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Abstract. In a spiked population model, the population covariance matrix has all its eigenvalues equal to units except for a few
fixed eigenvalues (spikes). This model is proposed by Johnstone to cope with empirical findings on various data sets. The question
is to quantify the effect of the perturbation caused by the spike eigenvalues. A recent work by Baik and Silverstein establishes the
almost sure limits of the extreme sample eigenvalues associated to the spike eigenvalues when the population and the sample sizes
become large. This paper establishes the limiting distributions of these extreme sample eigenvalues. As another important result of
the paper, we provide a central limit theorem on random sesquilinear forms.

Résumé. Dans un modele de variances hétérogenes, les valeurs propres de la matrice de covariance des variables sont toutes
égales a I'unité sauf un faible nombre d’entre elles. Ce modele a été introduit par Johnstone comme une explication possible de
la structure des valeurs propres de la matrice de covariance empirique constatée sur plusieurs ensembles de données réelles. Une
question importante est de quantifier la perturbation causée par ces valeurs propres différentes de 1’unité. Un travail récent de Baik
et Silverstein établit la limite presque stire des valeurs propres empiriques extrémes lorsque le nombre de variables tend vers 1’ infini
proportionnellement a la taille de 1’échantillon. Ce travail établit un théoreme limite central pour ces valeurs propres empiriques
extrémes. Il est basé sur un nouveau théoreme limite central pour les formes sesquilinéaires aléatoires.

MSC: Primary 62H25; 62E20; secondary 60F05; 15A52

Keywords: Sample covariance matrices; Spiked population model; Central limit theorems; Largest eigenvalue; Extreme eigenvalues; Random
sesquilinear forms; Random quadratic forms

1. Introduction

It is well known that the empirical spectral distribution (ESD) of a large sample covariance matrix converges to the
family of Mar¢enko—Pastur laws under fairly general condition on the sample variables [3,10]. On the other hand,
the study of the largest or smallest eigenvalues is more complex. In a variety of situations, the almost sure limits of
these extreme eigenvalues are proved to coincide with the boundaries of the support of the limiting distribution. As an
example, when the sample vectors have independent coordinates and unit variances and assuming that the ratio p/n

IThe research of this author was supported by CNSF grant 10571020 and NUS grant R-155-000-061-112.
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of the population size p over the sample size n tends to a positive limit y € (0, 1), then the limiting distribution is the
classical Marcenko—Pastur law Fy(dx)

1
Fy(dx)zm‘/(x—ay)(by—x)dx, ay <x < by, (1.1)

where ay, = (1 — ﬁ)z, and by = (1+ ﬁ)z. Moreover, the smallest and the largest eigenvalue converge almost surely
to the boundary a, and by, respectively.

Recent empirical data analysis from fields like wireless communication engineering, speech recognition or gene
expression experiments suggest that frequently, some extreme eigenvalues of sample covariance matrices are well-
separated from the rest. For instance, see Figs 1 and 2 in [9] which display the sample eigenvalues of the functional
data consisting of a speech data set of 162 instances of a phoneme “dcl” spoken by males calculated at 256 points.
As a way for possible explanation of this phenomenon, this author proposes a spiked population model where all
eigenvalues of the population covariance matrix are equal to one except a fixed and relatively small number among
them (spikes). Clearly, a spiked population model can be considered as a small perturbation of the so-called null case
where all the eigenvalues of the population covariance matrix are unit. It then raises the question how such a small
perturbation affects the limits of the extreme eigenvalues of the sample covariance matrix as compared to the null
case.

The behavior of the largest eigenvalue in the case of complex Gaussian variables has been recently studied in [7].
These authors prove a transition phenomenon: the weak limit as well as the scaling of the largest eigenvalue is different
according to whether the largest spike eigenvalue is larger, equal or less than the critical value 1 + ,/y. In [6], the
authors consider the spiked population model with general random variables: complex or real and not necessarily
Gaussian. For the almost sure limits of the extreme sample eigenvalues, they also find that these limits depend on the
critical values 1+ ,/y and 1 — ,/y from above and below, respectively. For example, if there are M eigenvalues in the
population covariance matrix larger than 1 + ,/y, then the M largest eigenvalues from the sample covariance matrix
will (almost surely) have their limits above the right edge b, of the limiting Marc¢enko—Pastur law. Analogous results
are also proposed for the case y > 1 and y = 1.

An important question here is to find the limiting distributions of these extreme eigenvalues. As mentioned above,
the results are proposed in [7] for the largest eigenvalue and the Gaussian complex case. In this perspective, assuming
that the population vector is real Gaussian with a diagonal covariance matrix and that the M spike eigenvalues are all
simple, [12] found that each of the M largest sample eigenvalues has a Gaussian limiting distribution.

In this paper, we follow the general set-up of [6]. Assuming y € (0, 1) and general population variables, we will
establish central limit theorems for the largest as well as for the smallest sample eigenvalues associated to spike eigen-
values outside the interval [1 — ,/y, 1 + ,/y]. Furthermore, we prove that the limiting distribution of such sample ex-
treme eigenvalues is Gaussian only if the corresponding spike population eigenvalue is simple. Otherwise, if a spiked
eigenvalue is multiple, say of index k, then there will be k packed-consecutive sample eigenvalues Ay 1, ..., Ank
which converge jointly to the distribution of a k x k symmetric (or Hermitian) Gaussian random matrix. Consequently
in this case, the limiting distribution of a single A, ; is generally non Gaussian.

The main tools of our analysis are borrowed from the random matrix theory on one hand. For general background
of this theory, we refer to the book [11] and a modern review by Bai [3]. On the other hand, we introduce in this paper
another important tool, namely a CLT for random sesquilinear forms which should have its own interests. This CLT,
independent from the rest of the paper, is presented in the last section (Section 7).

The remaining sections of the paper are organized as follows. First in Section 2, we introduce the spiked population
model and recall known results on the almost sure limits of extreme sample eigenvalues. The main result of the paper,
namely a general CLT for extreme sample eigenvalues, Theorem 3.1, is then introduced in Section 3. To provide
a better account of this CLT, Section 4 develops in details several meaningful examples. Several sets of numerical
computations are also conducted to give concrete illustration of the main result. In particular, we recover a CLT given
in [12] as a special instance. In Section 5, we discuss some extensions of these results to the case where spiked
eigenvalues are inside the gaps located in the center of the spectrum of the population covariance matrix. Finally,
Section 6 collects the proofs of the presented results based on a CLT for random sesquilinear forms which is itself
introduced and proved in Section 7.
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2. Spiked population model and convergence of extreme eigenvalues

We consider a zero-mean, complex-valued random vector x = (§7,nT)T where & = (£(1),...,éM)T, n =
(n(1),...,n(p))T are independent, of dimension M and p, respectively. Moreover, we assume that E[|lx]|*] < oo
and the coordinates of n are independent and identically distributed with unit variance. The population covariance
matrix of the vector x is therefore

V:cov(x):(éj IO>
p

We consider the following spiked population model by assuming that X has K non null and non unit eigenvalues
ai, ..., ok withrespective multiplicity ny, ..., ng (n1 +---+ng = M). Therefore, the eigenvalues of the population
covariance matrix V are units except the («;), called spike eigenvalues.

Let x; = (§,~T, n;r)T be n copies i.i.d. of x. The sample covariance matrix is

] n
*
Sp=-— § XiX; ,
nx
i=l1
which can be rewritten as

Sn=<S11 Sl2):(}(l}(ik X1X>2k>:l<zsl§l* Zéln,*)’ (21)
n

Sy S» XoXT XoX3 Yom&F D ominf
with
1 1 1 1
XlZﬁ(gla-nagn)Mxn:ﬁglzna XZZE(nla-uann)pxn:ﬁnl:n-

It is assumed in the sequel that M is fixed, and p and n are related so that when n — oo, p/n — y € (0, 1).
The ESD of §,, as well as the one of Sy, converges to the MarCenko—Pastur distribution Fy(dx) given in (1.1).
As explained in the Introduction, a central question is to quantify the effect caused by the small number of spiked
eigenvalues on the asymptotic of the extreme sample eigenvalues.

As a first general answer to this question, Baik and Silverstein [6] completely determines the almost sure limits
of largest and smallest sample eigenvalues. More precisely, assume that among the M eigenvalues of X, there are
exactly M, greater than 1 + ,/y and M, smaller than 1 — ,/y:

ap > >y, > 144/, oy < <opm-My+1 < 1=y, (2.2)
and 1 — /y <o <1+ ,/y for the other oy ’s. Moreover, for « # 1, we define the function

x=¢(a)=a+%. 2.3)
As y < 1, we have p <n for large n. Let

Anl = An2 2> = Anp

be the eigenvalues of the sample covariance matrix S,. Lets; =ny+---+n; for1 <i <Mpandt; =ny +---+n;
for 1 < j < M, (by convention so = 19 = 0).

Therefore, Baik and Silverstein [6] proves that for each k € {1, ..., Mp} and s;_1 < j < s (largest eigenvalues) or
ke{l,....Mz}and p —t; < j < p — t;—1 (smallest eigenvalues),
An,j = @ lp) = ap + DAL T almost surely. 2.4)
oy —

In other words, if a spike eigenvalue ay lies outside the interval [1 — ,/y, 1 + ,/y] and has multiplicity ny, then ¢ (o)
is the limit of n; packed sample eigenvalue {A, ;, j € Ji}. Here we have denoted by J; the corresponding set of
indexes: Jy ={sg—1+1,...,s¢} forog > 1+ /yand y ={p—tr+1,....,p—tx_1} forap <1—/y.
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3. Main results

The aim of this paper is to derive a CLT for the nj-packed sample eigenvalues

Vl[hj = @), je€

where o ¢ [1 — /y, 1+ /] is some fixed spike eigenvalue of multiplicity n,. The statement of the main result of
the paper, Theorem 3.1, needs several intermediate notations and results.

3.1. Determinant equation and a random sesquilinear form

By definition, each A, ; solves the equation

0= A1 — Syl = AL — S| [A] — Ky (R)

, (3.1
where
Kn(\) = S11 4+ S1a(h — S2) 7' Sy (3.2)

As when n — oo, with probability 1, the limit A, ; — ¢ (ax) ¢ [ay, by] and the eigenvalues of S>> go inside the
interval [ay, by], the probability of the event Q,,

On = {An,j & lay, byl} N {spectrum of S» C [ay, by]}
tends to 1. Conditional on this event, the (4, ;)’s then solve the determinant equation
|AI — K, (1) =0. (3.3)

Therefore without loss of generality, we can assume that A, ; ¢ [ay, by] and they are solutions of this equation.
Furthermore, let

An = (aij) = An(V) = X35(M = X2X3) "' X2, A ¢ lay, by, (3.4)

Lemma 6.1 detailed in Section 6.1 establishes the convergence of several statistics of the matrix A,. In particular,
nltra,, n! trA, A} and n! Z?:l al.zl. converges in probability to ym (L), yma(A) and (y[1 +m1(A)]/{r — y[1 +
mi (A)]})z, respectively. Here, the m j (1) are some specific transforms of the MarCenko—Pastur law F), (see Section 6.1
for more details).

Therefore, the random form K, in (3.2) can be decomposed as follows

1
Kn()h) = Sll + XIAHXT = ;él:n(l + An)él*;n

= %{ma + AL, — D+ A} + %Etr(l +An)

1 1
=ﬁRn+[1+ym1(A)]2+0p<ﬁ>, (3.5)
with
Ry =R,(A) = L{51:;1(1 + An)éf, — Zu(l + Ap)}. (3.6)

Jn

In the last derivation, we have used the fact

1 1
;tr(I+An) =1 +ym1()»)+0p<—),

N

which follows from a CLT for tr(A,) (see [4]).
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3.2. Limit distribution of the random matrices { R, (1)}

The next step is to find the limit distribution of the sequence of random matrices {R, (1)}. The situation is different
for the real and complex cases. Define the constants

0 =1+2ym(2) + ym2(2), (3.7)

Y1+ mi (V)] )2
)

(3.8)
A=yl +mi(d)

w=1 +2ym1(k)+<

Proposition 3.1 (Limiting distribution of R, (1): real variables case). Assume that the variables & and n are real-
valued. Then, the random matrix R, converges weakly to a symmetric random matrix R = (R;;) with zero-mean
Gaussian entries having the following covariance function: for 1 <i < j<M,1<i' <j <M

cov(Rij, Rirjr) = o{E[EDENE(")E(J)] — Zij Zirj } + 0 — ) {E[EDE() E[E()E()])
+ 0 — ) {E[E)E () E[E()HE ()]} (3.9)

Note that in particular, the following formula holds for the variances
var(Rij) =0(Zi Zj; + Z7) + o[E[£2 ()& ()] — 257 — Zii T} (3.10)
In case of a diagonal element R;;, this expression simplifies to

14
var(Ri;) = [26 + Biw] 3,  with g; = E[g(’z) 13 @3.11)

ii

If moreover, &(i) is Gaussian, 8; = 0.

Remark 1. If the coordinates {£(i)} of & are independent, then the limiting covariance matrix in (3.9) is diagonal: the
limiting Gaussian matrix is made with independent entries. Their variances simplify to (3.11) and

Var(Rij)ZGEi,’Ejj, i<j. (312)

Proposition 3.2 (Limiting distribution of R, (1): complex variables case). Assume the general case with complex-
valued variables & and n and that the following limit exists

1
my(h) =lim—tr A, AY, A ¢ [ay,byl. (3.13)
n n - -

Then, the random matrix R, converges weakly to a zero-mean Hermitian random matrix R = (R;;). Moreover, the joint
distribution of the real and imaginary parts of the upper-triangular bloc {R;;, 1 <i < j < M} is a 2K -dimensional
Gaussian vector with covariance matrix

Iy Iy
I = , 3.14
(le Fzz) (3-14)

3
1
=g ;{291(3,-) + Bja+ Bjs )
1 3
o= ;{_291(31-) +Bja+ Bjs},
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3
1
o= N(B)),

j=l1
andfor1 <i<j<Mand1<i <j <M,
Bi(ij,i'j") = w(EIEHENEENEG)] — Zij Zirjr),
Bz(i]', i/J/) 0 — )Xy Xy,
) = (r — o) (EEDEGIEE(HEN]).
= w(E[[EOE)] — Zi Ziv),
= o(E[lEDEGHIP] - 25 Zj),

(r — )|ELED)EGH][,
— ) |ELEGHEGHI|.

Here, the constant T equals
1
t=lim—tr(l + A, + A,,)T =14+2ymi(X) +ma(X). (3.15)
non

The limiting covariance matrix I” has a complicated expression. However, the variance of a diagonal element R;;
has a much simpler expression if moreover, ]E[E2(i)] =0foralll <i <M,

E[§()*Y]
=

var(Ri;) = [0 + Blw] ¥%,  with g} = 2. (3.16)

In particular, if £(i) is Gaussian, g; = 0.
3.3. CLT for extreme eigenvalues

In order to introduce the main result of the paper, let the spectral decomposition of X',

alln] . 0
0 OlKInK

where U is an unitary matrix. Following Section 2, for each spiked eigenvalue oy ¢ [1—./y, 1+./y],let {A, ;, j € Ji}
be the ny packed eigenvalues of the sample covariance matrix which all tend almost surely to Ay = ¢ (o). Let R(hx)
be the Gaussian matrix limit of the sequence of matrices of random forms [R; ( k)], given in Proposition 3.1 (real
variables case) and Proposition 3.2 (complex variables case), respectively. Let

R() = U*R(O)U. (3.18)
Theorem 3.1. For each spike eigenvalue ay & [1 — /v, 1 + /Y], the ni-dimensional real vector

ﬁ{)\n,j _)\'kaJ € Jk}a
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converges weakly to the distribution of the ny eigenvalues of the Gaussian random matrix

————— R,
1+ ym3(Ap)og

where ﬁkk (Ax) is the kth diagonal bloc of R (Ar) corresponding to the indexes {u, v € Ji}.

One striking fact from this theorem is that the limiting distribution of such ny packed sample extreme eigenvalues
are generally non-Gaussian and asymptotically dependent. Indeed, the limiting distribution of a single sample extreme
eigenvalue A, ; is Gaussian if and only if the corresponding population spike eigenvalue is simple.

4. Examples and numerical results

This section is devoted to describe in more details the content of Theorem 3.1 with several meaningful examples
together with extended numerical computations.

4.1. A special Gaussian case from Paul [12]

We consider a particular situation examined in [12]. Assume that the variables are real Gaussian, X' diagonal whose
eigenvalues are all simple. In other words, K = M and n; =1 for all 1 <k < M. Hence, U = Ij. Following
Theorem 3.1, for any Ay = ¢ (ax), with o & [1 F /Y] /(A — Ar) converges weakly to the Gaussian variable
1+ ymg(kk)ak)_lR(kk)kk. This variable is zero-mean. For the computation of its variance, we remark that by
Eq. (3.11)

var R\ = 2002,
where

(k — 1+ y)?
(=12 =y’
Taking into account (6.6), we get finally, for | <k <M

0 =1+42ymy (i) + yma(hp) =

2 2
> 20 [(ax — 1)* = y]
g —A) = N(O, Uo%k)’ ng =— (ox — 1)2

This coincides with Theorem 3 of [12].
4.2. More general Gaussian variables case

In this example, we assume that all variables are real Gaussian, and the coordinates of £ are independent. As in [6],
we fix y = 0.5. The critical interval is then [1 — ,/y, 1 + ,/y] = [0.293, 1.707] and the limiting support [ay, by] =
[0.086,2.914].

Consider K = 4 spike eigenvalues (1, o2, o3, ot4) = (4, 3, 0.2, 0.1) with respective multiplicity (n1, na, n3, nq) =
(1,2,2,1). Let

)"n,l > )\n,2 = )¥n,3 and )\n,4 = )Vn,S = An,6

be, respectively, the three largest and the three smallest eigenvalues of the sample covariance matrix. Let, as in Sec-
tion 4.1,

g2 _ 2l =1 =yl
W (g —1)?

A.1)

We have (oo%k,k =1,...,4)=(30.222, 15.75, 0.0175, 0.00765).
Following Theorem 3.1, taking into account Section 4.1 and Proposition 3.1, we have
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e for j=1and6,

8. = [hnj — Ple)] =5 N (0,02). (4.2)

Here, for j =1,k=1, ¢(a1) =4.667 and o(fl =30.222; and for j =6, k =4, ¢ (aq) = 0.044 and (734 =0.00765;
o for j =(2,3) or j = (4,5), the two-dimensional vector §, ; = NS j — ¢ (ax)] converges weakly to the distribu-
tion of (ordered) eigenvalues of the random matrix

Wi Wi
G =o0y, .
o (le W22>
Here, because the initial variables (£(i))’s are Gaussian, by Egs (3.11) and (3.12), we have var(W;;) =
var(Wp) = 1, var(Wpp) = é, so that (W;;) is a real Gaussian—Wigner matrix (with independent entries). Again,
the variance parameter o is defined as previously but with k = 2 for j = (2,3) and k =3 for j = (4,5), re-

spectively. Since the joint dlstrlbutlon of eigenvalues of a Gaussian—Wigner matrix is known (see [11]), we get the
following (unordered) density for the limiting distribution of §, ;:

1 1
g(a,w:3—|8—y|exp[——(82+y2)] (4.3)
4oy /T
Experiments are conducted to compare numerically the empirical distribution of the §,_ ;’s to their limiting value.
To this end, we fix p =500 and n = 1000. We repeat 1000 independent simulations to get 1000 replications of the six
random variates {5, j, j =1, ..., 6}. Based on these replications, we compute

e akernel density estimate for two univariate variables §, 1 and §, ¢, denoted by f,, 1 f,, 6 respectlvely,
e a kernel density estimate for two bivariate variables (8,2, 8,,3) and (8, 4, 8,.5), denoted by fn 23 fn.45 TESpec-
tively.

The kernel density estimates are computed using the R software implementing an automatic bandwidth selection
method from [13].

Figure 1 compare the two univariate density estimates f’;lgl and f’,\m to their Gaussian limits (4.2). As we can see,
the simulations confirm well the found formula.

To compare the bivariate density estimates f,, 23 and fn 45 to their limiting densities given in (4.3), we choose to
display their contour lines. This is done in Fig. 2 for f,, 23 and Fig. 3 for fn 45. Again we see that the theoretical result
is well confirmed.

4.3. A binary variables case

As in the previous example, we fix y = 0.5 and adopt the same spike eigenvalues (o1, a2, a3, @) = (4,3,0.2,0.1)
with multiplicities (n1,ny,n3,n4) = (1,2,2,1). Let the a ’s be as defined in (4.1). Again we assume that all the
coordinates are independent but this time we consider blnary entries. To cope with the eigenvalues, we set

§G)=agei.  n()=¢).

where (&;) and (8}) are two independent sequences of i.i.d. binary variables taking values {+1, —1} with equiproba-
bility. We remark that Ee; = 0, ]Eel.2 =1land B = ]E["g““(i )1/ [Eéz(i )] — 3 = —2. This last value denotes a departure
from the Gaussian case.

As in the previous example, we examine the limiting distributions of the three largest and the three smallest eigen-
values {A, j, j =1, ..., 6} of the sample covariance matrix. Following Theorem 3.1, we have

e for j=1ando6,

s = il @] B HO0.2), 2 =0
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delta_6

Fig. 1. Empirical density estimates (in solid lines) from the largest (top: ﬁz,l ) and the smallest (bottom: ﬁl,ﬁ) sample eigenvalue from 1000
independent replications, compared to their Gaussian limits (dashed lines). Gaussian entries with p =500 and n = 1000.
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1
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delta_23

Fig. 2. Limiting bivariate distribution from the second and the third sample eigenvalues. Top: Contour lines of the empirical kernel density estimates
fn,23 from 1000 independent replications with p = 500, n = 1000 and Gaussian entries. Bottom: Contour lines of their limiting distribution given
by the eigenvalues of a 2 x 2 Gaussian—Wigner matrix.
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-0.4 -0.2 0.0 0.2 0.4

delta_45

Fig. 3. Limiting bivariate distribution from the second and the third smallest sample eigenvalues. Top: Contour lines of the empirical kernel
density estimates f;, 45 from 1000 independent replications with p = 500, n = 1000 and Gaussian entries. Bottom: Contour lines of their limiting
distribution given by the eigenvalues of a 2 x 2 Gaussian—Wigner matrix.

Compared to the previous Gaussian case, as the factor y/(cx — 1)> < 1, the limiting Gaussian distributions of the
largest and the smallest eigenvalue are less dispersed;

o for j =(2,3) or j = (4,5), the two-dimensional vector §, ; = NS j — ¢ (ax)] converges weakly to the distribu-
tion of (ordered) eigenvalues of the random matrix

. Wi Wi
G =o0y (W12 W22> : 4.4)

Here, because the initial variables (£(i))’s are binary, hence 8; = —2 (which is zero for Gaussian variables), by
Eqgs (3.11) and (3.12), we have var(W17) = % but var(Wy1) = var(Wa) = y/(ox — 1)2. Therefore, the matrix W =
(W;;) is no more a real Gaussian—Wigner matrix. Again, the variance parameter %%k is defined as previously but
with k =2 for j = (2,3) and k =3 for j = (4, 5), respectively. Unfortunately and unlike the previous Gaussian
case, the joint distribution of eigenvalues of W is unknown analytically. We then compute empirically by simulation
this joint density using 10000 independent replications. Again, as y/(ax — 1)> < 1, these limiting distributions are

less dispersed than previously.

The kernel density estimates fAn,l, fAn,6, fAn,23 and fA,,,45 are computed as in the previous case using p = 500,
n = 1000 and 1000 independent replications.

Figure 4 compares the two univariate density estimates fAn,l and fAn,6 to their Gaussian limits. Again, we see that
simulations confirm well the found formula. However, we remark a slower convergence rate than in the Gaussian case.

The bivariate density estimates fA,,,zg and f;,45 are then compared to their limiting densities in Figs 5 and 6,
respectively. Again we see that the theoretical result is well confirmed. We remark that the shape of these bivariate
limiting distributions is rather different from the previous Gaussian case. We remind the reader that the limiting
bivariate densities are obtained by simulations of 10000 independent G matrices given in (4.4).
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0.20
1

Densities
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Densities

-0.2 -0.1 0.0 0.1 0.2

delta_6

Fig. 4. Empirical density estimates (in solid lines) from the largest (top: fny]) and the smallest (bottom: f:w) sample eigenvalue from 1000
independent replications, compared to their Gaussian limits (dashed lines). Binary entries with p = 500 and n = 1000.
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delta_23

Fig. 5. Limiting bivariate distribution from the second and the third sample eigenvalues. Top: Contour lines of the empirical kernel density estimates
fn,23 from 1000 independent replications with p = 500, n = 1000 and binary entries. Bottom: Contour lines of their limiting distribution given by
the eigenvalues of a 2 x 2 random matrix (computed by simulations).
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Fig. 6. Limiting bivariate distribution from the second and the third smallest sample eigenvalues. Top: Contour lines of the empirical kernel density
estimates f;, 45 from 1000 independent replications with p = 500, n = 1000 and binary entries. Bottom: Contour lines of their limiting distribution
given by the eigenvalues of a 2 x 2 random matrix (computed by simulations).

5. Some extensions

It is possible to extend the spiked population model introduced in Section 2 to a much greater generality. Let us
consider a population p X p covariance matrix

V=COV(X)=<§ ](3),
p

where X' is as previously while T}, is now an arbitrary Hermitian matrix. As M will be fixed and p — oo, the limit
F of the ESD of the sample covariance matrix depends on the sequence of (7},) only. With some ambiguity, we again
call the eigenvalues o ’s of X' spike eigenvalues in the sense that they do not contribute to this limit.

In the following, we assume for simplicity that X' as well as T}, are diagonal, and when p — oo, the empirical
distribution of the eigenvalues of T, converges weakly to a probability measure H (d?) on the real line. Therefore, the
limit F of the ESD is characterized by an explicit formula for its Stieltjies transform, see [5].

The previous model of Section 2 corresponds to the situation where H (dt) is the Dirac measure at the point 1.
A more involved example which will be analyzed later by numerical computations is the following. The core spectrum
of V is made with two eigenvalues w; > wy > 0, nearly p/2 times for each, and V has a fixed number M of spiked
eigenvalues distinct from the w;’s. In this case, the limiting distribution H is %(S{wl}(dt) + 8{w,)(d?)), a mixture of
two Dirac masses.

The sample eigenvalues {A, ;} are defined as previously. Assume that a spiked eigenvalue o is “sufficiently sep-
arated” from the core spectrum of V, so that for some function ¥ to be determined, there is a point ¥ (cx) outside
the support of F' to which converge almost surely n; packed sample eigenvalues {A, ;, j € Ji}. In such a case, the
analysis we have proposed is also valid yielding a CLT analogous to Theorem 3.1: the n-dimensional real vector

\/ﬁ{)\n,j — Yo, j € Jk}
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converges weakly to the distribution of the ny eigenvalues of some Gaussian random matrix. In particular, if ny =1,
this limiting distribution is Gaussian.

We do not intend to provide here all details in this extended situation. However, let us indicate how we can
determine the almost sure limit ¥ (o) of the packed eigenvalues. From the almost sure convergence and since
Y () is outside the support of F, with probability tending to one, A, ; solve the determinant equation (3.3). With
Ap = X530 — X2X3) "' X2, we have

1
K, (A) =811 + XlAerw]k = ;El:n([ + An)";:l*;nv
which tends almost surely to [1 + ym1(A)]X. Therefore, any limit A of a A, ; fulfills the relation
A—[1+ymi(W)]a=0, (5.1

for some eigenvalue « of X
Let m(A) be the Stieltjies transform of the limiting distribution F* and m(A) the one of y F'(df) + (1 — y)d0)(dz).
Clearly, Am(}) = —1 + y + yAm(A). Moreover, it is known that, see e.g. [5],

1 t
Y= Tam +y/ T my 2@ (5.2)

As m1(A) = —1 — Am(A) by definition, Eq. (5.1) reads as

A= [1 —y— y)»m(k)]ot = —m(A)a.

It follows then 1 + am(X) = 0 (generally, A ## 0). Combining with (5.2), we get finally

A:¢(a):a|il+y/ﬁH(dt)]. (5.3)

In particular, for the original spiked population model with H (d¢) = §(1(d¢), we recover the relation given in (2.3).

We conclude the section by giving some numerical results of the above mentioned example of an extended spiked
population model. Then, we consider (w1, w2) = (1, 10), (a1, a2, @3) = (5, 4, 3) with respective multiplicity (1,2, 1),
and the limit ratio y = 0.2. Note that these spiked eigenvalues are now between the dominating eigenvalues (1 and 10).
On the other hand, the support of the limiting distribution of the ESD can be determined following the method given
in [5], and we get two disjointed intervals: supp F' = [0.395, 1.579] U [4.784, 17.441].

For simulation, we use p = 500, n = 2500 and the eigenvalues of the population covariance matrix V are 1 (248),
3 (1), 4 (2),5 (1) and 10 (248). We simulate 500 independent replications of the sample covariance matrix with
Gaussian variables. An example of these 500 replications is displayed in Fig. 7.

For each replication, the four eigenvalues at the middle (of indexes 249, 250, 251, 252) are extracted. Let us denote
these 4 eigenvalues by A, 1, An2, An,3, An.4. By (5.3), we know that the almost sure limits of these sample eigenvalues
are respectively

1/f(01k)=01k[1 + :| = (4.125,3.467,2.721).

10(ox — 1) + ar — 10
The next Fig. 8 displays the empirical densities of
(Sn,jz\/z()\n,j_W(ak))» 1<j<4

from the 500 independent replications. The graphs of 8,1 and §, 4 confirm a limiting zero-mean Gaussian distribution
corresponding to single spike eigenvalues 5 and 3. On the contrary, the limiting distributions of 8, 2 and §, 3, related to
the double spike eigenvalue 4, are not zero-mean Gaussian. We note that 8, » and —6, 3 have approximately the same
distribution. Indeed, their joint distribution converges to that of the eigenvalues of 2 x 2 Gaussian—Wigner matrix.
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W

Fig. 7. An example of p = 500 sample eigenvalues (top) and a zoomed view on [0, 5] (bottom). The limiting distribution of the ESD has support
[0.395,1.579] U [4.784, 17.441]. The four eigenvalues {A,, s 1 < A <4} in the middle, related to spiked eigenvalues, are marked with a point.
Gaussian entries with n = 2500.
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Fig. 8. Empirical densities of the normalized sample eigenvalues {3, j,1 < j <4} from 500 independent replications. Gaussian entries with
p =500 and n = 2500.
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6. Proofs of Propositions 3.1, 3.2 and Theorem 3.1

461

Before giving the proofs, some preliminary results and useful lemmas are introduced. Note that these proofs are based

on a CLT for random sesquilinear forms which is itself introduced and proved in Section 7.

6.1. Preliminary results and useful lemmas

For A ¢ [ay, by], we define
X
ml(k)z/mFy(dx),
)C2
mz(l)=fmFy(dx),

my(h) = / Qicix)sz(dx).

It is easily seen that

A e
/mFy(dx)zl—i-ml(k), /m=1+2m1()\)+m2(k).

If a real constant « ¢ [1 — /y, 1 + ,/y], then ¢ () ¢ [ay, by] and we have

6.1)

6.2)

(6.3)

6.4)

(6.5)

(6.6)

mi o (@) = —,
oa—1
(=1 +yl@+1)
mzo¢(a) = > ) ,
(¢ = D[(e — )7 —y]
1
ms3 o ¢ (Ol) = m .
Let us mention that all these formulas can be obtained by derivation of the Stieltjies transform of the Marenko—Pastur
law Fy(dx)
@ = [ SRy =g 1=yt o+ 10T d) 2g el
x—z 7 2yz Y

Here, +/u denotes the square root with positive imaginary part for u € C.

The following lemma gives the law of large numbers for some useful statistics related to the random matrix A,

introduced in Eq. (3.4).
Lemma 6.1. We have
1 P
—trA, — ymi(}),
n

1 « P
—trA,AY — yma()),
n

1y QJ;< yn+mmm1>2
n =TT =y m1)

i=1

6.7)

(6.8)

(6.9)
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Proof. Let 8, j,j=1,..., p be the eigenvalues of Sy = X2X§. The first equality is easy. For the second one, we
have

1 1 _ _
S AyAL =~ a(] — X2X3) X0 X5(M — X2 X3) T Xa X5
n
]7 'Br%/ P xZ
yfiF (dx).
23@ Bn. ;) (r—x)27

For (6.9), let ¢; € C" be the column vector whose ith element is 1 and others are 0 and X»; denote the matrix
obtained from X by deleting the ith column of X;. We have X, = Xy; + %nm?‘. Therefore,

1 % * -1
_ 1 _ “nF (X X5 — Al ;

aii = e X5 (M — XoX3) " Xoey = —nf (M — XoX3) i = — ”'71’ (X Xy =AD" 0

n L+ =i (X2 X5, — A~

Using Lemma 2.7 of [5],

1 a1 AP _K )
]E;nj‘(xz,-xgi—u) ni—;tr(XZ,-X;i—)J) = E[n()[*E (X2 X3, — 21) 7,
which gives that
P Y[ VE-NFW) Y[l +mi)]

(6.10)

aii — - )
I+y[1/(x=A)Fydx) *—y[l+m})]

Further, it is easy to verify that

tr( XXM — X X571 X)4
E ( 2( 2 2) 2) <00

n— 00 n

which implies, together with inequality 3.3.41 of [8] that

(X3 — X2 X3) 71 X)*
supEan—sup ZE“US upIE (X3 n2 2) 2) < 00.
i=1

Therefore, the family of the random variables {a]2] } indexed by n is uniformly integrable. Combining with (6.10), we
get

E <El|a

15);_(YU+WQH>2
n o=yl +m1) | T

i=1

2 ( yU+mMM]>2
n=\yT . -
A — Y[l +mi ()]

Thus (6.9) follows. O
6.2. Proof of Proposition 3.1
We apply Theorem 7.1 by considering K = 3 M (M + 1) bilinear forms
u(@i)(I +Au()', 1<i<j=M,
with

u@) = (610, ..., & @)).
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More precisely, with £ = (i, j), we are substituting u(i)T for X (£), and u(j)T for Y (¢£), respectively. Consequently,
x¢1 = &1(@) and yg1 = &1(j) for the application of Theorem 7.1.
We have, by Lemma 6.1,

1
0 =1=Ilim—tr(l + Ay)*> =14 2ymi(A) + yma(}),
n n

Y1+ mi ()] )2
)

1 o [

Following Theorem 7.1, R, converges weakly to a symmetric random matrix with zero-mean Gaussian variables

R = (R;;) with the following covariance function, assuming 1 <i < j < M,

cov(Rij, Rirjr) = o{E[£DE(NE ()6 ()] — Zij Zirjr} + 0 — ) {E[@)E () ]E[£ ()6 (D]}
+ (0 — o) {E[60E () |E[€(HE()]}- (6.11)

6.3. Proof of Proposition 3.2

The aim is to apply Theorem 7.3 to K = %M (M 4+ 1) sesquilinear forms
u@U +ADu(*, 1<i<j<M,

with
u@) = (610G, ..., & ).

More precisely, with £ = (i, j), we are substituting u(i)* for X (£), and u(j)* for Y (€), respectively. Consequently,
xe1 = &1(i) and y;1 = &1 (j) for the application of Theorem 7.3.
Again by Lemma 6.1,

1
0 =1lim = tr(I + Ap)? =1+ 2ym(A) + yma (L),
nn

Y1+ mi ()] )2
)

1 2
w—l‘z‘l;;[(’“")”] —1+2ym1<“+<m

Here we need an additional condition which is specific to the complex case. Assume therefore,
.1
T= h,?l - tr(l + A+ A)T =14 2ym(A) +ma()).
Consequently by Theorem 7.3, R, converges weakly to a zero-mean Hermitian random matrix R = (R;;). More-

over, the joint distribution of the real and imaginary parts of the upper-triangular bloc {R;;,1 <i < j <M} is a
2 K -dimensional Gaussian vector with covariance matrix

rn I
r= (r;: FZ) , (6.12)
where
1 3
Fll—zjgl{zgl(Bj)‘f‘B]a—i-B]b},
3

I
o= ;{_291(31-) +Bja+ Bjs},
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3
1
o= N(B)),

j=1
andfor1 <i<j<Mand1 <i' <j <M,with the B-matrices defined in the proposition.
6.4. Proof of Theorem 3.1

Let o ¢ [1 — /y, 1+ ,/y] be fixed. Following Section 3.1, we can assume that the n; packed sample eigenvalues
{An,j, J € Ji} are solutions of the equation [A — K, (A)| =0. As A, ; — At almost surely, we define

n,j =~n(hn,j — Mi).

We have

1
I [ = KO j) = 0l o = i1 = Kn Gu) = [Kn(hn,j) — Kn i) ]-
Furthermore, using A~! — B! = A~!1(B — A)B™!, we have

1 -1 _
8, ,}1 —522) — (Ol — S2) 1}&5;},

1
Kn()tn,j) — K, (Ax) = ;El:nxi‘({([)tk + ﬁ

1 1 1 - o
= —ﬁfSn,j;El;nX’{([kk + W&I,J}I - Szz) (A — S2) 7 X0,

1
— _ﬁan’j [ym3()uk)2 + OP(I)]~

Combining these estimations and (3.5), (3.6), we have

Mnjl — KnOunj) = id — [14 ymi ()| 2 — %Rn()\k) + %an,j[l + ym3(M) ] +op (%) (6.13)

By Section 3.1, R, (1x) converges in distribution to a M x M random matrix R(A;) with Gaussian entries with a

fully identified covariance matrix. We now follow a method devised in [1] and [2] for limiting distributions of eigen-

values or eigenvectors from random matrices. First, we use Skorokhod strong representation so that on an appropriate

probability space, the convergence R, (Ax) — R(\x) as well as (6.13) take place almost surely. Multiplying both sides
of (6.13) by U from the left and by U* from the right yields

.. 0 0
1
Ulhnjl = KnGu DU = | 0 O = [+ ymi()lew) L, O - URG0U*
0 0 )
1 0 0 1
+ 2= 0 B mstoah, 0 —l—o<ﬁ>.
0 0 K

First, in the right-hand side of the equation and using a bloc decomposition induced by (3.17), we see that all the
non diagonal blocs tend to zero. Next, for a diagonal bloc with index u # k, by definition A — [1 4+ ym1(Ag)]ey, # 0,
and this is the limit of that diagonal bloc since the contributions from the remaining three terms tend to zero. As
Mk — [1 + ym1(Ax)]ox = 0 by definition, the kth diagonal bloc reduces to

1 . 1 1
_E[URn (U™, + ﬁ(sn,j(l + ym3Ou)ar) In, + 0<ﬁ>-
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For n sufficiently large, its determinant must be equal to zero,

1 1
—W[URn()»k)U*]kk + ﬁsn,j(l + ym3()ok) In, + o(—)‘ =0,

or equivalently,

|—[U Ry i) U], + 8. (1 4 ym3(hi)a) L, + o(1)] = 0.
Therefore, §,, ; tends to a solution of

|—[UR. M) U], + (1 + ym3(A)ax) I, | =0,

that is, an eigenvalue of the matrix (1 + ymg(kk)ak)’l ﬁkk(kk). Finally, as the index j is arbitrary, all the J; random
variables \/n{\,, j — Ak, j < Ji} converge almost surely to the set of eigenvalues of the above matrix. Of course, this
convergence also holds in distribution on the new probability space, hence on the original one.

7. A CLT for random sesquilinear forms

The aim of this section is to establish a CLT for random sesquilinear forms as one of the central tools used in the
paper. These results are independent from the previous sections and should have their own interest.

Consider a sequence {(x;, y;)ien} of i.i.d. complex-valued, zero-mean random vectors belonging to CK x CX with
a finite moment of the fourth-order. We write

X1
xi=@)=| * |, X(0) =1, xen)", 1<€<K, (7.1)

XKi

with a similar definition for the vectors {Y (£)}1<¢<k . Set p(£) =E[ x¢1ye1].

Theorem 7.1. Let {A, = [a;;(n)]}, be a sequence of n x n Hermitian matrices and the vectors {X(£), Y (£)}1<e<k
are as defined in (7.1). Assume that the following limits exist

1 n
o= lim - a?,®),
n—oon
u=1
n

. 1 2 . 1 2
0 ZHILH;O;U'A" =n1g1go; Z] }auv(n)} s
u,v=

. 1 T . 1 . 2
t_,,lingo;trA"A" _ngngo; Zlauv(n).
u,v=

Then, the M -dimensional complex-valued random vectors

1
Zn = (Zn0), Zne= E[X(E)*A,,Y(E) —p(OtrA,], 1<l<K, (7.2)

converge weakly to a zero-mean complex-valued vector W whose real and imaginary parts are Gaussian. Moreover,
the Laplace transform of W is given by

; 1
Ee‘TW = exp|:§cTBcj|, ceCk, (7.3)
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where the matrix B = By + By + B3 with

By = o(E[XayaXeyer]l — p(0)pE)), 1<£,0 <K,
By = (0 — ) (E[x¢1ye1 JE[Xp1ye1]), 1<t <K, (7.4)
B3 = (t — o) (E[xe1Xe 1 JELyer yer1]), 1<t 0 <K.

The proof of the theorem is postponed to the end of the section. First, we describe some specific applications of the
theorem with their own interest. Note that by definition, the three matrices B;’s are symmetrical (complex-valued).

Consider first the real variables case with i.i.d. random vectors {(x;, yi)ien} from RX x RX and a sequence of
symmetric matrices {A, = [a;j(n)]},. We are then considering K random bilinear forms and consequently, 6 = 7.
The matrix B given above is then exactly the limiting covariance matrix of the Gaussian vector W.

Corollary 7.1. Under the same conditions as in Theorem 7.1 but with real random vectors {(x;, yi)ien} and symmet-
ric matrices {An}n, the sequence of vectors (Z,), converges weakly to a zero-mean K -dimensional Gaussian vector
with covariance matrix B.

An interesting application to the case (x;) = (y;) gives the following CLT for random quadratic forms in a straight-
forward way.

Theorem 7.2. Let {A, = [a;j(n)]}, be a sequence of n x n real symmetric matrices, (x;)ieN a Sequence of i.i.d.
K -dimensional real random vectors, with E[x;] =0, E[xlxlT] = (yj), 1 =i, j < K, and E[||x; ||4] < 00. Let the
vectors {X (€)}1<e<k De as defined in (7.1). Assume the following limits exist

1 n

o= lim —§ a2, (n),
n—-oon 1
u=

N
0= lim —trA;.
n—oon

Then, the M -dimensional random vectors

1
Zn=Znt), Zni= ﬁ[xw)TAnX(z) —yutrA,], 1<€<K, (7.5)

converge weakly to a zero-mean Gaussian vector with covariance matrix D = D1 + Dy where

Dy :w(E[xlglxg/l] —vuyer), 1=t <K, e
Dy=0—o)(veevee+vi), 1<¢0<K. :

If all the diagonal elements of the matrices (A,) are null, then w = 0. The limiting covariance matrix D takes a
much simpler form:

D=0(veeyee+viy). 1< <K.
For the general complex case, we need a special device. Write Z,, = U,, 4+ 1V,,. Following Theorem 7.1, (U, V,)

converges weakly to a 2K -dimensional Gaussian vector with some covariance matrix I". The aim is to identify I". We
have

1
Eexp[t"U, + 5"V, ] — exp|:§(tT, sTyr (i)] teRX s eRX, (1.7)
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On the other hand, from U,, = %(Zn + Zn) and V,, = %(Zn — Zn), we have a second expression

T T
Eexp[rTUn —{-sTVn] =[Eexp L + 2 Zy + L_s Zn |.
2 2 2 2

Interestingly enough, the last transform can be found by application of Theorem 7.1 to the random sesquilinear forms

= (Zy
Z, = (21) . (7.8)
For ease of the presentation, we need to define more limiting quantities. For 1 < ¢ < K, let 0’)2( (= E[|x¢ |2], 03 (=
E[]ye1 |2]. We introduce the following matrices

Bia = o(E[lxe1 Plxen|*] — 0% 405 ¢)
Bip = o(E[lya *lyen*] — 6%50%5/),
By = (6 — o)(|ElZerxe1]]),
B = (0 —w) |E[yuye/1]| )

(
B3g = (7 — w)(|]E[Xuxe’1]| )
(

(7.9)

B3y = (t — )(|Elye1yen] | )-

Here, the indices are 1 < ¢, £’ < K. By definition, all these matrices are real and symmetrical. Let us also define the
2K x 2K matrices

~ B; B;
B: = J A =1,2,3. 7.10
j (ij Bj> J (7.10)

Theorem 7.3. Consider the M-dimensional complex-valued random vectors Z, = (Zy ) defined in Theorem 7.1.
Under the the same conditions as in that theorem, the real and the imaginary parts (U, V) of Z, converge weakly
to a 2K -dimensional Gaussian vector with covariance matrix

I'ni I
I = , 7.11
(le Fzz) (7.11)
with
1 3
F11=ZZ{2§R(BJ')+BM+BJ'},},
j=1
1 3
ng:ZZ{—ZER(BJ')-%BM-FB]],},
j=1
1 3
Fu:EZ;S(B,-).
]:

Proof. For the vector of sesquilinear forms Z, in (7.8), one can check that the limiting matrix B in Theorem 7.1 is to
be replaced by

3 3
E_(Zj:l Bj Zj:l Bja)
= 3 3 5. )
Zj:l Bjp Zj:] B;.
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. . ~ T T T T
Then following this theorem, for &= (5 + %, 5 — 5)7,

~ Leh 5T T 5T\ S (124 5/20)
~T - v >0
Eexp[c Z,,]—>exp{2<2 +2i’ > 2i>B<t/2—s/(2i)>}’
By identifying this formula to Eq. (7.7), we get the required form of I". d

7.1. Proof of Theorem 7.1

It is sufficient to establish the CLT for the sequence of linear combinations of random Hermitian forms

K
D X (OFAY (0),

=1

where the coefficients (¢¢) € CK are arbitrary. Notice that E[X (£)*A, Y ()] = p(£) tr(A,,), where p(£) = E[x¢1 ye1]-
First, by a classical procedure of truncation and renormalization (see Section 7.2 for details), we can, without loss
of generality, assume that there is a sequence ¢, |, 0 such that

L<i<n, lxlViyil <en'? (7.12)

We will use the method of moments. Define, while dropping the index » in the coefficients of A,,

1 & . 1
=7 ;ce[xw) AY (O —pOA] = —= ;aem,

where e = (u, v) € {1, ...,n}? and
Ve = { Z/f:l CZ[)_Cuyu - p(ﬁ)], e=(u,u),
. =
ZIIZ(ZI CZ)EM}’U’ e‘:(u’ U),u;év.

Let k > 1 be a given integer. We have

k/2£k
nkl2gk = Z loy - loy Ve, -+ Ve

To each term in the sum we associate a directed graph G by drawing an arrow u — v for each factor e¢; =
(u,v). The set of vertices is then a subset of {l,...,n}. Therefore, to a loop u — u corresponds the prod-
uct ayuVy—u () = ayy Zle ce[x, (£)y, (&) — p(£)] and to an edge u — v with u # v corresponds the product

AWy = Ay Y0y €0%u (£)yy (£). In other words,

nk/2gk — Zactﬁc, ac = Hae, Ve = 1_[ Ve.
G

eeG eeG

We now consider the collection of connected sub-graphs of G. These connected sub-graphs can be classified into
two types.

o Type-1 sub-graphs. We call C a Type-I connected sub-graph of G if C contains loops only. In particular C has a
unique vertex. The set of all the m Type-I connected sub-graphs is denoted by Fi, and the degrees of their vertexes
by pt1, ..., tm, , respectively.

If v ; = 2 for some vertex j in a sub-graph C, then Eag ¥ = 0 because of independence. Therefore we need
only consider those graphs G whose m Type-I sub-graphs have all their vertices with degrees 1t ; > 4. The contri-
butions from all these sub-graphs to the moment part ¥ are then bounded by

’Enl/fc

C€.7:1

< K (gan'4) 2107, (7.13)
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o Type-1I sub-graphs. A connected sub-graph containing at least one arrow u — v with u # v is called a Type-1I
sub-graph. The set of all these m> components is denoted by F>. For each Cy; € F>, let ug be the number of its
vertices whose degrees are denoted by yjs, j =1,...,us. As in Type-1, we can also omit the case where y;; =1
for some vertex j. Contributions from all the m, Type-II components to ¥ are then bounded by

‘E [1 ve

CieFr

my us -
< K (gun'/H) 2= 2= 002 (7.14)

Combining (7.13) and (7.14) by noticing the relation Zi wi+y jsVis = 2k, the overall contribution from random
variables has a bound

s _ _ my
Byl < K (ean! /)2 0= EZ DL 052 _ e (o 14 H—4m =252 0 (7.15)

Next the estimation of the weight part ag will be established. Since Z?:l la;;j|¥ = O(n) holds for any positive
integer w, thus

> [ lacl= Y l_[la,,W <H<Z|akk|”’/2><Knml (7.16)

S1seeSmy CeF StyeensSmy i=1
For a given Type-II component C; with #; edges, ey, ..., e; and ug vertices, vy, ..., v,,, We extract a spanning tree
from Cy and assume its edges are ey, ..., e,,—1, without loss of generality. However, we need to distinguish two

situations for the remaining sub-graph after extraction of the spanning tree. Let p(A,) be the spectral norm of the
matrix A,,.
Case 1. The remaining sub-graph has at least one edge # — v with u # v. Note that

> laww P < p(An)*. (7.17)

v
This, via induction, implies that we have for the tree part

us—1

Z H lae; I < p(A,)* 72

and for the remaining sub-graph

Z H|ae, S/O(An)zﬁ‘—z”s-ﬂnux_l'

In the second inequality above, we use the fact that #; > u; as all degrees of vertex of Type-II are no less than 2. It
follows that

us—1 1/2
Z ]_[|ae,|<( Z 1‘[|ae, Z 1‘[|ae|> < p(An)sn™/?, (7.18)
which gives, together with (7.16), that

Dam YOI tact TT lac,| < knta/2ttum/2em, (7.19)

G CeF CseF,
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Combining (7.15) and (7.19), we obtain

_ _ 2k—4m 232 u,
E) agyg|<n ’</22|ac||wc|sl<n 2 (g 14T 2R N g
G G

nk/2

2k—4m | — 22A 114y

<Ke, (7.20)

Case 2. The remaining sub-graph does not contain any edge u — v with u # v, i.e., all remaining edges are loops.
Since the degree of each vertex of a Type-II component is no less than two, there must exist at least two vertices whose
degrees are more than two. Thus (7.14) turns into

‘EHWC

CseF)

<K(8 nl/4)23 121 I(Vjs_z)_Z’”Z. (7.21)

We now need to consider two possibilities.
(a) If all vertices of a connected sub-graph have a loop, then similar to (7.18), we have

us—1 1/2
Z l_[ lae; | < ( Z 1—[ |ae,|2 Z 1_[ lae; |2> < p(Ay)sn@s+D/2
U1 |

wlug j=1 VI, Vug j=1 Ve Vus j=Us

and then (7.19) becomes

Z lag| < K D/ 24+ Gmy +1)/24my (7.22)
G
But, at this point, there must exist a vertex such that its degree exceeds three and so (7.21), correspondingly, changes

into

my Us .
< K (gan"/4) Zemr Zjm (i =D = (7.23)

@Hw

CceF,

By (7.22) and (7.23), similar to (7.20), we get

EY acyc

G

nk/2 < K- M 2R w2, (7.24)

The last inequality results from the fact that by construction, the exponent of ¢, is nonnegative. Consequently, the
contributions from such graphs can be neglected.
(b) If not all vertices of a connected sub-graph have a loop, then

Z ﬂ Jae, | < p(An)sn"s/?,

Ullv] 1

and, correspondingly, (7.19) becomes

> lag| < Knt1/Ftum /24m (7.25)
G

To see it, as an example, we consider the following

E by, v3auy0,Qus0s

V2,03

— O(i’l3/2),

E : Ay vy Qv Quyvy Aoz vs
v1,02,03

) 1/2 , 1/2 ) 1/2
= (Z |b”2v3| ) <Zav3v3) (Zavzl&)
v

V2,03 U3 2
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where

bv2v3 = Zav|v2av1v3 = Zavzv]av|v3 = (A_nAn)vzv_g-
V] V]
For general cases, we can verify the order by induction. Using (7.13), (7.21) and (7.25), similar to (7.20), we get

EY acyc

G

nk/2 < K2 kA 2N e e a2 (7.26)

So the contribution from this kind of graph can also be neglected. Here we remind the reader that (7.20) is obtained by
assuming all m, Type-II components belonging to case 1 and that (7.24) or (7.26) holds if all m, Type-II components
belong to case 2. If some Type-II components of the graph G belong to case 1 and the others pertain to case 2, by a
similar argument to the above, one can show that

n=k/2 =o(1). (7.27)

EY acyc
G

Therefore, if some item involves the connected sub-graph of case 2, the contribution from this item can then be
omitted.

In summary, in conjunction with (7.20) and the meanings of 2k, 4m, 2 Z'Y":z | Us, we know that the graphs leading
to a non negligible term are as follows: then degrees of vertices of all its Type-I components must be four; its Type-II
components all fall into case 1 such that all its vertices are of degree two. More precisely, we know that only the
following isomorphic classes give a dominating term:

e kj double loops u — u with terms aﬁu[Zle ce(Xeuyeu — p(O)1?;

e ky simple cycles u — v, v — u with terms Iauv|2[z,§<:1 )Eguygu][Zle XevYeuls

e k3 double arrows u — v, u — v with terms aﬁv[zgil Cgiguygv]2.

In addition, the degrees of vertices satisfy
A(ky + ko + k3) = 2k,

which implies that kK must be even. Therefore, let k = 2p be an even integer. We notice that here, the relations on the
edges, namely 2(ky + kp 4+ k3) = k, hold automatically. Thus, we can claim that

1 2p)!
B = Y D Cix Cox G o), (7.28)
" by thy =k 2RI

where

ki B K 2
c=[]E aﬁjuj{Zcz(xeu,.m,. —p(e>)} ] {uj}C{1,2,....n},

j=1 =1
ko B K K

G = HE Iaujvjlz{zcz(hujym,—)} {Zcz(feu]-ym,-)”, {uj,vj} C{L,2,....n},
j=1 L =1 =1

ks T K 2
C3=1_[E agjvj{ZC()feujygvj} j|, {uj,vi} C{1,2,...,n}.

=1
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Let

- K 2
ar =E| Y ce(Zayn —p(ﬁ))} ; (7.29)

L (=1

(K K
ar=E {ZCe(ielyez)}{ZCe(fezyu)”, (7.30)
L e=1

=1

— K 2
az; =K Zczizlyzzi| . (7.31)

(=1

By (7.20) or (7.27) again, along with inclusion-exclusion principle, (7.28) turns into

1
E&X = —(2p — D!
npbP

(k1,k2,k3)

(p)! ki ko k3 2 2 2
X glal ]‘[ af'oytor’ay,  Naug, v, "y, +o(1)
kitkat+ky=k 777 (2. j3)=(1,1,1)
1 n p
=—@p- 1)!!(051 D ap +aa Y lawl* + a3 Zaiv) +o(1).
u=1 u#v u#v

7.2. Truncation

The truncation and renormalization under the fourth-moment condition is by now standard, see e.g. [3]. For our
purpose and for ease of presentation, we give full details in the case of K = 1. The general case goes through in a
same manner.

We aim to the replacement of the entries of x and y with truncated, centralized, normalized variables. Let x =
&1y x3)Tand X = (7, ..., %)Y, where

)?j:le(|xi|§8,,n1/4), )sz)?j—E)?j, j=1,...,n.

Since E|x;|* < oo, for any ¢ >0
nIF’(|x1| > en1/4) — 0,

and then, because of the arbitrariness of &, there exists a positive sequence &, such that
nP(lx| > 8nn1/4) —0 and &, — 0.

It follows that

P(x*Any # £*Any) <nP(|x1] > ean'/*) = 0(1). (7.32)

Forh=1,2,..., find n,(ny > n,_1), for all n > n; with

h12/ I [t <27
lx11>¥n/h

Let o, = Lforallne [nn, npy1], thus, as n — oo, p, — 0 and

p;”/ lx1|* — 0. (7.33)
lx1|> ¥npn
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Now, for each n, let y, be the larger of p, and &,. However, in the following we still use the notation ¢, instead of y,,.
By Markov inequality and Burkholder inequality

JEIY i ainl?
54

n n 212
_2 ,12[Zi:1|2j:laji| ]
n -eg, 54

P(|2*Apy — ¥ Any| = 8) < |E[x11(Ix1] < enn'/*)]|

< KE[lx1[*I(Jx1] = eun'/*)]

< KE|x1|*I(1x1] = ean'/*)e, 12, (7.34)

T

where we have used the inequality
n

> ga/f4f[2n:

i=1 i=11j=

n

aj,‘
1

and the fact

n 2

Z Zaﬁ = O(n)
Jj=1

i=1

From (7.34) and (7.33) we have

Ay — T Ay -5 0. (7.35)

Next, we need to normalize the truncated variables %;’s. It is evident that lim,,_, oo E|%|? = 1 and that

|1 —VEIF112] < |1 —EI% 7| < 2B[|x11*1 (|x1] > e5v/n)]

<2¢, 20" PE[Ix1 ' (jx1] = 0 /)], (7.36)

which, together with (7.33), gives that

‘(1 _JEmR) “g

Combining (7.32), (7.35) and (7.37), it is now sufficient to consider

1 rFA
_(M Cpu A,,)

NN

instead of ﬁ(x*A,,y — ptrA,). Moreover, it is not difficult to see that we can substitute p’ = cov(X;/v/E|%1]2, y1)
for p without alternating the weak limit.

The truncation, centralization and normalization of y can be completed with a similar argument as above.
In the sequel, for simplicity, we shall suppress all superscripts on the variables and suppose that |x;| < g,n'/4,
lyil < e,n'/* Ex; = Ey; =0, E|x;|> = Elyi|?> = 1, E|x1]|* < 00, E|yi|* < oo and we still denote by p the covari-
ance between the transformed variables.

<26, 2Elx1|*I(|x1| = £,¥/n) — 0. (7.37)
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