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EDGE UNIVERSALITY OF CORRELATION MATRICES
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Let X7 N be a rectangular data matrix with independent real-valued
entries [¥;;] satisfying EX;; = 0 and E)?lz = ﬁ, N, M — oo. These entries
have a subexponential decay at the tails. We will be working in the regime
N/M =dy,limy_, o dy #0, 1, co. In this paper we prove the edge univer-
sality of correlation matrices X X, where the rectangular matrix X (called
the standardized matrix) is obtained by normalizing each column of the data
matrix X by its Euclidean norm. Our main result states that asymptotically
the k-point (k > 1) correlation functions of the extreme eigenvalues (at both
edges of the spectrum) of the correlation matrix X Tx converge to those of the
Gaussian correlation matrix, that is, Tracy-Widom law, and, thus, in particu-
lar, the largest and the smallest eigenvalues of X X after appropriate center-
ing and rescaling converge to the Tracy—Widom distribution. The asymptotic
distribution of extreme eigenvalues of the Gaussian correlation matrix has
been worked out only recently. As a corollary of the main result in this paper,
we also obtain that the extreme eigenvalues of Gaussian correlation matrices
are asymptotically distributed according to the Tracy—Widom law. The proof
is based on the comparison of Green functions, but the key obstacle to be sur-
mounted is the strong dependence of the entries of the correlation matrix. We
achieve this via a novel argument which involves comparing the moments of
product of the entries of the standardized data matrix to those of the raw data
matrix. Our proof strategy may be extended for proving the edge universal-
ity of other random matrix ensembles with dependent entries and hence is of
independent interest.

1. Introduction. The aim of this paper is to prove the edge universality of
correlation matrices. The data matrix X = (X;j) is an M x N matrix with indepen-
dent centered real-valued entries. The entries in each column j all are assumed to
be identically distributed:

(1.1) )Tij=M_l/2qij, qu‘j=0, Eqi2j=o’j2, 1<i<M.
Furthermore, the entries g;; have a subexponential decay, that is, there exists a
constant ¥ > 0 such that for u > 1,

(1.2) P(lgij| > uoj) <9~ ' exp(—u").
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We will be working the regime

(1.3) d=dy=N/M, lim d #0, 1, c0.
N—o00

Thus, without loss of generality, henceforth we will assume that for some small
constant 8, forall N e N,

0<dy<6"' and 6 <|dy—1]|.

Notice that all our constants may depend on 6 and @, but we will subsume this
dependence in the notation.
For a Euclidean vector a € R, define the ¢5 norm

M 1/2
lallz = (D:?) :

i=1

The matrix Xt X is the usual covariance matrix. The jth column of X is denoted
by X;. Define the matrix M x N matrix X = (x;;)

(1.4) xij = Xij /1% l2.

The (N x N) matrix X7X is called the correlation matrix.> Using the identity
ExiZj =LEY, xizj, we have
Exizj =M

Since we are mainly interested in correlation matrices, without loss of generality,
henceforth we will assume that

o =1, 1<j<N.

Covariance matrices are ubiquitous in modern multivariate statistics where the ad-
vance of technology has led to a profusion of high-dimensional data sets. See [17-
19, 24] and the references therein for motivation and applications in a wide variety
of fields. Correlation matrices are sometimes preferred in certain statistical appli-
cations. For instance, the classic exploratory method Principal Component Analy-
sis (PCA) is not invariant to change of scale in the matrix entries. Therefore, it is
often recommended first to standardize the matrix entries and then perform PCA
on the resulting correlation matrix [17].

Recent progress in random matrix theory has led to a wealth of techniques for
proving universality of various matrix ensembles (see [3-13, 16, 20, 21, 26, 27]
and the references therein). Here the word universality refers to the phenomenon
that the asymptotic distributions of various functionals of covariance/correlation
matrices (such as eigenvalues, eigenvector, etc.) are identical to those Gaussian

3Some authors prefer to call this the standardized covariance matrix, but we chose this terminology
from the statistical literature [17].
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covariance/correlation matrices. Thus, harnessing these methods to obtain univer-
sality results in statistical problems is an important step, since these results let us
calculate the exact asymptotic distributions of various test statistics without hav-
ing restrictive distributional assumptions of the matrix entries. For instance, an
important consequence of universality is that in some cases one can perform vari-
ous hypothesis tests under the assumption that the matrix entries are not normally
distributed but use the same test statistic as in the Gaussian case.

In this context, in a recent paper [24] we studied the asymptotic distribution
of the eigenvalues of the covariance matrix X XX under the assumptions of (1.1)
and (1.2). In [24], we proved that the Stieltjes transform of the empirical eigenvalue
distribution of the sample covariance matrix is given by the Marcenko—Pastur law
[22] uniformly up to the edges of the spectrum with an error of order (Nn)~!,
where 7 is the imaginary part of the spectral parameter in the Stieltjes transform.
From this strong local Marcenko—Pastur law, we derived the following results:
(1) rigidity of eigenvalues (2) delocalization of eigenvectors (3) universality of
eigenvalues in the bulk and (4) universality of eigenvalues at the edges. Further-
more, in our proof of edge universality of eigenvalues for covariance matrices (see
Theorem 7.5 of [24]), we gave a sufficient criterion for checking whether two ma-
trices of form Q7 Q (Q is a data matrix) have the same asymptotic eigenvalue dis-
tribution at the edge (see Section 3 for details). Here Q' Q could be quite general,
including covariance and correlation matrices.

Verifying the above criteria for correlation matrices is much more complicated,
owing to the fact that even if it has the same form XX as above, the matrix en-
tries of X are not independent. Fortunately in [24], as a byproduct, we also proved
the strong Marcenko—Pastur law, the rigidity of eigenvalues and delocalization of
eigenvectors of correlation matrices (see Lemma 2.3 in Section 2 below or Theo-
rem 1.5 of [24]). In this paper, we complete the research program initiated in [24]
by proving the edge universality of correlation matrices. There are not many pa-
pers which study the asymptotics of the correlation matrices as compared to the
relatively large literature on covariance matrices. The asymptotic distribution of
the largest (appropriately rescaled) eigenvalue of the Gaussian correlation matrix
was only very recently established by [1]. As will be explained below, we also
obtain this result as a special case of our main result and, more importantly, we do
not need this result in our proof (see Remark 1.3). The almost sure convergence
of the largest and smallest eigenvalues of the correlation matrix was established
in [15]. The very recent paper [1], relying on our results in [24], shows that the
asymptotic distribution of the largest or smallest eigenvalue of the correlation ma-
trix is given by the Tracy—Widom law, under the assumption that the data matrix X
satisfies (1.1) and its entries have symmetric distributions. In particular, the authors
in [1] use the above mentioned sufficiency criteria for edge universality developed
in [24]. Furthermore, the assumption that the matrix entries are symmetric is very
restrictive and not natural in statistical applications. In this paper we will build on
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our previous work [24] and prove edge universality of correlation matrices just un-
der the assumptions (1.1) and (1.2). Furthermore, we believe that all of our main
results should hold if one replaces the subexponential tail decay of the matrix en-
tries by a uniform bound on the pth moment (p > 4) of the matrix entries (e.g.,
p = 13 will suffice), as proved in [3] for Wigner matrices.

The central ideas in this paper are based on the general machinery for proving
universality established in a series of recent papers [3—13, 20, 21], where the au-
thors Yau, Erdés et al. study the distribution of eigenvalues and eigenvectors by
studying the Green’s functions (resolvent) of the random matrices.

The proof of this paper is based on the comparison of Green’s functions first
initiated in [12], but, as mentioned earlier, the key obstacle to be surmounted is
the strong dependence of the entries of the correlation matrix. We achieve this
via a novel argument which involves comparing the moments of the product of
the entries of the standardized data matrix to those of the raw data matrix (see
Section 3 for a summary of the key ideas). Our proof strategy may be extended for
proving the edge universality of other random matrix ensembles with dependent
entries and hence is of independent interest. Furthermore, it will be interesting to
see if bulk universality of correlation matrices can be established using the methods
developed in this paper.

Let us state the main result now. We denote A;, 1 <i < N, as the eigenvalues of
X"X and A, = 0 for min{N, M} + 1 <« < max{N, M}. We order them as

A=A > > Amax(m, N} = 0.

Analogously, let e denote the eigenvalues values of the matrix XtX.

The following is the main result of this paper. It shows that the largest and
smallest k eigenvalues of the correlation matrix, after appropriate centering and
rescaling, converge in distribution to those of the corresponding covariance matrix.

THEOREM 1.1 (Edge universality). Let X and X, respectively, denote the cor-
relation and covariance matrix as defined in (1.1)—(1.4). For any fixed k € N, there

exists € > 0 and § > 0 such that for any {s1, s2, ..., sk} € R (which may depend
on N), there exists No € N independent of sy, s2, ..., s, such that for all N > Ny,
we have

P(NY3Gy —ay) <s1— N5, ..., N*PGx—rp) <sg— N~ = N~°
<P(N*3(h1 —2A3) <1500 NP O — Ag) < %)
(1.5) N N
<P(N*P0q =) <si+ N5 .. NBQ —rp) <sx + N79)
+N7°.

An analogous result holds for the k smallest eigenvalues.
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In [14, 23] and [25], Peche, Soshnikov and Sodin proved that for some covari-
ance matrices (including the Wishart matrix), the largest and smallest k eigenval-
ues after appropriate centering and rescaling converge in distribution to the Tracy—
Widom law* whose density is a smooth function. Combining with our recent result
on the universality of covariance matrices in [24], we have the following immedi-
ate corollary for Theorem 1.1:

COROLLARY 1.2. Let X denote the correlation matrix as defined in (1.1)—
(1.4). For any fixed k > 0, we have
< M — (VN + v M)?
(VN +VM)(1//N +1/v/M)13"
M — (VN +M)? )

(VN +~M)(1//N +1//M)\/3
—> TWq,

where TW | denotes the Tracy—Widom distribution. An analogous statement holds
for the k-smallest (nontrivial) eigenvalues.

REMARK 1.3. Thus, as a special case, we also obtain the TW law for the
Gaussian correlation matrices.

Although the current paper builds on our recent work [24], it is mostly self-
contained and for the reader’s convenience, we will recall all of the needed re-
sults from [24]. The rest of the paper is organized as follows. In Section 2, af-
ter establishing some notation, we give the key results establishing the strong
Marcenko—Pastur law and rigidity of eigenvalues for correlation matrices, as ob-
tained from [24]. In Section 3 we give a brief proof sketch illustrating the key
ideas. In Section 4 we give the proof of the main results and in Section 5 we prove
some technical lemmas which constitute the key ingredients in the proof of the
main result. For the rest of the paper the letter C will denote a generic constant
whose value might change from one line to the next, but will be independent of
everything else. The notation O,(N¢) will be used to denote O (N*TC¢),

2. Preliminaries. We will adopt the notation used in this paper from [24].
Define the Green function of XX by

2.1 Gij(z)=< z=E+in, EeR,n>0.

XX —Z)ij’

4Here we use the term Tracy—Widom law as in [25].
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The Stieltjes transform of the empirical eigenvalue distribution of XX is given by

22) (@ i=~ 3 G0 =~ Tr—r—

. = — ii()=—"Tr .
=N — YEN XX 2

Recall that d = N/M from (1.3) and define

(2.3) ai = (1£Vd)%

The Marcenko—Pastur (henceforth abbreviated by MP) law is given by

(2.4) ow(x)=

1 \/ [ — ) (x — 20)]+
2rd x2 ’

We define my (z), z € C, as the Stieltjes transform of gy, that is,

ow (x)
R (x—2)

(2.5) mwy(2) = dx.

The function mw depends on d and has the closed form solution
l—d—z+iJ/@—2)(y—2)
2dz ’

where VA denotes the square root on a complex plane whose branch cut is the
negative real line. We also define the classical location of the eigenvalues with pw
as follows:

(2.6) my (z) =

)\,+ +00
2.7) ow(dr= [ ow(x)dx=j/N.
Vi Vi
Define the parameter
(2.8) ¢ := (log N)logloe N,

DEFINITION 2.1 (High probability events). Let ¢ > 0. We say that an event
Q holds with ¢-high probability if there exists a constant C > 0 such that

(2.9) P(Q°) < N€ exp(—¢?)

for large enough N.

Let us first give the following large deviation lemma for independent random
variables (see [12], Appendix B for a proof).

LEMMA 2.2 (Large deviation lemma). Suppose, for 1 <i < M, a; are inde-
pendent, mean O complex variables, with E|a; |2 =02 and have a subexponential
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decay as in (1.2). Then there exists a constant p = p(0) > 1 such that, for any
¢ > 0and for any A; € C and B;j € C, the bounds

M
(2.10) Y aiAi < (logM)* oA,
i=1
M M M 1/2
(2.11) > aBiia; — Y 0B s(logM)Pfoz<Z|B,-i|2) :
i=1 i=1 i=1
1/2
(2.12) > a;Bija; 5(1ogM)pfoz(Z|Bl~j|2)

i#]j
hold with ¢ -high probability.

i#]

It can be easily seen that for any fixed j < N, the random variables defined by
a; = xij, 1 <i < M, satisfy the large deviation bounds (2.10), (2.11) and (2.12),
forany A; e Cand B;; € Cand ¢ > 0.

Thus, the main result of [24] (see Theorem 1.5 of [24]) is applicable for the
correlation matrix X, yielding the following strong local MP law and rigidity of
eigenvalues:

LEMMA 2.3 (Strong local Marcenko—Pastur law and rigidity of the eigenvalues
of the correlation matrix). Let X = [x;;] be the correlation matrix given by (1.4).
Then for any ¢ > O there exists a constant C¢ such that the following events hold
with ¢ -high probability.

(i) The Stieltjes transform of the empirical eigenvalue distribution of XX
satisfies

1
2.13) N {ym(z)_mw<z)y§¢Cc—},
2emS(Cy) Nn

where mS(C¢) defined as the set
mS(Ce):={z€C:ly=1(h_/5) < E <5r4, 9" N~! < <10(1 +d)}.

(i1) The individual matrix elements of the Green function satisfy

o ) . [Smw@ | 1
(2.14) Zemgcg){k;lj(Z) mW(Z)8l]| =9 5( N7 + NT])}

(iii) The smallest nonzero and largest eigenvalues of X "X satisfy

(2.15) A_—N"Pp% < min Aj <maxij <Ay + Nl
Jj<min{M N} J
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(iv) Rigidity of the eigenvalues: recall y; in (2.7). Forany 1 < j <min{M, N},
let j = min{min{N, M}+ 1 — j, j}. Then

(2.16) I — vl < gonN*Z/3f*1/3,

We conclude this section with the following theorem quoted from [24] (see The-
orem 1.7 in [24]) on edge universality of covariance matrices, which is also needed
for our proof of the edge universality of the correlation matrix. Define two indepen-
dent matrices X" = [)?l-vj], XV = [)?I-VJY] with the entries )7!‘; 35,‘}’ satisfying (1.1) and
(1.2) and the entries ,?ivj, flvjv are mutually independent. Henceforth, we will write
EY, PY (EVY, PY) to indicate that the expectation and probability are computed for
the ensemble XV, (XV).

THEOREM 2.4 (Universality of extreme eigenvalues of covariance matrices).
There exists € > 0 and § > 0 such that for any s € R (which may depend on N)
there exists No € N independent of s such that for all N > No, we have

PY(N*3(AY —ry) <s —N¥)—=N7?
(2.17) <PY(N?POY —ry) <s)
<P'(N?P(RY —ry) <s+ N+ N,

An analogous result holds for the smallest eigenvalues X;]in{ M.N) and Xgin{ M.N}-

As remarked in [24], Theorem 2.4 can be extended to finite correlation functions
of extreme eigenvalues as follows:

PY(N?P(Y —ay)<si = N5, ... .N?PQRY =2, ) <sy —N¥) = N7°

<PY(N?POY —ry) <st,..., NBOY —ry) <sk)
(2.18) s~ s~
<PY(N?POY —ry) <s1+ N5, . N?BRY —ay) <sp + N79)

+N?

for all k fixed and sufficiently large N. We remark that edge universality is usually
formulated in terms of joint distributions of edge eigenvalues as in (2.18) with fixed
parameters sy, 2, ... etc. However, we note that Theorem 2.4 holds uniformly in
these parameters, and thus they may depend on N.

3. Key ideas and proof sketch. Our basic strategy is the so-called “Green
function comparison” method initiated in a recent series of papers including
[11-13] for proving universality for (generalized) Wigner matrices. The Green
function comparison method has subsequently been applied to proving the spec-
tral universality of adjacency matrices of random graphs [3, 4], the universality of
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eigenvectors of Wigner matrices [20], as well as the the spectrum of additive finite-
rank deformations of Wigner matrices and the isotropic local semicircle law [21].

In this paper, we will show that (2.17) and (2.18) still hold with XY and XV
replaced by the correlation matrix X and the corresponding covariance matrix X,
that is, Theorem 1.1. To show this result, we introduce a sufficient criteria for
(2.17) and (2.18) derived in [24] (see Theorem 7.5 of [24]).

Consider two matrix ensembles XV, XV (could be covariance, correlation or
more general matrix’) and let their respective Green functions and empirical Stielt-
jes transforms [see (2.1) and (2.2)] be denoted by GY, G¥ and m", m". To prove
that the asymptotic distribution of the extreme eigenvalues of the matrix ensem-
bles XV, XV are identical in the sense of (2.17) and (2.18), it suffices to show the
following [24]:

(i) The matrices XV, XV satisfy the strong Marcenko—Pastur law and the rigid-
ity of eigenvalues as given in Lemma 2.3.

(i1) The difference of the expectation of smooth functionals of the correspond-
ing Green functions (GY, G¥ and m", m") evaluated at the spectral edge must van-
ish asymptotically. More precisely, as pointed out in [24], it suffices to establish
Theorems 3.1 and 3.2 below for the matrices XV, XV.

THEOREM 3.1 (Green function comparison theorem on the edge). Let
F :R — R be a function whose derivatives satisfy

3.1) max| FO@)|(x[+1)"" =1, a=1,2,34,

for some constant C1 > 0. Then there exist g9 > 0, Ng € N and § > 0 depending
only on C1 such that for any ¢ < g9, N > No and real numbers E, E| and E»

satisfying
|E—Ap| < N72PY |E =g | < NPT By — | < NTAOTE

—2/3=¢ e have

and ng =N
(3.2) |EYF(NnoSm'(z)) —EVF(NnoSm™(z))| < CN°FC¢, z=E +ino,

and

Ey Ey
IEVF(N/ dyi‘smv(y—i-ino)) —IEWF<N/ dy;“smw(y-i-ino))‘
E; E;
3.3)
< CN—5+C8

for some constant C.

SNotice that throughout the paper we use X for the correlation matrix and X for the covariance
matrix. This is the only instance we denote a generic matrix by X for compactness of notation.
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THEOREM 3.2. Fix any k € Ny and let F:RF — R be a smooth, bounded
Sfunction with bounded derivatives. Then there exist ey > 0, No € N and § > 0 such
that for any € < g9, N > Ng and sequence of real numbers Ey < --- < E| < Ey
with |E; — Ay| < N—2/3+e j=0,1,...,kand no = N—2/3=¢ we have

Ey Eo

VF(N/ dy Sm¥(y +ino), ... N/ dy Sm¥ (y +ino)>
Eq Ey

(3.4) —EYF(m" — mw)‘

<N7°,

where the second term in the left-hand side above is obtained by changing the ar-
guments of F in the first term from m” to m" and keeping all the other parameters
fixed.

REMARK 3.3. Theorems 3.1 and 3.2 yield the edge universality of the k-point
correlation functions at the edge for k =1 and k > 1, respectively.

Thus, to complete the proof of Theorem 1.1, by the Green function comparison
method it suffices to show (i) and (ii) above for

X' =X, XV =X,

where XX denotes the correlation matrix and XX is the corresponding covari-
ance matrix. Here condition (i) is guaranteed by Theorem 2.3.

Verifying condition (ii) entails the heart of this paper. In previous works men-
tioned earlier, the authors use a Lindeberg replacement strategy, as in [2, 27]. These
proofs proceed via showing that the distribution of some smooth functional of the
Green function (e.g., G;;, m and (X1, GX1)) of the two matrix ensembles is identi-
cal asymptotically provided that the first two (in some cases up to four) moments
of all matrix elements of these two ensembles are identical. For instance, if one
needs to show the edge universality of two covariance matrices XY and XV, the
basic strategy is to express

MN
(3.5) EF(GY)—EF(GY) =Y EF(G,) —EF(G,-1),

y=1
where F is a smooth function and Gy denotes the Green function of the ensemble
X (with Xg = X V) which is obtained from X y—1 by replacing the distribution of

the ijth entry of X}, 1Lij] with Xw[z]] [here y =i + (j — 1) M] so that XMN =
XVY. The next step is to obtain an estimate

(3.6) EF(Gy) —EF(G,_1) =o(N7?)
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for each of the N2 terms in the sum (3.5). Usually (3.6) is obtained by resolvent
expansions, perturbation theory and the fact that X y and X y—1 differ by a single
entry and the first few moments of these two distributions are the same.

But clearly the above method does not work in our case, since the entries within
the same column are not independent and, therefore, one cannot replace the dis-
tribution of a single entry of a column without changing the distribution of all
the other M — 1 entries. To circumvent this, in [24] a new telescoping argument
consisting of O(N) ensembles was used for the comparison of Green functions.
The idea is that instead of replacing entries one at a time, one can replace the en-
tries of the data matrix column by column and thus require only O (N) ensembles.
This argument from [24] is adapted here along with new insights for dealing with
nonindependence of the entries and is outlined below.

Now we set XY = X, XV = X.For 1 <y =< N, let X, denote the random matrix
whose jth column is the same as that of XV if j > y and that of XV otherwise.
In particular, we can choose Xg = XY =X and Xy = XV = )~(, where X is cor-
relation matrix and X the corresponding covariance matrix of X. As before, we
define

1 T —1
my(Z)ZNTrGy(Z), Gy(z)z(XyXy —-2)

so that we have telescoping sum

EYF(NnoIm™(2)) — EYF(NnoIm" (2))
(3.7)

N
= Z EF (NnoImy (2)) — EF (NnoIm,—1(z)).
y=1
Clearly, (3.2) will follow from (3.7) and the following estimate:
(3.8) IEF (NnoSmy (2)) — EF (NnoSmy,—1(2))] < 0 (N7179)
for some § > 0. Our strategy to obtain (3.8) is the following. First notice that
EF(NnoImy (z)) — EF (NnoImy,—1(2))
=EF(noITrGy(2)) — EF(noITr Gy —1(2)).
Let X) be the M x (N — 1) matrix obtained by removing the yth column of X Vo

which has the same distribution of the M x (N — 1) matrix obtained by removing
the yth column of X, _;. Define

(3.9) GV = ((X(}/))T(X(V)) _ Z)_l, w =103 TG — g@
Z

In Lemma 4.1 we will establish (3.8) by showing that

510 (EF (o3 TrG,) — EF (1)) — (EF (03 Tr G _1) — EF (12))
' = 0,(N77/9).
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Once (3.8) is verified, the main result follows by virtue of Theorems 3.1 and 3.2
as mentioned in the beginning of this section. Notice that since the columns of the
data matrix XV, X% are assumed to be independent, u is independent of the yth
column of XV, XV or, equivalently, the yth column of X, X,,_i.

Thus, it boils down to establishing (3.10) in the case Xo = X' = X and Xy =
X% = X. Our proof relies on the key observation that even if the entries of the
yth column vector x,, are not independent, the difference between the moments
of the entries of the standardized vector x, and its unnormalized counterpart X,
is at least an order of magnitude smaller than those of X, . For instance, since
Xjy = O(N -1 2) for 1 <i < M, for two independent ensembles of covariance
matrices X¥ and X" satisfying (1.1) and (1.2), we have the bound

(3.11) ER,) -ER&Y)’ =o(NA).

On the other hand, if iy is the unnormalized counterpart of x,,, as shown in Lem-
ma 5.5,

(3.12) E®iy)® — E(x;y)’ = O(N7/3).

The above observation combined with a resolvent expansion—detailed in Lemmas
4.3, 5.4 and 5.5—¢gives (3.10).

4. Proof of the main result. In this section we will prove (3.10) in the case
Xo=X"=X and Xy = X% = X. As discussed above, it implies (3.2) in Theo-
rem 3.1. Similarly, one can prove (3.3) and (3.4) in Theorems 3.1 and 3.2, which
complete the proof of Theorem 1.1, the main result of this paper.

It is easy to see that (3.10) is a direct consequence of the following lemma.

LEMMA 4.1. Let X be a M x N random matrix whose columns satisfy the
large deviation bounds (2.10), (2.11) and (2.12), for any A; € C and B;j € C and
for any ¢ > 0. The columns of X are assumed to be mutually independent. Fur-
thermore, assume that the first column is given by

Xi1

(4-1) 1= 7<= >
I1X1l2

1<i<M,
where X;1 are i.i.d. random variables with mean zero and variance M~ and have
an exponentially decay in the tails as given by (1.2).

Let X be the random matrix whose entries have the same distribution as X
except for the first column, and the first column of X is given by

Xi1 =Xi1,

where Xj1 are as in (4.1). The columns of X are also assumed to be mutually
independent. Let m, i denote the empirical Stieltjes transforms of XX, X' X.
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Then for any function F satisfying (3.1), there exists 6 > 0, ¢g > 0 depending
only on C1 such that for any ¢ < gy and for any real number E satisfying

(4.2) |E—Ap| SN2 g =N

we have

(43)  |EF(NnoSm(z)) — EF (NnoSii(2))] < 0 (N7'7%),  z=E +ino.
Note: In this lemma X and X are neither pure correlation nor pure covariance

matrices, but their respective first columns are distributed according to the stan-
dardized data matrix and raw data matrix.

REMARK 4.2. Under condition (4.2) (see [24]), we have the bound
@44) Ccl'<mw@|<C,  Smw@=0:(N""%), z=E+ino.
First we collect some properties on submatrices of a generic M x N matrix Q

which can be proved using standard results from linear algebra. Let Q) be the
M x (N — 1) matrix obtained by removing the first column of Q. Define

¥ -1 -1
@5 Gg'=(eM)' (@) -9 gp'=(e")(e") -2,
Then by definition, G(Ql) isa (N —1) x (N — 1) matrix, Q’S) isa M x M matrix
and we have the identity

M—-N+1
(4.6) TrG(Q])(Z) — Trgg)(z) =

Using the Cauchy interlacing theorem (see Equation (8.5) of [10]), it can be shown
that
1 - ~
4.7 TGy @ ~TriGo)=0("), n=3z
PROOF OF LEMMA 4.1. First we note that from Theorem 1.5 of [24], the
conclusions of Theorem 2.3 hold for both X and X.

Let XD be the M x (N — 1) matrix obtained by removing the first column of X.
Define

4.8 G = ((X(l))’r(X(l)) _ Z)_l, g = ((X(l))(X(l))T B Z)_l

and as in (3.9) set

(4.9) w=no3TrGM — 31
Z
We will first verify that
EF (o3 TrG) — EF (1)
4100 =EFD W Qy +3y2+393) + EFP () (3 SyD? + 33132

+EFO () ($(3y1)°) + 0:(N~*?),
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where F®) denotes the sth derivative of F and y;’s are defined as

4.11) Yk = nozmw (=B (x, (g(l))le)’

where x; denotes the first column of X. Define the quantity

(4.12) B::-qn”VUmJg“R@xg-( ! —1)]

zmy (2)
First, recall the following identity (see (6.23) of [24]):
(X1, X(l)G(l)G(l)X(l)Txl)
—z —z2(x1, GV (2)x1)
=zG11(x1, (g(l))z(Z)Xl)-
Furthermore, as proved in Lemma 2.5 of [24],
Gi1() = ! that is
—z —z2(x1, GV (2)x1)
-1
zG11(2)
From (4.12) and (4.14) we obtain that

S
z2G11(2) zmw (2) G

Fix ¢ > 0. From (2.14), Remark 4.2 and the bound |G 1| < |[mw|+ O (1), it follows
that for z = E + ino,

TG —TrGY 47 = (G +z7H)+
(4.13)

(4.14)

(x1, 6V (2)x1) = — 1.

mw—G
Imw = Gul _ o, (1) « 1
Gl

with ¢-high probability (see Definition 2.1). Therefore, with ¢-high probability,
we have the identity

(4.15) |B| =

4.16 =——=my Y (=B
(4.16) G B+l ka>o( )

Define y to be the 1.h.s. of (4.13) multiplied by 7o, that is,
y = no(TI‘G — TrG(l) + Z_l),

so that using (4.13) and (4.16), we obtain

0
y=n0zG11(x1, (GV)*x Z Vk-
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Since x; satisfies (2.10), (2.11) and (2.12), and GV is independent of x{, using
Lemma 2.2, we infer that for some C; > 0

1 C

@ ()] < 2T + g o)
with ¢-high probability. Using its definition, we bound Tr(G")? as

~x 1

Tr(GDY?| < Tr|g D = 3TrGH

(4.18) R ¥°G

ITr

= 0. (N*) + R 0:(N*?),

where for the last two inequalities we have used (4.6), (4.7), (2.13) and (4.4).
Similarly, we bound the last term of (4.17) with

(4.19) Tr|GV|* < g2 Tr|G VP < 0. (N®P)
and obtain that

|(x1, (V) x1)| = 0:(N'F).
Equation (4.15) and the fact |z| + |mw (z)| = O(1) yields that
(4.20) il < 0:(N7*7) and |yl < 0:(N~'7)

holds with ¢-high probability. Consequently, using (3.1) and (4.13), we see that
the expansion

3
1 - _
421 FodTrG) = Fu) = 3 5 FO (N ) 3)* + 0.(NTH7)
k=1"

holds with ¢-high probability. From the bounds on y;’s obtained above, equation
(4.10) follows. 5
Now we estimate G, which is defined as

G=(X1%—2)"
Let XM be the M x (N — 1) matrix obtained by removing the first column of X
and X denote its first column. Proceeding as in the previous calculations,
EF(oITrG) — EF (1)
(4.22) =EFD(W)(XF1 + 352+ 353) + EFP () (F(35D)* + 35135)
+EFP 0 (R5D%) + 0:(N7H5),
where
i = nozmw (—BY 1 (%1, (1)),

E:—zmw[(il,g“)(z)’i])—( ~! —1)]

zmw (z)
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Notice that o appears in (4.22) because the entries of XD and XD are assumed
to be identically distributed.
Define the matrices

(4.23) y=(@GM)?,  z=gW.

The symmetric matrices Y and Z are independent of x; and X;. Clearly, Y Z = ZY.
Therefore, using the fact that z, my ~ 1, we can write

k=m0 Y Cin(x1,Yx1)(x1, Zx1)",

O<n<k

where Cy , = O(1). Let Y = (x1, Y'xy) and Z = (X1, Zx1). Then (4.10) can be
written as

EF (no3TrG) — EF (1)

—EFO3 (0 Y G2

0<n<k<3

1
4.24) +EFO (u)né(i (3(C1o)))* + (CLoV)S(Ca0d)
+ i‘s(cl,ow:‘s(Cz,lyZ))

+EF® (u)nS(é(S(Cl,mf) + 0, (N~*3).

Define Y = (X1, YX;) and Z= (X1, ZX1). Using (4.22) and proceeding similarly
as before, we obtain that (4.24) also holds for the case when G, ) and Z are
replaced with G,Yand Z, respectively. The following is the key technical lemma
of this paper whose proof is deferred to the next section.

LEMMA 4.3. Let f:R — R be a function satisfying
(4.25) max| f ()| (x| + 1) “<c

for some constant C. Let A be of the form

a b
(4.26) g [ [ Yix) []x. Z;%),

i=1 j=1

where Y; =Y or Y* and Zj = Z or Z* with Y, Z as defined in (4.23) and a, b are
integers with 1 <a < 3,1 <a+b < 3. Then, under the assumptions of Lemma 4.1,
we have

(4.27) [B(f (1) A) —E(f (.A)| < 0:(N7"),
where A is obtained by replacing x with X in (4.26).
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Taking the difference of (4.24) and the equation obtained by replacing (4.24)
with 5, 37 and Z , we deduce that the difference

EF(oITrG) — EF (003 Tr G)

can be approximated by the sum of O (1) number of terms of the form E( f (u).A) —
E(f(w).A), where A is as in (4.26) and f is equal to F, F@ and F® . There-
fore, by applying Lemma 4.3, we conclude that Lemma 4.1 holds with any § < 1/6
and the proof is finished. [

Finally, we are ready to give the proof of the main result of this paper:

PROOF OF THEOREM 1.1. By the Green function comparison theorem dis-
cussed in Section 3, it only remains to prove that Theorems 3.1 and 3.2 hold for
the case

X' =X, XV =X.

For simplicity, we will only prove (3.2) of Theorem 3.1; the rest can be proved
using almost identical arguments.

For 1 <y < N, let X, denote the random matrix whose jth column is the
same as that of XV if j > y and that of XV otherwise; in particular, Xo = X" and
Xy = XV. As before, we define

1 5 -
my(z)zﬁTrGy(z), Gy(z):(X}’,X},—z) g
We have the telescoping sum,

EYF(NnoIm™(2)) — EYF(NnoIm*(2))
N

=Y EF(NnoSmy (2)) — EF (NnoSmy,_1(2)).
y=1

(4.28)

Applying Lemma 4.1 on X,, and X, _; gives the estimate
(4.29) |EF (NnoSmy (z)) — EF (NnoSmy—1(2))] < 0 (N7179)
for some § > 0. Now (3.2) follows from (4.28) and (4.29) and the proof is finished.
O]
5. Moment computations. In this section we prove Lemma 4.3. For nota-
tional convenience, let us denote X = x1, X = X;. We will also write
x(k) = xx1, X(k) = X1, l<k=<M.
Recall pu from (4.9). For the rest of this section, a, b will denote two integers with
l<acx<3, l<a+b<3.

Before stating the key results of this section, let us first give some definitions.
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DEFINITION 5.1 [Z(A,K)]. For any partition A of the set {1, 2, ..., 2a + 2b},
and a vector k = {k1, ko, ..., kogton}, ki € {1,2,..., M}, define the binary func-
tion Z(A, k) as follows. The function Z(A, k) is equal to 1 if (1) for any i, j in the
same block of A we have k; =k, (2) if 7, j are in different blocks of A, we have
ki # kj; otherwise Z(A,k) =0.

EXAMPLE 5.2. If
(5.1) A=1{{1},{2.4}, (3,5, 6}]
and a + b =3, then
I(A,K) = 1(kp = ka)1(kz = ks = ke)1(k1 # ko) 1(kz # k3)1(ky # k3).

DEFINITION 5.3 [NV(A, 1), N'(A,2) and I(4 3)]. Given a partition A of the
set {1,2,...,2a +2b}, let N'(A, 1) be the number of the blocks in A that contain
only one element of the set {1, 2, ...,2a + 2b}. Let N(A, 2) be the number of the
blocks in A of the form {ky;_1, k2;} with i > a. Note that A/(A, 2) depends on a
and b in addition to A. Let I 4 3) be equal to one if and only if a + b =3 and A is
composed of 2 blocks with three elements in each block.

The proof of Lemma 4.3 relies on Lemmas 5.4 and 5.5 stated below and proved
at the end of this section.

LEMMA 5.4. Recall the matrices Y, Z from (4.23). Then for any € > 0 the
following estimate

M

a
§ : Z(A, K0 Yiky *+* Yig 1ka) Zigasrkaasn *** Zhkoasoo—1koasan)
k1,k2,....kogyop=1

=0, ((N2/3)a+b (NI/Z)N(A, D4X43) (Nl/s)N(A,Z))

holds with ¢ -high probability for any fixed ¢ > 0. The result also holds if any of
the Y, Z are replaced by their complex conjugates Y*, Z*, respectively.
LEMMA 5.5. Let y; be i.i.d. random variables such that
Eyi =0, EG@)’=M", 1<i<M,

and have a subexponential decay as in (1.2). Let A be a partition of the set
{1,2,...,2a + 2b} and let
Vi
Yi == =an

SR
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Then for any vector k = (k1, ka, ..., kogt2p) and for any € > 0, we have
2a+2b 2a+2b
(5.2) E(I(A, K [] yki) — E(I(A, K [] yki)
i=1 i=1

— 0, (Nf(a+b)fmax{N(A,l),1}).

With the above two lemmas in hand, we are now ready to give the proof of
Lemma 4.3.

PROOF OF LEMMA 4.3.  We will only prove the case when
5.3) Yi=Y, Zi=27
for all i and, thus,

A=ngx, Yx)(x, Zx)?.
The other cases can be proved similarly. First, let us write (4.26) as
no (X, Yx)“(x, Zx)b

M 2a+2b
=> > n§Z(AK) [ xk)Viyks - Yiarhaa)
A ki,kp,..., koag+2p=1 i=1

X (Zkygr1kaasa " Lkaaran—1kaatap)

where the summation index A ranges over all the partitions of the set {1,2,...,
2a + 2b}. Taking expectations, and using the fact that x is independent of Y, Z
and i, leads to

M
EfA=Y 3 E(ngm,k)

A ki,k,....k2aq0p=1

2a+2b
X 1_[ X(ki)(Yklkz tee Ykza—lkZa)

i=l

X (Zikgasikaass " Zk2a+2b—1k2a+2b))
5.4)
2a+2b
= Z(EI(A, K [] x(k,-))
A i=l1

M
X (Ef(u) > Z(A, K Yiyky -+ Yigy_ ko)

ki,ka,....kpaq2p=1

X (Zk2a+lk2a+2 T Zk2a+2hlk2a+2b))’
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where the last inequality follows from the fact that (EZ(A, k) ]_[Z‘H'Zb x(k;)) is
independent of Y, Z. Combining (5.4), Lemmas 5.4 and 5.5, we deduce that

[E(fG0A) = E(f (1) A)]
(55) < Z 05((N_1/3)a+b(NI/Z)N(A'1)+I(A‘3) (N_])maX{N(A,1),1}(N1/3)N(A,2))

< ZOE a/3 I/Z)N(A,1)+I(A,3) (N—l)maX{N(A,l),l}(N1/3)N'(A,2)—b)'

Now we claim that the terms in the r.h.s. of (5.5) are bounded by O.(N —7/6) In-
deed, note that A'(A, 1) > 0 implies I 3) = 0. Therefore, the worse case scenario
is the case in which

a=1, b=N(A,2) and N(A, 1) =1,

since by definition we have N'(A, 2) < b. But it is easy to see the above scenario
cannot occur, since if the first two conditions hold, then it follows that N'(A, 1) =0
or 2. Thus, we have finished the proof of Lemma 4.3. [

PROOF OF LEMMA 5.4. Note that all of the bounds in this lemma hold with
¢-high probability, not in expectation. For simplicity, we will subsume this in the
notation. _

First let us prove a slightly different result. Define the binary function Z(A, k)
[similar to Z(A, k)] as follows. Z(A, k) is equal to 1 in the following scenarios:
(1) for any i, j in the same block of A we have k; = k;, (2) if i, j are in different
blocks of A, we have k; # k; except that if one of the indices 7, j is in the block of
A which contains exactly two elements, then k; is allowed to be equal to k;. In all
other instances Z (A, k) = 0. For instance, in the previous example (5.1), we have

Z(A, k) = 1(ky = ka) 1 (ks = ks = ke) 1 (k1 # k3).

We first claim that
M

T a
Z T(A, K)o (Yijey - - - Yiou-1kaa) Lhogiikoasa " Zk2a+2b—1k2a+2b)
ki.ka,....koq12p=1

= 06((N2/3)a+b(N1/2)N(A,l)+I(A,3) (N1/3)N(A,2)).

Let us first prove (5.6) when I (4 3) = 0. Define the functions

g1(m) :=Tr|Z™|, g2(m) :=/(Tr|Z|?™), 1<m<2a+b.
We will show that the
(5.7) Lh.s. of (5.6) < 08( a (NN A 1)]"[ 8o, (mi ))

where «; € {1,2} and m; <2a + b.
To this end, we will use the following 2—1-3 rule:
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e 2: If the index i appears in a block of A which contains exactly two elements,
first sum up over the index k;. Then estimate the remaining terms with absolute
sum. For example, let A = {{1}, {2, 3}, {4}}. Recall that Y = Z2,

‘Z(Yz)kz’<2}(YZ)kl|—Z| Nl

‘ Y (A K Yk Zigks| =
k£l kl

ki,k2 ks

e 1: Next do the summation over the index k; if i appears in the block of A which
contains only one element as follows:

> 12"l = CNV2(1Z12m) ., %|(Z’")k,| < CNy/Tr|Z]2m.
[

In the above inequalities, we have used the Cauchy—Schwarz and the fact that
Z is a symmetric matrix. Note that each summation of the above kind brings an
extra N/ factor.

e 3: Finally, sum up over the other indices. After the first two steps, (5.6) will be

reduced to the product of following terms:
(NVAHNAD ez Tz, r<2a+b,

and terms of the form

(5.8) ST ) TTVUZ1P) 2<m+n.
k i=1 j=1

If m 4+ n = 2, then using the Cauchy—Schwarz inequality, (5.8) can be estimated
as

(5.9) ]‘[ ]‘[ SN2 W (1Z121) 1‘[ [Tz [Tz,
i=1j=1

i=1j=1 k

For m +n > 2, we bound m + n — 2 of them [|(Z™) x| or 4/ (|Z|2"1')kk] by the
maximum as follows:

[(Z™) | < m]?X’(Zmi)kk| </ Tr|Z|>mi,
V2P, = max (2P0, < iz,

to reduce to the case of m + n = 2 and use the bound (5.9).

Let us give an example in the case a = 1, b =2 and A = {{1}, {2, 3}, {4, 5, 6}}.
Then the term (5.6) in this case reduces to

Y 10Ykks Zioks Ziaks < Y 101(Z°) 1, |1 Ziata
krkaks ks
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where the above inequality is obtained by applying rule 2. Next, applying rule 1

yields
<Y N2 (1Z10) i, Zkaks|
ky
and, finally, applying rule 3 leads to the bound

<> noN'2Tr|Z|0\Tr| Z 2.
kg

Using this 2—-1-3 rule described above, we obtain (5.7). By the definition of the
2—-1-3 rule, it is easy to see that

(5.10) S mi=2a+b.
i

Recall 79 = N~2/37%. Using (4.18) and (4.19), we deduce that if jm; # 1, then
8, (mi) < Og(N?™i13),

For ajm; = 1, using (4.6), (4.7), (2.13) and mw = O(1), we see that g;(1) =
O:(N). Thus,

(5.11) 8 (mi) < Ox(N*™P)(N'/3)
Combining equations (5.7)—(5.11), we have the

L(aim;=1)

Lh.s. of equation (5.6)

(5.12) |

Now notice that by the definition, the term g (1) in (5.7) can only be created during
the first step of the 2—1-3 rule, that is, the 2 rule, and, therefore, we deduce that
NA,2) =#{i:ajm; =1},

which completes the proof of the claim made in (5.6) for the case I (4 3) =0.
Now consider the case I(4 3y = 1. Using the fact that Y, Z are symmetric matri-

ces and the relation Y = Z2, we deduce that the term

Zi(A» K) Yk, - Yk2a—lk20)(Zk2a+lk2a+2 T Zk2a+2h—lk2a+2b)
reduces to one of the following situations:

Z f(A’ k)(Yklkz T YkZa—lkZa)(Zk2a+lk2a+2 T Zk2a+2hflk2a+2b)

ki,ka,....kaq 120
M
my —my —m3
Z Zklklzklkzzkzkz’
ki,kr=1

M

my —my —ms3
Z Zklkzzklkzzklkz’
ki,kr=1
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for m; € {1,2},i € {1, 2, 3}. We bound the first scenario above as

P2 (27 (27

kiko

(5.14) < Z!(Zml)klkl (Zmz)k1k2|ml?x|(ZM3)kk|
kika

=< Z‘(Zml)klkl (Zmz)klkzyv Tr|Z|>7ms.
kyko
Using rule 1 and rule 3 above yields

Z|(Zml)k1k1 (Zmz)k1k2| = CNI/Z\/Tr|Z|2m1\/Tr|Z|2m2
kiky

and, thus,
M
0D |70 2 7| < CHN 2 T Z T Z 2 T 7 s
ki,ky=1

— 08 (N—Za/3+1/2) 08 (N2/3(m|+m2+m3))
=0, (N2/3(a—|—b)+1/2),

where in the last inequality we have used the fact that ) ; m; = 2a + b. For the
second case in (5.13), first we note

m 2m
max|(Z") | <y TrlZ|".

Now using the Cauchy—Schwarz inequality,
2201 (27 iy (27 i, | < VTR ZP T Z P T Z s
ki,ka

and, thus,

M
0 0
00 S |z Zie Zi | < Oy TrZ 2m Tr Z|2me | Tr| 2 2m
ki,kp=1

— 08 (N—Za/3) 08 (N2/3(m1+m2+m3))

=0, (N2/3(a+b))‘

Summarizing the above computations, and noticing that N'(A, 1) = N(A,2) =
0 when I 4 3y = 1, we obtain the bound

ngf(A’ k)’(YklkZ T Yk2aflk2a)(zk2a+lk2a+2 T Zk2a+2b—lk2a+2h)|

= O((NP 0 (N 12y,
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proving the claim (5.6) when I(4 3y = 1.

Now we return to prove Lemma 5.4. One can see that for any partition A of
the set {1,2,...,2a + 2b} and a vector K, the function Z(A, k) can be written as
linear combinations of the functions Z(A;, k) for some partitions A;’s of the set
{1,2,...,2a 4+ 2b} such that

NA;, 1) <N, N(Ai,2) <N(A,2), Ia,3=Xa3).
For instance, for A given in (5.1),
T(AK) = 1(k2 = ka)1(ks = ks = ko)1 (k1 # k3),
we have the identity
T(A,K) =Z(A, k) —Z(A1,K) — Z(A2,K),
where A} = {{1}, {2, 3,4,5,6}}and A, = {{1, 2, 4}, {3, 5, 6}}. Now the lemma fol-
lows from (5.6) and the proof is finished. [

PROOF OF LEMMA 5.5. For any ki, ks, ...k, €{1,2,...,M} and m € N,
by definition we have

m m ind
H'—l Yk;
EZ(A.K) [ [y, = EZ(A. k)= =5- 0
i=1 (2 3pm?

=EI(A,k)1m_[ I [1 - il:(% _yf.)]

i=1 j=1

(5.15) I

Using large deviation bounds, it is easy to see that for any ¢ > 0
LA
(5.16) Z(ﬁ - y}) = 0:(N"1/?).
j=1
Therefore, by the Taylor expansion,

2a+2b 2a+2b

EZ(A,K) ] w —BZ(A, ) [] 5
i=1 i=1

(5.17)
oo 2a+2b
= Cn]E|:I(A, k)( [1 ﬁ,-)( Z H <— — yrj)ﬂ
n=1 i=1 71,72, ip=1 j=1
where C, = C,4 p , is a combinatorial factor. Using (5.16), the r.h.s. of equation

(5.17) may be expressed as

_Yc, E{Z(A k><2ali[2byk>( Z n(——y,,))]

n=1 r1,72,..,ip=1 j=1

(5.18)
+ 08 ((N71/2)2a+2b+n0)
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for some fixed ng € N (say, ng = 20).
Since ng, a, b = O (1), the combinatorial factors do not increase with N, that is,
C, = O(1), and, thus, we can bound

) )
(5.19) E|:I(A,k)< ikl.>( — -y, >:|
i=1 je1 M !

as follows. Notice that the number of distinct indices k; in (5.19) is equal to the
number of blocks in the partition A. Thus, for a given set of values for the indices
F1,72, ..., Ty, the term (5.19) is nonzero only if at least N'(A, 1) of the indices rj
belong to the set {ky, k2, ..., kpg+2p}. The above observation also implies that for
(5.19) to be nonzero we must have

(5.20) n>N(A,1).

Furthermore, the indices r; which do not belong to the set {ky, k2, ..., kaat25}
must appear more than once since E(1/M — yrzj) = 0. This crucial observation
implies that, if the term (5.19) is nonzero and

(5.21) N(A,1)=0 thenn > 2.
Therefore, the number of nonzero terms in the sum

M 2a+2b N n 1 -
& s(fa)(AG)

is O((NV2)n=N(A.Dy and each of these terms are of the size O, (N~ @+0)—ny,

yielding
M 2a+2b n 1 )
E|Z(A,k Vi: — =Y
> slzan( 1T 5) (115 %))

r1,r2,.p=1 j=1
(5.23)
<0, (N—(a+b)—n/2—N(A,1)/2).

Combining (5.23) with (5.20) and the observation made in (5.21), we obtain that

% E[I(A» k) (zj:li[jbikf) (H (% - N’me

71,72, p=1 j=1

(5.24)
<0, (N—(a+b)—max{N(A, 1), 1})’

obtaining (5.2), and the proof is finished. [J
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