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Motivated by the statistical inference using the Gram matrix in the con-

text of missing at random observations, this paper investigates the spectral
1

properties of the random matrices S, = ;. ZZ*, where Z=D o (z1/2x) rep-
resents a Hadamard random matrix with entries determined by independent
Bernoulli variables D. Operating within the high-dimensional framework, we
establish the convergence of the empirical spectral distribution of S, to a
well-defined limiting distribution. In addition, we explore the impact of the
missing mechanism on the second-order properties of the spectral distribution
of the Gram matrix S,,. We establish the central limit theorem for the linear
spectral statistics of S;;, shedding light on their fluctuations. Surprisingly, our
analysis reveals that even in the ideal Gaussian distribution scenario, the fluc-
tuations of statistics generated by eigenvalues are influenced by the eigenvec-
tors of the population covariance matrix in the missing-at-random case. This
discovery uncovers a remarkable phenomenon that starkly contrasts with the
classical case. Subsequently, we demonstrate the practical application of our
central limit theorem in hypothesis testing for the population covariance ma-
trix.

1. Introduction and motivation. The analysis of high-dimensional data has gained sig-
nificant traction across various fields, including genomics, finance, image processing, and
social networks. See, for instance, Chen and Qin [6], Cai, Liu and Xia [4], Wang, Peng and
Li [19], Fan, Guo and Zheng [9]. However, real-world data collection processes are often
imperfect, resulting in missing observations that can profoundly affect the reliability and va-
lidity of statistical analysis.

Missing data poses a pervasive problem in numerous domains. For example, in healthcare,
patient data frequently contains missing values due to incomplete medical records or patients
dropping out of studies. Financial datasets may exhibit missing data due to irregular trading
patterns or incomplete financial records. Similarly, in the social sciences, nonresponse in sur-
veys or incomplete data collection processes can lead to missing data. These instances high-
light the practical relevance of addressing the challenges posed by missing data and empha-
size the necessity for robust methodologies to handle such scenarios. A pragmatic approach
to addressing missing data is the exclusion of variables with incomplete observations from
the analysis, thereby restricting the analysis to a subset of fully observed variables. However,
in the context of gene expression data, where a substantial proportion, approximately 90%,
of genes exhibit missing values, this strategy would yield an insufficient number of vari-
ables to conduct a valid statistical analysis. Disregarding variables with only a few missing
observations would also lead to a squandering of valuable information that could otherwise
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be utilized effectively. Considering these challenges, alternative methodologies need to be
explored to handle missing data in the fields such as gene expression analysis effectively,
ensuring the utilization of available information while maintaining statistical integrity. Sig-
nificant progress has been made in this field, with numerous efforts dedicated to advancing
the research in this direction. Noteworthy contributions can be found in the works of Lounici
[13], Chen et al. [7], Cai and Zhang [5] and references therein.

In the realm of high-dimensional data analysis, Random matrix theory (RMT) assumes
a pivotal role by offering indispensable tools and theoretical frameworks to comprehend in-
tricate matrices encountered across diverse applications. RMT has demonstrated its applica-
bility in a broad spectrum of fields, including wireless communications, signal processing,
finance, genomics, and machine learning. By exploring the spectral properties of random
matrices that arise in various high-dimensional statistical scenarios, RMT equips researchers
with powerful statistical tools to make inference about the underlying data structure and ex-
tract meaningful information. This becomes particularly valuable when dealing with large
dimensions and when the matrix entries exhibit specific randomness or correlation struc-
tures. For further exploration of this research direction, we direct readers to the works of Bai
and Silverstein [3], Hu et al. [10], and other relevant sources.

In this study, our primary objective is to establish a profound connection between random
matrix theory (RMT) and the analysis of incomplete data. We achieve this by investigating
the spectral properties of high-dimensional Gram matrices in the presence of missing ob-
servations. Our goal is to derive theoretical results that thoroughly characterize the behavior
of the spectrum of these matrices under missing-at-random mechanisms. By harnessing the
tools and insights offered by RMT, we can gain a deeper understanding of how missing prob-
abilities impact both the first and second-order limiting properties of the Gram matrix.

Our work represents a significant expansion upon the existing literature, effectively ad-
dressing a crucial research gap in this field. While previous studies, exemplified by the work
of Jurczak and Rohde [11], have made valuable contributions by establishing first-order re-
sults for the spectrum of a covariance-type matrix under missing observations, our research
takes a notable stride forward. We delve into the application of random matrix theory in
the context of high-dimensional statistics, seeking to unlock its full potential and provide a
comprehensive understanding of the effects of missing data. This advancement is pivotal in
enhancing the accuracy and reliability of statistical inference, particularly in complex and
high-dimensional settings. The contributions of this paper can be summarized as follows:

1. We offer a comprehensive examination of the spectral properties of high-dimensional
Gram matrices when confronted with missing observations, thereby extending the current
knowledge derived from random matrix theory. Due to the absence of a prior bound on the
spectral norm, we employ a combination of €-net arguments and the analytic method of
Stieltjes transform to achieve the separation of the spectrum.

2. We derive explicit expressions for the eigenvalue distribution and the central limit the-
orem (CLT) for the limiting spectral statistics (LSS) under missing at random mechanisms.
These expressions provide a deeper understanding of how missingness influences the spectral
behavior of the Gram matrices.

3. We discuss the test procedure designed specifically for testing the equality of the popu-
lation covariance matrix with a given matrix. This procedure offers an approach to assessing
covariance structures in the presence of missing data.

In this paper, we adopt the following notation conventions:

e The spectral norm of a matrix A is denoted as |A|; and the determinant of a matrix A is
denoted as detA.
e The Euclidean norm of a vector « is represented as |o|.
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The symbols ¢ and C denote absolute constants, which may vary in different instances.
The notation ey refers to the kth column of an identity matrix.

The transpose of a vector « is denoted as o’ .

If for any £ > 0, 1 — P(A,) = o(n~*) as n — oo, then we say A, occurs with high proba-

bility (w.h.p).

Please note that these notation conventions have been employed consistently throughout the
paper.

The paper is structured as follows. Section 2 presents theoretical results on the spectral
properties of the Gram matrix under missing at random. In Section 3, we examine the test
for covariance structure in the presence of missing data. Technical proofs are deferred to
Section 4, with supplementary details provided in the supplementary material [12]. Section 5
contains a list of necessary lemmas to be utilized.

2. Main theoretical results. This section presents our main theorem. First, we introduce
the Gram random matrix model that we investigate for handling missing at random data.
Additionally, we provide background information on random matrix theory. Subsequently,
we present definitions, model assumptions, and lemmas that play critical roles in establishing
our theorem. Finally, we present our main theorems individually.

2.1. Model description. We begin by introducing some primary knowledge in random
matrix theory. Suppose Ay, is an n x n Hermitian matrix. Then the empirical spectral distri-
bution (ESD) of Ay, is defined by

FAr(x) = % Y Ik <x).
j=1

In the asymptotic scenario where n tends to infinity, if the limit of FA»(x) exists, it is denoted
as the Limit Spectral Distribution (LSD). This represents the distribution that emerges as a
result of this convergence in the context of spectral analysis. The Stieltjes transform of FA(x)
is given by
1 A 1 -1 +
mpa(z) = / ——dF*x)=-tr(A—-2zI,,)"", zeC™.
X —z n

Consider the random vector y = X ,1,/ 2x, where x represents a p-dimensional random vector
whose entries are independent and identically distributed (i.i.d.) random variables with zero
mean and unit variance. In this context, y typically serves as a model for a p-dimensional
population with covariance matrix X,. The well-known M-P law, originally presented by
Marcéenko and Pastur [14] and extensively studied in subsequent works such as Wachter [18]
and Silverstein [16], establishes that when the ratio p/n tends to p € (0, 00), the distribution
F*» converges to §), and the population covariance matrix is bounded in the spectral norm,
the ESD of the sample covariance matrix converges weakly to a nonrandom probability den-
sity function.

To incorporate missing at random mechanisms, we introduce the random vector d =
dy,...,d p)T, where each d; is an independent Bernoulli random variable B(1, p;), for j =
1,..., p. Consequently, we consider the Hadamard product of the random vector z=d oy as
the population with missing probability. This population is referred to as the incomplete pop-
ulation, distinguishing it from the complete population y. To conduct statistical inference, we
draw a sample of n observations from the incomplete population, denoted as z1, zy, .. ., Z,.
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Accordingly, letting d; = (d;, ..., dp;)T and D; = diag(d;, ..., dp;), we compute the cor-
responding Gram matrix as

1 & 1 1 & 1
Sy =~ Y zjz) = EZZT =- Y DjyyiD; = ;(Dn 0 212X, (D, 0 1/2X,)",
i=1 j=1
where X, = (X1, ...,X,) = (xjx) and D, = (dj¢). In the context of statistical applications,

we introduce an auxiliary matrix ®,,. This auxiliary matrix is arbitrary, as long as it satisfies
the specific assumptions outlined in our main results. The form of this matrix may vary case
by case in statistical applications, depending on the particular problem under consideration.
An example illustrating this variability is provided in Corollary 2.1, where the corresponding
result is applied to covariance matrix testing, offering insight into this aspect. Our main the-
orem addresses the LSD and CLT for LSS, with a particular emphasis on the product matrix
S, ®,. Note that one shall obtain the corresponding results of S,, by setting ®, =1.

2.2. Definitions and assumptions. Prior to presenting our main theorems, we will provide
definitions and assumptions. Define P = ED| = diag(py, ..., p,) and

P@ =ED; -P)?=P-P?, PO =ED; -P)}=P - 3P+ 2P,
PY =ED; - P)* =P —4P? + 6P° —3P*, PO = (PW —3(P?)?).

Recall that a random variable X is considered sub-Gaussian if there exists a constant C such
that:

Eexp(X?/C?) <2.
We define its sub-Gaussian norm as:
IX|ly =inf{c > 0: Eexp(X?/c?) <2}.
We now introduce the following assumptions.

Assumption A: The random variables x ¢, j, k=1, 2, ... are independent and identically
sub-Gaussian with zero mean, unit variance and sub-Gaussian norm || x||,. Let E [x; |* = 4.

Assumption B: The matrices X, and D, are independent, and ®,, is a nonrandom matrix.

Assumption C: The convergence regime is y, = p/n — y € (0, +00).

Assumption D: The spectral distribution H,, of the matrix ¥, = ,1/ 2T,, @:,/ 2 where T, =
PX,P +P? o X, weakly converges to a probability distribution H, as p — 00, referred as
the incomplete population spectral distribution (/PSD). Let the spectral norm of the sequence

(%£,0,) be uniformly bounded.

REMARK 2.1. We would like to discuss two points in order. First, the assumption of
sub-Gaussianity is connected to Lemma 2.3, which plays a crucial role in our analysis. In the
context of missing at random scenarios, establishing a high-probability bound for the spectral
norm of the Gram matrix S,, proves to be challenging under general moment conditions. This
difficulty arises due to the limitations of applying the standard moment method. The sub-
Gaussianity assumption is instrumental in overcoming this challenge by ensuring that the
entries possess controlled tails. This controlled tail behavior is crucial for the application of
concentration inequalities. With the sub-Gaussianity assumption, we can establish Lemma
2.3 using an e-net argument. It’s worth noting that the use of sub-Gaussianity is a common
practice in high-dimensional statistics, serving to control tail probabilities and ensure the
concentration of random matrices. Furthermore, we would like to emphasize that while the
existence of a high-probability bound for S, under general distributions is not guaranteed,
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our CLT results would seamlessly align with any advancements in this direction, provided
such bounds can be established.

Second, the specific matrix T, introduced in Assumption D takes on the role of the pop-
ulation covariance matrix for incomplete data. This assignment is elucidated through the
following calculations:

EDyy! D
—E((D; — P)y1y! (D) — P) + (D) — P)y1y! P+ Py,y] (D) — P) + Py1y! P)
=PPoyx, +Px,P.

Under the scenario of complete data where p; =1,1 < j < p, we have P=1, and P® =0,
resulting in the degeneration of T, to X,,.

2.3. Lemmas on quadratic forms. This subsection is dedicated to presenting lemmas
concerning the quadratic forms of the incomplete population z. These lemmas provide valu-
able insights into the effects of missing data thus play a central role in analyzing the spectral
properties of the missing data model. For the p-dimensional random vector z € R?, let us re-
call the regular complex matrix field CP*?, which consists of all p-dimensional nonrandom
matrices. We define

Oz, M)=12" Mz, MeCP*P,

Within this context, it is our primary objective to present the mean and variance-covariance
profile of Q(z, -). These profiles play a fundamental role in various aspects of our analysis.
First, they are instrumental in establishing the convergence of the ESD. Second, by leveraging
the variance-covariance profiles, we can ascertain the limiting parameters that govern the
second-order fluctuations of the Gram matrix.

LEMMA 2.1 (First two moments of Q(z, -)). Assuming z follows our model, we consider
any p x p nonrandom matrix A and a nonrandom symmetric matrix B. In this context, we
establish the following result: EQ(z, A) = tr AT,, and

E[(Q(z, A) — trAT,)(Q(z, B) — r BT,)] = Z(A, B, £,, P) + (vs — 3)ZZ(A, B, =, P),

where the terms that are independent of the kurtosis of the underlying distribution are given by
and

T>(A,B, %,,P)
= 4tr[PP (A o B)PP (T, 0 Z,)] + 2t[(A 0 P?) X, (Bo P?) X, ]
+6tr(P® 0 Ao X, 0 (BPE,)) 4 2tr((P? 0 A)Z,PBPX,)
+2tr((P® 0 B) T, PAPE,) + 3tr[PY 0 Bo £, o (APE, + ATPE,)]
+3t[A0 2, 0Bo X, o PO +4u[P? o (APT, + ATPX,) o (BPZ,)],

while the terms that are dependent on the kurtosis of the underlying distribution are expressed
as

TZ(A,B, %, P)
— u[(ZV2(PAP + PP 0 A)Z1/2) 0 (EV2(PBP + P? o B)x /)]
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+ 2tr[IP>(2) (A o B)P? ():,11/2 o 2’11/2)2] + tr[]P’(S) oAoBo (2’11/2 ° 231/2)2]
+ 2tr[(21/2 o Zrl;/z o 2111/2)(A ° ]P)G))B]P’Z}/Z]

+u[(Z)2 02?02,/ (BoPY)(A+ATPE,/?]
+2u[(Z)? o 2P ((APZ )2 +- ATPEL/?) o (BPE)/?))].

Furthermore, we proceed to present a lemma regarding the higher-order moments of
Q(z, -). This lemma also plays crucial role in our analysis, serving multiple purposes. First, it
enables us to derive some necessary high probability results. Second, it facilitates the control
of negligible terms in our analysis.

LEMMA 2.2 (High-order moments of Q(z,-)). Assume z follows our model. Let A =
(ajk) be a p x p nonrandom symmetric matrix and E|x |* < vg. Then for £ > 2,

E|Q(z. A) — tr(AT,)|* < Ce[(n|A%)"? + vaen||A]*].

where Cy is a constant depending on £ only.
The proofs of the aforementioned lemmas are deferred to the supplement material.

2.4. Limiting spectral distribution. Note that for a random matrix, both its ESD and the
corresponding probability measure are inherently stochastic. To ensure clarity and compre-
hensiveness in our statement, we introduce the following definitions.

DEFINITION 2.1 (Convergence with high probability). We say that a sequence of random

h.p.
variables x,, converges with high probability to x, denoted as x;, Py x, if for any € > 0 and
£ >0,

P(lx, —x|>€) = o(n_(), n— oo.

DEFINITION 2.2 (Convergence with high probability of ESD). Consider a sequence of
random matrices A,, with empirical spectral distributions denoted by FA7. Adopting the usual
definition of Kolmogorov distance ||F — Glloc = sup, |F(x) — G(x)| for two distribution
functions F and G, we say that the sequence FA converges with high probability to F,

w.h.p. .
denoted as FA» Py F,if

|#4 — Pl =250

The forthcoming theorem establishes the asymptotic distribution of F5"©n(x), providing
insights into the behavior of the Gram matrix under missing at random mechanisms.

THEOREM 2.1 (LSD). Under Assumptions A-D, the ESD F$:©n(x) converges to the
limiting spectral distribution F with high probability. The Stieltjes transform m(z) associated
with F is analytic in C*. For each z € CT, m = m(z) represents a unique solution to the
equation:

(2.1) dH (1),

1
mzf
t(l—y—yzm)—z

where uniqueness is guaranteed within the set {m € C™ : _1;_y +ym € CT}.
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As observed, the limiting spectral distribution of the Gram matrix, under the presence
of missing at random, still exhibits characteristics akin to the M-P law. However, a notable
distinction arises in the distribution parameter H, which transitions from the complete pop-
ulation to the incomplete population due to the influence of missing at random. This phe-
nomenon bears resemblance to the behavior observed in sample correlation matrices, see
Karoui [8].

REMARK 2.2. We would like to discuss some points. First, we would like to empha-
size that our Gram matrix model differs from the one in Jurczak and Rohde [11] in terms
of normalization parameters, using n instead of Njy=1v#rell,...,n}:djdy =1} for

the entries of the Gram matrix (D,, o )3 2x Dy, 0 X, 12x )T . This difference in normaliza-
tion brings about technical challenges in studying the spectral properties of the Gram matrix,
especially under nondiagonal covariance matrix scenarios, as shown in Jurczak and Rohde
[11]. The dependence introduced by N j; breaks the independent structure of the columns in

D, 0%, /2X n), creating challenges in applying standard techniques for deriving the second-
order spectral properties of the Gram matrix. In contrast, our studied Gram model maintains
both the independent structure between columns of the data matrix and the conventional
covariance matrix form. This characteristic not only facilitates a more straightforward in-
vestigation of the second-order limit but also enhances the overall clarity of the theoretical
procedure. Second, it is evident that setting the auxiliary matrix ®,, to the identity yields a
distinct LSD from the one in Jurczak and Rohde [11]. More specifically, under the null case
where E,i/ 2 is the identity and assuming equal missing probability, our Gram matrix model
remains nonnegative definite, whereas the matrix model in Jurczak and Rohde [11] could
result in negative eigenvalues for a small enough missing probability. Importantly, our model
ensures the applicability of theoretical results to statistical applications, as shown in Sec-
tion 3. Finally, the establishment of convergence with high probability beyond almost surely
meets the requirement in the proof of Theorem 2.2, which, in turn, fulfills the requirement in
the proof of Theorem 2.3.

Let FY-! represent the distribution F, and let F¥» % be obtained by replacing y and H
with y, and H,, respectively. We denote mg (z) as m gy, 1, (z), which satisfies the equation
(2.1). In other words, we have

1

2.2 0

2 )= "f mo(Z)—HdH ) —
and

(2.3) =—— y/t 0 a’H ®).

Here, —zm2(z) = 1 — y, — yazml(2).

2.5. The separation of spectrum. The subsequent theorem provides further understand-
ing regarding the convergence of sample eigenvalues. We present a comprehensive theorem
that demonstrates the absence of eigenvalues with high probability outside the limiting sup-
port. This result is also fundamental in establishing the central limit theorem for the LSS as
it provides a high probability bound on the spectral norm of S,,.

THEOREM 2.2 (No outside eigenvalues). Consider the gram matrix S, ®,,. Assume that
the interval [a, b] with a > 0 lies outside the support of F&* and F¢-Hn for all large n. Then
with high probability, no eigenvalue of S,,®,, appears in [a, b] for all large n.
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To prove Theorem 2.2, we adopt the strategy employed by Bai and Silverstein [2]. Specifi-
cally, we begin by establishing a primary bound on the spectral norm of S,,. Subsequently, we
complete the proof of this theorem. The proof of Theorem 2.2 is postponed to Section 4. We
are in position to introduce a lemma that bounds the spectral norm of S,, by a constant-order
quantity.

LEMMA 2.3. Under the assumptions of Theorem 2.2, with high probability, we have

ISalls < CA + /)2

To prove the above lemma, we employ the e-net argument. This approach draws inspiration
from the proof of Theorem 4.4.5 in Vershynin [17], which considers a random vector with
i.i.d. sub-Gaussian entries. However, our model deals with more general variables. To begin,
we introduce some necessary definitions and lemmas, the proofs of which can be found in
Vershynin [17].

DEFINITION 2.3 (e-net). Let (T, d) be a metric space. Consider a subset K C T and let
€ > 0. A subset N C K is called an g-ner of K if every point in K is within distance ¢ of
some point of A/, that is,

Vxe K, 3JxgeN:d(x,xg) <e.

DEFINITION 2.4 (Covering numbers). The smallest possible cardinality of an e-net of
K is called the covering number of K and is denoted NV (K, d, ). Equivalently, N' (K, d, &)
is the smallest number of closed balls with centers in K and radii € whose union covers K.

LEMMA 2.4 (Covering numbers of the Euclidean sphere). The covering numbers of the
unit Euclidean sphere SP~ with Euclidean distance satisfy that for any & > 0:

() vt (o).

LEMMA 2.5 (Quadratic form on a net). Let A be a p x n matrix and ¢ € [0, 1/2). For
any e-net P of the sphere SP~" and any s-net N of the sphere S"~!, we have

sup oeTAﬁ <|A] < sup ozTAﬁ.
aeP,BeN — 2€ geP,BeN

PROOF OF LEMMA 2.3.  Our objective is to ensure control over a’ (D, o 2,11/2X,1),B
for all vectors o and B belonging to the unit sphere, as defined by the operator norm. To
accomplish this, we adopt a two-step approach. First, we establish a rigorous control over
a’ (D, o Z,l,/ 2Xn) B for fixed vectors a and B. This step allows us to obtain precise bounds
on the expression. Second, we discretize the unit sphere by utilizing a carefully chosen net,
which enables us to approximate the sphere with a finite set of representative points. By
leveraging this discretization, we can then employ a union bound over all pairs of & and B
within the net. By taking into account the tight control established in the first step and the

discretization scheme in the second step, we can confidently conclude the proof.
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2.5.1. Bound for fixed vectors. Let rij = eiT E,,l/2ej. For any fixed & € SP~! and B €

S"1, we may write the expression a’ (D, o ):,1,/ 2Xn) B as follows:
n p )4 n p
a' (D, 0 2,/?X,)B =" Z(Z dij“ﬂik)ﬂjxkj 20> okiBixis
j=1k=1\i=1 j=lk=1

where gy = Zf’zl djja;rix is a weighted sum of independent Bernoulli variables d;;. To
bound Z’}:l Z,le 0kjBjxkj, we observe that the variables x;; are independent sub-Gaussian
variables with sub-Gaussian norm ||x||. By utilizing the concentration properties of sub-
Gaussian random variables (Lemma 5.2) and the properties of sub-Gaussian norms (Lemma
5.1), for any Y > 0 and for all choices of di?- € {0, 1}P", we have

Pla! (D, 0 Z}?X,)B > T|d;; =d3,i=1,....,p,j=1,...,n} < 2exp(—cT?/C7),

where
5 n p ) s n )4 p 5
Co=CY D oBi=CY > D dfd3iairirinh;
j=1k=1 j=lk=1iy,ir=1
<Ca'Z,0 < C|IZyls.
Thus, we arrive at
Pla” (D, 0 Z)?X,)8 > T}
= Z P{aT(Dn o ):,11/2X,,),B > T|dij = d,'?}P{dij = dz?} < eXp(—CT2),
di?.e{O,l}P"

for some constant C.

2.5.2. Union bound:. Let ¢ =1/4. Utilizing Lemma 2.4, we can construct an &-net de-
noted as P for the sphere SP~! and an e-net denoted as N\ for the sphere S"~!, where the
cardinalities are bounded as follows:

[P <9” and |N|<9".

By further employing Lemma 2.5, we can establish an upper bound on the spectral norm of
1/2 . )
D, o ¥,/ "X, using these nets as follows:

D, 0 22X, |, < 2aer7£1%x€NocT(Dn o XT12x,)8.

By utilizing the bound for fixed vectors, we obtain:
P{ID, 0 /X, ], = 2C1 (/p + V)

< Y Pla'(DyoX)?X,)B = Ci(yp+vn)} <9 exp(—CCL(/P + Vn)?).
acP,BeN

If we choose the constant C to be sufficiently large, we can conclude that:

P{[Dy 0 22X, |, = 2C1 (/P + v/n)} < exp(—n).

Finally, we can conclude that with high probability, the spectral norm of S, is bounded as
follows:

ISnlls < C(14 ).

Hence, the proof of this lemma is complete. [J
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2.6. CLT for the LSS. Let us consider the LSS of S,,®, associated with a test function
f. This statistic is given by the integral:

Lu(f.8,0) = / £ dFOn(x),

This kind of statistics arise in many statistical problems, especially in hypotheses tests con-
sidering the covariance structure of the population. In order to establish the second-order
convergence of the LSS, a centralization step is performed to eliminate the leading order
term. This is achieved by subtracting the integral of f(x) with respect to d F ! (x) from
the integral of f(x) with respect to d F5"©»(x). Consequently, the centralized LSS can be
expressed as follows:

LE(f. $,0p) = f FO[FS O (x) — For ()],

Here, FS5"9n (x) — FnHr(x) provides a measure of the deviation from the finite-dimensional
approximation of the LSD. By examining the convergence properties and establishing the
second-order convergence of this quantity, we can gain insights into the behavior of the LSS
with respect to the underlying parameters and better understand its statistical properties.

We now present the formal results that establish the limiting fluctuation of a collection
of LSSs in detail. This convergence theorem allows us to make reliable inference about the
underlying population parameters based on the observed LSSs.

THEOREM 2.3 (CLT for LSS) Let fi1,..., fi be functions on R analytic on an open
interval containing [liminf, )“mln "Io,1)(y)(1 — f)z limsup,, )ng)?" (1+ f) 1. Under As-
sumptions A-D, we have that the k dimensional random vector (L°(f}, S, @,1))’(:1 is tight
and converges weakly to a Gaussian vector (X ¢ )’J‘-:1 . The respective expectation is

m (z)t
1 v dH(t) 3
@9 b= frof =B SNty [
i (=3[ o dHO? 1=y [ =B dH (1)

while the covariance is given by

Cov(X ¢, Xg)
1 d%(m) d%(zz) 1
=—— 4 2 — dzid
25) e f § s (ZZ)<(m(Z2) —m@D? @ - 12)2) e
1 9*m(z1)m(z2)da (21, 22)
- P rEnse) o dz1dza,
where f,g €{f1,..., fic}- The limiting parameters can be expressed as follows by denoting

172

T (04, 20 Pr2) = 0, @)W, + 1,)7'0)* and TP, %, Ppz) =

0, (m(2)¥, +1,)720,/*:
az)= lim n~'T(T}" (O, n, Pu. 2), TP (O, B, P 2), T, P)

+(v4 = 3) lim 0™ IZ(T} (O, T, P, 2), T (O, T, P, 2), Zor, B

dy(z1,22) = lim n™ T(T}(On, Zn, Pa, 21), T} (O, T, P, 22), T B)

+ (g =3) lim 2~ 'ZZ(T (O, Ty, Py 20), Ty (O, 2y Py 22), Z, P).
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Moreover, both in equation (2.4) and (2.5), the contours are closed and taken in the positive
direction in the complex plane. Each contour encloses the support of F¥-1, with the two
contours in equation (2.5) assumed to be nonoverlapping.

REMARK 2.3. A thorough comparison between our theorem and Theorem 1.1 in Bai
and Silverstein [3] reveals the noteworthy impact of missing at random on the CLT for LSSs.
It becomes apparent that the inclusion of additional terms in both the means and variance-
covariance functions can introduce significant bias if one simply treats T, as the population
covariance matrix for incomplete data and applies the ordinary CLT without considering the
influence of missing at random on the second-order properties under the nonnull case. In
contrast to the case of complete observations, where the CLT for LSS is primarily influenced
by the eigenvalues of the population covariance matrix X under the assumption of a Gaussian
distribution, the situation changes when dealing with missing observations. Even under the
ideal assumption of Gaussianity, the CLT for LSS under the nonnull case is strongly affected
by the eigenvectors of X, and ®,, not just their eigenvalues.

To provide a more lucid explanation and isolate the impact of the auxiliary matrix ®,,, we
set ®, =1, in the aforementioned CLT. In this case, we have

a(@) = lim 0~ D((m@ T, +1,) " (m@) T, +1,) 7, . By)

+ (v = 3) lim 0~ IZ((m() Ty + 1), (m@ Ty +1,) 72, . P).

Taking into account the definitions of 7 and Z7 in Lemma 2.1, we observe that a(z) is
determined by numerous terms and affected not only by the eigenvalues of X, but also by its
eigenvectors. An illustrative example of such a term is

t[P?(m() T, +1,) " o (m)T, + L) PP (X, 0 Z,)].

The discussion on d3(z1, z2) is similar. For a more profound understanding, it is crucial to
note that in the case of complete observations under Gaussian distribution, the influence on
the LSSs from the left eigenmatrix of X ,11/ ? is nullified by the matching eigenvalues of AB
and BA for any square matrices A and B. Similarly, the effect on the LSSs from the right
eigenmatrix of X ,1,/ % is nullified by the orthogonal invariance of the Gaussian distribution.
However, the missing at random scenario significantly alters these dynamics by preventing
the cancellation effect from the left eigenmatrix. This uniqueness characterizes the missing
at random case as distinct and notable in its impact on the LSSs.

This observation underscores the importance of accounting for missingness when charac-
terizing the asymptotic behavior of LSSs and highlights the need for specialized methodolo-
gies in high dimensional statistics that appropriately address the effects of missing data.

REMARK 2.4. To establish the consistency of our CLT with those derived for complete
data in previous works, consider setting ®, =I,. In the case of complete data, where p; =1
for1 < j < p,wehave P=1, and P@ = PO =@ =p6 =, Consequently, this leads to
the disappearance of the term Z; and the reduction of the term Z7 in a(z) to:

(2,2 (m@ T, +1,) 7 2)) 0 (2,2 (m@) Z0 +1,) X)),
as well as the simplification of the term Z7 in d»(z1, z2) to:
(2,2 (m@ T, +1,) 7 2)) 0 (2,2 (m 0 +1,) 7 217

This results in the degeneration of our CLT to the classical one under complete data. Refer to
Theorem 1.1 in Bai and Silverstein [3] for the case v4 = 3 and Theorem 1.4 in Pan and Zhou
[15] for a more general scenario.
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We present a corollary for the renormalized case where ®, =T, I leading to W, =1 p-Itis
demonstrated that in this scenario, the limiting parameters in the general CLT manifest a more
accessible form and offer computational simplicity. Furthermore, we apply this corollary to
a test problem in the subsequent section.

COROLLARY 2.1 (Renormalized case). Under the Assumptions of 2.3, assume addition-
ally that ©, = T;l, then we have the mean and (co)variance functions as

1 n(_ & 1
EX = lim ﬁg|=1fé(|l+ﬁgl )<§2_ )dé

r—1+ 2mi r—2 &

a 1+ 2
N IP’,Z'% fe(l 3\ﬁ%‘l )dé
2mi Jigl=1 3
and
-1 1 2 1 2
Cov(X;, Xz ) = Tim _zyg f So, (11 + /YE| )fﬁz(|2 + /YE| )dszdgl
: 2 =1t 2n Jig =1 Jjg)=1 (&1 —ré&)
ap,x fo, (11 + /Y€1) fo(1+ /y61%)
4= Jig =1 & |6l =1 &5
where £,€1,42 € {1, ..., K}, the contour § is anticlockwise and
apy = lim p~' (T, T, 2, By) + (s = 3) lim p~'IZ(T, " T, ", Z,, Py).

3. Testing for covariance structure under missing observations. The problem of test-
ing for covariance matrix equality plays a crucial role in various statistical applications,
including multivariate analysis, portfolio optimization, and pattern recognition. In high-
dimensional settings, testing for covariance structure becomes particularly challenging due to
the curse of dimensionality. Furthermore, when missing observations are present, the prob-
lem becomes even more complex. In this section, we discuss the application of our theoretical
results for testing the equality of high-dimensional covariance matrices to a given matrix in
the presence of missing at random.

3.1. Description of the test problem. We adopt the data model discussed in the previous
section. Specifically, we draw an incomplete sample of n observations from a centered p-
dimensional population y = (yy, ..., yp)T. The missingness is governed by a missing prob-
ability matrix P, which determines the probability of each component being observed. Simi-
larly to Lounici [13], where the estimation of the covariance matrix is considered, we assume
that the missing probabilities are known. For 1 <i < pand 1 < j <n, we define d;; = 1 if the
ith variate of the jth sample is observed, and d;; = 0 otherwise. Let D; = diag(d;, ..., dy;).
We compute the corresponding Gram matrix as follows:

~ 1
Sn = ; Z]D)jyijT}D)j.
j=1

We consider the null and alternative hypotheses for testing the equality of high-dimensional
covariance matrices, denoted by £ =Eyy’:

Hy:X=%9 vs. H:X#Xy.

Here, X represents the given covariance matrix against which we are testing the equality.
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3.2. Test procedure under missing observations. In this subsection, we describe the test
procedure for handling missing observations. Specifically, we define the matrix To = PXoP+
P® o X, where P represents the missing probability matrix. We consider two test statistics,

Tr =tw(Ty'S, —1,)%, 7o =logdetT;'S,.
We now present the following theorem regarding the null distribution of these two statistics.
THEOREM 3.1 (Test statistics). Under Hy, we have
op (T — 1) — N©, 1, p/ne©D),
op (Tr —pur) = N(O, 1),
where

log(l - Yn) _ Ynap,x
2 2

ur =n(y, —1)log(1 —y,) — p+
WF = pyn + ynlap s + 1),
af = —2log(1 — y,) + ynap s, U% = 4)’,% +4J’2(0P,2 +2).

According to the above theorem, given test level o, we reject Hy based on the statistics
TL, Tr on the following region:

(3.1) (D1, .., Du, ¥1s ey ¥n 207 T — o] > 21-a)2)s
(3.2) {}D)l,...,ID)n,yl,...,y,, : 0‘;1|TF — UF| > Zl—a/2}7

where 7142 is the 1 — a/2 quantile of the standard normal distribution.

3.3. Numerical study. In this section, we present a simulation study to assess the perfor-
mance of the proposed statistics for testing covariance structures under missing observations.

3.3.1. Experimental setup. We consider populations with dimensions p € {64,

128, 256, 512} and dimension-to-sample size ratios of y, € {0.25, 0.5, 0.8}, respectively. For
each combination of (p, y,), we generate n i.i.d. data from a p-dimensional distribution with
zero mean and covariance matrix Xg = (8;,7.6) px p-

The covariance matrix elements are defined as s; j g = 0.6511=7/1+1 4 9, where 6 differen-
tiates the null hypothesis (8 = 0) from the alternative hypothesis (6 # 0).

To introduce missing observations, we generate a vector of missing probabilities b =
®1y-.-s pp)T, with py, ..., p, ~ Uniform(0.5, 1). We consider two underlying distributions:
Gaussian distribution, where x;; ~ N(0, 1), and Gamma distribution, where (x;; + 2) ~
'4,0.5).

The test statistics are computed under the null hypothesis (8 = 0). Each simulation exper-
iment is replicated 10,000 times to ensure robustness of the results.

3.3.2. Simulation results. Table 1 and Table 2 present the simulation results for Gaussian
distribution (v4 = 3) and Gamma distribution (v4 = 4.5), respectively. The tables display the
empirical size and empirical power of the 77 and TF statistics.

Overall, both 7; and Ty demonstrate favorable performance across all scenarios. They
exhibit similar empirical sizes, indicating good control of the type I error rate. Regarding
empirical power, T consistently outperforms 77 in all cases, providing higher power to
detect departures from the null hypothesis.

These simulation results support the effectiveness of the proposed statistics for testing
covariance structures under missing observations.
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TABLE 1
Percentages for empirical sizes and powers of the tests Ty and T under Gaussian distribution

Empirical sizes Empirical powers
0=0 0 =0.01 6 =0.03
p p/n TL TF 7L TF TL Tr
0.8 5.08 6.20 6.09 8.46 11.41 23.15
64 0.5 4.84 6.16 6.41 9.28 19.12 32.33
0.25 5.24 5.85 8.88 11.03 36.08 49.74
0.8 5.05 5.83 8.59 12.17 28.96 62.13
128 0.5 4.85 6.09 11.75 14.89 53.37 82.36
0.25 5.32 4.77 20.05 22.11 83.96 98.72
0.8 5.03 543 16.75 30.07 72.72 99.75
256 0.5 4.78 5.23 29.04 44.48 96.87 100
0.25 5.25 5.26 54.23 73.05 99.98 100
0.8 4.99 5.23 46.39 87.31 100 100
512 0.5 4.89 5.46 75.20 98.42 100 100
0.25 5.26 4.95 98.02 100 100 100

4. Proof of main theorems. In this section, we provide a sketch of the proofs for the
main theorems presented in this paper. To maintain the brevity of the main text, we defer the
detailed and rigorous proofs to the supplement material. Here, we outline the key ideas and
techniques employed in establishing these results.

4.1. The proof of Theorem 2.1. We proceed to present the proof of the convergence in
high probability of the empirical spectral distribution (ESD). It is noteworthy that if our aim
were to establish convergence in almost sure sense, the main theorem established in Bai and
Zhou [1] would suffice considering the results of Lemma 2.1. However, we recognize the need
for an additional intermediate result and the requirement of certain primary procedures that
will be utilized in the proofs of subsequent theorems. Consequently, we choose to document
the main proof procedures in this section.

TABLE 2
Percentages for empirical sizes and powers of the tests Ty, and Tp under Gamma distribution

Empirical sizes Empirical powers
0=0 6 =0.01 0 =0.03
p p/n TL Tr TL Tr TL TF
0.8 4.57 8.71 5.18 10.49 9.64 21.42
64 0.5 4.75 8.47 6.15 11.25 14.40 28.61
0.25 4.93 8.64 7.33 13.01 27.29 45.35
0.8 4.71 6.75 7.29 12.16 24.10 52.20
128 0.5 4.84 6.68 9.56 14.29 41.22 72.51
0.25 5.16 7.04 15.35 21.80 71.54 96.80
0.8 4.94 5.67 13.78 24.76 62.51 98.53
256 0.5 4.60 5.94 21.23 36.57 98.48 99.98
0.25 5.15 5.77 40.71 65.39 99.65 100
0.8 5.13 5.58 36.26 76.20 100 100
512 0.5 5.04 5.22 61.48 94.51 100 100

0.25 5.36 4.95 90.74 100 100 100
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Notice that
1 _
mp(2) =mps, (z) = ;tr(@);ﬂsn@}l/z —zI,) t

where z =u +vi € CT. Let G, = G, (2) = by (2) ¥y, — zI,,, where
1
1+ 1ErM-1w,)

bn (Z) =

We proceed to prove the following steps:
S1 For any given z, m,(z) — Em, (2) = 0y.p.p.(1).
S2: For any given z, %EtrG,j1 — Em, (2) = o(1).
S3: For any given z, b, (z) 4 zi,, (2) = 0y..p.(1). Then the result for LSD follows.

4.1.1. Proof of S1:. In this section, we show that

.
(4.1) ma(z) — Emy(z) =5 0.
Let Dy represent a p x p diagonal matrix that consists of the entries in the kth column of
_yi/2 k_ 1 T _ 1 :

D,,. Denote y; = X, "x¢, Sn =S, - szkak Dk, Br(z) = 1+n_1y,{Dk@;1/2Mk_19rIl/2Dkyk’ with
M=M(@) = rlz/zsn(ayll/z — 20, My =M (2) = ,11/25519,1,/2 — zI,. Also let E;(-) denote
the conditional expectation given {X1, X2, ..., Xk, Dy, ..., Di}. Using the formula

_ A lapTA—!
4.2 Atapl)y a2 70 2
(*2) ( £ 1+B7A1a
one finds

1 n
(@) = B (@) = - 3Bk — B [r(MTh) — ue(M;)]
k=1
1

n
"o Y (Bx — BB (2)y{ Di®,/°M; >0,/ * Dy yy.
k=1

(4.3)

Note that for k =1, ..., n, the imaginary part of z(1 + nily,{]]])k@),ll/sz_l@,l,/szyk) is not

smaller than v, where v represents the imaginary part of z. Therefore, one can establish
1Br(2)] < % Subsequently, by applying Lemma 5.3, Lemma 2.2 and the c,-inequality, it
follows that

Cenf/lelﬁ

(4.4) E|my(2) — Emy ()] < =
prntu

_ ¢
Ely! D1©®}*M;?©}/* D1y, |

C £/2
< EZZ =0(n_€/2).

hp.
By the Chebyshev inequality, we then conclude m,, (z) — Em, (2) L,

4.1.2. Proof of S2:. Write

— — 1 - - -
G,'-M'= n Y G, 0, (Dryryi Dk — ba(2)T,) 0,/ M~
(4.5) -

1 _ _ _ _
= > Bi(2)G;, 10 Dyyryl Di®)*M; ! — b, ()G, ', M
k=1
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Taking the trace and then the expectation, and dividing by p, it follows that

1 _ 1 & P
—EtuG; ' —Em,(z) = o > E[B 2y Di®,/*M; ' G, ' ©)/* Dy ]
k=1

4.6)
bn(2)
-t

> [G,'w,EM!].

It is easy to see by Lemma 2.2

1 & o~
o > E[(Bi(2) — b))y Dk ©,/*M; ' G, ' ©/ Dy ]
k=1

1 & o C
< — S EV2yI D@’ M G © Y Dy [PEV? | (2) — bu ()P < —= — 0,
P = vn

where we use the estimate

C ~ _
E|Bi(2) — b ()] < ;E}y,{Dke;/sz 102Dy — r(M; ' w,) 2

4.7) c c
-1 -1 2
+ $E|tr(Mk U,) —Eu(M™'¥,)|" < —
Therefore, combining the above inequality and (4.6), one finds
1 b
—EtrG, ! —Em,(z) = n(2) a[(EM; ' —EM ™G, 'w,] +o(1)
p
_ @ 5~ E[ %ysz(aan_lG;l@},/zTan_l9,11/2]D)kYk] oD
P 1+ %ylka@i/zM;l@}/szYk
=o(1).

Consequently, we conclude that %EtrG;l —Em,(z) =0(1).

4.1.3. Complete the proof. Let §S) = %(D,1 o Z}/ZX,[)T®,1 D, 0 Z,IZ/ZX,,). Then we have
FS? (x) = 1= yn + yu F$©1 (x) and

1 _
(4.8) m,(2) = —T”" +yuma(z), z€CH,
where m,, (2) =m 4o (2). Let i, (2) = $trG; ! (z) and L, (2) = =122 + y,m0 (2). By Sec-
tions 4.1.1 and 4.1.2, we conclude
~ ~ w.h.p.
4.9) max{my(z) — M, (z), m,(z) — i, (z)} —— 0.

Recall M +zI, = % pIy @,i/zl])kyky,{ﬂ)k @,11/2. Multiplying the inverse of M from the right
on both sides yields I, + M- = % i1 Br (z)@,l,ﬂID)kykyZID)k@,l,/zM,:l. Taking the trace

on both sides and dividing by n, we find y, + zy,m,(z) =1 — % Y i—1 Br(z). Together with
(4.8), one gets

(4.10) zm, (z) = L > Br(2).
n
k=1
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Using (4.7) and (4.9), we deduce

1
bu(2) = —zEm, (2) + o(ﬁ) — 21, (2) + 0w p. ().

Hence, we have
R 1
(@.11) in(@) = [ dH 0+ 0w (1.
—zm, ()t —z

By |, (2)| < %, consider any convergent sequence (77, (z)) whose limit is denoted by m(z).
From (4.11), we get m(z) = fde(t), where m(z) = —? + ym(z). It can be

shown that m(z) is the Stieltjes transform of a probability measure F on R, analytic in C™.
For each z € CT, m = m(z) is a solution to the equation

m= / dH(1),

td—y—yzm)—z
which is unique in the set {m € C* : —I_Ty + ym € C*}. The proof of this theorem is thus
complete.

4.2. Proof of Theorem 2.2. The proof of the theorem at hand relies on analyzing the
convergence of the resolvent. Our approach follows the method established by Bai and Sil-
verstein [2], where the ordinary sample covariance matrix is considered. However, we aim to
enhance their results from an almost sure convergence to a more precise notion, namely high
probability under our model. Given the similarities between our proof process and theirs, we
avoid duplicating their work and instead provide an overview, highlighting the nontrivial dif-
ferences and our strategy for addressing these issues. It is important to note that readers can
obtain a comprehensive understanding of the entire process by referring to the original paper.

The main objective is to achieve a convergence rate for m,(z) when z is close, but not
too close, to an interval outside the limiting support F¥»-f This can be accomplished by
assigning an appropriate rate to the imaginary part, denoted by v, =n~?, where § € (0, 1/68)
is sufficiently small, such that ¢ = (28)~! is a positive integer. Our goal is to prove the
following expression:

h.p.
4.12) sup nvn|mn(x+ivn)—m2(x+ivn)|u 0.
x€la,b]
Once this is established, we can multiply v, by a constant k and obtain the following estimate:
sup |m,, (x +ivkvy) — ml)(x +ivkvy)| = o(1/(nvy))  whp..
x€la,b]

Next, by considering the imaginary part and taking differences, following the strategy in
Section 6 of Bai and Silverstein [2] for better comprehension, we find, with high probability,
the following expression holds:

d(FSn (1) — FI o)) B
/ ((x =2+ ) ((x — )2 +202) - (x —1)2 +qv2)| ¢

Subsequently, we split up the integral and, with high probability, obtain the following expres-
sion:

(1).

sup
x€la,b]

y ‘ f 1([a, b'1)A(FSn(t) — Fon-tn(r))
xe[ar,)b] (x =02+ v)((x —1)2+202) - ((x —1)%2 + qv2)
v

+ Z ((x—tj)z—i-v,zl)((x—tj)2+2v,%)---((x—tj)z-i-qv,zl)

tj€la—e,b+e]

=o(1).
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It follows that if each term in a subsequence satisfying the aforementioned equation contains
at least one eigenvalue within the interval [a, b], the sum in the equation will be uniformly
bounded away from zero. As a result, the integral itself must also remain uniformly bounded
away from zero. However, with high probability, the integral tends to zero as the integrand is
bounded and, with high probability, both FB» and F>»H» converge weakly to the same limit,
which exhibits no mass on the interval [a — ¢, b + €]. Hence, for sufficiently large values of n,
with high probability, no eigenvalues of B,, will appear in the interval [a, b]. This conclusion
establishes the proof of our theorem.

To achieve our goal, it is worth mentioning that all the mathematical tools presented in
Section 2 of Bai and Silverstein [2] are applicable to our case. Since the underlying distribu-
tion is sub-Gaussian, there is no need to truncate the variables, and similar bounds for (3.1)
and (3.2) can be achieved in our model by applying Lemma 2.2. Specifically, for any fixed
real matrix A, we have

E’YIT]D)lTADI)’l - tl‘A’q <Cy (trAAT)q/Z7

where C, depends on g and the moments of xi;. These high-order moment bounds for
quadratic forms are useful for obtaining high probability results. To prove our main task
(4.12), we follow similar steps as shown in Bai and Silverstein [2]. It is important to note
that, to obtain high probability results, we only need to increase the order of moments when-
ever the moment bounds of quadratic forms are applied. Furthermore, by Lemma 2.3, we
have obtained high probability bounds for the spectral norm. By carefully examining their
proof of (4.1) and (5.1) in Bai and Silverstein [2], we find that all of their arguments are valid
in our model. Moreover, we note that the almost sure result in (4.1) from their work can be
improved to hold with high probability.

4.3. The proof of Theorem 2.3. Note that

1
(4.13) /f(x)dQ(x) - f f(@mo(z2)dz,

where Q is a cumulative distribution function (c.d.f.) and f is analytic on an open set con-
taining the support of Q. The complex integral on the right-hand side is over any positively
oriented contour enclosing the support of Q and on which f is analytic. Hence, the proof of
Theorem 2.3 relies on establishing limiting results on

M, (2) = p[ma(z) —md(2)].

Let vy be any positive number, x, € (limsup, )Lr)flgf)”(l + ﬁ)z, o0). Let x; be any

negative number if liminf, AZnOn TIo (A — ﬁ)z is zero. Otherwise choose x; € (0,

min
liminf,, )\rﬁ;’n@” T,y — ﬁ)z). Let C, = {x +ivg : x € [x7, x,]}. Define a contour C =
{xi+iv:vel0,v]}UC, U{x, +iv:vel0,vy]}. To avoid dealing with small Iz, we trun-
cate M, (z) on the contour C of the complex plane. We choose a sequence ¢, decreasing
to zero, satisfying, for some o € (0, 1), &, >n=* LetC;={x; +iv:v € [n~le,, vol} and
C,r={x,+iv:ve [n~le,, vo]}. Then, define C, = C; UC, UC,. For z = x + iv, we define
the process Mn(-) as

M, (z) for z € C,
(4.14) My() = My(x; +in"te,) forx=x,ve[0,n 7 e,],
Mn(x,—i—in_lsn) forx:x,,ve[O,n_lsn].

It is observed that on the subset C, of C, M, (-) agrees with M, (-). We are going to present the
following CLT for the truncated process M, (). To be specific, we will establish the following
lemma.
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LEMMA 4.1. Under the conditions of Theorem 2.3, M,(2) Jorms a tight sequence and
converges weakly to a two-dimensional Gaussian process M (-) satisfying for z € C U C with

C={z:z€C)},

m?()1?
[ i s dH (@) m3(2)a(z)
(4.15) EM(z) = (o (Z’Ei ~+ o ,
=y oz AHO) 11— v/ @ AH®)
and for z1,722 € CUC,
2m'(z1)m'(z2) 2
Cov(M(z1), M(z2)) = S
(m(z2) —m(z1)) (z1 — 22)
(4.16) )
+ m(z1)m(z2) da(z1, 22).
022071

Establishing the above lemma will straightforwardly lead to the CLT for LSS. Indeed,
analogously to the arguments presented on pages 562—-563 in Bai and Silverstein [3], one can
establish that with probability 1, for f € fi,..., fk,

M @ (My(2) — My(2)) dz| — 0.

Here, the complex integral is over z € CUC.
To accomplish the proof of the above lemma, we rewrite the expression for z € C, as
follows:

4.17)  My(2) = p[mn(2) — Emy ()] + p[Ema () — m)(2)] £ M1 (2) + M2 (2).

Subsequently, we will focus on investigating the limiting properties of the resulting random
processes M, 1(z) and M,>(z). We will establish the veracity of the following three facts.

Fact 1: The process M,1(z) for z € C, converges in distribution to a zero mean Gaus-
sian process whose limiting covariance function agrees with (4.16) in Lemma 4.1. The main
strategy for establishing this fact involves utilizing martingale difference decomposition and
applying the CLT for martingales.

Fact 2: The deterministic process M;>(z) for z € C,, converges uniformly to (4.15).

Fact 3: The process M,1(z) for z € C, is tight.

The detailed proof of above facts will be deferred to the supplementary material.
4.4. Proof of Theorem 3.1. By Corollary 2.1, we have that under Hy,
logdetTgISn — (n(yn — Dlog(1 — y,) — p) Y N(sr, L),
S R (G HEA5)]

where by the residual theorem

I (s 1
¢r = lim _ffﬂ:llog(ll—i-ﬁﬂ )<§‘2—r2 )df

r—>1+ 271

+6ﬂ£?§ log(11 + /Y€1) g
§l=1

2mi £3
logd —y) yaps
2 2 7
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N o &1 apz [ 1L VREF
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Then the results of this theorem can be obtained through elementary calculations.
5. Some auxiliary lemmas.
LEMMA 5.1 (Proposition 2.6.1 in Vershynin [17]). Let x1, ..., x, be independent, mean
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zero, sub-Gaussian random variables. Then Z?’:l x; is also a sub-Gaussian random variable,

and

n n
doxi| <CD xillg.
i=1 i=1

8

where C is an absolute constant.

LEMMA 5.2 (Equation (2.14) in Vershynin [17]). Let x be a mean zero sub-Gaussian

random variable with sub-Gaussian norm ||x||g. Then

P{|x| > 1} <2exp(—ct®/||x|}) forallt>0.
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LEMMA 5.3 (Burkholder’s inequality). Let {Xy} be a complex martingale difference se-
quence with respect to the increasing o -field. Then, for p > 1,

P S\ P/?
E’ZXk‘ §KPE(Z|Xk|) :
k k
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