but with appropriate
bounds on the growth of moments, which however we found less elegant.

We have the following Corollary.
Corollary 3.3. (1) For z € C\R, t so that Szt > 0,

N-1

A1) = S B(IGK()) — pe(t) = [ Bt (dr, i) as
N 1 - N—o0

(2) For z,2" € C\R, t so that Sz/t >0, I2'/t' >0, and k/N going to u,

N-1

pVE(1 1) o= > QGula)a+ G ()
converges almost surely towards
(61) (8 = / B(tx + a0 (de, d) .
(3) The functions p™'F are analytic on A = {t/Sz > 0,¢//S2" > 0} and uniformly

bounded on compact subsets of A. They have a non positive real part. Their limits
are also analytic on A and have a non positive real part.
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(4) For all z € CT,

1 o
lim — Tr((z — A)™") = z/ et=te=) gy a.s.
N 0

N—oo

Proof Let us first notice that p(t) = pi\f’j(t,()) for all k£ so we only need to focus on

,oz o (t t'). The point wise convergence of the function p™'*¥ is a direct consequence of the
continuity of ® (recall we assumed that ® extends continuously to the real line), of the
boundedness of tG(z);+t'G)(2' )i (by t/Sz+1'/32') and LemmaB2l To show analyticity,
note that for all j € {1,..., N}, G(2);; is an analytic function on C*, taking its values
in C~ (and vice versa) almost surely by (B3). Hence, on A, tG(2); + t'G)(2')y is an
analytic function with values in C~. Therefore, as ® is analytic on C~, p™* is an analytic
function on A almost surely. Moreover, as ® extends continuously to the real line, it is
uniformly bounded on compact subsets of C~ and hence p™* is uniformly bounded on
compact subsets of A. This implies by Montel’s theorem that the limit p* of p™'* is also
analytic. Finally, p™* as non positive real part as the image of C~ by ®. Indeed, as
R(—iMai]?) <0, we have

(62) x| = [E(e ) <1 = Re(A) = lim Nlog|¢n(N)] < 0.

For the last point, first note that by Lemma [6.3] it is enough to prove the result for
E[N~!Tr G(z)] instead of N~!TrG(z). Second, by exchangeability, E[N~! Tr G(z)] =
E[G(2)11]. Remind that a is the k-th column of A (or A’) where the k-th entry has been
removed. Using Schur complement formula and getting rid of the off diagonal terms (by
arguments similar to those of Section B.2]), we have for any z € C*

E[G(2)u] =

E[ ! ]
2= Y00 [a(i)PGa(2);5 + en

E[ 1 ]
2= >0 g (5)2Gh ()

+ o(1).

Remember that we have for A € C\R,

1 sgny oo
(63) —:4/‘ e Adt,
A 0

and that ¢n(A) = E[ exp(—iA|a|*)], which gives

),
i

—1

E[G(z)11] = CaSe> = al(])2G1(z)jj)]d)\+O(1)

Z’\ZE On(AG1(2);5) AN+ o(1).
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We used the exponential decay to switch the integral and the expectation. This also allows
to truncate the integral: for any M > 0,

o N-1 M N—1
/0 e“zE[ ]Hl ng()\Gl(z)jj)}d)\ - /O eWE[ jHl ¢N()‘G1(z)jj)] dA + €m, 2N,

where €y . n goes to zero as M tends to infinity, uniformly on /N and on the randomness.
Remember that by assumption (&), we have

(64) N(¢n(A) —1) 2 ®(N), VA€ Cc-

where the convergence is uniform on compact subsets of C~. Hence, since for [Sz| > § > 0,
[t| < M, tG(z);; belongs to the compact set {\ € C—; |\| < M/d}, we have

N—-1 N—-1

1
[T ¢v(tGi(2)s5) = exp <N > q’(tGk(z)jj)> +ei) v =exp(pl (1) +el) y
=1 j=1

where 5&), ~ converges almost surely to zero as N goes to infinity. By the above,

1 N-1
exp <N > ‘I)(tGk(Z)jj)) = exp (p:(1)) + &2 v,
j=1

where 5?2) N converges to zero almost surely. Hence, we deduce the almost sure convergence
N-1
65 itz tG ) itz+p2 (t) ]
(65) o [T onltGulel) =,
j:

As pY has non positive real part, we can conclude by dominated convergence theorem and
by getting rid of the truncation of the integral. O]
3.4. Computation and convergence of E,, f; and E,, f;.

Lemma 3.4. Almost surely, we have the convergence

sgn, 00 | A
(66) Eakfk — L(Z) = —/ _8262tz+pz(t)dt'
0

N—oo t

where sgn, := sgn(Sz) and p,(t) is defined in Corollary [3.3.

Proof. Remind that for any z € C\R,

fo = 1+ Zj a,(7)*(Gr(2)?) ;5 . 0. AN (2)
* Z_Zj ap(7)?Gr(2);;  An(z)
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Hence, by (63), since by (83) the sign of the imaginary part of Ay(z) is sgn,, the random
variable f; can be written

sgn,, 0o '
(67) fo = —i / DAy (2)e @t
0
sgn, oo ) sgn, m A
= —i/ DAy (2)eVEdqt — z/ D AN ()@t
sgn, m 0
= frm +1m(2),
where m > 0 and 7,,(z) = % (1 —e'sen=m (=) We next show that for all £ > 0 there
exists mg small enough so that for all m < my, all N large enough
(68) Eay [l (2)[] < €

By (B3) and since the sign of the imaginary part of Ay (z) is sgn_, one has |n,,(2)| < 4|3z|7L.
More precisely, for any K > 0, we find

4 _
1 ()] < 52 (KIS + 0, g22k) -

In the exploding moment case, we note that

P (Y w2 K) < REINa(1) < =

whereas in the Lévy matrices case, since Y ax(j)? converges weakly towards a /2 stable
law, we know that for N large enough

C
2
P (a2 K) < -
Choosing K = 1/y/m or K = m~ 7+ we conclude that there exists a v > 0 and a finite
constant C' which only depends on &z > 0 so that for N large enough
(69) Ea[lnm(2)]] < Cm.

In the following we shall therefore neglect the term 7,,(z). By ([83) and (84]) we have the
following bound: for any ¢ # 0 and any z € C \ R such that |$z| > 0 > 0,

N—-1
, , 1 e !
70 } -\ 2 G 2\ —thak(j)QGk(Z)jj < Z —tx -
(70) ;:1 a.(7)"(Gr(2)");5e S Gsupae 5

so that for M large enough and |Sz| > § > 0,

B sgn, M )
Eak fk,m = — / Eak [az)\N(Z)elt)\N(z)} dt + Em,M,z,N

gn, m
where &, ar. v 1s arbitrary small as M is large, uniformly on N and on the randomness.
Moreover, by (Z0)) one has

(7 Ba, [0 A0 (2)6 )] = L0, (B, [29)
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Recall that ¢n(X) = E[ exp(—iA|a11|*)], so we have

N—-1

(72) Eak [eitAN(Z)] — Eak [eitzfith ak(j)QGk(z)jj)i| — eit® H (bN(tGk(Z)jj)-
j=1

Remind that in (65) we have shown in the proof of the last item of Corollary the
almost sure convergence

N-—1
(73) e T] on(tGi(z);;) — et=tr0).
ey N—o00

As in the proof of Corollary B3] since the left hand side is analytic and uniformly bounded,
we deduce by Montel’s theorem that its convergence entails the convergence of its deriva-
tives. We then get by (72), for all ¢, z so that ¢t/Jz > 0, the almost sure convergence

ok [eitz—itzjak(jFGk(z)jj)] 9 (eitz+pz(t>>'
N an N—o0 N

We then obtain by dominated convergence (remember the integrant is uniformly bounded

by (1)) and estimate ([Z0)),

_ sgn, M 1 '
Eak fk,m E— / gazeztz—kpz(t)dt + ém,M,z,Ny
S

gn, m

where €, .. v converges to zero almost surely as N goes to infinity.

By (7)) and estimate (70), we have the estimate

-1

[AXY

so we can let M going to infinity to obtain the almost sure convergence
sgn 00 |

Eay fok —> — =~ =0y,

N—r00 sgn, m

In the Lévy case, one has p.(t) = t2p.(1), and in the exploding moments case, |10,e*+=()| <
1+ %, so that the integral converges at zero and we obtain

sgn, 0o

E . Lo itzdpa(t)
ay, fk N——>o>o ; ; 8Z€ dt

as expected. O

Of course, this convergence is uniform in k since the law of G (z) does not depend on k
and an analogous formula is true for E,, f;, replacing z by 2’.
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3.5. Computation of E, (fr x f/).

Lemma 3.5. Almost surely, we have the convergence

sgn,, 0o sgh,/ 00 | . ,
(74)  Bafufi 2 V(22 / / 0 e eI O g gy

where p? , is defined in Corollary[3.3

Proof. We shall start again by using Formula (7)) for fi, and its analogue for

p_ 12 a(7)*(GL(2)) _ 0:Xy ()

2= ()G () Ay(z')
where G (2') be defined as G(z), replacing z by 2’ and the matrix A by the matrix A’
defined by (B3]), which gives

sgn,s 0o o
(75) f— —i/ DNy (2)e nEay!
0

Sgnlzoo AV ! Stz m 1Y/ /
= —i/ 8ZA’]V(2’)6Z“N(Z)dt’—z'/ DNy (2) e A& qy!
S 0

/
gn’ m

(76)

The upper bound (Z0) allows us to bound the first term uniformly by logm ™! and to
truncate the integrals for sgn_t,sgn,, t' < M. Therefore, up to a small error € ./ N
uniform for M large, m small and provided [3z|, |S2'| > § > 0, we have

sgn, M sgn s M

(Fa), fe % fi = Ea, 0 AN (2)0 Ny (2) e EFENEO At dt 4 epp . oy

sgn, m sgn’, m

As in the previous case, the upper bound ([f0) allows us

(78)  Ea [@M(z)w;v(z’)e"”N“)*"“’N“”] t,aiz ( [ @ >])
Remember that ¢ (A) = E[exp(—iA|ai;[?)], so we have

N—1
(79> Eak [ezt)\N(z)Jrzt Ny (2 )} _ gitztit'z H dn (tGk(Z)jj + t/G;ﬁ(Z/)jj).

j=1

By assumption (8]) and Corollary 3.3 we have the following almost sure convergence as N
goes to infinity and £ + goes to u in (O 1)

N—-1
. . . VN U /
ezterzt/z’ | | ¢N (tGk<Z>jj + t/G;g(z/)jj) — ezterlt z +p;’z/(t,t )
Jj=1

Almost surely, for any t,t, the map (z, 2/) — e+t H?Sl on (tGr(2);5 + VGl (2))5) is
analytic on C**¢ x C*¢"* and bounded by one. Hence, with the same arguments as in the
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previous section, we get almost surely and for any ¢,# so that ¢t/Jz and ¢’ /2" are positive,
the uniform convergence for the second derivatives on compact subsets. The truncations
of the integrals can be suppressed as in the previous section, we obtain the almost sure
convergence

sgn, oo rsgnys oo | it 2 (1)
Ea, fr X fi N—>/ / —82 R R BT qedt .

t/ ZZ

O

Hence we have proved the convergences (B3 and (B6). This completes the proof of
Theorem [L3

4. FIXED POINT CHARACTERIZATIONS

In this section, we provide characterizations of the functions p. and p? , involved in the
covariance of the limiting process of Theorem as fixed points of certain functions. Lévy
matrices and Wigner matrices with exploding moments are considered in a unified way.

4.1. Fixed point characterization of p.(-): proof of Theorem [I.E. We now prove
the fixed point equation for the non random function involved in the Lemma 3.4 given for
z€ Ct and X\ > 0 by,

p.(A) = lim pY(\) = lim —ZCI) (AGk(2)45)

N—o0 N—oo N

where we have proved that this convergence holds almost surely in Corollary Note
however that under the assumptions of Theorem [LH] the arguments below provide another
proof of this convergence, see next section for details.

We denote in short A for A, G for Gy and a for a; in the following, and we do not
detail the steps of the proof, which are very similar to those in [I0] and Corollary B3] but
outline them. Since we have already seen that p is analytic in Corollary we need only
to prove the fixed point equation. Let A; be the N — 2 x N — 2 principal submatrix of A
obtained removing the first row and the first column of A, and let G;(z) := (z — A;)~!
Let a; be the first column of A where the first entry has been removed. So using first
the concentration lemmal[6.4] then exchangeability of the G(z);;’s, then Schur complement
formula (see [Il Lem. 2.4.6]), and then the fact that we can get rid of the off diagonal
terms by the same argument as in the proof of Lemma 3.1l since ® is continuous on C-,
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we have for all z € C*

Elpy (V)] = E[®(AG(2)1)]
A

d( P P 1)}+0(1)

[(
- Efo ( A )]+ o).

Ml a(4)2Ga(2)y

I
&=

Then we use Hypothesis made at ([I]) to get

E[pY (V)] = / " g[S M0G0y + o(1)
. N-1
= | swetE[ T] on(Gate1)]dy + of0).
0 ey

Using the definition of ® and the fact that we assumed that it is bounded on every compact
subset (since p™ has non positive real part we can cut the integral to keep y bounded up
to a small error, as in the previous sections), we have

B ()] = [ geE[eh D000y + o)
0
= / g(y)ei%zE[epg_l(%)]dy+0(1)
0
= )\/ g(Ay)eiyzE[e’)%l(y)]dy+0(1).
0

Now, since R(p¥ 1) < 0 and g satisfies ([J), we may use Corollary B3] to take the large
N limit and we get (20) by dominated convergence theorem (by Lemma 6.2, p¥~! can be
replaced by p? in the above formula).

Let us now prove uniqueness of the solutions to this equation. Suppose that there are
two solutions p,(A), p.(A). For z fixed, let us define A(N) := |p.(A) — p.(A)|. Then for all
A, we have, by the hypothesis made on g in Hypothesis made at (I]),

A < A / 0wl A dy

< K (XY“ / ’ yle P A(y)dy + A [ y“eygzﬁ(y)dy)

0 >

< K(XY“/ y”ey%zA(y)der)\””“/ yneygzﬁ(y)dy)
0 0
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It follows that I; := / Ne A (N)d\ and I, := / N e M2 A(N)d satisfy
0 0
[1 S K<[1 / )\2’y+167)\%zd)\ 4 ]’2/ )\’“/Jrlerle)\%zd)\)’
0 0

_[2 S K(Il / )\‘/JrRJrlef)\%zd)\ + ]2/ )\2I€+16)\§zd>\) )
0 0

For &z large enough, the integrals above are strictly less that %), so for &z large enough,
I, = I, = 0. Tt follows that for any fixed A, p,(A\) and p,()\) are analytic functions of =z
which coincide for &z large enough, hence are equal.

4.2. Fixed point characterization of p, ./(-,): proof of Theorem [I.6l We now find a
fixed point system of equations for the non random function of Corollary B3l For A&z > 0
and NSz > 0, we set

N

-1
1
pozAN) = =3 D BOGH(=)y; + XGi(=))
7j=1

N

=

1
PrriON) = Ty 2 PG + NG()),

J

[
B

where we recall that Gy and Gj, are as in (I7). To simplify the notations below, as in the
previous section, we denote (G,G’) instead of (G, G},), even thought their distribution
depends on k.

In the sequel we fix, as in Section B3, a number u € (0,1) and will give limits in
the regime where N — oo, k — oo and k/N — u. We shall then prove that, under
the hypotheses of Theorem that we assume throughout this section, (pi\f’j’l, 5;?2)
converges almost surely and that its limit satisfies a fixed point system of equations which
has a unique analytic solution with non positive real part. The convergence could be
shown with minor modifications of Lemma [3.2] but we do not need this since we work with
stronger assumptions. Using the concentration lemma (note that ® is not Lipschitz
but can be approximated by Lipschitz functions uniformly on compacts), it is sufficient
to prove the fixed point equation for the expectation of these parameters. Moreover, by

exchangeability of the k first entries and N — k last entries
E[p)ui(t.s)] = E[®(G(2)n + sG' ()] +o(1),
E[pl) ot 5)] = E[®(G(2)ny + G () )] +o(1).
These functions are analytic in z, 2’ € C*, smooth and bounded in s, on compact subsets

and hence tight by Arzela-Ascoli. We let p_”7,,s = 1,2 be a limit point. We assume for
simplicity that both z and 2’ have positive imaginary parts (in the general case, one only

has to replace [ [7> below by f:ig(%z)oo ::gg(%zl)oo). Under Hypothesis made at (24)),
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we can write by Schur complement formula and getting rid of the off diagonal terms (note
that all integrals are finite as they contain exponentially decreasing terms)

E[pl)'(t,5)] = / / (L o1t Tea 0P CiEe—i% X al (PG (e g (p, o)
+/€itE[ —i2 >, a1(0)%G1(z) ee]dlu< ) /eiTZE[ —i2 3, a1(0)?Gr(2) ee]dlu< ) (1)
N / / e Bl 0 U)EpN“(%’%)dT(v V')

/ e'ter~Ddp(v) + / e's e~ (D du(v) + o(1)
0 0
and

B[4 = [ [ e B R 0t SO e ar (v, o

/ e B[ Do 0POn O dpu(v) + / B[ Dean OO du(v) + o 1)

_ / / i8I BN (G (s (=) () g )

/ e'ter~Ddp(v) + / e's e~ du(v) + o(1)
0 0

where we used that a;(¢) = a/(¢) for all ¢ whereas ay(¢) = ajy(¢) for { < k and are
independent otherwise, that pY converges towards p., and that

k—2
LN G ()5 + NGU()y) ~ o
J=1

k—2
1 N-2
N 5 9 k(I)()\GN( 2)j; + NGy (2);5) ~ PiVjQ,
i

by Lemma [6.2] (by continuity of (I> it can be approximated by Lipschitz functions). Hence
we find that the limit points p;’ L Jos 2 of pivj " ,Oivzk ? satisfy (23). Moreover,

Pl = upl it (1= u)pl 0 + o(1)
gives
P =uply + (1 —u)pls .

Let p and p be solutions of Equation (25 with non positive real parts (note here that
p-(u) is given and p is so that the above integrals are finite; hence the last two terms in
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both equations play the role of a finite given function).

Alt,s) = |plh(t,s) — pri(t,s)| + pll(t,s) — pLi(t, s)]

L gt AT (0, V) v
< 9 Szvt—1 =320/ st ) A__dd
- / / ¢ dodv’ (t Jdudv
< / / —Sev=SE K(('Ut) vt€]0,1] + (Ut) vt€]l, oo[)
>< (v s) v selo,1] + (v's)" Ny st OO[)A(U v')dvdy’
< 2Kts(t“’s“’ In(y, ) + 8 Ia(y, &) + 57 Ta (K, 7') + t°s" I (5, K)),

where for (o, a’) € {v,k} x {7/, '}, we have set

o o0
—Sa—32"0" !
a’) ::/ / e TSEY A (v, 0" )" dodd’.
o Jo

We put I(a,a’) = I1(a, ') where 1 denote the constant function equal to one. We get
after integrating both sides

In(o,0) < K(I(a+y+ 10" +9 + DIa(y,7) + Ha+ v+ 10" + 5 + DIa(y,7) +
Ha+r+1,d +9 +D)Ia(3,7) + I{a+r+ 1,0 +5 +1)Ia(7,7)).

We consider §z, 32 large enough so that I (a+6+1, o/+3'+1) < = for any (a, o), (8, 8') €

{7, 7} x{7,7'} to conclude that A(t, s) vanishes then and therefore that p, = p.”7, for 3z

and 2’ big enough, s = 1 or 2. By analyticity, we conclude that the system of equations

([25) has a unique analytic solution with non positive real part. The functions p™*! and

pN*2 are tight and they limits points are characterized by fixed point equations, so they
actually converge.

5. PROOF OoF COROLLARY [I.4]

By linearity and the fact that A is stable under complex conjugation, it is enough to
consider a single function f € A. By Cauchy formula and Hypothesis (I1]) on f, we have
for all x € R,

f) .

fl@) = 2 rz— a:
where I' = R £ ie. Let fr(z) = 2m fFﬂ{\%zPL} dz and observe that for L big enough,
the polynomial decay of f at infinity gives

1
follry < — _de/ < C(L™7+ L').
Izl 27 |z|>L |y — 37‘2 + € (L )

Therefore, Lemma [6.3] shows that Zy(fr) goes to zero in probability as N goes to infinity
and then L goes to infinity: for any n > 0,

hm limsup P(|Zn(fL)| > n) = 0.

L—oo N oo
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Fix L,6 > 0 and consider x;, = —L + ké for k € 0, R], with R = [2L57!]. Let

_ 5 eptl
frlz) = L/Z &dz, fL( Z / f(y+ise)dyx (vp+ise—z)~".

2T Jr=ytic 2 — X
i<t =41 k=0

Note that for each L and € > 0 there exists a finite constant K (L, ¢€) so that
If2 = fillrv < K(L,€)5.

Hence, Lemma implies that Zn(f1) — Zn(f2) goes to zero in probability as N goes
to infinity and § goes to zero for any given L,e > 0. Finally, by Theorem L3, Zx(f9)
converges in law towards a centered Gaussian variable with covariance

szzz/

s==x1 k=0 s’'==+1 k'=

:L‘k-i-l :L‘k/-i-l
fly+ ise)dy/ [y +is'e)dyC(xy, + i€, g + i€)

Xyt

The above covariance converges as 0 goes to zero by smoothness of the functions C' towards
1 / . ;. » o
—2/<L/II<Ld:cd:cf(x+zie)f(:c OOt ited 4ite).

Therefore, writing

Zn(f) = Zn(f1) + [Zn (1) = Zn (D) + Zn(]7)

and fixing L large enough and then § small enough so that the first two terms are small
with high probability, we conclude that Zy(f) is close to Zy(f?) and therefore converges in
law towards the announced centered Gaussian variable. The generalization to the closure
of A for the total variation norm is a direct consequence of Lemma [6.3

6. APPENDIX

6.1. Concentration of random matrices with independent rows and linear alge-
bra lemmas. This section is mostly a reminder of results from [12] and [13].

The total variation norm of f : R — R is
1 lry = sup Y |f (1) — flax)],
kEZ

where the supremum runs over all sequences (xy)gez such that xpq > x4 for any k € Z.
If f =1(_co, for some real s then || f||ry = 1, while if f has a derivative in L'(R), we get

||f||Tv=/|f'(t)|dt.

The next lemma is an easy consequence of Cauchy-Weyl interlacing Theorem. It is an
ingredient of the proof of Lemma
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Lemma 6.1 (Interlacing of eigenvalues). Let A be an n x n hermitian matriz and B a
principal minor of A. Then for any f : R — C such that || f||rv < 1 andlim|y e f(x) =0

Lemma 6.2. Let Ay, Ay be n X n random Hermitian matrices and 1211, 1212 ben—1xn—1
matrices obtained from Ay and Ay respectively by removing the {-th row and column, for
some £ € {1,...,n}. Let z,2/ € C, t,t' € R so that Szt > 0 and I2't' > 0 and set G =
(z—A) G = (7 =A) " and G = (z—A) ", G' = (¢ — Ay)~". Then, for any function
fon B,y :={9€C ;|9 <Clz,2,t,t')} with C(z, 2, t,t') = t(I2)" + ¢ (32) 7, we
have

n n—1
1 1 ~ ~ Clz, 2, t,t .
80 |23 F1Gw 16~ L3 it vy < QB gy g Wl
k=1 k=1
where || f||Lip = sup,, % and || f|leo := sup, | f(z)|, both supremums running over

the elements of B, . 4.

Proof. The proof is similar to [12, (91)]. We denote by A;, A, the n x n matrices whose
entries are the same as Ay, Ay except for the /th rows and column which have zero entries.
We denote G, G’ the corresponding Stieltjes transform. Then, G, G equal G,G' except
at the (th column and row (where it is equal to z7'1;_;_;). Therefore, noting M =

tG(2) +'G'(') and M = tG(2) + t'G’(z), we conclude that
Wl

Moreover, let M = tG(z)+t'G'(2') and note thatA; — A; and A, — Ay have rank one so that
M — M has rank one. On the other hand it is bounded uniformly by C(z, 2/, t,t') = éJr%t—;/
Hence, we can write M — M = cuu* with a unit vector v and ¢ bounded by C(z, 2, t,t).
Therefore, since f is Lipschitz,

n n

1 _
”fHLipE Z | My — M

k=1

1 n
”fHLipg ; C<Z7 Z/u t7 t/) <ek7 U>2

Cz, 2 t, )| f llLip

n

1

IN

IN

[®0) follows.
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Lemma 6.3 (Concentration for spectral measures [14]). Let A be an n x n random Her-
mitian matriz. Let us assume that the vectors (A;)i<i<n, where A; := (Aij)1<j<i € C, are
independent. Then for any f : R — C such that || f|lrv < 1 and E| [ fdua| < oo, and

every t > 0,
nt?
(/fd/m— /fduA>t) <eXp( 5 )

Lemma 6.4 (Concentration for the diagonal of the resolvent [12]). Let A be an n x n
random Hermitian matriz and consider its resolvent matriz G(z) = (A —2)7%, z € C,.
Let us assume that the vectors (A;)i<i<n, where A; := (Ajj)i1<j<i € C', are independent.
Then for any f: C~ — R such that || f||Lip < 1, and every t > 0,

» (|3 |21) 20w (-155).

n 1 n
> HG(2)m) — E- > FG(
k=1 k=1
Let A" be an n x n self-adjoint matrices so that Aj; = Ay, i N j < k and (A};)j>k41i5k11
is independent from (Aij)jski1.i5k+1 but with the same distribution. Let G(z) = (z — A)™*
and G'(z) = (z — A")™ and set for a Lipschitz function f on C

PN = (2)ee + NG(2)wr)

| =
Mw

~
Il

PPN = Z FOG(2)a + NG( )

N_
l=k+1

Then, for A\/Sz >0, N /S2' > 0, we have for all 6 > 0, s € {0, 1},

B

S2 (k=) S (N—k—1)%)

pi\/zk s+1<)\7 )\I)[f] E[pi\/zk s+1<)\’ )\/)[f]‘ Z 5) S 26_ 8\\f\‘iipc(>\,>\/7t,t/)2

with
2t 2t
CI\N 4 t) = — .
(A A 6.7) Sz S

Proof. The first point is proved as in [12], Lemma C.3]. We outline the proof of the second

point which is very similar to [I2, Lemma C.3]. We concentrate on pf\v’f/l, the other case
being similar. By Azuma-Hoefding inequality, it is sufficient to show that

X, = E[o) 00 (A M) F1IF] = Bl 2 (0 X)) [F]|Fped]

is uniformly bounded by || f|Li,C(\, N, t,¢')k~'. Here F, is the sigma-algebra generated
with respect to the p first column (and row) vectors. Note that X, can be written as the
conditional expectation of the difference of the parameter [ evaluated at two sets A, A’
and A, A’ which differ only at the pth vector column (and row). Hence, we may follow the
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proof of Lemma [6.2] to conclude that

||f||L1p C|||f||L1p |C|||f||LiP
X, < E M M E —_—

Let H = [h;;] be an N x N Hermitian matrix and z € C\R. Define G := (z — H) ..

Lemma 6.5 (Difference of traces of a matrix and its major submatrices). Let Hj, be the
submatriz of H obtained by removing its k-th row and its k-th column and set G) =
(z — Hy)™ Y. Let also ay, be the k-th column of H where the k-th entry has been removed.
Then

1+ aZGiak

81 Tr(G) — Tr(Gg) = :
(51) X(G) - (G =
Moreover,
(82) | Tr(G) — Tr(Gy)| < 7Szt
Proof. For (81l), see [4, Th. A.5]. For (82)), see Lemma [6.1] O
Lemma 6.6. With the notation introduced above the previous lemma, for each 1 < j < N,
(83) [z x %ij < 0,
(84) [S2] x [(G?) 5] < [SGy;| < 327
and for any a = (ay, ...,ay) € CV,
1+ ]a;2(G?);5
(85) E] ‘ .]| (2 )J] S 2|$Z|—1
z =i PGy
Proof. Set z = z+1y, v,y € R. Let Ay, ..., Ay be the eigenvalues of H, associated with the
orthonormalized collection of eigenvectors uy, ..., uy. Let also e; devote the jth vector of
the canonical basis. Then (83)) and (84]) follow directly from the following:
N 2 N 2 N 2
%6 a2 | — [{ej, up)|°) (e, ug)| 3G — (e, ui) |y
I D O e WEED D s w v A DY e w o
Let us now prove (83)). By (83), we know that Sz and —JG; have the same sign, so
1 1
(87) < < ISz
2 =25 lalPGys | T IS(z = 3 [y PGy)

Hence it remains only to prove that
>, 1P (G?)5
z =i lai*Gy;

(88)

RE
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We have

> 18P (G?)5 - > 1P 1(G?)51

2= laPGy | T IS(z = 22 1 PGyl

By the first part of (B4), the numerator of the RHT of (89) is < [Sz|~* o la; %SGyl

Moreover, as Sz and —3G); have the same sign, the denominator of the RHT of (89) is
equal to [Sz] + 37, |a;*|[SGy;]. As a consequence,

>0 1312 1(G?) 1 > a?1SGy
1S(2 =22, la[*Gyy) RERDIAENRRIET

and (B8)) is proved. O

(89)

| < |§z|_1 | < |$z|_1

6.2. CLT for martingales. Let (Fy)r>0 be a filtration such that Fy = {0,Q} and let
(M )k>0 be a square-integrable complex-valued martingale starting at zero with respect to
this filtration. For k > 1, we define the random variables

Yi := My, — M Vg 1= EHYk\Q | Fre—1] Tk = E[Yk2 | Fr—1]

and we also define

V= ka T = ZTk L(e) = ZE[|Yk|21|Yk|25]'

E>1 E>1 E>1

Let everything depend on a parameter N, so that Fp = Fi(N),Yy = Yi(N),v =
v(N),7=7(N),L(e) = L(e, N), . ..

Then we have the following theorem. It is proved in the real case at [1I, Th. 35.12].
The complex case can be deduced noticing that for z € C, R(2)?, 3(2)? and R(2)S(z2) are
linear combinations of 22, Z2, |z|2.

Theorem 6.7. Suppose that for some constants v > 0,7 € C, we have the convergence in
probability
v(N) — v T(N) — 7

N—o00 N—o00
and that for each ¢ > 0,
L(e,N) — 0.
N—o00

Then we have the convergence in distribution

> V(N) — 2,

N—oo
k>1

where Z is a centered complex Gaussian variable such that E(|Z|*) = v and E(Z?%) = 7.
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6.3. On the Hadamard product of Hermitian matrices.

Proposition 6.8. Let Ay,..., A, be N by N Hermitian random matrices whose entries
have all their moments. Then, there exists a family of random variables (ay, . . ., a,) whose
joint distribution is given by:
1
Elaf"...ay?] =E NTY[A?I o---0 AP]l, Vng,...,ny, >0,

where o denotes the Hadamard (entry-wise) product.

Proof. Step 1. We first assume that the matrices are deterministic and have distinct eigen-

values. By the spectral decomposition, for j = 1,...,p, we have A; = Zf\il Aj it il
where A; = (Aj;)i=1,..n is the family of eigenvalues of A; arranged in increasing order, and
U; = (u;;)i=1,..n is the family of associated eigenvectors. For any ny,...,n, > 0, one has
1 1 &
S DA oo Ap] = > (AP (k. k). (Apr) (k. k)
k=1

L
:N;

N N
( Z )\?,lilulviluih) (k’, k) co ( Z AZZpupvipu;,ip) (ka k)
1
1 N . . B N , )
= < 2 LA X (Np S ura (B) - g, ()] )

=1 ip=1

i1 yeeip=1 k=1
For j=1,...,p, we set duy, = % Ef\il dy,, the empirical eigenvalues distributions of A;.
We denote Fy, (t) = pia, ((—00,t]) the cumulative function of dyy,. Since the eigenvalues of
the matrices are distinct, one has Fj;();;) = % foranyi=1,...,N, j=1,...,p. Hence,
we have

1 n n n n

N TI'[All O0--+0 App] = /Rp )\11 Ce )\ppr(<)\j7 Aj, Uj)jzl,___,p)d,u,\l ()\1) e d,uAp<)‘p)7

where fn((Aj, Ay, Uj)jz1,.p) = (Np1 SV [1-, ’uj,(NFAj(,\j))(k)f). Hence, a family of

random variables (ay,...,a,) as in the proposition exists and its joint distribution has
density fN((-, Aj, Uj)jzl,_wp) with respect to pip, ®@ - -+ ® pip,.

Step 2. We now assume that (A;,...,A,) are random and that their joint distribu-
tions have a density with respect to the Lesbegue measure on Hy, where Hy is the
space of Hermitian matrices of size N. In particular, the matrices have almost surely
N distinct eigenvalues, see [I8]. The spectral decompositions of the previous step are
measurable (see [I8, Section 5.3]) and, with the above notations (A;,U;) for eigenval-
ues and eigenvectors of A;, we can write the joint distribution of (A4;,...,A,) in the form

gn (A, Uj) ) dpay (A1) - oo dpeay (Ap) gy (U1) - . . dpigey (Up). The symbol pia,, denotes
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the Lebesgue measure on Ay = {(z1,...,zx)|[x1 < -+ < xy} and pyy,, is the Haar measure
on the set Uy of unitary matrices of size N. For any n4,...,n, > 0, one has

E {i Tr[Aj* 0. -0 AZP]}

N
1 N
_ /A IS ID DI R (CHP VAT
11 yeeey ip=1

N
1 n Tip
- N > /A AL A (N A=t p) diay (A1) - dpiay (Ap),
N

i1yeyip=1

where fy is as in the previous step and

/A AN (N Aj)j=1,p) diay (A1), - dpeay (Ap)

P
N

_ /A?I...A;;phﬁél """ DA d,
RP

where hgf,l """ i”)()\l, ..., Ap) is obtained by integrating with respect to the variables Ay, ..., Ag,
for ki # 41, ..., k, # i,. We finally obtain

1 ni n ni Np I,
E[NTr[AI o-~-oApP]] = /Rp)\l,...,)\pPhN()\l,...,)\p)d)\l,...,d)\p,

71 _ 1 (’il ..... ’ip) . . .
where hy = 37 >2;, o hy . Hence, a family of random variables (ay, ..., a,) as in the

proposition exists and its joint distribution has density hy with respect to the Lebesgue
measure on RP.

Step 3. We now consider the general case. Let (Xi,...,X,) be a family of indepen-
dent random matrices, independent of (A, ..., A,), distributed according to the standard
Gaussian measure on Hy with respect to the inner product (A, B) = N Tr[AB]. By the
regularizing process of convolution on Hermitian space, for any € > 0, the joint distribution
of (Af,..., A) = (A1 +eXy,..., Ay +X,) has a density with respect to the Lebesgue
measure. By the previous step, there exists a family of random variables (af, ..., a;) such

that E[(a§)™ ... (a5)™] = E[+ Tr [(A))™ 00 (A;)"PH for any ny,...,n, > 0. Ase

p
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goes to zero, (af,..., a;) converges in moments to a family of random variables as in the
proposition. ]
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