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ABSTRACT

Determining the number of factors in high-dimensional factor modeling is essential but challenging,
especially when the data are heavy-tailed. In this article, we introduce a new estimator based on the
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spectral properties of Spearman sample correlation matrix under the high-dimensional setting, where both

dimension and sample size tend to infinity proportionally. Our estimator is robust against heavy tails in
either the common factors or idiosyncratic errors. The consistency of our estimator is established under
mild conditions. Numerical experiments demonstrate the superiority of our estimator compared to existing
methods. Supplementary materials for this article are available online, including a standardized description

of the materials available for reproducing the work.

1. Introduction

Factor models are helpful tools for understanding the common
dependence among high-dimensional outputs. They are widely
used in data analysis in various areas like finance, genomics, and
economics. Estimating the total number of factors is one of the
most fundamental challenges when applying factor models in
practice. This article focuses on the following factor model:

Yi=Bf,-+\Ile,-, ie[n]:={1,2,...,n}, (1)

where {y;}] ; are the p-dimensional observation vectors, {f;}_,

the K-dimensional latent common factor vectors, {e;}’; the
p-dimensional idiosyncratic error vectors, B the p x K factor
loading matrix, and ¥ a p x p diagonal matrix. The objective of
this article is to estimate the number of common factors when
the observed data are heavy-tailed.

There is a large literature on this estimation problem which
can generally be categorized into two types of approaches. The
first type is based on information criteria. The seminal work
Bai and Ng (2002) proposed several information criteria, which
were formulated in many different forms, through modifications
of the Akaike information criterion (AIC) and the Bayesian
information criterion (BIC). Hallin and Ligka (2007) proposed
an information criterion that used spectral density matrix esti-
mation. Alessi, Barigozzi, and Capasso (2010) modified Bai and
Ng (2002)’s criteria by tuning the penalty function to enhance
their performance. Kong (2017) employed similar ideas and put
forth a local principal component analysis (PCA) approach to
study a continuous-time factor model with time-varying factor
loadings using high-frequency data. Li, Li, and Shi (2017) used
information criteria akin to those proposed by Bai and Ng (2002)
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for factor models when the number of factors increases with the
cross-section size and time period. The first type of approach
usually requires strong signals. The second type of approach
is based on the eigenvalue behavior of various types of covari-
ance/correlation matrices. As for sample covariance matrices,
Nadakuditi and Edelman (2008) proposed an estimator by
exploiting the distribution properties of the moments of eigen-
values. Ahn and Horenstein (2013) proposed two estimators
by using the ratios of adjacent eigenvalues, namely the eigen-
value ratio (ER) estimator and the growth ratio (GR) estimator.
Onatski (2010, 2012) proposed an alternative edge distribution
(ED) estimator based on the maximum differences between
consecutive eigenvalues instead of their ratios. Owen and Wang
(2016) introduced an estimator that uses the bi-cross-validation
(BCV) technique from Owen and Perry (2009). This estimator
is based on the theoretical results concerning the spiked sample
covariance matrix. For lagged sample autocovariance matrices,
Lam and Yao (2012) developed a ratio-based estimator for factor
modeling of multivariate time series. This estimator was further
extended by Li, Wang, and Yao (2017) to accommodate weak
factors. As for correlation matrices, Fan, Guo, and Zheng (2020)
proposed a tuning-free and scale-invariant adjusted correlation
thresholding method. This approach has been further extended
to a time series tensor factor model in Lam (2021) and Chen and
Lam (2024).

The aforementioned methods have been proved to be inad-
equate when dealing with heavy-tailed data, and would mostly
result in biased or inconsistent estimators. Heavy-tailed data are
common in various real-world applications. For instance, prices
of stock returns often exhibit heavy tails due to the occurrence
of extreme events in the market. However, little literature has
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focused on estimating the number of factors in the context of
heavy-tailed data. Assuming a jointly elliptical distribution for
both common factors and idiosyncratic errors (as discussed
in Fan, Liu, and Wang (2018)), Yu, He, and Zhang (2019)
proposed two estimators using the sample multivariate Kendall’s
tau matrix. He et al. (2022b) further extended it to the matrix fac-
tor model. He et al. (2022a) recovered factor loadings and scores
by performing PCA on the multivariate Kendall’s tau matrix. It
is worth mentioning that Yu, He, and Zhang’s (2019) method
requires that |B"B/p— X ||, — 0, where Xpisa K x K positive
definite matrix with bounded and distinct eigenvalues (see their
Assumptions 2.3). The factor model is considered to have a
strong factor structure (Bai and Ng 2002) when both BT B/p
and Y 1, f,'fl.T /n converge to positive definite matrices. In this
article, we consider the weak loading scenario by assuming
BB = Iy, which is a commonly used identifiability condition
in the literature on factor models (see, e.g., Bai and Li 2012).
Moreover, we address a more challenging scenario where both
the factors and idiosyncratic errors may be heavy-tailed, poten-
tially leading to the nonexistence of the limit of Y 7, fif," /n.
We propose an estimator based on Spearman correlation matrix
(Spearman 1961) which shows significant improvements over
existing methods. Here, we use a toy example to demonstrate
the robustness of Spearman correlation matrix. Data are gener-
ated following factor model (1) with K = 3. The factors and
idiosyncratic errors follow either standard normal distribution
or standard Cauchy distribution. As shown in Figure 1, when the
common factors and the idiosyncratic noise are light-tailed, all
four sample covariance/correlation matrices have three spiked
eigenvalues, and all factors can be detected. When the data
distribution is heavy-tailed, only our method can clearly identify
all three factors.

The Spearman correlation matrix is defined as the Pearson
correlation matrix of the ranks of the data. It is a valuable tool
when dealing with heavy-tailed data. However, the nonlinear
structure of rank-based correlation brings significant difficulties
when analyzing its eigenvalue behavior. To address this, we need
to resort to tools in random matrix theory (RMT). Unfortu-
nately, most existing work in RMT focuses on very restrictive
settings where data has independent components. Bai and Zhou
(2008) showed that its limiting spectral distribution (LSD) is
the well-known Marcéenko-Pastur law. Bao et al. (2015) estab-
lished the central limiting theorem (CLT) for its linear spectral
statistics (LSS). Bao (2019) showed that the Tracy-Widom law
holds for its largest eigenvalues. To the best of our knowledge, the
first investigation of the Spearman sample correlation matrix for
general dependent data was conducted very recently by Wu and
Wang (2022), which derived its LSD under the non-paranormal
distribution proposed by Liu, Lafferty, and Wasserman (2009).
Many other spectral properties, including the extreme eigenval-
ues, CLT for LSS, and spiked eigenvalues for dependent data, still
remain open. Our work is the first to investigate the eigenvalue
behavior of the Spearman sample correlation matrix under spike
models, and successfully apply the theories to identify the num-
ber of factors in high-dimensional factor modeling for heavy-
tailed data.

To summarize, the main contributions of this article are 2-
fold. First, we propose a new estimator based on the Spearman
sample correlation matrix for the number of common factors

in the high-dimensional factor model (1). This estimator is
distribution-free and capable of estimating the number of factors
even when the data is heavy-tailed. Second, we provide a theoret-
ical explanation of the phase-transition phenomenon for the top
eigenvalues of the Spearman sample correlation matrix under
the spike model. From a technical point of view, we investigate
this phase-transition theory by establishing the universality of
the asymptotic law of a low-dimensional random matrix (see
Lemma 6.2 and Remark 2.6 for more details), and our method
does not require the commonly used independent component
structure.

Before moving forward, let us introduce some notations that
will be used throughout this article. We use [#] to denote the set
{1,2,...,n}. We adopt the convention of using regular letters
for scalars, and bold-face letters for vectors or matrices. For
any matrix A, we denote its (i, j)th entry by Aj;, its transpose
by AT, its trace by tr(A), its jth largest eigenvalue by A;(A)
(when the eigenvalues of A are real), its spectral norm by
|All2 = vVA1(AAT), and its element-wise maximum norm by
|Allmax = n}e}x |Ajj|. We use diag(A) to denote the diagonal

matrix of A (replacing all off-diagonal entries with zero). For a
sequence of random variables {X,,}7>, and a corresponding set
of nonnegative real numbers {a,}5° |, we write X, = Op(a,) if
Xn/a, = Op(1) (bounded in probability), and we write X,, =
op(ay) if X, /a, — 0 in probability. For any univariate function
f>we denote f(A) = [f(A;)] as a matrix with f applied on each
entry of A. Throughout this article, C stands for some positive
constant whose value is not important and may change from line
to line. The notation “i; # i # -+ # iy, indicates that the m
indices {i;}}. , are pairwise different. All limits are for n — oo,
unless explicitly stated otherwise.

The rest of this article is organized as follows. Section 2
proposes a new estimator for the number of common factors
in the factor model (1). The consistency of our estimator is
proven based on the spectral properties of the Spearman sample
correlation matrix. Section 3 offers comprehensive simulation
experiments, comparing our estimator with others. In Section 4,
we evaluate the performance of the proposed estimator on a
real dataset. A brief discussion is given in Section 5. Section 6
presents some important technical lemmas and proofs. Auxil-
iary lemmas and technical proofs are relegated to the supple-
mentary material.

2. Main Results
2.1. Spearman Correlation Matrix

For p-dimensional iid data sample {y;}}"_,, we denote the ranks
of the data as follows:

Y Y11 Yip e rip
Y?’l = = . b . S
T
Yu nl Ynp nl -+ Tmp
—_———— —_————
raw data matrix ranks matrix
where rj = Y y_; 1{yj < yj} is the rank of y; among

{y¢j}y_;>and 1{-} denotes the indicator function. The Spearman
correlation matrix of the raw data matrix Y, is the Pearson
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Figure 1. Scatterplots of the first 30 eigenvalues of the sample covariance matrix (SCM), Pearson correlation matrix, Spearman correlation matrix, and multivariate Kendall’s
tau matrix. Data are generated following the factor model (1) with K = 3. The factors and idiosyncratic errors are drawn independently from standard Normal distribution
(Left panel: Figures (a), (c), (e), (g)) or standard Cauchy distribution (Right panel: Figures (b), (d), (f), (h)). The symbol “4" represents the spiked eigenvalues. Further details
regarding the matrices Band ¥ can be found in the case (C1) in Section 3.

correlation matrix of the ranks matrix. Define the normalized andlet R, be the ith row of the matrix R. The Spearman sample
ranks matrix correlation matrix of Y, is

R — 12 n+1 2) 1, 1! .
N n2—1<rl]_ 2 )nxp’ Py = ;R R= ;ZRiRi : 3)
i=1
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The empirical spectral distribution (ESD) of p,, is referred to
as a random measure FP» = p~! Z};l 82(p,)> Where 8o, 1s
the Dirac mass at the point 1;(p,). The limit of FP is called
limiting spectral distribution (LSD). Under the assumption that
the components of y; are iid, Bai and Zhou (2008) proved that
the LSD of p,, is the well-known Marcenko-Pastur distribution.
Recently, Wu and Wang (2022) extended this result to the non-
paranormal distribution. In this study, we further extend their
findings to encompass the scale mixture of normal distributions
(see Definition 2.1), as stated in Lemma 6.1.

Throughout this article, we assume that both common factors
and idiosyncratic errors follow continuous distributions. There-
fore, with probability one, there are no ties among {y;;,i € [n]}
for each j. For any j € [p] and i,£ € [n] with i # ¢, we have
Wy < yij} = % + %sign(yij — y¢j), where sign(-) denotes the
sign function. Hence, we have

n+1 1 .
- —— =1+ 5;{1 + sign(y;; — ygj) |
n—+1

1
=D signGi—yy)- @
i£0

2

For two sample vectors y; and y,, we define the sign vector

. . . T
Aje = sign(y; — ye) = (sign(vit — ye1)s - - ., sign(ip — yep)) -
Then, from (2) and (4), we can rewrite the Spearman sample
correlation matrix (3) as

3 . T
P = oD 2o 2 A,

i=1 51,52751'

The application of sign transformations to the data introduces
an intractable nonlinear correlation structure. To address this
challenge, we use Hoeffding’s decomposition (Hoeftding 1948) to
handle the nonlinear correlation within A;¢. By employing this
decomposition, we can identify the dominant term of p,,. Let
A; = E(Ay | yi) with i # ¢, Hoeffding’s decomposition of A
can be expressed as follows:

Aig =A; — Ag + 5, (5)
where €;y == Ay — A; + Ay. Note that EA;y = EA; = 0,

and the covariance matrix of A; is IE(AZ-AZT). With Hoeftding’s
decomposition defined in (5), we have

3 n
P, = m{z Z (Ai — Ag)(A; — Ag) T

i=1 01,0y i

n

T2 D (- Ay,
i=1 €1,6,#i
n

+ Z Z €ir, (Al - A@z)—r
i=1 €1,02i
n

DIPIIEAL
i=1 £1,0y7i

It will be shown that the cross-terms in the above identity are
negligible (see Lemma 2.2 and its proof in Section S2.1 in the
supplementary material). We can then focus on the first term,

3 n
D DID DGy ey

i=1 01,0,
n—2 3«
n+1 n#

> (A Ay - Azzf}
bFELF#i

Ty, 6
PRl (6)

where 7,, := ﬁ > Z#,'(Ai—Al)(Ai —Ap) T is the sam-
ple marginal Kendall’s tau correlation matrix (Bandeira, Lodhia,
and Rigollet 2017; Li, Wang, and Wang 2023). The second term,
3t,/(n + 1), and the cross-terms in (6) are negligible (see
Lemma 2.2 and its proof in Section S2.1 in the supplementary
material). Hence, the leading order term of p,, is

1
{(”— D(n—2)

+

3« -
W, =~ gA,Ai : )
Through direct calculations, it can be demonstrated that the
difference between the expected values of W, and p,, is of the
order Op(n~!). To be more precise, we have Ep,, = #Ewn +
%_H]Eé‘ 12€1T2.

Under certain assumptions, we can show that the spectrum
of p, can be approximated by that of W,, (see Lemma 2.2).
This allows us to study the spectral properties of p,, via those
of W,,. Under the scale mixture of normals framework defined
in Section 2.2, we find that the population covariance matrix
Y, = EW, has a finite-rank perturbation structure with K
spiked eigenvalues (see Lemma 2.3). Thus, naturally W,, has K
relatively large eigenvalues too. Subsequently, we can estimate
the number of factors based on the top eigenvalues of W,, or
p,. By establishing the phase-transition theory of the spiked
eigenvalues of W, the consistency of the new estimator follows.

2.2. Phase Transition Theory

From the perspective of RMT, the spectrum of W,, relies on
the structure of X, = EW,. Although from factor model
(1), it is clear that X, := cov(y;) = BB + W has a finite-
rank-K perturbation structure, the relationship between X,
and X, is unclear. The structure of X, changes for different
distributions of y;. Therefore, extra distribution assumption of
yi is needed to maintain the finite-rank perturbation structure
of X,. Specifically, we assume that both the common factors
and the idiosyncratic errors follow a scale mixture of normal
distributions, defined as follows:

Definition 2.1 (Scale mixture of normals, Andrews and Mallows
(1974)). A p-dimensional random vector X = (Xj,... ,Xp)T
follows a scale mixture of normal distributions (SMN) if X has

the stochastic representation X 4 v WZ, where W is a scalar-
valued random variable with positive support, and Z follows p-
dimensional normal distribution A/, (0, X) independent of W, X



is a positive semidefinite matrix. The notation “X £ ¥ means
X and Y have the same distribution.

Our motivation for wusing this scale mixture of
normals is 2-fold. First, the scale mixture of normals
contains heavy-tailed distributions, such as Students ¢
distribution. If W follows the inverse Gamma distribution
invGamma(v/2,v/2) with probability density function
gwiw) = W04 exp(—y/(2w)), then X follows
the p-dimentional Student’s ¢ distribution #,(0,%) with
location parameter 0, scale matrix X, and degrees of
freedom v, the probability density function of which is

_ C((v+p)/2) LTy —1g\—0+p)2
fx(x) = W(l + X YX7'x) 2 A

number of well-known distributions can be written as
scale mixtures of normals. We refer the readers to sec. 2 of
Heinen and Valdesogo (2020) for more examples. The second
motivation is for technical advantage. From the fact that
X| (W =w ~ ./\/p(O, wX), we can relate the Spearman
sample correlation matrix of X to the scale matrix X using
Grothendieck’s identity (see Lemma S1.5 in the supplementary
material). Heinen and Valdesogo (2020) derived an explicit
expression for Spearman correlation of bivariate scale mixture
of normals. We extend this result to a more complicated bivariate
population (see Lemma S1.6 in the supplementary material)
and use it to examine the structure of X, (see Lemma 2.3). This
direct connection to the scale matrix X, is a fundamental step
in the analysis of our proposed estimator.
Furthermore, we need the following assumptions:

Assumption (Al). Asn — oo,p = p(n) — ocandp/n=c, —
¢ € (0,00).

Assumption (A2). All pairs {(fT T)T}f | are iid, and f; is inde-
pendent of e;, and both of them follow the scale mixture of nor-
mal distributions. Suppose that wy and w, are two independent
random variables with positive support The common factor f;

has a stochastic representatlon fi = ,/wf X;, where wf is an
independent copy of wy, and x; follows K-dimensional standard
normal distribution. The idiosyncratic error e; has a stochastic

. d
representation e; = (/w5 zi1,..., /wfiozip) where {wl]}f

are iid copies of w,, and (zj1,. ..
standard normal distribution.

,z,-p)T follows p-dimensional

Assumption (A3). The loading matrix B is normalized by the
constraint BT B = Ix. All the entries of B are of order O(pfl/ .

Assumption (A4). The matrix W is diagonal with entries of order
o).

Assumption (A1) is common in the RMT literature. Assump-
tion (A2) pertains to the distribution of the common factors
and the idiosyncratic errors, and allows them to be heavy-tailed.
This assumption is crucial for examining the structure of the
population covariance matrix X ,. The constraint B'B = Ixin
(A3) is a commonly used identifiability condition, see Bai and
Li (2012). It follows that by singular value decomposition, we
can represent B as UV, where U € RP*K and V € RX*K and
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both have orthonormal columns. The column vectors of Uand V
are unit vectors in R? and RX, respectively. Thus, the condition
Bj = O(p~"?) in (A3), for any i € [p]andj € [K], is not
overly restrictive. This condition facilitates our technical proofs.
Assumption (A4) is standard in the factor models literature.

In what follows, we develop some important spectral proper-
ties of the Spearman sample correlation matrix. First, we show
that the spectrum of p,, can be approximated by that of W, as
stated in the following lemma.

Lemma 2.2. Under Assumptions (A1)-(A4), for any j € [p],
IAj(p,) — Ai(Wn)| = Op(n~"?) asn — oo.

The proof of this lemma is provided in the supplementary
material. From this Lemma, we can investigate the properties of
p,, through its surrogate W,,. As X, represents the expectation
of W,,, examining the structure of X, provides us with valuable
insights of W,,. The spike structure of X, is illustrated in the
following lemma.

Lemma 2.3 (Finite-rank perturbation).
tions (A1)-(A4), we have

Under Assump-

|2, {dieg(t,~ ¥ BBTW ) +yw  BBTY | = o)

(8)
as n — 00, where y = (6/7[)E[wf/{(w‘1* + wH(w§ + wi)}l/z],
and wj‘?,j = 1,2, 3,4, are independent copies of w,.

Remark 2.4. Note that both X, and its approximation in (8) are
correlation-type matrices, and all the diagonal entries equal to
one. Consequently, the average of their eigenvalues are both one,
and their bulk eigenvalues are clustered around one.

The proof of this lemma is provided in the supplementary
material. In this lemma, we derive a “consistent” approximation
of the population covariance matrix X ,. From Weyl's lemma
(Lemma S1.1 in the supplementary material), the spectrum of
the matrix X, can be approximated by that of a rank-K pertur-
bation of a diagonal matrix. Intuitively, X , would have at most
K relatively larger eigenvalues. As for the sample counterpart,
at most K spiked sample eigenvalues of p,, would lay outside
the support of its LSD. Naturally, by counting the number of
spiked eigenvalues of p,,, we can obtain a promising estimator of
total number of factors. However, a very important yet intuitive
observation here is that, for j € [K], A; (pn) is not always
far away from the bulk eigenvalues {A; (pn)} _x41- 1t depends
on whether the signal A;j(Z,) is strong enough If j(X)p) is
too weak, 1;(p,) would lie on the boundary of the support of
bulk eigenvalues. This phenomenon is commonly referred to
as the phase-transition phenomenon, which is described in the
following theorem.

Theorem 2.5 (Phase transition). For the high-dimensional factor
model (1), assume that Assumptions (A1)-(A4) hold, and the
ESD of X, tends to a proper probability measure H as n — oo.
Denoting ¥ (a) = + ¢ [ % dH(t), we have

(a) For j € [K] satisfying ¥'(%j(X,)) > 0, the jth sample
eigenvalue of p, converges almost surely to ¥ (%;(Z))),
which is outside the support of the LSD of p,,.
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(b) Forj € [K] satisfying ¥'(1j(2,)) < 0, the jth sample eigen-
value of p,, converges almost surely to the right endpoint of
the support of the LSD of p,,.

The proof of Theorem 2.5 can be found in Section 6.

Remark 2.6. From Lemma 2.2, we can investigate the asymp-
totic behavior of spiked eigenvalues of p, via those of W,.
Although W,, = (3/m) Y1, A,«A;r is a Wishart-type ran-
dom matrix, the nonlinear correlation structure of A; makes it
difficult to directly apply the current phase-transition analysis
techniques. The reason is that the vectors {A;}}_; do not follow
the commonly used independent component structure as in Bai
and Yao (2008, 2012) and Jiang and Bai (2021). Specifically,
the vector A; cannot be written as A; = X"2x;, where ¥
is nonnegative definite and all elements of x; € RP are iid
with zero mean and unit variance. To remove the independent
component structure assumption, we first show that replacing
{\/§A,-};’=1 in W,, with iid /\/},(0, Y.,) random vectors does not
change the asymptotic behavior of spiked eigenvalues of W,
(see Lemma 6.2 and Section 6.2 for more details). The sub-
stitution of {\/§Ai};’:1 with iid N,(0,X,) is feasible because
each entry of A; follows a Uniform(—1, 1) distribution and the
universality phenomenon holds for light-tailed distributions.
The universality phenomenon reveals that as long as A; has
light-tailed entries, the first-order asymptotic behavior of the
eigenvalues of 2 "7 | A;A remains the same when replacing
{+/3A;}__, with Gaussian vectors. To guarantee the feasibility of
this replacement, we establish concentration properties related
to certain quadratic forms and their higher-order moments
under the nonlinear correlation structure (see Lemma S1.7 in
the supplementary material). Then since Gaussian random vec-
tors naturally follows the independent component structure, we
can directly apply the phase transition theory in Bai and Yao
(2008, 2012) and Jiang and Bai (2021) to complete the proof of
Theorem 2.5.

To summarize, we first establish in Lemma 2.2 that |4;(0,) —
4j(Wp)| = op(1), and subsequently turn to analyze the eigenval-
ues of W,,. Second, we prove that £, = EW,, exhibits a rank-
K perturbation structure as in Lemma 2.3. Third, we confirm
the phase-transition phenomenon for 1;(W,), where j € [K].
Therefore, the corresponding result of A;(p,,) follows naturally,
as demonstrated in Theorem 2.5.

2.3. Estimation of the Number of Factors

With the phase-transition theory in Theorem 2.5, we now
propose our new estimator for the number of factors. As
stated in Theorem 2.5, if ¥/(1j(X,)) < 0 for some j €
[K], the corresponding sample eigenvalue A;(p,) will con-
verge to the right endpoint of the support of the LSD of
p,» which is also the limit of the largest noise eigenvalue
Ax+1(p,). Hence, such weak factors will be merged into the
noise component, making their signal undetectable. By tak-
ing this into account, we define the number of significant
factors as

Ko = #{j € [K]: ¢¥/(1(Z))) > 0}, 9)

where the notation # S denotes the cardinality number of the
set S. By Theorem 2.5, the leading Kj eigenvalues of p,, will lay
outside the support of its LSD .

The LSD of p,,, denoted by F, p, is the generalized Marcenko-
Pastur law as stated in Lemma 6.1. Let supp(F.n) denote the
support of F.p. The Stieltjes transform of F g is defined as
m(x) = f ﬁ dE m(t) for x € R\ supp(F.n). Its first-order
derivative m’(x) is also only defined outside supp(F, ), and can
be extended as a function mapping the entire real line R to
R U {400} as follows:

1 ,
m'(x) = {f o7 Wen (D), ifx € R\ supp(Fe),

(10)
+-00, if x € supp(F.p).

This implies that m'(1;(p,,)) takes either finite or infinite values,
depending on whether ;(p,,) is a spiked eigenvalue or a bulk
eigenvalue. Based on this observation, we use the derivative of
the Stieltjes transform defined in (10) to identify all the spiked
eigenvalues and estimate the total number of significant factors.
Let Kmax be a predetermined upper bound on the true number
of significant factors, Ko. As the LSD H of X, is unknown, we
cannot obtain the explicit expression of m’ (x). Therefore, we use

1 < 1
2.

. (11)
p—J ¢t {x - kg(p,,)}z

’”\’l;,,j (x) =

to estimate m’(x) for 1 < j < Kmax. Intuitively, if A;(p,,) lies
within the bulk spectrum of p,,, we would expect 1, ,j()‘j(pn))
to be very large. On the contrary, if A;(p,,) is a spiked eigenvalue,
), ;(1j(p,)) should be relatively small. This phenomenon bears
similarities to the behavior of m’(x) described in the (10). Actu-
ally, it will be shown that

Op(1),  forl <j< Ko,

1/3 . (12)
OP(P ) for Ko + 1 <] < Kmaxs

as n — 00 (see the proof of Theorem 2.8 in Section 6.3). Hence,
a natural estimator of the number of significant factors is

ﬁ:l,'H»l ()"j+l (pn))

= , 13
1, (0 ()

Ker = argmax

1 QgKmax

where the “S” in subscript stands for Stieltjes transform, and the
“R” stands for Ratio.

Remark 2.7. Here, we explain our preference for choosing
m, ;() over directly employing eigen-ratio type estimators.
Under our current framework, both eigenvalues 1;(p,,) and the

LA .
ratios % are of constant order for all 1 < j < Kpax. The
J\Fn

ratios of eigenvalues exhibit the following behavior:

)"j—l—l(pn) < 1)
)\j(pn)

1<j< Ko,

=1_8pa KO+1<j<Kmax,

where &, = op(1) and &, > 0. When factor signals are weak,
the values of 411 (p,,)/Aj(p,) may be close to 1 for both j = K
and j = Ko + 1, making it difficult to distinguish between them.
This can lead to inaccurate estimation. Performing the derivative
of Stieltjes transform 71/, ;() on the corresponding eigenvalues



Xj(p,) significantly amplifies the ratio at j = K. As shown in
Section 6.3, we found out that

R =0p(l), 1<j<Ky—1,
ity Gy (o) | = 0P o
—L—————— 1>, j=K
m (A
P2 0p1), Ko 415 < K

As a result, the sequence of ratios {'rﬁ’n’jﬂ(kﬁl(pn))/
m, ()} blows up at j = K. Therefore, estimating Ky
using ﬁ; ,j()xj(pn)) is more efficient compared to using ratios of

Aj(p,). Based on this observation, we propose the SR estimator.

The consistency of this estimator is established in the follow-
ing theorem, and its proof is postponed to Section 6.

Theorem 2.8 (Consistency of I?SR). For the high-dimensional
factor model (1), assume that Assumptions (A1)-(A4) hold. Let
Ky be the number of significant factors defined in (9) and fSR
be the proposed estimator defined in (11)-(13). Then, we have

lim P(Ksg = Ko) = 1.
n—o0

3. Simulation Studies

In this section, we conduct some simulations to examine the
finite sample performance of the proposed estimator. We com-
pare several estimators in the current literature, including our
SR estimator; the NE estimator (Nadakuditi and Edelman 2008);
the ED estimator (Onatski 2010, 2012); the BCV estimator
(Owen and Wang 2016); the MKTCR estimator (Yu, He, and
Zhang 2019), as well as the ACT estimator (Fan, Guo, and Zheng
2020). The MKTCR estimator is designed to handle heavy-tailed
data and can only detect strong factors. Conversely, other esti-
mators are also capable of identifying weak factors. Specifically,
these competing estimators are defined as follows:

1. Qur SR estimator: Here we use a slightly modified version of
Ksg to circumvent numerical instability:

%;J+1 ()"j—l-l (pn))

=~ , 14

Kgr = argmax
lggKmax

1 NP 1

7 L= () —he(p)}4p= "

Here we add p~** to the denominator in case that ri(py,) —

*e(p,,) is too small. Similar to ﬁi’n,j()»j(pn)), 1, (Aj(p,)) still

where 171;)].()»1-(,0”)) =

satisfies (12). I?SR also retains the same consistency properties
as Kgg. Detailed proof is provided in Section 6.3.

2. NE estimator: Let {y;}7_ ; be an iid sample from the factor
model (1). The sample covariance matrix of {y;};_, is defined
asSy =L Y0 (i~ ) (yi—y) T wherey = n 1 Y0 yjis
the sample mean. Based on the eigenvalues of S,;, Nadakuditi
and Edelman (2008) introduced the NE estimator as follows:

~ 1/n 2

Kyg = argmin {—-| — t2+2'+1)}>
e O§j<gmin(p,n){ 4 (P) ! (]

where tj = p[(p = {04y 2SI 2 Xy A (Sw) —1 -

p/n]—p/n.
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3. ED estimator: Based on the eigenvalues of S,;, Onatski (2010,
2012) proposed an eigenvalue difference criterion, defined as

Kep = max{1 < j < Kmax 4(Sn) — Aj11(Sn) > 8},

where § is a predetermined threshold calculated using a cali-
bration method described in Onatski (2010, sec. IV).

4. BCV estimator: Owen and Wang (2016) introduced an algo-
rithm to determine the number of factors based on S, and the
bi-cross-validation (BCV) technique from Owen and Perry
(2009). This method involves randomly holding out some
rows and some columns of the observed data, fitting a factor
model to the held-in data, and comparing held-out data to
corresponding fitted values. We use Owen and Wang’s R pack-
age esaBcv to implement the BCV method in our simulation
studies.

5. MKTCR estimators: The sample multivariate Kendall’s tau

. 2 i~y yi—ye) "
matrix is defined as Kn = n(n-1) Zl<i<£<n : HYi_Y’Z ”2

Based on the eigenvalues of K,, Yu, He, and Zhang (2019)
constructed the MKTCR estimator as follows:

= In{1 + A;(Ky)/ Vi1
Kygrcr = argmax ,
1< <Komax 11 + 241K /Vj}

min(p,n)

where V; = Zi:j—i—l 2i(Ky), 0 < j < min(p, n) — 1.

6. ACT estimator: The sample Pearson correlation matrix of
{yi}f, is defined as P, = [diag(Sn)]_l/ZS,,[diag(Sn)]_l/z.
Based on the spectral properties of P,, Fan, Guo, and Zheng
(2020) proposed an estimator to estimate the factor number
as follows:

Racr = max{1 < j < Kax : @(P) > 1+ p/(1— D},

where {(’)Z]'(Pn)}f=1 are bias correction of sample eigenvalues
of Py, defined as @;(P,) = —1/m,, ;(xj(Py)) with m,;(x) =
—(1 = ¢j)/x + cjmyj(x), cj = (p — j)/(n — 1), and

, .(x)_;[i;
T p =il k) —x

=j+1

1
+ {3j(Py) + Ajs1(Py)}/4 — x]'

Our simulation studies consider various combinations of
dimension and sample size, namely (p,n) = (50,100),
(100, 200), (150,300), and (200, 400), which all have the ratio
p/n = 1/2. We take the true number of common factors K = 3
and set the possible maximum value of the number of common
factors Kmax = 20. Recalling our distribution Assumption (A2)
for both common factors f; and idiosyncratic errors e;, we gen-

erate f; and e; by f; = (M{)l/zx,- and e = (wfj)l/zzij, where e;;
denotes the jth component of e;, {x;}I__; Al Nk (0,Ig), and
{zij,i € [nl,j € [pl} A N(0,1). We employ four different

scenarios to generate sample data for Wlf and wfj:

1. (Normal population, see Table 1) Let w{ = wg = 1 for all
i€[n]andj € [p;
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Table 1. Percentages (%) of estimated number of common factors in 1000 simulations.

Case p NE ED BCV MKTCR ACT SR
Normal population
50 97.7(2.3|0) 98.9(1.1/0) 97.5(0.5]2) 86.1(013.9) 100(0[0) 97.4(0.52.1)
100 97.2(2.8/0) 99(110) 100(0[0) 84.4(0]15.6) 100(0[0) 99.8(0/0.2)
150 96.7(3.3/0) 99.5(0.5/0) 100(0[0) 80.2(0[19.8) 100(0[0) 100(0/0)
Q) 200 96.3(3.7|0) 99.6(0.4]0) 100(0]0) 78.3(0]21.7) 99.9(0.110) 100(0/0)
ave(K) 3.038 3.004 3 2783 3.001 3
50 97.1(2.9|0) 98.8(1.2/0) 99.1(0.8/0.1) 91.7(0/8.3) 100(0]0) 93.8(0/6.2)
100 97.9(2.1/0) 99.3(0.7]0) 100(0[0) 98(0[2) 100(0[0) 100(0/0)
150 96.7(3.3/0) 99.6(0.4/0) 100(0[0) 100(0]0) 100(0[0) 100(0/0)
) 200 97.1(2.9]0) 99.6(0.4/0) 100(0[0) 100(0]0) 100(0[0) 100(0/0)
ave(K) 3.03 3.007 3 3 3 3
50 0(100/0) 97(3/0) 80.3(19.7/0) 99.6(0/0.4) 99.9(0.1]0) 96.3(0.3/3.4)
100 0(100]0) 99(1/0) 82.9(17.1]0) 100(0/0) 72.2(27.8/0) 99.9(0.1/0)
150 0(100/0) 99.4(0.6/0) 823(17.7/0) 100(0]0) 39.9(60.1/0) 100(0/0)
@) 200 0(100/0) 99.3(0.7]0) 77.7(22.3/0) 100(0]0) 4.4(95.6/0) 100(0/0)
ave(K) 55225 3.008 328 3 5.448 3
Uniform and Chi-squared population
50 37.4(62.3/0.3) 58.7(2.738.6) 23.2(0.4/76.4) 22.4(0]77.6) 89.5(0[10.5) 88.3(0.6/11.1)
100 26.7(73.3/0) 91(1.1]7.9) 34.4(0/65.6) 12.9(0/87.1) 99.8(0.10.1) 98.9(0.11)
150 22.7(77.210.1) 97.7(0312) 36.4(0.1/63.5) 5.1(0]94.9) 99.6(0.4/0) 99.9(0/0.1)
Q) 200 23.3(76.7/0) 99.1(0.8/0.1) 35.6(0/64.4) 3.4(0/96.6) 99.4(0.6/0) 100(0/0)
ave(K) 4204 3.009 2356 1919 3.006 3
50 34.6(65.3/0.1) 91.5(2.416.1) 63.6(1.7/34.7) 27.2(0/72.8) 96.7(0]3.3) 87.1(0.2/12.7)
100 23.9(76.1/0) 98.7(1.3/0) 99.8(0.2]0) 99.3(0/0.7) 100(0[0) 100(0/0)
150 22.1(77.9]0) 99.3(0.7/0) 100(0[0) 82.8(0]17.2) 99.8(0.2/0) 100(0]0)
@) 200 16.6(83.4/0) 99(1/0) 100(0[0) 98.5(0]1.5) 100(0[0) 100(0/0)
ave(K) 4343 3.01 3 2985 3 3
50 0(100]0) 96.5(2.6/0.9) 58.3(41.6/0.1) 57.7(0142.3) 94.8(5.2|0) 75.8(2.222)
100 0(100/0) 98.2(1.8/0) 79.7(20.3/0) 99.9(0/0.1) 27.7(72.3/0) 99.5(0.50)
150 0(100|0) 99.3(0.7]0) 82(18/0) 97.9(0]2.1) 5.3(94.7/0) 100(0/0)
@) 200 0(100]0) 99.2(0.8/0) 84(16/0) 100(0/0) 0.1(99.9]0) 100(0]0)
ave(K) 56.198 3.01 3.193 3 7.554 3

NOTE: Entries of common factors and idiosyncratic errors are generated from light-tailed distributions. The results are reported in the form a(b|c), in which a, b, c are the
percentages of true estimates, overestimates, and underestimates, respectively. The notation “ave(K)" denotes mean estimators for the case (p, n) = (200, 400). The bold

values are used to emphasize the superiority of our estimators.

2. (Uniform and Chi-squared population, see Table 1) Let
{W{‘}?:l Al Uniform(0, 1) and {wfj,i € [nl,j € [pl} Al
XD

3. (Student’s #(2) population, see Table 2) Let {w{ 1
invGamma(l,1) and {wg,i € [nlj € Ipl}
invGamma(l,1), where invGamma(wa,8) denotes the
inverse Gamma distribution with shape parameter « and

scale parameter 8. In this scenario, both f; and e;; follow
(multivariate) Student’s ¢(2) distributions;

4. (Cauchy population, see Table 2) Let {wlf ey

iid

—_——

iid

—

iid

—

invGamma(1/2,1/2) and {wl?j,i € [nl,j € I[pl} Aid

invGamma(1/2,1/2). In this scenario, both f; and e;; follow
(multivariate) Cauchy distribution.

Furthermore, we consider three cases for the loading matrix
B = (Bjj)pxk and the matrix W as follows. (C1) is from (Harding
2013; Fan, Guo, and Zheng 2020). (C2) and (C3) are both from
Onatski (2012).
(Cl1) Foranyj € [K], let Bjj = \/5j/p for i € [K], and let B;; =

aijiy/5j/(p —j) fori € {K +1,...,p}, where a;j = —1if
i=rjoraj=1ifi #rj,r € N*. Let W = I,

(C2) Foranyi € [p]andj € [K], let /pB;//10] ~— N(0,1).
Let ‘I’ == Ip.

(C3) Foranyi € [pland;j € [K], let \/pBy//10] ~— N(0, 1),
Let W = TY2, where T is a Toeplitz matrix with its (i, j)th
entry equal to 0.45/ 7,

The simulation results are reported in Tables 1-2 and Fig-
ures 2-5. In the case of light-tailed data (see Tables 1 and Fig-
ures 2-3), our SR estimator performs comparably to other esti-
mators. However, when handling heavy-tailed data (see Tables 2
and Figures 4-5), the NE, ED, and BCV estimators, which are
based on sample covariance matrices, prove ineffective, whereas
our SR estimator outperforms the MKTCR and ACT estimators.

4. Real Data Analysis

In this section, we analyze the monthly macroeconomic dataset
(FRED-MD, McCracken and Ng (2016)) from March 1959 to
January 2023. The data can be downloaded from the web-
site http://research.stlouisfed.org/econ/mccracken/fred-md/, and
includes the monthly series of 128 macroeconomic variables.
Following McCracken and Ng (2016), the series with missing
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Table 2. Percentages (%) of estimated number of common factors in 1000 simulations.
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Case p NE ED BCV MKTCR ACT SR
t(2) population
50 0(100]0) 16.9(29.4/53.7) 26.6(6.3(67.1) 22.6(0.2(77.2) 83.3(0.3/16.4) 93.2(0/6.8)
100 0(100/0) 16.1(33.6/50.3) 31.3(4/64.7) 15.2(0(84.8) 93.5(4.3]2.2) 99.6(0(0.4)
150 0(100(0) 13.8(33.2/53) 34(4.2(61.8) 12.9(0/87.1) 91.9(7.4/0.7) 100(0/0)
Q) 200 0(100/0) 14.1(38147.9) 37.9(2.9|59.2) 11(0/89) 87.6(11.6/0.8) 100(0]0)
ave(K) 37.884 3316 2228 1.941 3.12 3
50 0(100(0) 24.1(44.231.7) 47.6(10.6/41.8) 26.1(0.2(73.7) 90.4(0.39.3) 92.2(0/7.8)
100 0(100/0) 19.1(44.9|36) 59.3(8.3|32.4) 31.2(0/68.8) 96(2.9]1.1) 100(0/0)
150 0(100{0) 14.4(49.7|35.9) 80(4/16) 77.5(0122.5) 93.3(6.6/0.1) 100(0/0)
) 200 0(100/0) 14.6(53.1132.3) 85(2.1]12.9) 94.8(0|5.2) 89.4(10.5/0.1) 100(0]0)
ave(K) 38.064 4501 2836 2.944 3.109 3
50 0(100/0) 28.8(50.1]21.1) 36.8(49.5|13.7) 38.4(0.1/61.5) 67.5(28.813.7) 78.1(2.3/19.6)
100 0(100]0) 19.9(57.1123) 47.5(43.6/8.9) 57.8(0[42.2) 18(81.4/0.6) 94.4(2.8]2.8)
150 0(100/0) 14.8(64.520.7) 66.8(28.6|4.6) 92.6(0|7.4) 6.3(93.5/0.2) 99.9(0.1/0)
@) 200 0(100/0) 13.1(66.3/20.6) 72.2024.8]3) 99.3(0[0.7) 2.6(97.3/0.1) 100(0/0)
ave(K) 70.59 4911 347 2.993 7.959 3
Cauchy population
50 0(100/0) 11.2(77.6/11.2) 0.8(0.3/98.9) 7 7(5.9/86.4) 24.9(2.1|73) 90.1(0.2/9.7)
100 0(100[0) 7.2(85/7.8) 0.1(0.1199.8) 6.8(5/88.2) 38(12.4/49.6) 98.9(0.2/0.9)
150 0(100]0) 8(84.4(7.6) 0.1(0199.9) 6.3(4.2189.5) 36.7(28.4(34.9) 99.2(0.7/0.1)
Q) 200 0(100/0) 7.5(86.5/6) 0.2(0.1199.7) 49(4.8/90.3) 35.7(41.7]22.6) 99.1(0.9/0)
ave(K) 118.068 8.138 0.038 1.507 3.439 3.009
50 0(100]0) 12.4(76.9]10.7) 1(0.7/98.3) 6 8(2.6/90.6) 29.1(2.3/68.6) 92(0/8)
100 0(100{0) 8.5(83.3/8.2) 0.1(0.1199.8) 6.3(3.2/90.5) 49.9(17)33.1) 100(0/0)
150 0(100/0) 8(86.8/5.2) 0.4(0]99.6) 62(2.11917) 46.7(35.6/17.7) 100(0]0)
@) 200 0(100/0) 5.6(88/6.4) 0.1(0.2/99.7) 6.4(2.8/90.8) 37(49.5/13.5) 100(0]0)
ave(R) 118511 8236 0.069 1.486 3.59% 3
50 0(100(0) 12.6(77.5/9.9) 2.5(10.187.4) 5.6(3.8/90.6) 13.9(74.6/11.5) 15.5(17.8/66.7)
100 0(100(0) 10.2(81/8.8) 1.9(4.7|93.4) 5.6(1.4/93) 3.3(93.413.3) 46(27.3/26.7)
150 0(100/0) 8.8(83.5|7.7) 1.1(4.8/94.1) 3.7(13(95) 0.8(97.3]1.9) 92.3(7.5(0.2)
@) 200 0(100/0) 5.7(87.2]7.1) 1.5(3.5/95) 4.6(1.294.2) 0.8(98.5/0.7) 93.3(6.5/0.2)
ave(K) 126.004 7.919 0421 1416 16.854 3.268

NOTE: Entries of common factors and idiosyncratic errors are generated from heavy-tailed distributions. The results are reported in the form a(b|c), in which g, b, c are the

percentages of true estimates, overestimates, and underestimates, respectively. The notation “ave(K)"” denotes mean estimators for the case (p, n) =

values are used to emphasize the superiority of our estimators.

(200, 400). The bold
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Figure 2. Correct identification rate of six estimators. Entries of common factors and idiosyncratic errors are generated from the standard normal distribution.

values are removed and the remaining dataset is transformed
to a stationary form. After this preprocessing procedure, the
data dimension is p = 105 and the sample size is n = 767.
McCracken and Ng’s (2016) recommendation to remove outliers
has not been implemented in our data analysis, as we believe
that data with heavy-tailed distributions will inevitably contain
extreme observations that cannot be circumvented. Since our
estimator is tailored to heavy-tailed observations, we directly use
it to identify the number of factors.

The dataset reveals that more than 67% of the macroeco-
nomic variables exhibit a sample kurtosis that exceeds 9, which

is the theoretical kurtosis of the Student’s ¢(5) distribution. This
indicates that the dataset is probably heavy-tailed. Compared
to other estimators, MKTCR, ACT, and SR have slightly higher
accuracy under heavy-tailed conditions, so we employ these
three methods for estimation. The results are as follows: Kacr =
13, KMKTCR = 1, and KSR = 7. As shown in the simulation
studies in Section 3, ACT has similar performance to our estima-
tor when data is light-tailed, while it tends to overestimate when
data is heavy-tailed. The same story happens for this real dataset.
Both our SR estimator and Yu, He, and Zhang’s (2019) MKTCR
estimator are based on eigenvalues of certain type of sample



10 J.QIU, Z.LI, AND J. YAO
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Figure 3. Correct identification rate of six estimators. Entries of common factors are generated from a scale mixture of normals with {wlf}lf’:1 —~— Uniform(0, 1), and

entries of idiosyncratic errors are generated from a scale mixture of normals with {Wg-,l € [n],j € [pl} < x2(1).
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Figure 4. Correct identification rate of six estimators. Entries of common factors and idiosyncratic errors are generated from Student’s t(2) distribution.
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Figure 5. Correct identification rate of six estimators. Entries of common factors and idiosyncratic errors are generated from the standard Cauchy distribution.

correlation matrices as plotted in Figure 6. From Figure 6(a), it
is evident that the multivariate Kendall’s tau matrix exhibits one
“strong” spike and several “weak” spikes. However, the MKTCR
estimator only detects the strong spike while ignoring the weaker
spikes. It potentially underestimates the total number of factors,
similarly as shown in the simulation studies in Section 3. On
the other hand, Figure 6(b) illustrates that our SR estimator has
successfully detected all seven spikes of the Spearman sample
correlation matrix. Therefore, ESR = 7 is a more persuasive
estimation for this dataset.

5. Discussions

In summary, we propose a novel estimator to identify the
number of common factors in high-dimensional factor mod-
els when the data is heavy-tailed. We demonstrate that, under
certain assumptions, the number of spiked eigenvalues of the
Spearman sample correlation matrix is consistent with the total

number of significant factors. Our estimator is constructed
based on this observation, and its consistency is proved under
mild assumptions. From the perspective of RMT, we investigate
the eigenstructure of the Spearman sample correlation matrix
under spike models and establish the phase-transition theory of
its spiked eigenvalues. Simulation results demonstrate that our
proposed estimator outperforms competing methods in various
scenarios, especially with heavy-tailed observations. However,
our SR estimator does not perform well when the sample size
is not large enough, such as when (p,n) = (50,100). The
possible reason is that the estimation of ' (x) is inaccurate when
the sample size is small. A more accurate estimator for m’(x)
would improve the accuracy of our SR estimator. Furthermore,
it is worth extending our method for factor modeling in high-
dimensional time series (Lam and Yao 2012; Li, Wang, and Yao
2017) and tensor data (Lam 2021; Chen and Lam 2024). These
extensions are beyond the scope of the current article, and we
leave them for future work.
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Figure 6. Scatterplots of all the eigenvalues of multivariate Kendall's tau matrix and Spearman correlation matrix generated from the real dataset. The MKTCR estimator only
detects one “strong” spiked eigenvalue of the multivariate Kendall's tau matrix, and neglects several “weak” spikes. Our SR estimator detects all seven spikes of Spearman

correlation matrix.

6. Proof of Theorems 2.5 and 2.8
6.1. Some Technical Lemmas

In this section, we propose two technical lemmas in preparation
for proving Theorems 2.5 and 2.8. The proofs of these lemmas
are relegated to supplementary material.

Lemma 6.1 provides the LSD of p, and W,,, extending the
result of Wu and Wang (2022). Their result is restricted to the
non-paranormal distribution, and our study considers the case
where the data follows a scale mixture of normal distributions,
as indicated in Assumption (A2).

Lemma 6.1 (Limiting spectral distribution). For the high-
dimensional factor model (1), assume that Assumptions (A1)-
(A4) hold, and the ESD of X, = EW, tends to a proper
probability measure H as n — oo. Then, with probability one,
both FP» and FWr tend to a non-random probability distribution
F. 1, the Stieltjes transform m = m(z) (z € C") of which is the
unique solution to the equation

m :/ ! dH(t).
t(l—c—czm) —z

The following Lemma 6.2 concerns the limiting behavior of
Qk(-,-) defined in (18), which plays a crucial role in the proof
of Theorem 2.5.

(15)

Lemma 6.2. Let X = (Xij)uxp = (X1,...,X;) beann x p
random matrix. Assume that X satisfies Assumption (Al) and
the following assumptions:

(B1) The vectors {x¢};_, are iid, but the entries of each x, are
not necessarily iid.

(B2) (Moment condition) Foranyi,j,s,t € [p]withi #j # s #
t,wehave EX;; = 0,EX?, = 1,EX};X;; = 0,EX}, = O(D),
EX?X1jX1s = O(p~ 1), EX1;X1j X1 X1 = O(p~?).

(B3) (Weak dependency) For any p x p symmetric matrix T with
bounded spectral norm, we have Var(xTTxl) = o(p?) as
p — o0.

(B4) (Concentration) For any convex 1-Lipschitz (with respect
to the Euclidean norm) function F from R? to R, let mp
denote a median of F, we have ]P’(|F(x1) — mp| > t) <
Cexp{—c(p)t*}, where C and c(p) are independent of F,
and C is independent of p. We allow c(p) to be a constant
or to go to zero with plike p™, 0 < o < 1.

Moreover, let Y = (Yij)uxp = (Y1, - - ,Yn)T be a random matrix
independent of X, satisfying Assumptions (A1) and (B1)-(B4)
with Xj; and x, replaced by Yj and yg, respectively. Then,
QL (A, X) and Rx(A,Y) have the same limiting distribution,
where (-, -) is defined in (18).

Remark 6.3. Assumption (B4) is from El Karoui (2009). In
(El Karoui 2009, p. 2386), the author gave some examples of
distributions satisfying Assumption (B4), such as

+ Gaussian random vectors with covariance matrix X, and
c(p) = 1/11Zll2 (according to Theorem 2.7 in Ledoux 2001).

« Random vectors with iid entries bounded by 1/,/c(p)
(according to Lemma S1.3).

6.2. Proofof Theorem 2.5

From Lemma 2.2, we investigate the phase-transition theory of
spiked eigenvalues of p,, by those of W,, = (3/n) Y1 | A;A/.
Recall that ¥, = EW,,. Define the spectral decomposition of
Toas X, =U( %1 SZ )UT, where Uis a p x p orthogonal matrix,
D is the diagonal matrix consisting of the K spiked population
eigenvalues, and D, is the diagonal matrix consisting of the

_I/ZA.

remaining p — K non-spiked eigenvalues. Let A= +/3% o A
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denote a transformed version of /3A;. It is obvious that K,- is
isotropic, that is, cov(A;) = I,,. By using these notations and the
spectral decomposition of X ,, we have

0 = AL, — W,

1/2 1/2
D ~ D
= AL, —U|[ ! u'w,u| ! U’
p 1/2 n 1/2

»(16)

where W, = n'ATA with A := (Ay,...,A,)". Let
Q = UTW,U and partition it as Q = (8; 8;) =

U/ W,U; U[W,U,
(U;W”UI U W, Uz
first K columns of U, and U; is the remaining submatrix. Plug-
ging this identity into (16) yields that

AL, — (Di/ZQHDi/Z Di/lezD;ﬁ)

), where Uj is the submatrix formed by the

0=
D;’QyD/* D;’Q,;D)’

1 1
- ’,\IP,K — D/*Q,DY

x ‘MK —p!*Q;p"

1 1 1 1 _ 1 1
— D/’Q,D*(\,_x — DJ*Q:DY) " 'DY*Qu D},

where the last equality follows from the formula det (2 B) =
det(A —BD!C) - det(D). Suppose that A is a spiked eigenvalue,

then we have |AI,_x — D;/zszD;/ﬂ # 0, and
0= AD7' - Qi — QDY G-k — D}'QDY) DY Qu |
S e 1 12
- ),\Dl —-U[A [In+ - AU,D!
n
1
(Mp-x = -Df"Uj AT AUD)") D;/ZU;—AT:IAUI)
A 1 -1
- ),\D;l — —trl(kln _ —AFAT) }IK
n n

+n (17)

where T = UZDZU;r and
o 1 !
Q1 A) = ﬁ[tr{(kln —~ArA ) }IK
—urAT (Mn - %AFAT>_1AU1:|. (18)

From Lemma 6.2 and Remark 6.3, if A; satisfies Assumption
(B1)-(B4), we can replace entries of LA by the standard Gaussian
entries without changing the phase-transition theory of the
spiked eigenvalues. Then, our Theorem 2.5 follows from Lemma
3.1 and Theorems 4.1-4.2 in Bai and Yao (2012).

It remains to prove that random vector A; satisfies Assump-
tions (B1)-(B4), which shows that our Lemma 6.2 applies. It is
obvious that A; satisfies Assumption (B1). By using Lemma 2.3,
we conclude that liminf, o AP(ZZZ) > 0, and thus Z;l/z
is bounded in spectral norm. Combining this information and
the fact that each component of the random vector A; follows
Uniform(—1, 1) distribution, we conclude that each component
of the random vector A; has bounded fourth moment. This,

together with Lemma 2.3 and similar calculations in Section
S2.3.1 of the supplementary material, implies that A; satisfies
the moment condition (B2). From (52.16) in the supplementary
material and the fact that I|Z;1/ Il = O(1), we have, for
any p x p symmetry matrix T with bounded spectral norm,
var(A] TA;) = varBA] Z,°TE,A) = o(p?). Hence,
K,- satisfies Assumption (B3). By Assumptions (A3) and (A4),
Lemma 2.3, and the fact that each component of A; follows
Uniform(—1,1), we conclude that each component of A; is
bounded, and thus satisfies the concentration Assumption (B4),
according to Lemma S1.3 in the supplementary material. There-
fore, the random vector A; satisfies Assumptions (B1)-(B4),
which shows that our Lemma 6.2 applies. This completes the
proof of Theorem 2.5.

6.3. Proof of Theorem 2.8

From Theorem 2.5, we have, for any j € [Kol,j < £ < p,

1 - - .
PR 1, here x < 1 means that there exist constants

a and b such that a < x < b a.s. Thus,

p

R 1
m:[" )\'(pn) = . = 1)

]( ! ) p=J g:]Z_H {)\](pn) _)\K(pn)}z

and

i1 (1 (0) Op(1) forje [Ko—1].  (19)
_— = , or —1].

i, (4(p) i JE1R

From the fluctuation of edge eigenvalues (Péché 2009; Bao 2019),
we have A;(p,) — hir1(py) = Op(p~*) for Ko + 1 < j < Kinax-
Thus, for Ko + 1 < j < Kmax> we get

i 1

; = Op(p").
P =1 55 Mo = Mo}

Therefore,

my K0+ 1 (Mko+1(p))

i, (Ao ()

Moreover, for Ko + 1 < j <

(20)

Kinax, we have

;ﬁ/n,j—H (Aj+100w))
ﬁ;,j()“j(pn))
p—ij ZZ=j+2{)"j+1(pn) — re(py)}

= - — < 1.
pP=J- 1 Zi:j.;.l{)"j(pn) _)\Z(pn)} 2

-2

1)

By combining (19)-(21), we obtain that fSR is consistent. More-
over, if m/, J(x) is replaced by n, J(x), the derivations above

remain valid, thereby ensuring the consistency of I~<SR in (14)
as well.

Supplementary Materials

This supplementary material contains some auxiliary lemmas and the tech-
nical proofs of Lemmas 2.2, 2.3, 6.1, 6.2, S1.6, and S1.7.
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This supplementary document contains some auxiliary lemmas and the technical proofs

of Lemmas 2.2, 2.3, 6.1, 6.2, S1.6 and S1.7.

S1 Auxiliary lemmas

This section introduces several auxiliary lemmas used in the technical proofs of our theo-
retical results. Lemmas S1.1 — S1.5 are from existing literature, while Lemmas S1.6 and
S1.7 are our original contributions. We provide the proofs of these two new lemmas in

Sections S52.5 and S2.6, respectively.

Lemma S1.1 (Weyl’s inequality, Corollary 6.3.4 in Horn and Johnson (2012)). Let A and
B be two n x n normal matrices, and let \y(A) = -+ = \(A) and \(B) > --- > \,(B)

be the nonincreasingly ordered eigenvalues of A and B, respectively. Then

max |\ (A) — \i(B)| < ||A = B2,

1<ign

where ||A — By denotes the spectral norm of A — B.

Lemma S1.2 (Lemma 7 in El Karoui (2009)). Suppose that the random vector r € RP has
the property that for any convex 1-Lipschitz (with respect to the Euclidean norm) function

F from RP to R, we have

IP’(|F(r) —mpg| > t) < Cexp{—c(p)tQ},

2



where mp denotes a median of F, and C and c(p) are independent of F, and C is
independent of p.  We allow c¢(p) to be a constant or to go to zero with p like p~®,
0 < o < 1. Suppose, further, that E(r) = 0, E(rr") = X, with |||z < log(p). If M
is a compler deterministic matrix such that |[M|l2 < &, where £ is independent of p, then

p~'v™Mr is strongly concentrated around its mean, p~'tr(MX). In particular, if, for e > 0,

tp() = (logp)'*/\/pc(p), then

—r'Mr — 1tr(Mz:)‘ > tp(e))} = —(logp)'**.

o (|

b p

Lemma S1.3 (Corollary 4.10 in Ledoux (2001)). For every product probability P on [0, 1]",

every convex 1-Lipschitz function F' on R™, and every r > 0, we have
P(|F —mp| > 1) <4e™ /4,

where mg is a median of F for P.

Lemma S1.4 ((3.3.41) in Horn and Johnson (1991)). For any n x n Hermitian A = (A;;)

with eigenvalues A1, ..., \,, and convex f, we have

Zf(Aiz‘) < Zf(An.

Lemma S1.5 (Grothendieck’s identity, Lemma 3.6.6 in Vershynin (2018), Lemma 4.1 in

Li et al. (2023)). Consider a bivariate normal vector:

Zl 0 0_% Y



we have

2
E[sign(Z;)sign(Zs)] = — arcsin< 2 )
™ 0102
Lemma S1.6 is utilized to analyze the structure of X, as stated in Lemma 2.3.

Lemma S1.6. Consider a bivariate random vector:

VWX Wy Y]
Qo [ o [V VI (S1.1)

Q2 VWxXo+ /Wy, Y5

where Wx, Wy, , and Wy, are three independent scalar-valued random variables with positive

support, and (X1, Xa, Y1, Y2)" ~ Ny (0, Q) with

x O o o2 0
QO = ) 2]X = o ) Ey = "

O Xy vy 0%, 0 oy,

Suppose that @1 and 652 (they are independent) are independent copies of Q1 and Qs,

respectively, then, we have

E[sign(Q; — @1) sign(Qy — @2)] = %E{arcsin(r)},

where

YWx

r = y

VVx + W )o%, + Wy + W)/ (W + W, )%, + (W, + Way)o?,

and (Wx,, Wy,) and (Wx,, Wy,) are independent copies of (Wx, Wy,) and (Wx, Wy,), re-

spectively.

Lemma S1.7 is used in the proof of Lemma 6.2.

4



Lemma S1.7. Let X = (xq,...,%,)" and Y = (y1,...,yn)" be two n x p independent
random matrices satisfying the same assumptions as those in Lemma 6.2. For any i € [n],

we denote

Xio = (X1, Xi-1, Yitl, -, Yn),
o =1—n"tr{D(\I — n~ "IV X} X;0T72) ],
B =1—n"'XI T2 (A — n 'TY2X] X, I/?) 1T 2,
H, = n "X}, (AL,_; — n " X;oI'X}) "X,
H, = n 'TX](AL,_; — n ' X;0I'X])) *X;T,
Tio = (1 +n "trHy)Ix — UJ(L, + Hy)(I, + H;)"U;,

T, = n_l(XZTHQXi — tI‘HQ)IK — UI(IP + H1>(XiX;-r — Ip) (Ip + Hl)TUl,

with T' = UyDoUL. Then, for any K x K symmetric matric W, it holds that, as n — oo,

Bio \ 1(/\), g =i — Bio = 0, (51.2)
Ee? = o(1), Eef =o(n™t), (51.3)
E{tr(WT;)}* = O(1), E{tr(WTi)}* = O(1), (S1.4)

where m(-) denotes the Stieltjes transform of the LSD of the matriz n~'X;oI'X];.

Remark S1.8. The conclusions (S1.2) — (S1.4) presented in Lemma S1.7 are identical to
those in Lemma C.3 and Lemma D.1 of Jiang and Bai (2021). However, the proof provided
by Jiang and Bai (2021) is not applicable for our scenario as we do not assume that X (or
Y ) possesses i.i.d. entries, as stated in Assumption (B1). Specifically, we need to establish

the concentration properties of certain quadratic forms without the i.i.d. assumption. We



address this challenge in Section S2.6 by leveraging concentration inequalities from Ledoux

(2001) and El Karoui (2009). See the proof in Section S2.6 for more details.

S2 Proofs of lemmas

S2.1 Proof of Lemma 2.2

Let A,, denote the difference between p,, and W,,, that is,

1 3¢
A, =p,—W,=— ZRiR; - — Z AAT (52.1)
n n
i=1 i=1
where R] is the i-th row of R = /=% (ry — ”T“)nxp , and A; = E{sign(y; — ye) | yi}

with ¢ # ¢. From Lemma S1.1, it is sufficient to show that ||\/nA,|l2 = Op(1). To this

end, we show that /nA,, is a Wigner-type matrix by the following moment estimations:

E{(VnA,)i} = O(n~ ), Var{(vVnA,);} =0n™"), j#L, (52.2)
Corr (V) e, (Wnd,)e) = O(n~?), JAELEL, (52.3)
Corr((vnA,)j;, (Vnd,)e) =0n™"), £ (S2.4)

Let y;; be the j-th component of y;. For each j € [p], we define the empirical cumulative

distribution function (ECDF) as

n

Fj(y) = - > 1y <yl (S2.5)

(=1

and let r;; = nﬁ’] (yi;) be the rank of y;; among {y,;}}_,, where and i € [n] and j € [p]. For

notational simplicity, we denote Fj; = Fj(y;;) and ]?ij = ﬁj(yij), where F}(-) is the CDF of



y1;. Using these notations, we write the (4, j)-th entry of the matrix R as

12 n—+1 12n2 /~ n+1
Ry = _<Z“_ ): —<Fi.— >, 52.6
TN\ T T nZ— 1\ "o (52.6)
and write the j-th entry of the vector A; as
Ay = E{sign(yi; — ye;) | yij} = 2F;; — 1. (S2.7)

First, we prove (52.2). From (S2.1) and (52.6) — (52.7), the (7, £)-th entry of A,,, where

J # ¢, can be written as

(An)ﬂ
SR (5 Sl 1) ()
— g Z; { <n22—n_21ﬁuﬁw — 2FijFiz) - <%ﬁm - Fz‘j) - (nﬁ 1?11 - Fw) + ﬁ}
= gi(An)g?

From the fact that {F};}1, 2 Uniform(0, 1) for fixed j and the definition (52.5) of ECDF,

we obtain

1 ~ 1 n n+1
EF; = 5, RBE; = 3’ EFi; = n;]EIL{y@ < Wik = 2n

and

~ ~ (n—=1)(n-2) n—1 1 ,
EFi;Fip = 2 EFi;Fip + 3 El{ys; < yij1{yse < vie} + o (s #1).



These identities imply that

6 2 1 _
E{(An)ﬁ)} = _n—JrlEFljFM + n——i—lE]l{ij <y H{yee < yue} + e O(n™).
As {(An)yg) » , are ii.d. for fixed j and ¢, we have
E{(A,);e} = 6E{(A,)})} = O(n™"). (82.8)

Moreover, a similar calculation gives

Var{(A,)$}

n3

1
— mE {g +4F\;Fi,(3Fy; + 3Fy — 4F;Fy) — 10FFy,

1
- 4<F1j + Fiyy— 2F;Fy — §>]1{92j <y 1 {yae < yue}| +O(n?)

=0(n™1).

Thus, we have

Var{ (A} = DVar{ (A} = 0(n?). (52.9)

This, together with (S2.8), implies (52.2).

Now, we prove (S2.3). For any j, ¢, (" € [p] with j # ¢ # ', direct calculation gives us

Cov ((An)jfv (An)jf/)

36n2
= WE{—lﬁFijqu + 8F Fig 4 4F] 1 {y2e < yie} L{y2e < yre}

+ 12FjFi P + 4F 1 {ys; < yiyt[Frel{yae < yie} + Fio1{ye < yic}]

— 3F; (Fie + Fie) — 2F;0{ys; < i} [T{yoe < yie} + L{yor < y1e}]



- 4F1]]1{y2£ ylé}]l{y%/ yw} — FyFup
— 21{yo; < 15} [Frel{yor < yie} + Fio1{yae < y1e}]
+ 1{yo; < 1 1{y2e < yae} + 1{y2j < y1} 1{yor < y1o}

1
+ Hyze < e} W{yze <wre} + 6} +0(n?). (S2.10)

From Assumptions (A1), (A3), and (A4), the constant term in the curly brackets of (52.10)
is of order O(n~"/?), then we have Cov((A,);e, (Ay)je) = O(n="?). This, together with

(52.9), implies that

Cov ((An)je, (An)jer)

D R Vorl (B}

Corr((Ay)je, (A = O(n™"?),

and thus (52.3) holds true.

Finally, we prove (52.4). From (S2.1) and (S2.6) — (S2.7), the j-th diagonal entries
of A, can be written as (A,);; = 1 — (12/n) Y7 (F;; — 1/2)%. By using the fact that
{Fi;}, 2 Uniform(0, 1) for fixed j, we obtain

4

Var{(An)jj} = % (SZl].)

For any j,¢,r € [p] with £ # r, by using similar argument above, we have

COV(( )]J’ ( )Zr)
o

1
n 1 (QE [Fu]l{y% Y10 1{y2r < ylr}] — OEF; Fy Py + 2]E(F1jF1£ + FyjFy,) — 5)

1
- (2 [FE{yoe <y} W{yor < y1p}] — OBRFT FuoFyy + 2B(FF Fy + FFL) — 5)

1
~ 5 [—6EF14F1T + 2E1{yor < v1e}1{yor < var} + 1} }



= O(n"r’/Q).

This, together with (S2.9) and (S2.11), implies (S2.4) and completes the proof.

S2.2 Proof of Lemma 2.3

Recall that A, = sign(y; —y¢) and A; = E(Ay | y;) for any i, ¢ € [n] with i # ¢. By using

the law of iterated expectations repeatedly, we obtain

= 3E{ARE(Al; | y1,y2)} = 3E{E(AA]; | y1,y2)}

= 3E(A12A13) = 3E{sign(y1 — y2)sign(y, — Y3)T}-

Let b] denote the i-th row of B, and ¥;; denote the i-th diagonal element of ¥. From
Assumption (A2) and Definition of SMN, the i-th component of y; = Bf; + We; has a

stochastic representation (below, we omit “1” in subscripts to simplify notations)

g < Vw!blx + \/wiW;z;, i € [p], (52.12)

where x ~ Nk (0,Ix), {z:}7_; A N(0,1), and they are independent. For any i € [p], let

V U)fbl R V wfbl

V; .

s V; . — = ’
V(@ @NbTb; + (we + @)W V(! +a7)b]b; + (w§ + wf) W,

10



where (w/, w¢) and (@7, @¢) are two independent copies of (w/, wg). It follows from Lemma

S1.6 that, the (¢, j)-th element of ¥, can be written as

(6/m)E{arcsin(¥79,)}, i # J.

1, i=j.
6

By using Taylor’s expansion, we derive that (X,);; = 2E(V[v;) + O(p~?) for i # j. By

definitions of v; and v; and Assumption (A3), we have

E(v¥;)

-~ E{ V! Yw! }bTb
o ” T e e 2 ) ~ e ~ec i
V(! +@f)blb; + (w + w§) v \/(wf + @l )bib; + (w§ + w5) U,

vl vl
= E{ ( - w~e =+ 0(1)> ( ° + o(1)> }b}bj
(wf + wi) V5, (w§ + @5) W3,
f b’b.
~E 2 o)
Vs +wiy/ws + w5 | ViV
By using the above estimations, we obtain
3, = diag(l, —y¥ 'BB'¢ ) + v ¥ 'BB'¥ ! + E,, (S2.13)

where E,, := 3, — diag(I, —vy®¢ 'BB"U ) — y @ 'BB"¥ ' with ||E, ||max = o(p~!) and
6 f e ~e e ~e\1/2
v = ;E[w H(w§ +@f) (w§ + @5)} 7. (S52.14)
By the basic norm inequality ||Alls < p||A|max for any p x p matrix A, we have

[Enll2 <p-o(p™) = o(1). (S2.15)

11



Since (w§, w$) is an independent copy of (wf, w§) for i # j and random variables {wf};_, are
i.i.d., we can replace wf, w§, wy, w5 in (S2.14) by wf, wg, ws, wg, respectively. This, together

with (S2.13) and (S2.15), completes the proof of Lemma 2.3.

S2.3 Proof of Lemma 6.1

From Lemma 2.2, p, and W,, share the same LSD, thus we only need to derive the LSD
of W,,. Since the vectors {A;}! , are i.i.d., by Theorem 1.1 of Bai and Zhou (2008), we
can prove Lemma 6.1 by verifying that the elements of A, are weakly dependent in the

following sense: for any non-random p x p matrix D with bounded spectral norm,

Var(AJDA;) = o(p?). (52.16)

From the Corollary 1.1 in Bai and Zhou (2008), (S2.16) holds true if

2
Z{E(AliAlj — Uij) (Ali’Alj’ — Uz”j’)} = 0(]92), (S217)
A
m;gxIE|AuA1j — oy|" = o(p), (52.18)
1]

where Ajy; is the i-th component of Ay, 0;; := E Ay; Ay, and
A={(,7,7, ) 0,5,7,5 € pI\{(G, 4,7, j) ci=0#j=j ori=j #j=14}

Now, we prove (S2.17) and (S2.18). From (S2.7), we have Ay; ~ Uniform(—1,1) for any
i € [p], and thus
1

1

Two moment conditions (S2.17) and (S2.18) follow from (S2.19) and the following estima-

12



tions:
Oij = O™, E A A A Ay = O(p™2), EA%iAli’Alj’ =0 "), (52.20)

E A% A =O0(p™Y), E(A3; —04) (A} —0j;) = O(p™?), (S2.21)

where i,7,47,7 € [p] and i # j # i # 7. Proofs of (S2.20) and (S2.21) are provided in

Section 52.3.1. From (S2.19) — (52.21), we obtain

ijE |A1iA1j — O-ij‘2 = 0(1),
ol

and

Z{E(AliAlj - Uij) (Ali’Alj’ - Ui’j’) }2
A

= Z (E AliAleli’Alj’ — O‘ijO‘i/j/)Q + 2 Z (E A%z‘Ali’Alj’ — Uiiai/j/)z

A£G #5 e
+2 Z (E A3 A1 A1 — O—Z'jo—l'j/>2 +2 Z(E A} Ay — Uijaii)2
i) #]
+ Z(E ALAT; — Uiiajj)Q + Z(E Al - Ui2i)2
i#] i

= 0" -0 ) +0’)-O(p*)+0(p*) - O(p~?) + O(p*) - O(p~?)
+0(*) - O(p~™) +O0(p) - O(1)

= O(p).

This implies (52.17) and (S2.18), completing the proof of Lemma 6.1.
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S2.3.1 Proofs of (52.20) and (52.21)

In this section, we provide the proofs of some moment estimations (52.20) and (52.21),
which are used in the proof of Lemma 6.1.

From equations (S2.7), (52.12), and Assumption (A3), we have

=E{2F,(Vien) — 1} + O(p~?) = EAy; + O(p~/?).
Since EA;; = 0, we obtain that EA;; = O(p~'/?). By using the same argument, we obtain
E A3, =E A} +0(p™"), E A}, = O(p™'/?).
Since A;; and fllj are independent for ¢ # j, we have
0 =EA A =RA,, -EA; +0(p ") =0(p™).
By using the above estimations, for ¢ # j £ i’ # j', we have

]EAliAleli’Alj’ = EAlz . Ezéil] . E/Ili’ . E/Ilj/ + O(p_2) = O(p_z),

EA%iAli/Alj/ = E[A?z{/ilz’ + O(p_1/2)}{A1j’ + O(p—l/Q)}]

—EA% - EAy -EAy +0(p~) = 0(p™Y),

B ALy = E[{ -+ 07} + 0}

14



E(Ai - Uii) (A%j - Ujj)

E [{Ai — 0 + O(p71/2) . 1211@' + O(pil)}{zi%j —0j; + O(p*1/2) . Alj + O(pfl)}]

I
S

(p7?).

These equations complete the proofs of (S2.20) and (S2.21).

S2.4 Proof of Lemma 6.2

Throughout this proof, Q2x (A, X) is simply denoted as Q2 (X) if no confusion. Recall that

X =(x1,...,%,)  and Y = (y1,...,¥n)". We denote

_ T _ T
Xi_ (le"'axi7Yi+1""7yn) ) XiU_ (le'"7Xi—17Yi+17"'7Y71> )

with convention X = X,, and Y = X;. Recall that I' = UyD,UJ, and for any i € [n],

Bio =1 —n'tr{T(A\I — n'T2X] X, 7'},
B =1—n" X T2 — n 72X X, T2 T2,
H; = n ' X, (AL,_; — n 'X;0TX]) "X, T,
H, = n 'TX (AL,_; — n ' X;oIX]) 72X, T,
Ti0 = (1 +n " "trHy)Ix — UN(I, + Hy)(I, + H))TU,,

T =n"H(x]Hyx; — trtHy)Ix — UL, + Hy)(x;x] — L,)(I, + H;)"U;.

15



Using these notations and the Sherman-Morrison formula, we obtain

Qp (X)) — Qx(Xio)

1
 Bivn

{14 05T Hyx) T — UYL, + Hy)xi (T, + H))'U, |

2

Lt 7)) = (i 4 ) e (Ti0 + T)
= —=\T; Ti) — —5——F—=\T; T; — =  —\Ti T;)-
Bioy/n ’ 51’20 n 1'20 i/ °
Similarly, we have
Qr(Xi21) — Qr(Xi0)
- (Tio + Tiy) — Ciy (Ti0 + Tiy) + i (Ti0 + Tiy)
62‘0\/% <0 Y 530 30 iy izoﬁiy\/ﬁ 30 1y )y

where 3;,, T;y, and €;,, are similarly defined as f3;, 7;, and ¢; with x; replaced by y;.
Now, we begin to prove that Qg (X) and Q2 (Y) have the same limiting distribution.
To this end, we show that the difference between the characteristic functions tends to zero,

that is, for any K x K deterministic symmetric matrix W,
E(exp[i tr{ WRx(X)}] ) — E(exp[itr{WQx(Y)}]) -0,
where i = y/—1. Using the notations we introduced above, we can write

E(exp i tr{ Wi (X)}]) — E(exp[itr{Weie(Y)}])
= éEeXp(itr[W{QK(Xio>+ﬁiZi;_ ){]E exp 1tr 510\/_ (T z‘;i%- Z)EZH>

— E;exp (i tr[ {ﬁ:o-l\j_ 7'106"‘ Tiy)Eiy H) }

+ iilEeXp (i tr [W{QK(XZ» )+ 6;5_}])

16



(ron(ee{s 3R (ol )] )

_E, exp (i i [W{ 5;-% _ (TiOB:%;iﬁy)ﬁz‘y }]) <exp [i tr{ W(;;; Z\‘l;%)ff?y }] . 1) },

where E;(+) := E(- | Xj9) denotes the conditional expectation given X;o. The second term

on the RHS of the above identity can be shown to be negligible by using the same argument

as in (Jiang and Bai, 2021, p. 16) and our Lemma S1.7. Hence, we have

B (expitr{ WRk(X)}]) = B(exp[itr{ WQi(Y)}] )
= ;Eexp (itr [W{QK(Xz’O) + 5:0-—20\/5}}) . {EZ exp (itr [W{Bzz\l/ﬁ _ (T%Z%- 7;;)81 }])

— E;exp <itr[W{6:O-% _ (Tmﬁg Tis)giy }D } +o(1).

Moreover, by using the same argument, we obtain

E(exp i tr{WQK(X)}}) - E(exp i tr{WQK(Y)}D
= ;Eexp (i tr [W{QK(XiO) + @Z—%H) . <Ez exp {i tr{W(ﬁiZ\i/ﬁ _ 5;;?%) }}

— Ejexp [i tr{W(é% - ;%j%) }D +o(1).

This, together with Taylor’s expansion, gives us

E(exp i tr{WQK(X)H) - E<€XP i tr{WQK(Y)}D

(it [w{s25%) + 5791 )

el (1w - 32 - v (s )T o)

<
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(e {w (i - 2o} - e (57 - 32 o) |

= o(1),

where we use some facts as follows:

sl (2 )~ Y - )0
e e

Finally, it remains to prove (S2.22). Note that

(% G~ i)Y

1 %,
{52 {tr(WT;)}? — —3 tr (W) tr(Wy) + 64 —LLtr (W) Y2,

10

and from Lemma S1.7, we have

E{g—;tr(WTi)tr(WTio)} = Ee; = o(l),
20

E{%{tr(wm)}ﬂ = Ee? = o(1).

Since X and Y satisfy (B1) — (B4), by using above estimates and Lemma S1.7, we obtain

= [o{w (-l Bl (En -]
— %]EZ (5—120 [{tl‘(WTi>}2 - {tr(WTiy)}z} + 0(1)) =op(n 1),

which is (S2.22), completing the proof of Lemma 6.2.
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S2.5 Proof of Lemma S1.6

From the definition of Q in (S1.1), we obtain Q|(Wx, Wy,, Wy,) ~ N3(0,X), where

S WXO%Q + Wle'}Qzl ’YWX

")/WX WXU§(2 + VVYQO'%/2

For @1 and @2, they have the following stochastic representations:

IRRVATE CR VA1 (FN A VAT SRV S

where (le, Wyl), (WXQ, Wy2), (X1,Y1), and (X3, Ys) are independent copies of (W, Wy,),
(Wx, Wy,), (X1,Y1), and (X3, Ys), respectively. Note that X, and X, are independent. Two
random vectors Q and Q = (Qy,Q»)" are independent, and Q‘(WXl,WXQ,WY17WY2) ~

N3(0, %), where
i fW/XlO'g(l + vale'?/l 0
0 /WVXQO'_%(Q + WYQU%Q
Comnbining Q and Q into a vector Q := (2), then we have Q|W ~ Ny(0,Q), where
W = (Wx, Wyl, Wyz, le,/WX27 WYI,W)@), and Q = (E Q) From

(02>

(2°2) = @ -L)2 = BoQ,

we obtain (g;:g;) ‘W ~ N3 (0, BoQ2BY)), where

B,OBI — (Wx + Wx,)ok, + (Wy, + Wy,)oy, YWx

YW (Wx + WXQ)G§(2 + (Wy, + WYQ)U%,Q
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Given W, the Pearson correlation coefficient between )7 — @1 and Qo — @2 is

YWx
\/(WX + W )o%, + (Wy, + Wy, )o2, \/(WX + Wy,)o%, + (Wy, + Wy, )o2,

r =

By Lemma S1.5, we conclude that

E{sian(Qu - Qulsian(@a— @)} = E[E{ sign(Qu ~ Gu)sian(@2~Go)|W | = ZE{arcsin(r)}.

This completes the proof of Lemma S1.6.

S2.6 Proof of Lemma S1.7

The convergence of 3;p can be proven by using the same argument in the proof of Lemma
C.3 of Jiang and Bai (2021). The conclusion ¢; — 0 follows from (S1.3). First, we prove
that Ee? = o(1). Since |||z is bounded and the variable A (spiked eigenvalue) stays
away from the bulk eigenvalues of n~'T'"/2X7 X;oI"/?, the spectral norm of B := I'/*(AI —

n 72X T X, I'2)~1T"2 is bounded. By Assumptions (A1) and (B3), we have
2 1 T 2
Ee; = —2E|Xi Bx; — trB|” = o(1).
n

Second, we prove Ee} = o(n™!). From Assumption (B4), we can apply Lemma S1.2
to estimating moments of ;. For § > 0, let ¢,,(6) = (p/n)(logp)**°/+/pc(p), where c(p) is

defined in Assumption (B4). Define an event

Fn(6) = {x; : n7H(x]Bx; — trB) < t,,(6)}.
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From Lemma S1.2 and the fact E(x;x]) = I, (see Assumption (B2)), we have

P(F5(0)) = o(n™h). (S2.23)
By the elementary inequality |a + b|” < 2" !(|a|" + |b|") for r > 1, we have

Eef = Eleiliz,mp +ilimon| < 8[Eeilize) +Eellzmy). (52.24)
For the first term, we have

00 tn(9)
]EE?]I{]:TL((;)} = / 4t3P(‘Ei]l{]:n(5)}| > t) dt < / 4¢3 dt = O(H_l). (52.25)
0 0

For the second term, by (52.23) and the fact that |e;| = [n 7 (x/Bx; — trB)| < C|/B|,

(using Assumption (B2) and the Courant-Fischer principle) and ||B||2 = O(1), we obtain
Eé‘?]l{]:ﬁ((;)} < Cﬂ‘BHgP(}E(é)) = O(nil).

This, together with (S2.24) and (S2.25), implies that Ec} = o(n™").
Finally, we prove (S1.4). The proofs of E{tr(WT;)}* = O(1) and E{tr(Wr,)}* = O(1)

are similar, and thus we only prove the first conclusion. Let

T;1 — n_l(x;Hzxi — tI‘Hz)IK,

Ti2 = Ul(L, + Hy)(x;x] — L,)(I, + H;) Uy,

then we can write 7; = 7;; — T42. To prove E{tr(W;)}? = O(1), it suffices to show that
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E{tr(Wr;)}? = O(1), since
E{tr(WT;)}? = E{trW (11 — Ti2)}?> < 2E{tr(WT;))}* + 2E{tr(WT;2)}?,

and

E{tr(Wrin)}? = — (trW)?E(x Hax; — trH)? = o(1),

n2

which follows from Assumption (B3) and the fact ||Hs||2 = O(1). Let
A= (1, + H)U,WUI(L, + H,)
then we have
Eltr(WT5)])? = E|x] Ax; — trA|? < 2E[x] Ax;|> + 2E[trA %,
Note that

tr(A) = tr{ WU](I, + H,)(L, + H])U, }

< K||WU(I, + Hy)(I, + H[)Uy |, = O(1),

and similarly, (trA)* = O(1). Thus, we need only to show E|x]Ax;|? = O(1). Let A
denote the (k, £)-th entry of A. From Lemma S1.4, we obtain > 7_ A2, < tr(A%) = O(1).

By using Cauchy-Schwarz inequality, we obtain

Z Ay < <Z Akk) <Z AM) = (trA)? = O(1),

P,

22



> Akle= > Al < (3 Au) - (Z Aw) < (trA) - p(trA?)2 = O(p),

klts kAl£s
> Awda < (3 A) (30 Au) <pPir(A?) = 0.
kAl£sHt >, st

It follows from the above inequalities and Assumption (B2) that

p
ElxjAxi|” = ) EAR -EX; + ) E(Awlde +243) - EXGX
= P,

+ > EQARAL + 40k Ay,) - EXF X0 X
ks

- Z EARe At - EXip X0 X6 Xt
"

— 0(1).

This completes the proof of Lemma S1.7.
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