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SPECTRAL ANALYSIS OF THE GRAM MATRIX
OF MIXTURE MODELS

FLORENT BENAYCH-GEORGES AND ROMAIN COUILLET

ABSTRACT. This text is devoted to the asymptotic study of some spectral properties
of the Gram matrix WTW built upon a collection w1, ...,w, € RP of random vectors
(the columns of W), as both the number n of observations and the dimension p of the
observations tend to infinity and are of similar order of magnitude. The random vec-

tors wy, ..., w, are independent observations, each of them belonging to one of k classes
Ci,...,Ck. The observations of each class C, (1 < a < k) are characterized by their dis-
tribution N (0,p~tC,), where C1,...,C} are some non negative definite p x p matrices.

The cardinality n, of class C, and the dimension p of the observations are such that n,/n
(1 < a < k) and p/n stay bounded away from 0 and +o0o. We provide deterministic
equivalents to the empirical spectral distribution of WTW and to the matrix entries of
its resolvent (as well as of the resolvent of WWT). These deterministic equivalents are
defined thanks to the solutions of a fixed-point system. Besides, we prove that WTW
has asymptotically no eigenvalues outside the bulk of its spectrum, defined thanks to
these deterministic equivalents. These results are directly used in our companion paper
[9], which is devoted to the analysis of the spectral clustering algorithm in large dimen-
sions. They also find applications in various other fields such as wireless communications
where functionals of the aforementioned resolvents allow one to assess the communication
performance across multi-user multi-antenna channels.

1. INTRODUCTION AND MAIN RESULTS

1.1. Introduction. In this article, we consider the Gram matrix WTW, where W =

[wy, ..., wy], w; € RP is a collection of independent random vectors. Each w; belongs
to one of k classes Cy,...,Cg, with C, (1 < a < k) the class of vectors distributed as
N(0,p~Y2C,), where C4, ..., C} are some non negative definite p x p matrices.

This k-fold class setting comes in naturally in the field of machine learning and in sta-
tistical problems such as kernel spectral clustering (see the companion paper [9], where
the present results find direct applications). Clustering algorithms are methods used to
discover unknown subgroups or clusters in data: they seek partitions of the data into dis-
tinct groups so that the observations within each group are the most similar to one another
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2 FLORENT BENAYCH-GEORGES AND ROMAIN COUILLET

and the observations belonging to different groups are the most dissimilar from each other.
The most commonly used such algorithms are k-means, the hierarchical clustering and EM
[12, 15]. Spectral clustering techniques (see e.g. [20, 17]) make use of the spectrum of a
similarity matrix of the data or of a more involved derived version of it (such as the as-
sociated Laplacian matriz) to perform dimensionality reduction before clustering in fewer
dimensions, usually thanks to one of the previously mentioned algorithms. More specifi-
cally, given n observations z1,...,x, € RP one wants to cluster, one chooses a similarity

.2 . .
measurement, such as k(z;,x;) = f (w), for a well chosen decreasing function f, and

defines the similarity matric A = [li(ZEi, IJ)}n Then, each observation z; € RP is re-

g
placed by its projection y; onto the linear span (ij the k leading eigenvectors of the similarity
matrix A or of its “Laplacian” L := [%L,j—f where, for each i, d; := >, r(z;, x;), and
k-means (or another aforementioned standard algorithms) is then performed on yy, ..., yn.
It appears in our companion article [9] that, when the observations x; belong to classes,
such that x; = p, + p'?w; for some w; ~ N(0,p71C,) when falling in class, say, C’, the
performance of the clustering algorithm relies on theoretical results on the spectrum and
the resolvent of the aforementioned matrix WTW, some of which are stated and proved
here.

Another class of applications is found in the field of wireless communications, where,
letting W, = [wzja;ll ny1r >wE§:1n]-] € R w; ~ N(0,p~1C,) be the communication
channel between a p-antenna transmitter and an n,-antenna receiver and o? some ambient
noise variance, functionals of the type log det(WW T+02L,) or tr W W, (WWT+0%1,)~! are
instrumental to evaluate the maximally achievable communication rate across the channel,
see e.g. [16, 8.

The purpose of the present paper is to prove several technical results concerning the
resolvent matrices of WTW and WWT, which are then used, along with other arguments, to
obtain a deterministic equivalent for the empirical spectral measure of WTW as n,p — oo
while n/p remains away from 0 and oo, and to show that no eigenvalue can be found at
macroscopic distance from the support of this measure. Some of these results and related
questions (which we sometimes rederive for completion) can be found scattered in the
literature: as in [8], where the same model is considered but only linear functionals of the
empirical spectral measure of WTW are considered, or in [22, 21, 10, 1] where the spectral
analyses of different models are considered, leading in particular to analogous equations
to those introduced in Proposition 3 below (some of the results of [22, 21] are immediate
corollaries of our present results), or else in [3, 4, 5, 7, 19], where the question of isolated
eigenvalues of related matrix models was also considered.

1.2. Model presentation. Let us start by introducing some notations. In what follows,
everything, when not mentioned as constant or fixed, depends implicitly on the parameters
n,p,... introduced below.
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FIGURE 1. Eigenvalues of WTW (across 1000 realizations) versus p, n = 32,
p=256,k=3,c1=1/8, ca=5/8,c3=1/4, [Calij = (8(a—1)+1)[(a—1)/5]=I].
The density of p is computed as detailed in Remark 4.

Let k be fixed, n,p,ny,...,n; be some positive integers all tending to infinity such that
ny + ---+n; = n and such that the ratios
D n
Co = —, Ca:_a (azla 7k)
n n

all stay bounded away from 0 and +oo. We also introduce some positive semi-definite p x p
matrices C1, ...,y which we suppose to be bounded, in operator norm, by a constant,
and some standard real Gaussian matrices

Zy e RPX™M 7 € RPXTE
and define the p x n random matrix W by
We=p Y2C} P2y, ... )27

In what follows, we will be interested in the empirical spectral distribution puyry, of WTW
(i.e. the uniform probability measure on the spectrum of WTI/) and in the matrix entries
of the resolvents

Q.:=WTW — 2)™* and Q.= (WWT —2)~L.

1.3. Main results. Recall that everything, when not mentioned as constant, depends
implicitly on the parameters n, p, z, ... On the contrary, a constant element is non random
and independent of all other parameters. Two elements are said to be at a macroscopic
distance from each other if there is a constant € > 0 such that there distance is lower-
bounded by €. We define the Stieltjes transform of a probability measure u as the function

mufe) = [

z
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Theorem 1. The measure p defined by its Stieltjes transform

mu(z) = COZCaga(Z)a (1)

where the vector (g1(2), ..., gk(2)), z € C\R, is defined by Proposition 3, is a deterministic
probability measure (depending on n,p,...) with compact support S such that we have the
almost sure convergences

pwtw — p—> 0 (2)
dist (Spec(WTW),S U {0}) — 0. (3)
Besides, if the matrices C4, ..., Cy, I, are all positive definite and linearly independent,

my(z) extends continuously from CT := {z € C,¥(z) > 0} to Ct UR* and, except for a
possible atom at zero, p has a continuous density given by 3 (my,(z)) (v € R*).

Remark 2. We believe that the technical assumption that C4,...,Cy, I, are all positive
definite and linearly independent to obtain a continuous limiting density can be relaxed.
As it stands though, since an € perturbation of 1, ..., C) can always ensure these condi-
tions while modifying Spec(WTW) in a controlled manner, we have that for all large n, p,
Spec(WTW) is close to a spectrum having continuous deterministic equivalent and still
defined by the equations of Proposition 3 below, with some slightly perturbed versions of
the matrices C,.

The vector (g1(z), - - ., gx(z)) mentioned in Theorem 1 is defined explicitly in the following
proposition.

Proposition 3 (Definition of g(2),...,gkx(2)). For any z € C\R, there is a unique vector
(g1(2),...,91(2)) € Ck (depending on n,p,...) such that for each a,

-
329ga(2) 20, I23(2ga(2)) 20, colgal2)] < (32)7° (4)

and

C0ga(z) =~ Gul) = 12, (1p+2cbgb<z)cb> NG

21+ Ga(2)’ Zp =

Besides, the first two inequalities in (4) are in fact strict and the functions cog.(z) (a =
1,...,k) are the Stieltjes transforms of some R, -compactly supported probability measures
Vi,y..., V.

Remark 4. Tt appears in the proof of Proposition 3 that the functions g, (hence the
function m,, by (1)) can be computed numerically in a very efficient way thanks to a
fixed point convergence. Then, choosing z = = + in close to the real line, we get a good
approximation of the measure p of Theorem 1 as p &~ L3(m,(x + in))dz.

™
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At the core of the proof of Theorem 1 is the following result. For A, B some random
square matrices with the size tending to infinity, the notation A <» B stands for the fact
that we have the convergences in probability + tr D(A — B) — 0 and d{ (A — B)dy, — 0
for all deterministic matrix D and deterministic vectors d; of bounded norms.

Proposition 5 (Deterministic Equivalents). Let S := U*_, supp(v,). For any z € C at
macroscopic distance from S U {0}, we have

Q. < Qz 1= g diag {ga(2)1n, }izl (6)

R G o
a=1

Proposition 5 by itself finds immediate applications in the aforementioned area of wireless
communications, where functionals of the type —i log Q). or w}Q,w; are fundamental quan-

tities to evaluate achievable communication rates [8], or in machine learning where some

more involved linear statistics of the Gram matrix X X T, with X = p~2 [, 1] , ... NUSERES
W a Gaussian mixture sample, carries relevant information for data classification and clus-
tering [9]. For these applications, further results such as central limit theorems [16] or
higher order statistics are required. For completion, we provide below some additional
results that come in handy into this scope.

Proposition 6 (Further Deterministic Equivalents). For any 21,22 € C at macroscopic
distance from S U {0},

k
Qzlpanz x4 QZlDaQZQ + Z Rab(zla ZZ)Qzl DbQZQ
b=1

~ ~ k ~ ~
Qm Ca@zz A Qz1 Canz + Z Rba(Zla ZQ)QZ1 Cszz

b=1

1 ~ ~ = =
Z_?QZI WD(IWTQZQ <~ leQCOCaga(zl)ga(Z2)Qz1CaQZQ

where R(z1, 29)ap = <2 [(Ix — (21, 22)) 121, 22)]ap with, for 1 < a,b <k,

o
1 = =
Q(Zla ZQ)ab - COCbzlga(751)229(1(2:2)]_j tr Can1 Cszg-

Although it appears only at this point, the matrix (2, 22) is a cornerstone of the proof
of Theorem 1. It is in particular related to the derivative of the g¢,(z)’s introduced in
Proposition 3 as follows

(b)Y = o (I — Q= 2) (=)},
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2. PROOFS: PRELIMINARY APPROXIMATION LEMMA

Here, we denote the Hadamard product (i.e. entry-wise product) of matrices or vectors
by ®. We shall also use both superscript notations (-)T and (-)* to denote transpose and
Hermitian transpose of matrices and vectors.

Lemma 7. Let 2,z € C\R and (g.)*_,, (ga)szl € C* such that for each a,
3(2)(9a) 20, I(2)S(2g9a) 20, colgal < [Sz[ (8)

and the same for g ,z) and (e)*_,, () _,, (n)f_,, (n )*_, € C* such that for each
Ja a=1 a/a=1 a=1 Hg/a=1
a=1,...,k, we have

1 1
Coga = 1 = + Co€a Coga = 1 = + CoEy,
—2(14+ 1 C,Q +na) —2(1+ 5 tr G +1,)
with
k -1 k !
Q = —Z_l (Ip + Z Cagaca> ) Q = _g_l (IP + Z Cagaca> ’
a=1 a=1
Then:
(i) We have

I-=(g—9)=clz—24+2n—2)O(g—e)O(g—¢)+e—¢
for
1 = =
Q= Q(Z7§agaga €7§777’ﬂ) = [COZQ(ga - Qa)(ga - 8a)Cb]_j tr CaQCbQ]l;,bZI’

(ii) For C' := max, ||C,||, we have

, 32)? 32)? 2
p(6) < 1= min {8 G el el + o<l + )

(iii) There are P,Q some polynomials with non negative coefficients and ¢; > 0 such
that for o := max{|le]loc; lllloc; [1Mllos 7lloc}, we have

o < emin{[Sz[% 2%, 2177 12177} = llg—gll < (lz—2[+a) P(l2|+2)Q(IS=] 7"+ 7).

Proof. Note first that by the hypotheses zg,, 29 € C*, we have that ||C§|| < ISz7h Tt
follows that ]

cogal > 12|71 ,
ol = s

(9)
for C' = max, ||C,||. The same kind of inequalities hold for Q and g .
We have
CO(Qa —9a) = colg, —€a) + CO(QG —€4) = €0(Ya — €a)



1 1
z(1+ %tr C’aé +n.)  z(1+ %tr O“Q+ﬂa)
z—z+zn — M.+ %tr(C’a(gQ — zé))
az(1+ L tr CQ@ + n)(1+ L tr C@ + 1)

= colg, —€a) +

= Co(ga — 6(1) -+

=—1
Now, one has to notice that as @+ z[, = —z Zlgzl cbgbe, we have
Ztr Caé + 2ztr Caéé = ztr Caé(éi + g)é
k — —
= —zz Z g, tr C.QCQ
b=1
In the same way, as 6:2*1 +2zl,=—z 25:1 cpgpCh, We have

ztr C’aé + zztr C’aéé = ztr C’aé(é_l + z)é
k = ~
= —zz Z gy tr CoQCHQ
b=1

It follows that

tr(C’a(gQ: — 252)) = ztr Caé + zztr Caéé (ztr C Q + zztrC QQ:)
k — — — —
= 2z Z g, tr CQQC;,Q — 2z Z Cpgp tT Ca@CbQ
b=1

= 2z Z co(g, — gp) tr C QCbQ

and that

z—ztzm, — 2+ L te(Ca(2Q — 2Q))
zz(1+ %tr Caé +n4)(1 4+ %tr C’aé + Qa)

= colg, —€a) + 59, — £4)(9a — €a) X
k

<§ﬁa — 2N+ (z2—2)+ 22 Z (g tr C QC’bQ>

=1

CO(QG —9a) = colg, —€a) +

We directly deduce (i).

To prove (ii), let us first treat the case where z = z* and g, = ¢, g, = g for each a.
If $(z) > 0 (the other case can be treated in the same way), it is easy to see that {2 has
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positive entries (as tr CaCZQCbQ: =tr C;/QéC;/Q(Ci/QéCbI/Q)*) and that we have, by (i),

2

.

(T~ )3(g) = co3(Mg — < + Dz —n2) + 5~ <)

= K
Thus £ € R* and if u = (uy,...,uz) is a left eigenvector of Q associated with p(£2) such
that for all a, u, > 0 and 25:1 u, = 1 (as per Lemma 17 in the appendix), then we have

k k

(1= () 1S(ga) = 0S(2) > Ualga — eal* + u'x,

a=1 a=1

which implies, using successively (8) and (9),

k 2
1—p(Q) = co—= 2a=1 al9al +u'k
D a=1 U4a3(c0ga) (3(2)) 7
k
2 Za:l Ua’QaP

Z CO k
D a1 Ua(S(2)) 72
k
= (0S(2))* > talga* +u'k
a=1
Cx5)\2 2
( (S2) > +uTk,
|2](ISz2] + C)
so that the spectrum of €2 is contained in the ball with center 0 and radius

AR colz
) <|Z|( >> T el + ol

1Sz| + C

+u'k

To treat the general case, just use Lemmas 18 and 19 from the appendix and notice that

[t C.QCQ| = [t CH2QCI QM| < \[1r C.QCQ tr C.QCHQ

from which it follows that p(Q(z,z,...)) < \/p(Q(z,2*,...))p((z, z*,...)) and then use
VAB < max(A, B) for A,B > 0.

At last, (iii) follows from the formula of the inverse of a matrix in terms of the determi-
nant and of the minors. O

3. PROOF OF PROPOSITION 3

3.1. Uniqueness. Note that for each fixed z € C\R, if there exist two vectors
(91(2),- - gk(2))  and  (g,(2),...,9,(2))
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satisfying (4) and the equations (5), then one can apply Lemma 7 with e = n = 0: by (i),
we get that (I —Q)(g — g) = 0, whereas by (ii) we know that p(2) < 1, which implies that

g=yg.
3.2. Existence. Note first that one can focus on C* and then extend to C\R by the

formula g,(2*) = ga(2)*. We shall first prove that there is a unique collection of functions
of z satisfying the weakened version of conditions (4) given by (10) and the equations (5).

Let £ be the set of analytic functions g : C* — C such that for all z € C*,
Sg(2) >0,  S(z9(2)) 20,  colg(z)| <[z (10)
For > 0, we define, for g,g € L,
dy(9.9) = sup |g(2) — g(z)].

Sz2>n

By the analytic continuation principle, this is obviously a distance.

Lemma 8. d., is a complete distance on L.

Proof. Note first that by Montel theorem £ is a compact subset of the set of analytic
functions on C* endowed with the topology of uniform convergence on compact sets. Let
(gn) be a Cauchy sequence in (£,dz,). Then there is an analytic function g defined
on {z; &z > n} such that on {z; Sz > n}, (g,) converges uniformly to g. Besides, any
accumulation point of (g, ) in the set of analytic functions on C* endowed with the topology
of uniform convergence on compact sets coincides with g on {z; Sz > n}, hence ¢ is the
restriction to {z; Sz > n} of an element of £, and (g,) converges to g in (£,dg,,). O

We denote LF = L x -+ x L.
Lemma 9. Let W : £ — LF be defined by V(g1,...,q1) = (f1,..., fx), where

0Ja 1

Then W is well defined and admits a unique fived point in LF.

Proof. Let us first make two remarks. First, for C, D some non negative definite Hermitian
matrices, tr CD = tr CY/2DY2(CY/2D'/2)* > 0. By linear combination, if C, D are only
Hermitian matrices, tr CD € R. Secondly, let A be an invertible matrix such that A =
X +1Y, with XY Hermitian matrices such that Y non negative definite. Then

A—l — A—IA*<A—1)* — A—IX(A—I)* . iA_IY(A_l)*
has a skew-Hermitian part which has the form i times a non positive definite matrix.

From both of these remarks, we deduce that for ¢1,..., gr € C, we have

k
Sg1 > 0,...,90, >0 = StrCu(l, + Y agCy) ' <0
b=1
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and
k

S(zg1) > 0,...,8(zgx) > 0 = StrC,y(21, + Z crzgCy) <0,
b=1
so that U : L% — £* is well defined.
Let now € > 0 such that for any p x p matrices X,Y,
Y =Ll IX - L[| <e = Y7 = X7 <2y - X]|.
Let 19 > 0 be such that

k
S Gl < e.
b=1

Now, fix g,g € £* and set f, f := ¥(g), ¥U(g). For any z € C* such that Iz > np, and
any a = 1,...,k, we have, for G := Zlgzl cgp(2)Cp and G = Z’lle e gn(2)Cp,

-1
Co

£.(5) — ful2)] = - |l + ) = (1, + G) )

|(z — %tr Ip+G)(Z— %tr Ip+g)| P

< 265 K(S2)  max |G, max |g, (2) — ga(2)|

We deduce that for 7y large enough, if one endows £F with the product distance defined
by dz,, then ¥ is a contraction. By the previous lemma, it allows one to conclude. Il

3.3. Conclusion of the proof. The functions g,... g are analytic on C* and satisfy
(10) and the equations (5). Using 3(zg(z)) > 0 in (5), one easily gets that for each a,

lim  ¢yzg.(z) = —1.
Fz—+00

This proves that the cog,’s are the Stieltjes transforms of some probability measures v,,
hence that for each a,

Sga(2) >0, colga(2)] < 32
Besides, as
I(2ga(2)) > 0,
the g,’s are supported on R, hence J(zg,(2)) > 0.

Now, it remains to prove that the 1,’s have compact supports. For any d,e > 0, let
Fa. denote the set of continuous functions g : {z; ¥z > d,Jz > 0} — C such that for all
z€R, g(z) € R and for all z ¢ R,

Sg(z) 20,  S(z9(2)) 20, |g(z)l <e
Clearly, when endowed with the distance

dr,.(9,9) == sup g(z) —g(2)],

RNz>d,F2z>0 —
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Faie is a complete metric space. Let & : ]-"C’ZE — .7-"55 be defined by ®(fi,..., fr) =
(hi,...,hy), where

1

coha(z) = — (a=1,...,k) (12)

1 C
z — =tr a
P LYy cf(2)Ch

Then by the same kind of computations as in the proof of Lemma 9, one proves that for a
large enough and £ small enough, ® is well defined and admits a unique fixed point in ]-"C’ZE.
By the pointwise uniqueness we already proved, this fixed point must coincide with the
vector (gi,...,9x) on {z; Rz > d,3z > 0}. We deduce that the functions gq,...,gr can
be extended as continuous functions on C* U [d, 4+00) taking real values on [d, +00). By
[2, Th. 2.4.3], we conclude that the measures v, ..., v, have supports contained in [0, d].

4. PROOF OF PROPOSITION 5

In this section we shall use the notation u, = O(v,) for a sequence w, possibly depend-
ing on other parameters (4,7, z,...) such that there are some polynomials P, ) with non
negative coefficients such that uniformly in all parameters,

up < upP(|2))Q(IS2] 7).
For M = M, a matrix, M, = O.)|(v,) means that the operator norm ||M|| of M satisfies

[ M]| = O(vy).
Also, for X a (possibly multidimensional) random variable, we set
X = X — EX.
At last, for each a = 1,...,k, we define j, € R™ ! as the column vector with i-th entry

equal to 1ifny+---4+n,1 <i<ny+---+n, and to 0 otherwise and set D,, the diagonal
n X n matrix with diagonal j,.

4.1. Boundedness of WIWT. We shall use the following lemma, following from the fact
that

k
WWT =p 'Y ClPZ.2]C)*
a=1
and that as is well known (e.g. by [11, Lem. 7.3]), there are ty,cy > 0 constant such that
for all t > 0,

P( EqaxkpleZaZJH > to + 1) < eonlt=to), (13)
Lemma 10. There are tg,co > 0 constant such that for all t > 0,
P( max, [WWT|| >t +t) < efonlt=to), (14)

-----
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4.2. Loop equations. We shall prove the following lemma in the next sections. For short,
we shall denote @), by Q.

Lemma 11. The matriz EQ is a diagonal matriz with diagonal entries that are constant
along the classes, i.e. of the form EZ=1 o D,, with o, € Ct. Besides, for z € C\R,

EQ = —2 (I, +ED)™ +Op(p7) 1 (15)
EQ = —z" <Ip + iE% tr(D(ja)Q)Ca> _ +O0y.(p7) (16)

where
D =Y~ u(QC.)D. (17)

a=1

The fact that the matrix EQ is diagonal follows from the Neumann expansion for |z|
large enough (and from analytic continuation for small z) and from the fact that the Z,’s
are independent and with symmetric distribution. The fact that it is of the form given
here follows from the invariance of the law of WTIW under conjugation by the appropriate
permutation matrices (those with all cycles contained in a class).

For each i = 1,...,n, we denote by C(i) the covariance matrix of the i-th column of
p'/2W, so that C(i) = Cpif ny 4 -+ + N1 <0 <Ny + -+ + Ng_1 + Na.

4.2.1. Computations on (). By the resolvent identity,
Q=:WwqQ -2,
so that, using Stein Lemma (see in appendix),

EQiw = Z_1<WTWQ)2'2" — Gz
= -0z '+ 2R Z wjwjQuir
.l
= Gz 427! Z EwjwpiEOy,,, wjiQu

Jtm

= —5“"271 + (Pz)fl Z C(i)jm{ﬂ(m,i):(j,l)]EQli' - ijl(@([5riwms + 5siwmr]:},s:1>Q)li’}

Jlm

where we used the fact that Ewjwm,; = p~'C(i);m. With Ej; the matrix with unique
non-zero entry [Ej;];; = 1,

awmiQ = _Q(awszTW)Q = _Q(Esz + WTEmz)Q - _Q([émwms + 5siwmr]:~lys:1)Q

from which, after replacement, we get

EQiw = —6wz "+ (pz)_l Z C (@) jmA Lim,i) =, EQur — Ewji(Q([0ritwms + 5siwmr]25:1)Q)li'}

Jlm
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= —62'2-/2_1 -+ (pz)_lEQii/ tr C(Z) — (pZ)_l Z C’(i)ijwﬂQliwmsti,

Jlm,s

- (pz)_l Z C(i)ijwlelrwmrQii’

j7l7m77‘

= 0z + (p2) 'EQu tr C (i) — (p2)~! Z C() jmEWQ)i(WQ) i
_(pz)_l Z C<i)ij(WQWT)ijii’

= w2z '+ (p2) T'EQu tr C (i) — (p2) 'E(QWTC(H)WQ)uw
—(p2) "Etr(WQWTC(:)) Qi
Besides, it is easy to see that WQWT = WWTQ = 2Q + I,, which entails
EQi = —06iwz "4 (p2) "BQu tr C(i) — (p2) "E(QWTC())WQ)sw
—(p2)'E tr((zCNQ + 1)C(1)Qiir
= 0zt 4+ (p2) T'EQu tr C(i) — (p2) E(QWTC(HWQ)sw — p ' Etr(QC (1)) Qi
_(pz)_l tr(C(i))EQii
= —52‘2'/2_1 — (pZ>_1E(QWTC(Z)WQ)”/ — Ep_l tI‘(QC(@))Q“/

In other words, if one defines

k k
1 1 -
M, ==Y ED,QW'C,WQ ==Y EDW QC,QW, 18
then we have, for D as in (17) and D=D- ED,
—2EQ = I,+ EDQ+ zp ‘M, (19)
= I, + 2EDEQ + zp* (M, + pIElO?Q). (20)

Now, as clearly ||| = O(1) and, by Lemma 15,

k
o o 1 o 1 -
EDQ| < E|D||||Q| < —E|D|l < — g V “Ltr(Q =O(p~!
|| || = || |||| || = |%Z| || || > |%Z‘ - \/ al"(p I‘( Ca)) (p )

it follows that
—2EQ = I, + 2EDEQ + O (p™"),
and
—ZEQ(In + ED) =1, + O” ) H(p_l),
which implies
EQ = —Z_I(In + ED)_I + O” ) ||(p_1).
This proves (15).
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4.2.2. Computations on Q. By the resolvent identity, we have here Q = 2 "WWTQ—27'1,
so that, by Stein Lemma again,

EQ = Z_l(WWTQ)u" — G2
= w2z '+ 2 'E Z wz‘jwleli’
4.l
= —62‘2'/2_1 + Z_l Z Ewijwijawmjwleli’

j7l7m

= 0wz '+ (pz)_l Z C<j)im{ﬂ(m,j)=(l7j)EQli’ - Ewlj(@([‘srmww‘ + 5smwrj]€,s:1)é)li’}

j7l7m

where we used the fact that Ew;jw,,; = p~*C(j)im and that
awij = _Q<awmj WWT)Q = _Q<EijT + WEjm)Q = _@([5rmwsj + 5smwrj]£75:1)é-

We get, somewhat similarly as previously

EQM” = —51'1"271 + (pz)fl ZE(C(J)Q)W - (pz)fl Z C(j)imelelmwszsi’
J

Jilym,s

—(p2)~" Z C(j)imelj@lrwrj@mi/
Jlym,r
k
= bz +(p2)7! ZE(C(]>Q)W —(p2)~" ZE(CaQWD(ja)WTQ)ii’
7 a=1

k

—(p2) Y E(CaQ)iv tr(WD(ja) W' Q)

a=1
k k
= Gz 2 Y PECQ)w — (02) Y E(C.OWDG)WT Q)

Co

a=1 a=1

—(p2) "> E(CaQ)ir tr(D(j) WTQW)

a=1

Using WTQW =WTWQ = 2Q + I,,, we then obtain
k k
]EQW = Gz 427! &E<Cac~2)ii’ — (pz)fl ZE(CaQWD(ja)WTQ)ii’

Co

a=1 a=1

k

— 3B (PIQ) — Y EE(C, Q)

a=1 a=1



Thus for

we have

1.€.

so that, for

we have

EQ =

k
My = 1 S E(CQWD(TQ)
a=1

k
. 1 3
—2EQ =1+=z g E; tr(DaQ)Ca@ + zp~ ' My,

a=1

p
E(I, + Z ]13 tr(QD,)C.)Q = —2 (I, — p~ ' My),
a=1

K = ]E]% tr(D.Q)Q — E% tr(D,Q)EQ,

p

(E(L, + ) % tr(QDa)Ca)) 'E(L, + ) ]19 tr(QD,)C,)EQ

a=1

(B(L,+ Y - n(QD.)C,) (Eup 30 (QDICIQ - K)

a=1

—(EGL+ Y Z—) QD))+ p EGL+ Y ]; 21(QD,)C,)) " My

(B + Y If? (QD,)C.)) 'K

Note that for any a € {1,...,k}, by Lemma 15,

1K1 =

B (50 - £ u.0) Q] | < /v, 620 =067,

Besides, we also have ||[M|| = O(1) and

hence

(E <zIp + i Zp tr(QDa)Ca>> <

EQ = -zt ([p + ZE% tr(D(ja)Q)Ca> +Oy. H(p_l).

This proves (16).

15

(21)

(22)
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4.2.3. Consequences of the loop equations: proof of Lemma 11. We have proved
EQ = —z_l(]n + ]ED>_1 + OH . ||(p_1>

EQ = —z ! (fp + ZE% tf(D(ja)Q)Ca> +0).(p™)

a=1

for D = Zk ltr(@C’a)Da. This is precisely the content of Lemma 11. It also implies

a=1
that, for the ke§ complex quantities
1 4 1 , ~ 1~
Go=Gu(2) =E tr(D(j,)Q) = E—tr(D(ju)Q), Gau(z):=E-1tr(QC,), (23)
CoMg ygem p
we have
Gy =—2'1+G) " +00(p™")
k
~ 1
G, = —2_15 trCa(I+ > a,GC) ™ +0(p™), (24)
b=1
which implies that
1
CDGa = . (25)

—2 4L Co(I+ 3, aGG) T + O(p)

4.3. Proof of Proposition 5. It follows from Lemma 7 and from (25) that, for G, as
defined in (23) and for z € C\R,

19a(2) = Ga(2)| = O(p7"). (26)
From Lemma 11, we deduce that, with the notations of Proposition 5,

By the concentration Lemma 15, we immediately deduce Proposition 5 as long as z stays
at a macroscopic distance from R.

To extend the result to all z’s taken at a macroscopic distance from S U {0}, we shall
prove next that the spectrum of WTW remains almost surely away from S U {0} (thus
proving in passing (3) of Theorem 1). Let Z be a closed interval of R at a macroscopic
distance from S U {0}. There is ¢ > 0 such that the distance from 7 to SU {0} is at least
2¢. Let n > 0 such that (22 +n?)'/2 — n = . We have

U | Qe inl] < (4% 4+ )72
TE

We deduce that for p large enough,

Sp [ BQu iyl < (3¢ +n?) V2.
xre
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Hence by measure concentration (using the arguments of the proof of [18, Cor. 6]), with
probability tending to one,

sup  sup A= (2 + )| " = sup | Quigll < (267 + %),

x€T \eSpec(WTW) €l
i.e. that

inf  inf A — (z+in)| > (282 + n¥)/2,
0 sty A 7 (@ I 2 2540

which implies finally that

inf  inf A—z| > 22+ - ==
$€IAESpec(WTW)‘ | - ( g ) n

This being true for any such interval Z, by the union bound and Lemma 10, we have the
sought for result.

4.4. Proof of Proposition 6. Our first interest is on Q,,D,@.,. By the resolvent identity
WTWQ. — 2Q. = I, applied to either of the two matrices @, or @.,, along with Stein’s
lemma and the results from Proposition 5, we then get (technical details, similar to previous
derivations, are omitted)

=

1

21

E[QzlpaQZQ]ij = [DaQZQLj - Zgb(zl) [Dszlpanz]ij

b=1

k
— le Z Tab(Zla 22>]E [DbQZQLj + O(p_l)

b=1

where we defined

Tap(21, 22) = E [p_l tr (DaWT@le'szQVV)] .

Similarly, we find
E[Qe WD W Qu,li = 21220a(21)9a(22)caoBlQz, CaQoli + O(p™) (28)

which introduces the term E[Q.,C,Q.,]i;. This term is also similarly treated and gives

E [[Qzlcaém]ij] = [ézlcaézg} -+ iT’ba(Zh 22) [ézlc’bézg}ij +O0(p™).

Y =t

To wrap up the various results, we need to identify precisely 74 (21, 22). To this end,
from (28), we find

Tab(21, 22) = 21229a(21)ga(22)CaCoE E) tr (Oanlon@)} +0(p™)

1 ~ ~
= zlzaga(zl)ga(@)cac% tr <CanleQzQ>
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k
1 = =
+ 212294(21)9a(22)Caco 5 Tda (22, Zl)]_g tr <Csz1Csz2> +0(p™).
d=1

From the definition of 74 (21 22), it is clear that 744 (22, 21)Caga(21)ga(22) = raa(21, 22)caga(z1)ga(22)-
Thus, the above formula can be rewritten

k

1 =~ =
Tab(zla 22) — Z122C Z rad(zla 22)Cd9d(21)9d(22)2—? tr <Csz1 Osz2>

d=1
1 ~ ~
= Zl'ZQCOCaga(Zl>ga(z2)]_9 tr <Can1Cszz> + O(p_l)'

This can be further rewritten under a matrix form which, after basic manipulations, leads
finally to

rap(21, 22) = [R(z1, 22)]ap + O(p )

with R(z1, 29) defined in the statement of the lemma. The fact that (I, — (21, 22)) " in the
expression of R(z1, z9) is well-defined as an inverse matrix is a consequence of p(£2(z1, 22)) <
1 by Lemma 7-(ii) with ¢ = = 0, for every 27,22 € C\ R. The proof of the proposition
is then completed by applying the concentration result from Lemma 15.

5. PROOF OF THEOREM 1

The proof of (2) follows directly from Proposition 5. As for the proof of (3), it was
already obtained in the proof of Proposition 5. Let us then prove the remaining second
part of Theorem 1.

For z € C*, denote g(2) = (91(2),...,gr(2))" with g1(2),..., gr(2) defined by Proposi-
tion 3. By Lemma 7-(i) with € = 0, n = 0, we have, for any z1, 25 € C\R,

(I — 21, 22)) (9(21) — 9(22)) = (21 — 22)c0g(21) © g(22) (29)

where
1 . ~
Q(21, 22) 1= cpz122 {Cbga(zl)ga(z2)]_) tr Co Q> CszZ}

a,b=1

However, it is not convenient for our present investigation to work with Q(zq, z5) which
does not exhibit enough symmetry. We shall then proceed next by left-multiplying both
sides of (29) by diag(c)2 diag(g(z1) ® g(22)) "2, where the complex square root is defined
thanks to the natural definition of the argument on C\R; (resp. C\R_) if 32,3825 > 0
(resp. if 321322 < 0). This entails

bt { @mzl)—gm)} ~ (21— o { Veun )}

gfl(Zl)ga(ZQ) a=1

a=1
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where we defined

1 = =
T(Zla Z2)ab = Cpr122y/ Cacb\/ga(Zl)gb(zl)ga(zé)gb(zé)}; tr OaQZ1 Cszz'

The matrix Y(z1, z2) is “more” symmetrical than 2(z1, z) but satisfies only Y(z1, 22)ap =
(22, 21)ba, which shall not be good enough in what follows. To symmetrize this expression
further, observe that, exchanging z; and z,, we also get

ga(’zl)ga(ZZ) a=1

<Ik—r<zQ,zl>>{¢c—ag“(Zl)‘g“<22)} - (2~ 22)eo { Vel wal)

a=1

so that, summing up the two equations leads to

— 2(21, 20 C 9a(21) — 9a(22) k = (21 — 22)C Ca9al?1)9al22 '
U ==, )){\/_a ga(zl)ga(22)} | ) { o)l >}“:1

a=1

where

(Y (21, 22) + Y(22,21)) -

E(Zl, 22) =

N | =

In particular,

(I — E(2,2) {VC_M} “ O

9a(2)] a=1

where =(z, 2*) is real positive and symmetric. Hence, by Lemma 17, we may take x with
positive entries a left eigenvector of =(z, z*) with eigenvalue p(Z(z, z*)). Multiplying by x
on the left, we get p(E(z,2*)) < 1. Thus, Z(z, 2*) is invertible for every z € C* and we
thus have

{\/_ |( “(zi)} = S(2)co (e — E(2,2") " {V/Calga(2) e, - (30)

«(14 els))

Using now the fact that
<e(laalfe])e (i 21[p))
A

A"+ CC*) te(BB* + DD¥)

2

tr(AB + CD)* =

= tr(

1= 1 1= 1 1= 1 1
applied to A = C2Q.,CZ, B = C20,,02, C = C2Q.,Ce, and D = C2Q.,C;, we find
that

1Z(21, 22)an]® < 2(21, 20 ab= (225 25 ) ab
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and thus, from Lemma 19, we get that p(Z(z1,22)) < 1 for each 21,2, € C*. But since
E(z, 2% < [|IE(2,29)|| = p(E(z,2%)) < 1 for symmetric matrices, we have in addition

12(21, 22)ap|? < 1 for each a, b so that, by e.g., A™! = ajjt(i),

K
11— p(E(21, 22)) ¥

we finally get

1Tk = E(z1, 22)) 7' < (31)

for some constant K > 0, and in particular

{@9“(21>‘9“(Z2>} = (5= =)ol ~ (1,2 {Vana ) 32

ga(zl)ga<32) a=

a=1

With this identity at hand, we shall show that g(z) admits a limit as z € Ct — z € R*.
This will be sufficient by [21, Theorems 2.1-2.2] to ensure that p admits a continuous
density on R*.

Recall first the notation

k —1
_ 1 = = _
ga(z) = Z_jtr Cana Qz = —z ! (Ip + E Cbgb(Z)Cb>
b=1

(so that cggq(2) = =271 + gu(2))™1). Then we have the following first result.

Lemma 12. For any € > 0, g(2) is bounded on {z € C*; |z| > €}.

Proof. Note first that, by the inequality |tr AB*|*> < tr AA* tr BB* with B = I,
2

1 1= 1 1 = =
1Ga(2)[* = '];tr CiQ.Cd| < 5tr CaQ:CaQ-

so that
~ 1 = = _ «
Coca |294(2)Ga(2)* < Cocalzga(Z)\ZZ;tr CaQ:CoQzr = Z(2,2")aa

Since Z(2, 2*) 40 < p(2(2, 2*)) < 1, we thus get that for each z € C, cocq|294(2)a(2)]? < 1.
Hence, if |g.(2,)| — o0 on some sequence with |z,| > ¢, this implies that |g.(z,)| — 0.
But by definition, |g,(2,)] = |2nco(1+ Ga(2n))|~*, which is thus bounded, contradicting the
assumption. We conclude that g,(z) must remain bounded on {z € C*; |z| > ¢}. O

Lemma 13. Under the additional assumptions of Theorem 1, for any o € R*, g(2) admits
a finite limit as z € Ct tends to xy.

Proof. 1f not, by the prev1ous lemma, one Can ﬁnd two sequences z! 22 € C' tending to
xo € R* Such that g(z}) — ¢' and g(z2) — g%, g' # ¢*. From (32),

k

{\/aga(zn) —g(Zn) } _ (2;711 B 2721>CO ([k _ E n’ z, ) {\/Caga ga 22)} . (33)

9a(21)ga(22) a=
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Since 2}, 22 — xg, 2: —22 — 0. Also, since g(z]), g(22) are bounded by the previous lemma,

we get that (21 —22)co\/Caga(2})ga(22) — 0. It thus remains to show that (I, — Z(z}, 22)) "

n» n

has uniformly bounded spectral norm, which, by (31), is equivalent to showing that

limsup p(Z(z), 22)) < 1.

n» = n

Recall first that we obtained, from Lemma 19 and
|E(Z711, zi)ab‘2 S E(Zin (Zi)*)abE(Z?u (’2721)*>ab7

that p(2(z}, 22)) < /p(E(2L, (1)) p(2(22, (22)*)). Since p(Z(z,2*)) < 1 for each z € C*,

in the limit, this only ensures that limsup,, p(2(z}, 22)) < 1. We may thus show that the
inequality |Z(z}, 22)0a]? < 2(2L, (21)")0aZ (22, (22)*) aq is strict, uniformly in n, for each a.

To this end, we shall use the second part of Lemma 19.

1 = 1 1z 1
Letting U! := C¢2 Q.1 Cq and U2 .= C2 Q(:2)-Cd , we wish to show that, uniformly on
AeC,
liminf tr(U} — AU2) (UL — A\U2)* > 0.

For this, note that, for each A € C,

(UL = AU2) (UL = AU2)* = tr C2Quy A0 CoQ.a (A2)* (7, O
with
k
A2 = (A = () L+ 3 e (Aetgil2) — (2 ai((:2))
=1

From the fact that tr ABA* > Apin(B) tr AA* when B is nonnegative definite, we then get

(U} = AR (UL = AUZ)" = A (@23CaQ:2 ) Auin (@23 Caay ) tr AQ(AD)"

Exploiting the invertibility of C, along with the fact that ||éz_1|| is bounded uniformly
on z € CT away from zero (by the previous lemma), we then get that

lim inf )\min <éz% Caézﬁ) >\min <éz}l Caéz%) > 0.
By the boundedness of g away from zero, we also have
limtr A9 (A9)* = tr A?(A9)*

with
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By linear independence of the matrices C1,...,Cy, I,, the quantity above cannot be
zero unless A = 1 and g} = (g?)* for each i. But 3(g}),S(g?) > 0 so that this implies
g} = g? € R for each i. But this is forbidden by assumption, and thus

)i\né liminf tr(U} — AU2) (U, — \U2)* > 0. (34)
S n

This ensures (possibly over a converging subsequence, which exists for all quantities here
are bounded) that
lim tr U3 (U3)" tr U (U7)" > lim tr UlUz|?
Indeed, uniformly over = € R, (34) (applied to A = 2/+/2 and iz/v/2) ensures that
limn tr U (U)" + 20 lim r U2(02)" > V3x i R (1x U} (02)°)
lim tr UNUN* + %gﬂ lim tr UX(U?)* > 2z lim (tr U (U)Y)

Taking squares left and right on both equations, summing, and taking square-roots left
and right on the result, this gives, uniformly on =z,

1
limtr UNUN* + 5952 lim tr UZ(U2)* — 2z lim |tr U, (U2)*] > 0,

the left-hand side of which is a polynomial in z with discriminant 2lim,, |tr U%(Ug)*|2 -
2lim,, tr UL(U})* lim,, tr U2(U2)* which is positive.
All this finally proves, by Lemma 19, that lim sup,, p(2(2., 22)) < 1 and therefore, recall-

ing (31), the left-hand side of (33) converges to zero as n — 0o, and so must the left-hand
side. But since g(z) is bounded away from zero, this implies that g' = ¢* which goes
against the assumption. ]

By [21, Theorems 2.1-2.2], we then get that J(g,(2)) is continuous on R* and v, has

continuous derivative f,(z) = £3(ga(2)). As p = S| Cava, the result follows.

APPENDIX A. MULTIDIMENSIONAL STEIN FORMULA

Lemma 14. Let X = (X,...,X,) be a centered Gaussian vector and f : R — R be a C*
function with derivatives having at most polynomaial growth. Then for all ig =1,...,d,

E[Xiof(X1,. ., Xa)] = Y E[Xi XU B[O f) (X1, ., Xa)]-

Proof. 1f the covariance matrix C' of the X;’s is I, then the result follows from a one-
dimensional integration by parts. For a more general covariance matrix C', introduce a

standard Gaussian vector Y, so that as X 2 AY for A := C'/2? and the function
915y ya) == fo Ay, - Ya)-
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Then by the C' = I case, we have
E[Xi, f(X1,...,Xa)] = ZAZOJE g(Y1,...,Yy)]

= ZAinE ajg>(§q77y)]
- ZAZOJZA@ (Of) (X1, X))

— ZOiOkE (O f) (X1, ..., Xa)]
k

APPENDIX B. CONCENTRATION

The following lemma can be found for example in [2, Sec. 4.4.1].

Lemma 15. Let X = (X1,...,X,) be a standard real Gaussian vector and f : R — R be
a C' function with gradient V f. Then we have

Var(f(X)) < E[VF(X)|?, (35)
where || - || denotes the standard Euclidian norm.

Besides, if f is k-Lispchitz, then for any t > 0, we have
P(f(X) —Ef(X)| =1) < 2e722. (36)

To apply this lemma, we shall use the following lemma. All matrix spaces, here, are
endowed with the norm +/Tr M M*.

Lemma 16. Let f be a real (resp. complex) function on RY such that x — f(z?) is
c-Lipschitz. Then the functions ¢, 1, defined on the set of p X n complex matrices by
o(X) = f(XX") and Y(X) = f(X*X) are c-Lipschitz (resp. 2c-Lipschitz).

Proof. The complex case is directly deduced from the real one by writing f = R(f) +S(f).
So let us suppose that f is real-valued. Let g : # — f(2?) and N := p+n. We know, by [6,
Lem. A.2], that the extension of g to the set of N x N Hermitian matrices is ¢-Lipschitz.
Then, the conclusion follows from the fact that for any p x n complex matrix X, ¢(X) and
(X)) are the respective p x p upper-left corner and n x n lower-right corner of the N x N

matrix g(M), with
0 X
)
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APPENDIX C. NONNEGATIVE MATRICES

The results stated here can be found in [13, 14].

Lemma 17 (Nonnegative Matrices and Dominant Eigenvectors). If A € RI*" is nonneg-
ative (resp., positive), then p(A) is an eigenvalue of A having an eigenvector with nonneg-
ative (resp., positive) entries.

Lemma 18 (Spectral Radii). Let A, B € R™*" be such that |A;;| < By; for all1 <i,j <n.
Then, with p the spectral radius,

p(A) < p(B).

Lemma 19 (Cauchy-Schwarz for Spectral Radii (adapted from [14, Lemma 5.7.9])). Let
A, B € RY*"™ be non negative matrices and C' € R™™ be such that C;; < /Ai;jB;;. Then,

p(C) </ p(A)p(B).

Besides, if, for each i, either both the i-th row and the i-th column of C are null or there
exists j such that C;; < \/A;;jBij, then the inequality is strict.
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